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Introduction
This contribution discusses aspects related to supporting PDCCH receptions in symbols with LTE CRS [1]. 

Discussion
For deployments with NR-LTE coexistence, the motivation to support PDCCH receptions in symbols with LTE CRS is to increase PDCCH capacity for NR within the first 3 symbols of a slot. In practice, the “study and if needed specify” of the WID [1] is only applicable for the deployment scenario of 4 CRS ports as NR PDCCH cannot be practically supported in the first symbol of a slot due to PHICH and PCFICH transmissions.
 
It is noted that NR already provides several mechanisms to increase PDCCH capacity for LTE-NR coexistence, including a UE capability to monitor PDCCH in CORESETs located in the third and fourth symbols of a slot or, as CA is a typical feature of NR UEs, on an NR cell using Rel-17 DSS. The existing mechanisms are also more efficient than using the second symbol of the slot in presence of CRS interference.  

Observation 1: NR already enables increased PDCCH capacity for LTE-NR coexistence that is larger than what is possible by using the second symbol of a slot in presence of CRS interference.

If a UE capability to puncture PDCCH receptions in symbols with LTE CRS is defined in Rel-18, a network would still have to provide service to Rel-15/16/17 NR UEs which are also likely to exist longer than LTE UEs (and to Rel-18 UEs without the capability). 

Observation 2: If a Rel-18 UE capability for PDCCH receptions in symbols with CRS is introduced, fragmentation of UE capabilities would increase and a network would need to manage legacy UEs, Rel-18 UEs without the capability, and Rel-18 UEs with the capability.   

In RAN1#109-e [2], three options were identified for evaluation. Option 1-1 and 1-2 consider that DM-RS does not exist in the second symbol of a slot and, for a CORESET of two symbols, channel estimation is based on DM-RS in the third symbol of the slot. A problem with that assumption is that CORESET#0 either needs to be located in symbols without CRS interference or also needs to include the second symbol. That is because due to REG mapping/interleaving, it is not practically possible for CORESETs spanning different symbols to overlap in frequency. TDM or FDM separation of the new CORESET for PDCCH puncturing and of CORESET#0 were suggested as solutions. However, neither is meaningful. 

TDM requires scheduling restrictions so that any UEs that do not support the potential PDCCH puncturing need to be scheduled in first slots from a set of slots and only UEs that support the potential PDCCH puncturing can be scheduled in remaining slots from the set of slots. That is not realistic and also diminishes the motivation for the present SI as any capacity increase would be applicable only for a fraction of slots (and scheduling restrictions would impact UEs that do not support PDCCH puncturing or UEs that do). Further, as discussed in Rel-17, existing networks do not limit use of CORESET#0 only to certain slots and every slot needs to be available (e.g. to schedule RAR).  

FDM is not possible for a system BW of 10 MHz. For a system BW of 20 MHz, limiting CORESET#0 only to 10 MHz would lead to reduced capacity (e.g. a maximum of 8 CCEs) and reduced coverage. Therefore, FDM is also unrealistic.
 
Observation 3: Extending PDCCH receptions by UEs that support PDCCH puncturing to the third symbol may not be possible and always degrades operation for legacy UEs or, in general, for UEs that do not support PDCCH puncturing.

Also, as a UE performs channel estimation per bundle, Option 1-1 and 1-2 unnecessarily remove CRS from the second symbol of the slot when the CORESET BW is larger than the LTE BW and there are bundles without CRS interference.

Observation 4: Options 1-1 and 1-2 result to unnecessary DM-RS removal when a CORESET symbol overlaps with a CRS symbol but there is no CRS interference in CCE bundles of PDCCH candidates and the UE channel estimation procedure does not change over Rel-17.

Further, Option 1-2 is not meaningful as, even if there are no DM-RS REs in the second symbol of a slot, empty REs (2 REs per PRB in second symbol) can be used for power boosting by 10log10(11/9) = ~0.87 dB on the second symbol of the slot which is trivial for a network to do. Therefore, there is no reason/benefit to introduce a new NR PDCCH rate matching.    

Observation 5: Option 1-2 need not be further considered as it requires changes to PDCCH rate matching and as its purpose can be realized by network implementation.

Using the second symbol of a slot for NR PDCCH when LTE uses 4 CRS ports is already possible by indicating to UEs a CRS pattern for 2 CRS ports. In one PRB, there is one DM-RS RE affected by CRS interference and there are three REs used for coded modulated DCI symbols affected by CRS interference. For UEs with low SINRs that determine PDCCH capacity and cell coverage, and also need to be addressed for scheduling UE-common channels (e.g. SIB, RAR, paging), the impact of CRS interference on PDCCH BLER is comparable to removing all DM-RS (including non-interfered one) from the CRS-interfered symbol (Figure 1 in the Appendix). That can also be intuitively expected when inter-cell interference is similar to or stronger than the intra-cell CRS power due to the tradeoff between avoiding CRS interference for a penalty of using less DM-RS when it is most needed. If the NR BW is larger than the LTE BW (e.g. 20 MHz vs. 10 MHz), the impact from CRS interference would be even smaller.

Observation 6: Using the second symbol of the slot in case of 4 CRS ports is possible in Rel-17 via network implementation – i.e. additional PDCCH capacity is possible with some performance degradation primarily for UEs with large SINRs.

