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Introduction
In RAN #94e meeting, the WID for Enhancement of NR Dynamic spectrum sharing (DSS) was approved and the objectives of the work item include:
· Study and if needed specify NR PDCCH reception in symbols with LTE CRS REs. [RAN1]
· Investigate enabling LTE CRS to puncture NR PDCCH, including the impact to NR PDCCH DMRS if there is the performance gain from the additional PDCCH resources.
In this contribution, we discuss the gain and potential impacts on enabling NR PDCCH reception in symbols with LTE CRS REs.
Discussion
According to the TS 38.213, there exists some restrictions on NR PDCCH monitoring and CORESET configuration as:
	10.1	UE procedure for determining physical downlink control channel assignment
……
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.
……
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.


Based on the above restriction, it was raised that NR PDCCH resource is not enough due to the existence of LTE CRS with four CRS ports, so study if NR PDCCH can be received in symbols with LTE CRS REs is needed. In the following, we first review the LTE CRS patterns with 1/2/4 CRS ports, and then analyses the gain and potential impacts on enabling NR PDCCH reception in symbols with LTE CRS REs.
LTE CRS patterns with 1/2/4 CRS ports (within the first 3 symbols):
· For 1 port CRS, there are totally 6 CRS patterns considering different frequency shift and CRS occupies only the 1st symbol within the first 3 symbols, as shown in Figure 1(a);
For 2/4 port CRS, there are totally 3 CRS patterns considering different frequency shift and CRS with 2 ports occupies the 1st symbol, while CRS with 4 ports occupies the 1st and 2nd symbol within the first 3 symbols, as shown in Figure 1(b)
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(a): 1 port CRS                                                                 (b): 2/4 port CRS
Figure 1: 1/2/4 port CRS patterns within the first 3 symbols
Gain if supporting NR PDCCH reception in symbols with LTE CRS REs:
From the LTE CRS patterns, we can observe that:
· In the bandwidth where NR and LTE fully overlap:
· For 1/2 port CRS, since LTE CRS only occupy the 1st symbol within the first 3 symbols, the current specification allows PDCCH reception in the 2nd and 3rd symbol;
· For 4 port CRS, since LTE CRS occupy the 1st and 2nd symbol within the first 3 symbols, the current specification allows NR PDCCH reception in the 3rd symbol;
· In the bandwidth where NR and LTE are FDMed:
· Regardless of LTE CRS ports, current specification allows NR PDCCH reception in all first 3 symbols.
Having said that, it can be concluded that the gain of enabling NR PDCCH reception in symbols with LTE CRS REs highly depends on the bandwidth of LTE and NR. Hence in the following table 1, we calculate the maximum increase ratio of PDCCH resource taking various LTE/NR bandwidth combinations and CRS port configurations into consideration. In the equation A/(B+C+D) in the table, the value of B, C, D in the denominator mean the total available resources for PDCCH in the 1st, 2nd, 3rd symbol, the value of A in the numerator means the increased available PDCCH resources if NR PDCCH reception in symbols with LTE CRS REs is supported.
From table 1, it was observed that the maximum potential increase ratio of PDCCH resource is limited in most of cases, especially for small LTE bandwidth case and 1/2 port CRS case. For 4 port CRS case, the maximum increase ratio is calculated with assumption of all the first two symbols can be additionally used for NR PDCCH, which seems to be not feasible according to the analysis below.
Table 1: maximum increase ratio of PDCCH resource in various of LTE/NR bandwidth combinations
	LTE bandwidth 
	5M
	10M
	15M
	20M

	NR bandwidth 
	20M

	Maximum increase ratio of PDCCH resource 
	1 port CRS: (5*5/6)/(15+20+20)=5/66
	1 port CRS:
(10*5/6)/(10+20+20)=1/6
	1 port CRS:
(15*5/6)/(5+20+20)=5/18
	1 port CRS:
(20*5/6)/(0+20+20)=5/12

