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Introduction
At RAN#94 meeting, a new Rel18 WI [1] on NR Dynamic spectrum sharing (DSS) was approved with below objectives:
	The following objectives shall be included for improvement of NR spectrum efficiency for LTE-NR co-existence (RAN1):
· 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.
· Allow a UE to support, and be configured with, two overlapping CRS rate matching patterns regardless of support or configuration of multi-TRP [RAN1, RAN2]



In this contribution, we share our views on NR PDCCH reception in symbols with LTE CRS REs.
Discussion
Dynamic spectrum sharing (DSS) provides a very useful migration path from LTE to NR by allowing LTE and NR to share the same carrier. Someone argued that NR PDCCH is the bottleneck for DSS and will get worse as NR devices increases in a network. In the current specification, it does not allow transmission of NR PDCCH in symbols with LTE CRS due to complex PDCCH blind detection considering different LTE CRS positions, and decreased PDCCH decoding performance.
In order to ensure sufficient scheduling capacity for NR UEs on the LTE carriers, and avoid the impact to LTE as much as possible, it was proposed to study NR PDCCH reception in symbols with LTE CRS REs to provide more PDCCH capacity for DSS. Therefore, it is necessary to study or evaluate the following aspects if NR PDCCH reception in symbols with LTE CRS REs is allowed:
· Use cases 
· Channel estimation performance degradation 
Use cases 
First of all, it is important to figure out the target use cases for this feature.
The first 3 symbols or any span of up to 3 symbols for NR PDCCH
One of the most important PDCCH enhancement in NR comparing with LTE PDCCH is allowing to monitoring PDCCH on any span of up to 3 consecutive OFDM symbols. Separate FGs are defined for this function, such as FG 3-2. Considering this ability, it is not so emergency to specify NR PDCCH reception in symbols with LTE CRS REs, because it can configure PDCCH in the symbols that not overlapping with LTE CRS anyhow. Figure 1 illustrates the resource elements used for reference signal transmission in antenna port 0 of 4 CRS ports, and the PDCCH is configured in symbols 2 and 3 without overlapping with the LTE CRS. 
Another issue is it should clarify that the feature is for NR PDCCH overlapping with LTE CRS within the first 3 symbols only, or can be any symbol contains LTE CRS in a slot. If LTE CRS puncture NR PDCCH only within the first 3 symbols, the PDCCH in the other symbols still cannot overlap with LTE CRS. Otherwise, if it allows CRS puncturing NR PDCCH in any symbol of a slot, PDCCH can overlap with LTE CRS in all symbols in a slot.   
Observation 1. NR is allowed to monitor PDCCH on any span of up to 3 consecutive OFDM symbols, so increasing PDCCH capacity can still be achieved by configuration to avoid the potential overlapping with LTE CRS, for example, configuring NR PDCCH with {symbol 2, symbol 3}.
· Further, it should be clarified whether the following two options can be candidate to improve NR-PDCCH capacity:
1) NR PDCCH occupy the first 3 symbols which are overlapped with LTE CRS
2) NR PDCCH span to any symbol which contains LTE CRS in a slot


