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Introduction
At RAN1#109-e meeting, Option 1-1/1-2/2 and Scenario #1A/2/3 was comprehensively discussed for evaluation alignment purpose.
	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 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)
Agreement
For evaluations consider the following list of scenarios:
Scenario#1A: 1 symbol CORESET, overlapped with CRS – Option 2 only
Scenario#2: 2 symbols CORESET, including 1 overlapping symbol and 1 clean symbol – Option 1-1/1-2/2
Scenario#3: 3 symbols CORESET, including 1 overlapping symbol and 2 clean symbols – Option 1-1/1-2/2



In this contribution, we share our views on NR PDCCH reception in symbols with LTE CRS REs with simulation results.
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. At RAN#109-e meeting, several simulation scenarios and options were presented for evaluation. Different scenarios may contain multiple options, and there are multiple channel estimations under each option. 
As channel estimation complexity is key issue for R18 DSS PDCCH capacity enhancement, it is necessary to carefully evaluate it together with NR PDCCH capacity enhancements.
· Channel estimation for potential different network evolution stages
· NR PDCCH capacity evaluation together with alternative solutions
NR PDCCH Channel estimation 
1.1.1 Network side evolution for DSS 
According to three Tx procedures (Option 1-1/1-2/2) at transmitter side proposed at RAN#109-e, the potential four evolution stages for DSS deployment are illustrated in Figure 1 below.

[image: ]
Figure 1. Evolution of DSS
In R17 DSS, it does not allow transmission of NR PDCCH in symbols with LTE CRS. If CRS is transmitted on four ports, the symbols 0 and 1 cannot be used for NR PDCCH.
At the 1st stage of R18 DSS, it was proposed to study NR PDCCH reception in symbols with LTE CRS REs to ensure sufficient scheduling capacity for NR UEs on the LTE carriers. In order to avoid the impact to LTE as much as possible, the NR PDCCH RE and NR PDCCH DMRS on the overlapped symbol which overlapped with LTE CRS REs need to be punctured. This will naturally affect the decoding performance of PDCCH, and channel estimation complexity will be increased due to irregular DM-RS patterns. The DMRS pattern is depended on the LTE-CRS pattern/configuration.
At the 2nd stage of R18 DSS, considering the decreased importance of LTE, NR PDCCH/DMRS and LTE CRS may be superposition at gNB side. While superposition not only will affect both NR and LTE performance, but also may increase the channel estimation complexity due to the advanced receiver. 
At the 3rd stage of R18 DSS, LTE CRS of Port#2&3 may be punctured by gNB. In this scenario, NR PDCCH can be transmitted on symbol 1 and symbol 2 without overlapping with LTE CRS. Further, NR PDCCH can be extended to the first symbol, i.e. NR PDCCH is transmitted in the first three symbols, where the first symbol overlaps with LTE CRS. Finally, LTE eNB in all regions are gradually re-farming to NR gNB, and NR PDCCH can be transmitted on the first three symbols.
1.1.2 Channel estimation complexity evaluation 
From our observation, UE receiver behavior is not mandatorily required to match gNB TX side. Thus, there are potentially multiple channel estimation methods in each R18 DSS evolution stage. There are three possible channel estimation methods and advanced receiver as follows
· CE1: UE assumes legacy PDCCH-DMRS pattern, performing CE using PDCCH-DMRS in all symbols.
· CE2: UE assumes legacy PDCCH-DMRS pattern, performing CE using PDCCH-DMRS in symbol(s) without LTE CRS.
· CE3: UE assumes punctured PDCCH-DMRS pattern in symbol with LTE CRS and legacy PDCCH-DMRS pattern in symbol(s) without LTE CRS, performing CE using PDCCH-DMRS in all symbols.
· Advanced receiver: UE aware PDCCH/ PDCCH DMRS REs overlapping with LTE CRS and can use CRS interference cancellation techniques to get better PDCCH performance.
Among the three channel estimators, CE3 may achieve the best PDCCH decoding performance, while additional UE implementation complexity will be introduced. Since LTE CRS REs is not fixed, it needs to carry out huge possible CRS REs cases for DMRS handling. There are a lot of flexibilities in LTE-CRS patterns: LTE bandwidth, carrier frequency, v-shift, MBSFN subframe configuration and multiple overlapping/non-overlapping LTE CRS patterns. In these scenarios, UE may handle irregular DMRS pattern(s) or superimposed DMRS, which will cause performance differences. It is even more difficult when considering PDCCH blind detection. We reluctant to support such irregular and complex channel estimation method.
For CE2, UE implementation is simple, and the PDCCH decoding performance is slightly worse than CE3. For CE1, UE is assuming all DMRSs are available for CE and it has the worst PDCCH decoding performance because incorrect channel estimation is introduced, i.e., UE regards the CRS on the collided RE as a DMRS for channel estimation and uses CRS on the collision RE for decoding. From the spec perspective, it is not precluded to apply CE1 to Option 1-1 and Option 2.
CE1, CE2 and CE3 can be used by Option 1-1 and Option 2. Once Option 1-1 and Option 2 are used, there will be multiple receiver types for various scenarios, which cannot be excluded any of them from the specification and implementation. In addition, if NR PDCCH/DMRS and LTE CRS are superposition at gNB side, some UE could try to mitigate the CRS interference if it knows for sure that both CRS and NR PDCCH/DMRS are superposition, which will greatly increase the complexity of UE implementation and lead to a great CE performance difference between basic receivers and advanced receivers. The introduction of this new R18 DSS feature may lead to multiple channel estimation algorithms and different PDCCH decoding performance. We are negative to the solutions which may have multiple CE choices by implementation.