	
	2 port CRS: (5*2/3)/(15+20+20)=2/33
	2 port CRS:
(10*2/3)/(10+20+20)=2/15
	2 port CRS:
(15*2/3)/(5+20+20)=2/9
	2 port CRS:
(20*2/3)/(0+20+20)=1/3

	
	4 port CRS:
(5+5) *2/3/(15+15+20)=2/15
	4 port CRS:
(10+10) *2/3/(10+10+20)=1/3
	4 port CRS:
(15+15) *2/3/(5+5+20)=2/3
	4 port CRS:
(20+20) *2/3/(0+0+20)=4/3


Observation 1: If NR PDCCH reception is allowed in symbols with LTE CRS REs, the maximum potential increase ratio of PDCCH resource is limited in most of combinations of {NR/LTE BWs, # of LTE CRS ports}, especially when 
· LTE BW is relatively smaller than NR BW; OR
· LTE CRS has no more than 2 ports.
Impacts if supporting NR PDCCH reception in symbols with LTE CRS REs:
In the following, we analyses the impact to NR PDCCH DMRS if NR PDCCH reception is allowed in symbols with LTE CRE REs. NR PDCCH DMRS occupies RE {#1, #5, #9} in each REG, so the collision between CRS RE and NR PDCCH DMRS RE is shown in Figure 2. From Figure 2, it is observed that:
· For 1 port CRS:
· For CRS pattern 0/2/4, there is no impact to NR PDCCH DMRS;
· Fore CRS pattern 1/3/5, one DMRS RE per REG is punctured;
· For 2/4 port CRS: one DMRS RE per REG is punctured
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Figure 2: Collision between NR PDCCH DMRS RE and CRS RE
Observation 2: If NR PDCCH reception is allowed in symbols with LTE CRS REs, in the bandwidth where LTE and NR overlap, the impact to NR PDCCH DMRS is:
· For 1 port CRS:
· For CRS pattern 0/2/4, there is no impact to NR PDCCH DMRS;
· Fore CRS pattern 1/3/5, one DMRS RE per REG is punctured;
· For 2/4 port CRS: one DMRS RE per REG is punctured
From the above, it can be concluded that if supporting NR PDCCH reception in symbols with LTE CRS REs, there would be collision between NR PDCCH DMRS RE and CRS RE in most cases, except for some 1 port CRS patterns. However, 1 port CRS means MIMO cannot be used for LTE, which is unlikely to be deployed in the commercial network.  If NR PDCCH DMRS is punctured, the frequency gap between some adjacent DMRSs would be very larger, in such a case, UE demodulation performance would be decreased a lot since the large DMRS gap happens frequently. Moreover, the UE complexity for channel estimation would also be increased due to the DMRS pattern is changed. 
Therefore, considering the maximum potential increase ratio of PDCCH resource is limited in most of cases, and the potential decrease of UE demodulation performance as well as the increase of UE complexity, it can be concluded that enabling NR PDCCH reception in symbols with LTE CRS REs would lead to additional complexity beyond potential performance gain.
Observation 3: Enabling NR PDCCH reception in symbols with LTE CRS REs would lead to additional complexity beyond potential performance gain, given:
· the maximum potential increase ratio of PDCCH resource is limited in most of cases; 
· UE demodulation performance is decreased due to loss of DMRS REs; 
· UE implementation complexity is increased to handle new PDCCH DMRS pattern.
If supporting NR PDCCH reception in symbols with LTE CRS REs, as analyzed above, there would be overlapping between NR PDCCH DMRS RE and CRS RE in most cases. The DMRS puncturing would highly impact UE demodulation performance, so from UE implementation perspective, additional UE demodulation performance requirement needs to be defined.
Proposal 1: If NR PDCCH reception in symbols with LTE CRE REs is enabled, additional UE demodulation performance requirement should be defined in RAN4.
If NR PDCCH reception in symbols with LTE CRS REs is enabled, the large frequency gap between adjacent DMRSs should be avoided, especially when DMRS is punctured in all PDCCH/CORESET symbols:
· One enhancement that can be considered is that if there is DMRS RE and CRE RE overlapping in all CORESET/PDCCH symbols, perform DMRS shift in part of all symbols. This would increase UE complexity to some extent;
· Another mechanism is to introduce some restrictions on NR CORESET/Search space set configuration, so that DMRS is not punctured in all PDCCH/CORESET symbols. Take 4 port CRS as an example, there are totally  kinds of CORESET configurations within the first 3 symbols: 1) {1st} symbol; 2) {2nd} symbol; 3) {3rd} symbol; 4) {1st, 2nd} symbol; 5) {2st, 3rd} symbol; 6) {1st, 2nd, 3rd} symbol. In the above configurations, at least configuration 1), 2), 4) should be precluded, this is because in these configurations, DMRS is punctured in all PDCCH/CORESET symbols, leading to no information for channel estimation in a relatively large frequency gap, as shown in Figure 3. Configuration 3) is the same as legacy, which can be surely supported and configuration 5) can be considered since there are not so many DMRSs polluted. For configuration 6), it is preferred to be precluded too since more DMRSs would be punctured comparing with configuration 5), which leads to larger challenge for UE demodulation and implementation. 
Considering the limited TU for this WI and UE complexity, the latter solution is more preferred.
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Figure 3: CORESET/PDCCH occupy {1st, 2nd} symbol, large frequency gap between adjacent DMRSs due to DMRS is punctured in all CORESET/PDCCH symbols
Proposal 2: If NR PDCCH reception in symbols with LTE CRE REs is enabled:
· If there is at least one RE overlapping between a PDCCH candidate and LTE CRS RE in each symbol of the PDCCH candidate, the UE is not required to monitor the PDCCH candidate.
· When precoderGranularity = allContiguousRBs, a UE does not expect there is CORESET RE overlapping with LTE CRS RE in each symbol of the CORESET.
1. 
2. 
Conclusion
In this contribution, we discuss the gain and potential impacts on enabling NR PDCCH reception in symbols with LTE CRS REs and the following observations and proposals are made:
Observation 1: If NR PDCCH reception is allowed in symbols with LTE CRS REs, the maximum potential increase ratio of PDCCH resource is limited in most of combinations of {NR/LTE BWs, # of LTE CRS ports}, especially when 
· LTE BW is relatively smaller than NR BW; OR
· LTE CRS has no more than 2 ports.
Observation 2: If NR PDCCH reception is allowed in symbols with LTE CRS REs, in the bandwidth where LTE and NR overlap, the impact to NR PDCCH DMRS is:
· For 1 port CRS:
· For CRS pattern 0/2/4, there is no impact to NR PDCCH DMRS;
· Fore CRS pattern 1/3/5, one DMRS RE per REG is punctured;
· For 2/4 port CRS: one DMRS RE per REG is punctured
Observation 3: Enabling NR PDCCH reception in symbols with LTE CRS REs would lead to additional complexity beyond potential performance gain, given:
· the maximum potential increase ratio of PDCCH resource is limited in most of cases; 
· UE demodulation performance is decreased due to loss of DMRS REs; 
· UE implementation complexity is increased to handle new PDCCH DMRS pattern.
Proposal 1: If NR PDCCH reception in symbols with LTE CRE REs is enabled, additional UE demodulation performance requirement should be defined in RAN4.
Proposal 2: If NR PDCCH reception in symbols with LTE CRE REs is enabled:
· If there is at least one RE overlapping between a PDCCH candidate and LTE CRS RE in each symbol of the PDCCH candidate, the UE is not required to monitor the PDCCH candidate.
· When precoderGranularity = allContiguousRBs, a UE does not expect there is CORESET RE overlapping with LTE CRS RE in each symbol of the CORESET.
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