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1. Introduction
In current specification, UE is not required to monitor NR PDCCH in the resources overlapped with LTE CRS. Whether to lift such restriction in Rel-18 DSS operation by allowing puncturing NR PDCCH with LTE CRS when the resources are overlapped was discussed in RAN #94-e meeting. On one hand, allowing NR PDCCH reception overlapping with LTE CRS can increase the resource utilization for NR PDCCH, especially for the UE monitoring first 3 symbols of a slot under 4 ports LTE CRS. On the other hand, the punctured PDCCH content and the PDCCH DMRS degrade the BLER performance and increase complexity on channel estimation, respectively. To investigate the overall impact, further study on the benefit and necessity of supporting NR PDCCH reception in symbols with LTE CRS REs is captured in WID [1] as follows

· 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 RAN1 #109-e meeting, several options to enable the puncturing feature together with simulation assumption are agreed to be evaluated. Simulation results for the evaluated options of puncturing schemes and our views on performance analysis, and specification impact are as follows.   

2. [bookmark: _Ref494794648]Performance analysis

In RAN1 #109-e meeting, following agreement on the options of puncturing schemes is achieved [2]
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 such 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)

For each of the options, further details are also captured as follows: 

· Option 1-1:
· PDCCH and PDCCH DMRS mapping to REs: Legacy
· PDCCH REs overlapping with LTE CRS: Receiver punctures
· [bookmark: _Hlk103593086]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. 
· 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:
· 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.

From gNB perspective, Option 1-1 and Option 2 share the same legacy NR PDCCH RE mapping while Option 1-2 has a new RE mapping where PDCCH DMRS REs are replaced by PDCCH REs. From UE perspective, Option 1-1 has two variant CE implementations: CE based on clean symbols (basic) and CE based on legacy DMRS pattern (optional). Option 2 also has two CE implementations: CE based on legacy DMRS pattern (basic) and CE based on irregular DMRS pattern (optional).  Figure 1 illustrates the evaluated options for 2 symbols CORESET cases. 
[image: ]
[bookmark: _Ref111113857]Figure 1: Illustration of 2 symbols CORESET for Option 1-1, Option 1-2, and Option 2


Based on the agreed LLS simulation assumption in Table 4, BLER curves for 2 symbol CORESETs with UE speed of 30 kmph are listed in Figure 2 and BLER curves of other configurations are shown in the Appendix section. For 2 symbols CORESET configuration, CE in Option 2 optional is realized by assuming channel is not varied in time domain between neighboring symbols, i.e., the punctured PDCCH DMRS REs are restored by reusing the DMRS REs in neighboring clean symbol. 

It can be observed from Figure 2 that all options and the associated variation have similar BLER performance except for Option 2 basic where UE assumes no puncturing when decoding PDCCH. In particular, Option 1-1 optional, Option 1-2, and Option 2 optional have less than 0.5 dB deviation, and Option 1-1 optional and Option 1-1 basic has less than 1 dB difference.  Together with the SINR distribution based on the agreed SLS assumption, the PDCCH capacity gain of each option compared with the PDCCH capacity of legacy UE in this scenario are: up to 44% increase in option 1-1, 51% increase in option 1-2, up to 53% increase in option 2. More details are listed in Table 1. 

	
	
	1 symbol
	Option1-1
	Option 1-2
	Option 2
	FG 22-12

	
	
	
	basic
	Opt.
	
	basic
	Opt.
	

	30kmph
	Ave. CCEs
	5.06
	7.18
	7.02
	6.66
	7.72
	6.6
	5.6

	
	Normalized PDCCH capacity
	1
	1.4
	1.44
	1.51
	1.31
	1.53
	1.8

	350kmph
	Ave. CCEs
	5.34
	7.73
	7.21
	7.16
	8.19
	6.94
	5.98

	
	Normalized PDCCH capacity
	1
	1.38
	1.48
	1.49
	1.3
	1.53
	1.78


[bookmark: _Ref111141041]Table 1 FG22-12, Option 1-1, Option 1-2, Option 2 PDCCH capacity gain for 2 symbols CORESET under 30kmph and 350kmph UE speed 


	
	
	1 symbol
	Option1-1
	Option 1-2
	Option 2
	FG 22-12

	
	
	
	basic
	Opt.
	
	basic
	Opt.
	