Observation 1. For each stage of R18 DSS evolution, there are potentially multiple channel estimation approaches from UE side.
Observation 2. There is significant impact on channel estimation procedure if UE assumes punctured NR PDCCH-DMRS pattern reception in symbols with LTE CRS, for example, for option 1-1 and option 2.
Observation 3. Different CE implementation will not only lead to different NR PDCCH decoding performance, but also introduce extra complexity on UE receiver.
For Option 1-2, new NR PDCCH-DMRS mapping pattern is introduced on the network side. As only NR PDCCH REs without any NR DMRS are mapped on the overlapping symbol, there is only one channel estimation method for all scenarios i.e., only the DMRS on the clean symbol can be used for channel estimation. Thus, the Option 1-2 is clear with only one receiver choice for UE. So far, we prefer option 1-2 for its simplicity and fixed channel estimation, and reluctant to support those options which will finally depend on the UE implementation with multiple CE choices. But we can open to other options or combined options to adapt to potentially different deployment scenarios only if UE implementation on channel estimation can be fixed from spec. based on legacy UE CE mechanism. 
Observation 4. From UE receiver perspective, option 1-2 can guarantee only one CE implementation.

[bookmark: _Hlk48495068]NR PDCCH capacity 
1.1.3 NR PDCCH capacity evaluation in symbols with LTE CRS REs
In this section, we analyse the NR PDCCH decoding performance in three possible implementation options by link level simulation, which can be found in the Figure 2~4 of Appendix A. 
Evaluation cases are summarized in Table 1. Baseline is R17 DSS that NR PDCCH is only transmitted on symbol 2.
Table 1 Summary of evaluation cases
	Simulation case
	CE1
(legacy PDCCH-DMRS pattern)
	CE2
(only use PDCCH-DMRS in clean symbol )
	CE3
(punctured PDCCH-DMRS pattern+ legacy PDCCH-DMRS pattern)