Considering Option 1-1 or Option 2 with super-position, the additional information that could improve Rel-18 PDCCH receptions in the second symbol is for a UE to know whether or not to puncture PDCCH REs (including DM-RS REs) in CCE bundles interfered by CRS. Channel estimation does not need to be modified for any UE relative to Rel-17 and can be baseline for defining performance requirements. That would also avoid any coexistence issues with CORESET#0 that can also span 2 symbols and can be used for scheduling SIB/RAR/paging/fallback/etc. and serve UEs with low SINRs. It is noted that for such UEs, CRS interference may anyway be impossible to avoid due to different CRS RE shifts in neighboring cells.

Observation 7: If PDCCH puncturing is supported, it is sufficient to indicate whether or not to puncture PDCCH REs (including DM-RS REs). 

From a capacity perspective by using the second symbol of a slot for PDCCH transmissions and applying puncturing due to CRS will result to 2/3 additional REs relative to the third symbol of the slot. There is also a ~0.55 dB loss in BLER due to worse channel estimation from not using any DM-RS on the symbol with CRS interference (Figure 1 in the Appendix), thereby leading to a total effective number of useful REs of about 58% relative to the third symbol. That additional capacity assumes perfect resource utilization when the second symbol is also used – i.e. scheduling is such that all REs in the second symbol are used for NR PDCCH which will practically never happen and will also be constrained by scheduling of UEs without a capability to support PDCCH puncturing.

Observation 8: Additional PDCCH capacity from using the second symbol is limited to a theoretical maximum of ~58% of what is theoretically possible by using two CORESET symbols instead of one CORESET symbol. In practice, the average additional capacity will be significantly smaller than ~58%. 

Based on the above, the following is proposed.

Proposal 1: Do not support PDCCH puncturing.

Proposal 2: If PDCCH puncturing by CRS in the second symbol of a slot is to be supported, CORESET#0 is allowed to span the second symbol of the slot and DM-RS removal is only for CCE bundles with CRS interference. 


Conclusions
This contribution considered potential support for CORESETs that include symbols with CRS REs. The following proposals are made.

Proposal 1: Do not support PDCCH puncturing.

Proposal 2: If PDCCH puncturing by CRS in the second symbol of a slot is to be supported, CORESET#0 is allowed to span the second symbol of the slot and DM-RS removal is only for CCE bundles with CRS interference. 


In addition, the following observations are made. 

Observation 1: NR already enables increased PDCCH capacity for LTE-NR coexistence that is larger than what is possible by using the second symbol of a slot in presence of CRS interference.

Observation 2: If a Rel-18 UE capability for PDCCH receptions in symbols with CRS is introduced, fragmentation of UE capabilities would increase and a network would need to manage legacy UEs, Rel-18 UEs without the capability, and Rel-18 UEs with the capability.   

Observation 3: Extending PDCCH receptions by UEs that support PDCCH puncturing to the third symbol may not be possible and always degrades operation for legacy UEs or, in general, for UEs that do not support PDCCH puncturing.
 
Observation 4: Options 1-1 and 1-2 result to unnecessary DM-RS removal when a CORESET symbol overlaps with a CRS symbol but there is no CRS interference in CCE bundles of PDCCH candidates and the UE channel estimation procedure does not change over Rel-17.

Observation 5: Option 1-2 need not be further considered as it requires changes to PDCCH rate matching and as its purpose can be realized by network implementation.

Observation 6: Using the second symbol of the slot in case of 4 CRS ports is possible in Rel-17 via network implementation – i.e. additional PDCCH capacity is possible with some performance degradation primarily for UEs with large SINRs.

Observation 7: If PDCCH puncturing is supported, it is sufficient to indicate whether or not to puncture PDCCH REs (including DM-RS REs). 

Observation 8: Additional PDCCH capacity from using the second symbol is limited to a theoretical maximum of ~58% of what is theoretically possible by using two CORESET symbols instead of one CORESET symbol. In practice, the average additional capacity will be significantly smaller than ~58%. 
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Appendix
Simulation assumptions and corresponding results are presented in the following.

Table 1: LLS simulations assumptions
	Parameters
	Values

	Carrier frequency
	2 GHz

	SCS
	15 kHz 

	Bandwidth 
	20 MHz 

	Channel model
	TDL-C 300

	Correlation
	Low

	Number of BS antennas
	4 Tx, (M,N,P,Mg,Ng;Mp,Np)= (1,2,2,1,1;1,1),

	Number of UE antennas
	2 Rx (M,N,P,Mg,Ng;Mp,Np)= (1,1,2,1,1;1,1)

	DCI payload (excluding CRC)
	60 bits 

	Interleaving
	Non-Interleaved

	Precoding
	Precoder cycling per REG bundle

	REG bundle size
	6 PRBs

	CRS
	single 4 port CRS pattern

	Channel estimation
	practical – companies to report details

	UE speed
	30 kmph

	Power ratio of LTE-CRS RE/NR PDCCH RE, Power ratio of LTE-CRS RE/NR PDCCH-DMRS RE
	Equal power
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Figure 1: PDCCH BLER for the scenarios of options 1-1/1-2/2 and of full CRS interference
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