	30kmph
	Ave. CCEs
	5.06
	X
	X
	X
	10.23
	7.11
	5.06

	
	Normalized PDCCH capacity
	1
	X
	X
	X
	1.49
	1.71
	2

	350kmph
	Ave. CCEs
	5.34
	X
	X
	X
	10.42
	7.3
	5.34

	
	Normalized PDCCH capacity
	1
	X
	X
	X
	1.51
	1.73
	2


[bookmark: _Ref111141064]Table 2 FG22-12 and Option 2 PDCCH capacity gain for 1 symbols CORESET under 30kmph and 350kmph UE speed

	
	
	FG22-12
	Option1-1
	Option 1-2
	Option 2

	
	
	
	basic
	Opt.
	
	basic
	Opt.

	30kmph
	Ave. CCEs
	5.6
	6.96
	6.76
	6.53
	7.49
	6.61

	
	Normalized PDCCH capacity
	1
	1.2
	1.24
	1.28
	1.12
	1.27

	350kmph
	Ave. CCEs
	5.98
	7.46
	7.26
	7.24
	7.87
	7.08

	
	Normalized PDCCH capacity
	1
	1.2
	1.23
	1.24
	1.14
	1.26


[bookmark: _Ref111141076]Table 3 Option 1-1, Option 1-2, Option 2 PDCCH capacity gain for 3 symbols CORESET under 30kmph and 350kmph UE speed

For 1 symbol CORESET and 3 symbols CORESET scenarios, the PDCCH capacity gain can be found in Table 2 and Table 3, respectively. For 1 symbol and 2 symbols CORESETs, it can be observed that UE supporting FG22-12 has the best PDCCH capacity over other puncturing options. Option 2 optional has the best PDCCH gain among Option 1-1 and Option 1-2 but the difference is insignificant. As the consequence of similar BLER performance observation, the PDCCH gain difference among options are relatively small. It can also be observed from Table 1, Table 2 and Table 3 that the PDCCH capacity gain decreases significantly when the number of symbols of CORESET increases, e.g., PDCCH capacity gain decreases from 70% for 1 symbol CORESET to 27 % for 3 symbol CORESET in Option 2.  

All simulations are performed under the “ideal” condition where LTE bandwidth is fully overlapped with NR bandwidth, no coexistence with legacy UEs, and 1 CRS pattern is considered. Any change of the conditions, e.g., more than 1 CRS pattern, partially overlapped between LTE and NR bandwidth, will further decrease the PDCCH capacity gain, which brings doubt on the practical benefit of supporting the puncturing feature. 


[bookmark: _Ref111145342]Observation 1: Monitoring PDCCH in the first 4 symbols without puncturing provides better and consistent PDCCH capacity gain over monitoring PDCCH in the first 3 symbols with puncturing while Option 2 can achieve the best PDCCH capacity among Option 1-1 and Option 1-2. 

[bookmark: _Ref111145359]Observation 2: PDCCH capacities among Option 1-1, Option 1-2, Option 2 are similar except for Option 2 basic where UE assumes no puncturing on PDCCH detection.

[bookmark: _Ref111145366]Observation 3: PDCCH capacities gain decreases substantially as number of symbol of CORESET increases in each puncturing options, e.g., PDCCH capacity gain decreases from 70% for 1 symbol CORESET to 27 % for 3 symbol CORESET in Option 2.  