	Option 1-1+ Scenario 2
Baseline: s2
R18 enhancement: s1+ s2
	
√
	
√
	
√

	Option 1-2+ Scenario 2
Baseline: s2
R18 enhancement: s1+ s2
	
N.A
	
√
	
N.A

	Option 2+ Scenario 1A
Baseline: s2
R18 enhancement: s1, s2
	
√
	
N.A
	
√



Results shown in Figure 2, 3 and 4 indicate that the NR PDCCH decoding performance will be degraded due to the NR PDCCH and NR PDCCH DMRS overlapped with the LTE CRS are punctured at gNB side. As shown in Figure 2, it can be observed that CE1 cannot meet the 1% BLER requirement at low aggregation levels AL=1/2. And at high aggregation levels, the PDCCH performance loss of CE1 is more than 2dB. If the UE not aware NR PDCCH and PDCCH DMRS are punctured, PDCCH decoding performance will deteriorate significantly and it is difficult to blind detection successfully. However, CE1 is the simplest channel estimation method and has no impact on the specification. From this perspective, if UE implementation is not changed, it is difficult to guarantee the decoding performance of the PDCCH unless the NR PDCCH is transmitted using AL4/8/16.
As shown in Figure 2, CE2 uses DMRS with clean symbols for channel estimation, and PDCCH decoding performance is better than CE1. CE3 has the best performance, but the UE implementation is the most complex, performing decoding and channel estimation based on CRS-related information. The performance difference between CE2 and CE3 is very small and less than 0.5~1dB. Thus, using CE2 for channel estimation is a good choice to balance UE implementation complexity and PDCCH decoding performance if NR PDCCH reception in symbols with LTE CRS RE is supported.
Figure 3 shows the PDCCH decoding performance when introducing the new NR PDCCH-DMRS mapping pattern. For Option1-2, there is only one channel estimation method. As can be seen from the curve, PDCCH can be successfully decoded even at AL1/2. Moreover, when Option 1-1 uses the same channel estimation method as Option 1-2, Option 1-2 can obtain better PDCCH decoding performance. 
Figure 4 shows the NR PDCCH decoding performance in Option 2 when NR PDCCH/PDCCH DMRS are punctured in gNB side. For Option 2, R18 DSS contains two separate CORESET. One CORESET for symbol overlapped with LTE CRS, and one CORESET for symbol not overlapped with LTE CRS. As can be seen from the Figure 4, when NR PDCCH is only transmitted on symbol overlapped with LTE CRS, the legacy channel estimator CE1 cannot meet the 1% BLER requirement at AL1/2/4. Even if CE3 is used for channel estimation, the performance loss is more than 2dB. Thus, when NR PDCCH is transmitted on one symbol overlapped with LTE CRS, even at the cost of complex UE implementation, there is still a significant performance degradation.
Observation 5. Among the three channel estimation for all scenarios (Option 1-1/1-2/2), CE3 has the best performance, followed by CE2 and CE1; and the gap of CE2 and CE3 is less than 0.5~1 dB for Option 1-1. 
Observation 6. CE1 cannot meet the 1% BLER requirement when NR PDCCH is transmitted at AL1/2 for Option 1-1 and AL1/2/4 for Option 2.
Observation 7. The NR PDCCH decoding performance of Option 1-2 is better than Option 1-1 when using the same channel estimation method CE2.
Observation 8. When NR PDCCH is transmitted on one symbol overlapped with LTE CRS, even with the best channel estimation CE3, it will have large NR PDCCH decoding performance degradation exceeds 2dB.
Based on the agreed SLS simulation assumption in Table 5 of Appendix A, we evaluate the PDCCH capacity in different scenarios when using different channel estimation methods. Table 2 summarizes the average number of CCEs of the PDCCHs in different cases. Thus, the capacity gain of different cases compared with the baseline in different scenarios can be calculated. For example, the average CCE number of R17 PDCCH in symbol 1 is 2.78, and the average CCE number of R18 PDCCH in symbol 1 and 2 is 4.32 when CE2 is used for channel estimation in Option 1-1 scenario. So in this case, the PDCCH capacity ratio of CE2 to baseline is approximately , i.e. the capacity gain is 28.70%. Based on the similar approach, the PDCCH capacity ratio of other cases to the baseline is summarized in Table 3. 
As shown in Table 3, in Option 1-1 scenario, the average CCE number of CE1 is greater than 2 times of baseline, so the PDCCH capacity gain cannot be obtained. When CE2 or CE3 is used for channel estimation, the capacity of PDCCH with two symbols is higher than the PDCCH with one symbol, and the capacity gains are about 28.70% and 36.94%, respectively. It can be seen that even though the PDCCH is transmitted on symbols 1 and 2, the capacity gain is not very significant. Thus, it is more appropriate to use other solutions to solve the PDCCH capacity problem.
The PDCCH capacity gain provided by 2 symbols PDCCH in Option 1-2 is 46.31%, which is higher than all cases in Option 1-1. Based on the above analysis of PDCCH decoding performance, Option 1-2 can not only balance UE implementation complexity and PDCCH decoding performance, but also achieve better capacity gain. Therefore, if NR PDCCH is allowed to be transmitted on symbols overlapped with LTE CRS, Option 1-2 is a very competitive alternative.
[bookmark: _GoBack]For Option 2, PDCCH capacity gain can also be obtained due to the extra symbol of the CORESET resource. And the capacity gains of CE2 and CE3 are 25.39% and 60.04%, respectively. However, according to the above analysis of the PDCCH decoding performance of Option 2, only when NR PDCCH is transmitted at AL8/16, CE1 can meet the 1% BLER requirement. Therefore, if no PDCCH candidate at symbol 1 is transmitted with a high AL, CE1 in Option 2 cannot achieve PDCCH capacity gain.
Table 2 Average number of CCEs of different options
	Average number of CCEs
	Baseline
	CE1
	CE2
	CE3