Figure 1. Example of NR PDCCH configuration in antenna port 0 of 4 CRS ports

Target search space types
If NR PDCCH would be transmitted in symbols overlapping with LTE CRS, with the CRS puncturing the PDCCH and DMRS, CRS-related information, such as the number of CRS ports, cell-specific frequency shift and LTE bandwidth should be known by NR UEs before head. For CRS rate matching PDSCH, it is configured via the IE RateMatchPatternLTE-CRS. Thus LTE CRS puncture NR PDCCH can be done only after obtaining CRS-related information, the UE can know the location of the CRS, and then be clear about the puncture REs in PDCCH and PDCCH DMRS. However, before the RRC connection set up, UE cannot obtain the above CRS related information. The polluted DMRS RE can’t be indicated. Therefore, only when the UE is in the connected mode, NR PDCCH reception in symbols with LTE CRS REs can be studied.
Moreover, for the CSS such as Type 0/0A/1/2, it is typically cell specific and they might be shared by a group of UEs such as UE is before RRC connection setup. Thus, it is not feasible to do LTE CRS puncture PDCCH associated with Type 0/0A/1/2 CSS. It is necessary to conclude that NR PDCCH in some type of CSS punctured by LTE CRS on overlapping symbols is not studied in this item.
Observation 2. NR PDCCH reception in symbols with LTE CRS REs can be studied only when the UE is in the connected mode.
· NR PDCCH in Type 0/0A/1/2 CSS punctured by LTE CRS on overlapping symbols is not studied in this item.
The maximum number of CRS ports
In DSS WID [1], there is no limit to the number of CRS ports, i.e., 4 CRS ports, 2 CRS ports and 1 CRS port are all in the scope. When LTE CRS puncture PDCCH, if there is only 1 CRS port, one sixth of the resources in symbol 0 are occupied by CRS; one third of the resources in symbol 0 are occupied by CRS for 2 port CRS ports; one third of the resources in symbol 1 are occupied by CRS for 4 CRS ports. 
NR PDCCH could be transmitted in symbols overlapping with LTE CRS, implying NR PDCCH reception from the 2nd OFDM symbol, or from the 1st OFDM symbol. For 4 CRS ports, if the NR PDCCH is received from the 1st OFDM symbol, the DMRS REs in first two symbols overlapping with LTE CRS will be punctured, which has a great impact on the channel estimation performance. The performance loss will be more severe than overlapping just one symbol. The maximum number of CRS ports should be clarified at the initial stage.
Observation 3. The maximum number of CRS ports allowed to puncture the NR PDCCH should be carefully investigated.
The maximum number of CRS patterns and CRS pattern lists
CRS is transmitted at every LTE subframe and across all the LTE operating bandwidth. Antenna ports range from 0, 1, 2 or 3. The resource elements of CRS are not fixed and changed according to cell-specific frequency shift which is related to the physical cell ID belongs to {0, 1, 2, 3, 4, 5}. Therefore, there are different CRS patterns. A UE can report the maximum number of CRS patterns for PDSCH rate matching. The network will indicate up to two LTE CRS pattern lists to the UE in a NR cell. All the configured CRS patterns belongs to any CRS pattern lists should not be more than this maximum number. The same issue should be study for CRS pattern puncturing PDCCH. 
From the PDCCH decoding point of view, different PDCCH candidates in one search space associated with a CORESET which overlaps with multiple non-overlapping LTE CRS patterns, may assume different puncture REs. For example, as shown below, the CRS pattern 1 puncture PDCCH1 in all the CCE, CRS pattern 2 puncture PDCCH2, but both CRS pattern 1 and 2 puncture PDCCH3 in different REGs, which would bring large complexity for PDCCH decoding. Especially the interleaved REG-CCE mapping is applied.   