	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 [3kmph, 120 kmph, 350 kmph]


[bookmark: _Ref111039207]Table 4 LLS simulation assumption



[image: ]
[bookmark: _Ref111040667]Figure 2: BLER curves of each options for 2 symbols CORESET under UE speed of 30kmph


3. Specification and UE implementation impact

Implementation impact

One identified concern of allowing NR PDCCH reception in symbols with LTE CRS REs is the impact on CE implementation considering punctured PDCCH DMRS. In current specification, there is no precedent example of allowing puncturing DMRS due to the significant impact on channel estimation. Consequently, implementing CE to handle adaptive and irregular PDCCH DMRS patterns can be challenging to UE vendors and a whole new design might be needed. Especially, the irregularity of PDCCH DMRS patterns depends on LTE CRS configuration and NR bandwidth overlapped with LTE operation, which adds complexity for CE design to another level to have robustness performance through all the possible configurations. 

To address the CE issue, both Option 1-1 and Option 1-2 utilize the DMRS on the non-punctured symbols to simplify the CE implementation, but different approaches are considered. For Option 1-1, it is assumed the PDCCH DMRS on the punctured symbol are transmitted but not used for CE. Technically, multiple UE implementation can still be allowed to accommodate the spared DMRS REs under current formulated Option 1-1. Consequently, the associated performance requirements and test cases are not easy tasks in RAN4. For Option 1-2, only one CE implementation is feasible which is realized based on DMRS on non-punctured symbol. However, Option 1-2 has new PDCCH RE mapping and varied number of REs within one CCE depending on the configuration of LTE CRS pattern and how NR bandwidth overlaps with LTE operation, which brings new challenge to PDCCH decoder implementation.   

Specification impact

In addition to implementation impact, another related impact is on specification efforts. In RAN #94, it was argued that the specification update is limited to allowing UEs to monitor PDCCH candidates overlapped with LTE CRS by simply removing the related restriction in RAN1 specification. However, due to the existence of legacy UEs, the specification update might not be negligible. For example, whether to allow puncturing on cell-specific PDCCHs needs to be discussed together. If allowed, specification change requires careful design to accommodate the coexistence of legacy UEs and advanced UEs. Also, RAN4 specification impact is significant, e.g., PDCCH demodulation requirements and other BM procedures performance requirements using PDCCH BLER performance as reference. 

On the other hand, the UE capability of monitoring PDCCH in the first 4 symbols of a slot has been introduced in RAN1 #108-e meeting, which requires less specification impact and implementation complexity compared to enabling puncturing NR PDCCH by LTE CRS. Moreover, the associated PDCCH capacity gain is consistent even more than 1 LTE CRS pattern is configured, which is a clear advantage over the puncturing schemes depended on configured CRS patterns. In addition, there have been many existing tools to increase PDCCH capacity, e.g., Scell scheduling, other PDCCH monitoring symbols. Therefore, we don’t see the value of enabling LET CRS to puncture NR PDCCH with the cost of non-negligible impact on specification impact and implementation.    

[bookmark: _Ref111145372]Observation 4: Option 1-1 and Option 2 can lead to significant RAN4 workload if multiple CE implementations are allowed.

[bookmark: _Ref111145378]Observation 5: Option 1-2 implementation requires extra complexity on PDCCH decoder to conduct new PDCCH RE mapping and varied number of REs within one CCE.



[bookmark: _Ref102062735]Observation 6: Enabling LTE CRS to puncture NR PDCCH and NR PDCCH DMRS has non-negligible impact on RAN1 and RAN4 specification and channel estimation implementation.

[bookmark: _Ref102062741]Observation 7: Enabling monitoring PDCCH in the first 4 symbols achieves better trade-off than enabling LTE CRS to puncture NR PDCCH in terms of PDCCH capacity gain, spec impact, and UE implementation complexity. 