	Option 1-1
	2.78
	5.92
	4.32
	4.06

	Option 1-2
	2.78
	N.A
	3.80
	N.A

	Option 2
	2.78
	10.95
	N.A
	4.63



Table 3 NR PDCCH capacity ratio of different options to baseline
	PDCCH capacity 
	CE1
	CE2
	CE3

	Option 1-1
	93.92%
	128.70%
	136.94%

	Option 1-2
	N.A
	146.31% 
	N.A

	Option 2
	125.39%
	N.A
	160.04%



Observation 9. Except for CE1 in Option 1-1 case, all other cases can obtain PDCCH capacity gain from around 25% to 60% respectively.  
1.1.4 Alternative solutions for NR PDCCH capacity improvement
Based our contribution [2], there are other alternative solutions to resolve PDCCH capacity problem.
In Rel-15, UE is allowed to monitoring PDCCH on first 3 OFDM symbols of a slot, which is mandatory UE feature FG 3-1. In addition, there are some optional UE capabilities, such as FG 3-2 and FG 22-12. PDCCH can be configured on any span of up to 3 consecutive OFDM symbols if UE support FG 3-2. Besides, UE can monitoring PDCCH within the first 4 symbols if FG 22-12 is supported. Considering these ability, it is not so emergency to specify NR PDCCH reception in symbols with LTE CRS REs, because NR PDCCH can be configured in the symbols that not overlapping with LTE CRS anyhow.
Observation 10. NR PDCCH capacity improvement can be achieved by configuration if the UE support FG 3-2/22-12.
In Rel-17 DSS, cross carrier scheduling for SpCell has been supported and specified. It can also provide additional PDCCH capacity from another SCell. Thus, the PDCCH capacity for DSS would not be a problem when the CCS from sSCell to P(S)Cell is configured. Moreover, CCS of SpCell in CA case is clearer and simpler than receiving NR PDCCH on LTE CRS symbols, because it can reuse the legacy PDCCH decoding and channel estimation procedure, and the possibility of multiple receiver types is excluded.
Observation 11. For CA case, when UE is configured for CCS from sSCell to P(S)SCell, the NR PDCCH capacity for DSS would not be a problem.
Based on all the above observations in section 2.1 and 2.2, we give the following two proposals:
Proposal 1. No need to increase NR-PDCCH capacity by extend NR-PDCCH reception at symbol 1. Keep R17 DSS as baseline for R18 NR-PDCCH reception. Further NR-PDCCH capacity enhancement can be resolved by network configurations. 
Proposal 2. If indeed necessary to specify NR PDCCH reception in symbols with LTE CRS REs, we prefer option 1-2 for its simplicity and fixed channel estimation, and reluctant to support those options which will finally depend on the UE implementation with multiple CE choices.
[bookmark: OLE_LINK33][bookmark: OLE_LINK34]Conclusion
In this contribution, from UE implementation and network evolution perspective, we discuss NR PDCCH capacity enhancement and NR PDCCH reception in symbols with LTE CRS REs by simulation results with the following observations and proposals.
Observation 1. For each stage of R18 DSS evolution, there are potentially multiple channel estimation approaches from UE side.
Observation 2. There is significant impact on channel estimation procedure if UE assumes punctured NR PDCCH-DMRS pattern reception in symbols with LTE CRS, for example, for option 1-1 and option 2.