 
Figure 2. Example of PDCCH candidates overlaps with multiple LTE CRS patterns
From the REs numbers in one REG point of view, there will be a reduction of available RE number for one REG. For example, there are three CRS patterns: [0 3 6 9], [1 4 7 10] and [2 5 8 11] for 2 CRS ports or 4 CRS ports. If the NR PDCCH can be transmitted in symbol 1, one PDCCH DMRS RE will be punctured by the CRS, so there are only 2 DMRS REs and 6 PDCCH payload REs on each REG. For 1 CRS port, there are six CRS patterns: [0 6], [1 7], [2 8], [3 9], [4 10] and [5 11]. When the cell-specific frequency shift is 0, 2 or 4, the NR PDCCH does not overlap with the CRS. At other frequency shifts, one PDCCH will be punctured by the LTE CRS, and there are only two DMRS RE left for each RB. 
From the perspective of overlapping CRS pattern lists number, there would be limited REs besides LTE CRS if multiple CRS patterns can be configured to puncture PDCCH which is different in section 9.9.2. 
Observation 4. The maximum number of CRS patterns to be supported by NR UE should be carefully investigated.
The impact of CRS puncture PDCCH DMRS
Another complex issue is the impact to PDCCH DMRS. Regarding PDSCH DMRS, it does not support to rate match LTE CRS until the current release. PDSCH DMRS do symbol level shift to avoid the overlapping of LTE CRS. Because if DMRS rate match LTE CRS, there is big issues for channel estimation based on DMRS processing. The same problems exist for PDCCH DMRS if it is punctured by CRS REs, since LTE CRS REs is not fixed, it needs to carry out huge possible CRS REs cases for DMRS produce. It is even more difficult when considering PDCCH blind detection. The UE may access multiple different LTE cells, so UE has to support non-uniform handling of DMRS, which will cause performance differences. Thus, it is necessary to careful study the impact to PDCCH DMRS.
Observation 5. There is significant impact on NR PDCCH CCE mapping and its channel estimation procedure if DSS supports CRS puncturing NR PDCCH DMRS.
DSS in CA scenario 
In Rel-17 DSS, cross carrier scheduling for SpCell was supported. It can also provide additional PDCCH capacity from another SCell. So the issue is when the CCS of SpCell is configured, the PDCCH capacity for DSS would not be a problem. Comparing this CCS from sSCell to PCell, it is obviously more friendly from the sight of UE vender, reuse the PDCCH decode procedure and can apply to all types of search space generally etc. Considering this background, we think CRS puncture PDCCH cannot be co-operated with CCS of SpCell in CA case.  
Observation 6. For CA case, when the NR PDCCH CCS of SpCell is configured, the NR PDCCH capacity for DSS would not be a problem.
[bookmark: _Hlk48495068] Impact to PDCCH decoding performance
In the following, we first analyse the NR PDCCH decoding performance when it transmitted in one symbol or two symbols by link level simulation, which can be found in the Figure 3. Simulation parameters are shown in Table 1 of Appendix A. 
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Figure 3. NR PDCCH decoding performance 
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Figure 4. NR PDCCH decoding performance at different UE speed
[bookmark: _GoBack]As shown in Figure 3, 1 symbol (solid blue line) means PDCCH is only transmitted in symbol 2, 2 symbol (solid red line) means PDCCH is transmitted in symbols 1 and 2, where the PDCCH is punctured by CRS in symbol 1. Results shown in Figure 3 indicate that the PDCCH decoding performance of the two symbols will be degraded due to the PDCCH that overlaps with the LTE CRS is punctured, and the performance loss is more than 2 dB. 
Observation 7. NR PDCCH performance degradation caused by puncture NR PDCCH exceeds 2dB.
We then evaluate the decoding performance of PDCCH when it transmitted in one symbol or two symbols at different UE speeds. As can be seen from Figure 4, as the UE speed increases, the PDCCH decoding performance of 1 symbol is similar, while the decoding performance of PDCCH of two symbols decreases by 1dB. Therefore, in high-speed scenarios, the performance loss caused by puncture the PDCCH DMRS is relatively serious, reaching about 3dB.
Observation 8. In high-speed scenarios, very small performance degradation is observed for legacy NR PDCCH, e.g. R17 DSS case. While, large performance degradation is observed for the case when NR PDCCH reception in symbols with LTE CRS REs.
On the one hand, there is significant impact to PDCCH DMRS and channel estimation procedure if supporting CRS puncture PDCCH DMRS; on the other hand, the capacity gain brought by allowing NR PDCCH reception in symbols with LTE CRS REs is small. In addition, it is difficult for LTE CRS to puncture the NR PDCCH and PDCCH DMRS, which has a great impact on UE implementation. It is even more difficult when considering PDCCH blind detection.
From our perspectives, this feature is beneficial to the network side. If the number of available symbols increases, the base station can adjust a larger aggregation level to utilize more resources. However, there seems to be no benefit for the UE side, because the decoding performance is decreased and the implementation complexity is too high. Any increase of UE complexity should be modest and needs to be justified by the evaluated gain. Therefore, whether this technology can bring practical gains needs to be further evaluated and verified.
Observation 9. The overall performance gain of NR PDCCH reception in symbols with LTE CRS REs is not clear and requires further evaluation.
[bookmark: OLE_LINK33][bookmark: OLE_LINK34]Conclusion
In this contribution, we made the following observations.
Observation 1. NR is allowed to monitor PDCCH on any span of up to 3 consecutive OFDM symbols, so increasing PDCCH capacity can still be achieved by configuration to avoid the potential overlapping with LTE CRS, for example, configuring NR PDCCH with {symbol 2, symbol 3}.
· Further, it should be clarified whether the following two options can be candidate to improve NR-PDCCH capacity:
1)  NR PDCCH occupy the first 3 symbols which are overlapped with LTE CRS
2)  NR PDCCH span to any symbol which contains LTE CRS in a slot 
Observation 2. NR PDCCH reception in symbols with LTE CRS REs can be studied only when the UE is in the connected mode.
· NR PDCCH in Type 0/0A/1/2 CSS punctured by LTE CRS on overlapping symbols is not studied in this item.
Observation 3. The maximum number of CRS ports allowed to puncture the NR PDCCH should be carefully investigated.
Observation 4. The maximum number of CRS patterns to be supported by NR UE should be carefully investigated.
Observation 5. There is significant impact on NR PDCCH CCE mapping and its channel estimation procedure if DSS supports CRS puncturing NR PDCCH DMRS.
Observation 6. For CA case, when the NR PDCCH CCS of SpCell is configured, the NR PDCCH capacity for DSS would not be a problem.
Observation 7. NR PDCCH performance degradation caused by puncture NR PDCCH exceeds 2dB.
Observation 8. In high-speed scenarios, very small performance degradation is observed for legacy NR PDCCH, e.g. R17 DSS case. While, large performance degradation is observed for the case when NR PDCCH reception in symbols with LTE CRS REs.
Observation 9. The overall performance gain of NR PDCCH reception in symbols with LTE CRS REs is not clear and requires further evaluation.
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Appendix A
Table 1 Simulation parameters
	Parameters
	Values

	Carrier frequency
	2 GHz

	SCS
	15 kHz 

	Bandwidth 
	10 MHz

	Channel model
	TDL-A

	Delay spread
	100 ns  

	UE speed
	3/300 km/h 

	Number of Tx/Rx antennas
	1/1 

	CRS 
	4 port CRS

	DCI payload 
	55 bits +24 CRC

	Channel coding	
	Polar

	Interleaving
	Interleaved

	CORESET BW (contiguous PRB allocation)
	48 RBs depending on the bandwidth

	REG bundle size
	6 PRBS

	Aggregation level
	4
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