[bookmark: _Ref111145400]Proposal 1: Enabling LTE CRS to puncture NR PDCCH is not supported in Rel-18


4. Conclusion
Based on the PDCCH capacity analysis, specification impact, and implementation complexity, we summarize the comparison between 1 symbol PDCCH without puncturing, Option 1-1, Option1-2, Option 2, and 2 symbol PDCCH without puncturing into Table 5 where the PDCCH capacity gain analysis is based on Table 1 under 2 symbol CORESET and UE speed of 30 kmph configuration. It can be concluded that enabling monitoring PDCCH in the first 4 symbols achieves better PDCCH capacity gain than enabling LTE CRS to puncture NR PDCCH without spec impact and extra implementation complexity. Also, based on Table 3, the PDCCH capacity gain offered from extra punctured PDCCH symbol is not impressive on top of UE supporting FG22-12 and the gain is not consistent under different configurations. Therefore, the overall benefit of supporting enabling LTE CRS to puncture NR PDCCH is not clear compared to the existing capability of monitoring PDCCH in the first 4 symbols without puncturing based on our analysis. 
 
[bookmark: _Ref102075833]Table 5: Comparison between 1 symbol PDCCH, FG22-12, Option 1-1, Option 1-2, and Option 2 
	
	1 symbol
	Option 1-1
	Option 1-2
	Option 2
	FG 22-12

	Normalized PDCCH capacity
	1
	1.44
	1.51
	1.53
	1.8

	Capacity impact by configuration of CRS and/or NR LTE overlapped bandwidth
	
	X
	X
	X
	

	CE impact
	
	X
	X
	X
	

	PDCCH decoder impact
	
	
	X
	
	

	Spec impact
	
	X
	X
	X
	



 
[bookmark: _Ref102076690]Table 6 Comparison between 2 symbol PDCCH and 3 symbol PDCCH with 1 punctured symbol
	UEs
	R-16/17
	R-18

	PDCCH monitoring capability
	First 4 symbols
	First 4 symbols

	PDCCH monitoring symbol
	Symbol 2+Symbol 3
	Symbol 1(punctured)+Symbol 2+symbol 3

	Normalized PDCCH capacity 
	1
	1.15

	Spec impact
	
	X

	CE impact
	
	X



In summary, we have the following observation and proposals:
Observation 1: Monitoring PDCCH in the first 4 symbols without puncturing provides better and consistent PDCCH capacity gain over monitoring PDCCH in the first 3 symbols with puncturing while Option 2 can achieve the best PDCCH capacity among Option 1-1 and Option 1-2.

Observation 2: PDCCH capacities among Option 1-1, Option 1-2, Option 2 are similar except for Option 2 basic where UE assumes no puncturing on PDCCH detection.
Observation 3: PDCCH capacities gain decreases substantially as number of symbol of CORESET increases in each puncturing options, e.g., PDCCH capacity gain decreases from 70% for 1 symbol CORESET to 27 % for 3 symbol CORESET in Option 2.
Observation 4: Option 1-1 and Option 2 can lead to significant RAN4 workload if multiple CE implementations are allowed.
Observation 5: Option 1-2 implementation requires extra complexity on PDCCH decoder to conduct new PDCCH RE mapping and varied number of REs within one CCE.

Observation 6: Enabling LTE CRS to puncture NR PDCCH and NR PDCCH DMRS has non-negligible impact on RAN1 and RAN4 specification and channel estimation implementation.

Observation 7: Enabling monitoring PDCCH in the first 4 symbols achieves better trade-off than enabling LTE CRS to puncture NR PDCCH in terms of PDCCH capacity gain, spec impact, and UE implementation complexity.

Proposal 1: Enabling LTE CRS to puncture NR PDCCH is not supported in Rel-18
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6. Appendix
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Figure 3 BLER curves of each options for 1 symbols CORESET under UE speed of 30kmph
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Figure 4 BLER curves of each options for 1 symbols CORESET under UE speed of 350kmph
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Figure 5 BLER curves of each options for 2 symbols CORESET under UE speed of 350kmph
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Figure 6 BLER curves of each options for 3 symbols CORESET under UE speed of 30kmph
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Figure 7 BLER curves of each options for 3 symbols CORESET under UE speed of 350kmph
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