Observation 3. Different CE implementation will not only lead to different NR PDCCH decoding performance, but also introduce extra complexity on UE receiver.
Observation 4. From UE receiver perspective, option 1-2 can guarantee only one CE implementation.
Observation 5. Among the three channel estimation for all scenarios (Option 1-1/1-2/2), CE3 has the best performance, followed by CE2 and CE1; and the gap of CE2 and CE3 is less than 0.5~1 dB for Option 1-1. 
Observation 6. CE1 cannot meet the 1% BLER requirement when NR PDCCH is transmitted at AL1/2 for Option 1-2 and AL1/2/4 for Option 2.
Observation 7. The NR PDCCH decoding performance of Option 1-2 is better than Option 1-1 when using the same channel estimation method CE2.
Observation 8. When NR PDCCH is transmitted on one symbol overlapped with LTE CRS, even with the best channel estimation CE3, it will have large NR PDCCH decoding performance degradation exceeds 2dB.
Observation 9. Except for CE1 in Option 1-1 case, all other cases can obtain PDCCH capacity gain from around 25% to 60% respectively.
Observation 10. NR PDCCH capacity improvement can be achieved by configuration if the UE support FG 3-2/22-12.
Observation 11. For CA case, when UE is configured for CCS from sSCell to P(S)SCell, the NR PDCCH capacity for DSS would not be a problem.
Proposal 1. No need to increase NR-PDCCH capacity by extend NR-PDCCH reception at symbol 1. Keep R17 DSS as baseline for R18 NR-PDCCH reception. Further NR-PDCCH capacity enhancement can be resolved by network configurations. 
Proposal 2. If indeed necessary to specify NR PDCCH reception in symbols with LTE CRS REs, we prefer option 1-2 for its simplicity and fixed channel estimation, and reluctant to support those options which will finally depend on the UE implementation with multiple CE choices.
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Appendix A
Table 4 Simulation parameters of link level
	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 

	UE speed
	30 km/h

	Power ratio of LTE-CRS RE/NR PDCCH RE, Power ratio of LTE-CRS RE/NR PDCCH-DMRS RE
	1/1, 1/1




Table 5 Simulation parameters of system level
	Parameters
	Values

	Carrier frequency
	2.1 GHz

	SCS
	15 kHz

	Simulation bandwidth 
	20 MHz

	BS antenna height
	25 m

	UE height
	1.5m 

	TRP transmit power
	49 dBm 

	Scenario
	Urban Macro (500m ISD)

	Device deployment
	80% indoor, 20% outdoor (Uma) 

	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 geometry
	Full Buffer 

	Macro sites
	19

	Downtilt
	102° 

	Minimum BS to UE distance
	35m

	KPI
	NR PDCCH capacity gain of R18 enhancement over baseline:


	
	Not consider coexistence with legacy UEs: all R18 UEs
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Figure 2. NR PDCCH decoding performance of Option 1-1
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Figure 3. NR PDCCH decoding performance of Option 1-2
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Figure 4. NR PDCCH decoding performance of Option 2


Figure 5. NR PDCCH capacity performance

NR PDCCH capacity
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