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Introduction
[bookmark: _Ref129681832]In RAN #94 plenary meeting, a new WID on enhancement of NR dynamic spectrum sharing was approved for Rel-18 [1], where RAN1 agreed to study solutions to improve the NR spectrum efficiency on the shared carriers: 
	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 the RAN1#109-e meeting [2], the options for Rel-18 PDCCH reception as well as the scenarios for performing evaluations have been agreed as follows.
	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)

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, the NR PDCCH reception in symbols with LTE CRS REs is discussed and evaluated. 
Discussion on the motivation of Objective 1
In Rel-17, 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 configured by gNB, the UE is not required to monitor the PDCCH candidate. Therefore, in DSS, NR PDCCH candidates are generally configured on symbols that do not overlap with LTE CRS.
In commercial LTE networks, the most typical CRS configurations are  2-port CRS occupying the first and fifth symbol of a LTE slot, and 4-port CRS occupying the first, second and fifth symbol of a LTE slot. 
For a Rel-15 UE supporting PDCCH reception capability FG 3-1 in TR38.822, the monitoring occasion shall be within the first 3 OFDM symbols of a slot. Besides FG 3-1, other PDCCH monitoring capabilities are introduced in Rel-15, including FG 3-2 which can support PDCCH monitoring on any span of 3 consecutive OFDM symbols in the slot, and FG 3-5 which can support PDCCH monitoring on any OFDM symbol(s). In addition, in RAN1#108-e meeting [3], FG 22-12 has been introduced for PDCCH monitoring with a single span of three contiguous OFDM symbols that is within the first 4 OFDM symbols in a slot for Rel-16. Fig. 1~ Fig. 3 show potential CORESET configuration cases for six combinations between two CRS port configurations and three PDCCH monitoring capabilities (i.e., FG 3-1, FG 3-2, and FG 22-12). FG 3-5 is not discussed in the following, since it can be configured at any non-conflicted symbol(s) and therefore has no PDCCH capacity issue.
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[bookmark: _Ref110619315]Fig. 1 CORESET configuration cases for FG 3-1.
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Fig. 2 CORESET configuration cases (examples) for FG 3-2.
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[bookmark: _Ref110619329]Fig. 3 CORESET configuration cases for the FG 22-12.
As shown in the figures, the combination between four CRS ports configuration and FG 3-1 is most likely to have the PDCCH capacity pressure, because only a single-symbol CORESET can be configured on the third symbol of a slot in this case. In contrast, for other combinations, the 2-symbol/3-symbol CORESET can be configured, so that the PDCCH capacity pressure has been largely relieved. 
Observation 1: NR PDCCH capacity pressure may not be a big problem if the UE supports FG 3-2, FG 3-5, or FG 22-12.
In addition, as scheduling PDSCH and PUSCH on PCell with PDCCH on SCell is introduced in Rel-17 DSS, the PDCCH capacity pressure of a PCell operating in DSS mode can also be relieved even for Case 1 under FG 3-1.
Observation 2: There are other alternatives in legacy system to improve PDCCH capacity even if the PDCCH capacity is the bottleneck for UEs which can only monitor PDCCH within the first 3 symbols, such as Rel-17 SCell PDCCH scheduling PCell PDSCH/PUSCH.
Discussion and evaluation on Objective 1
Scenarios, KPIs and options for evaluation
Based on the aforementioned combinations, three scenarios and four KPIs for evaluation have been concluded in the last meeting, and the evaluation principle which has been discussed in email after the meeting is provided in the following table. Three options for PDCCH transmission/reception have been also agreed for evaluation.
Three scenarios (not part of the conclusion but can roughly reflect the evaluation principle):
Table 1 Three scenarios for evaluation
	Scenario
	Baseline
	Rel-18 enhancement

	#1A
	s0: reserved for LTE
s1: reserved for LTE
s2: NR PDCCH (legacy NR UE)
	s0: reserved for LTE
s1: NR PDCCH (only Rel-18 UE)
s2: NR PDCCH (legacy NR UE)

	#1A-2
	s0: reserved for LTE
s1: reserved for LTE
s2+s3: NR PDCCH (NR UE FG 22-12)
	s0: reserved for LTE
s1: NR PDCCH (only Rel-18 UE)
s2+s3: NR PDCCH (NR UE FG 22-12)

	#2
	s0: reserved for LTE
s1: reserved for LTE
s2: NR PDCCH (legacy NR UE)
	s0: reserved for LTE
s1+s2: NR PDCCH (only Rel-18 UE)
s2: NR PDCCH (legacy NR UE)

	#3
	s0: reserved for LTE
s1: reserved for LTE
s2-3: NR PDCCH (NR UE FG22-12)
	s0: reserved for LTE
s1+s2+s3: NR PDCCH (only Rel-18 UE)
s2+s3: NR PDCCH (NR UE FG22-12)
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Fig. 4 Scenario #1A
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Fig. 5 Scenario #1A-2
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Fig. 6 Scenario #2
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[bookmark: _Ref110530013]Fig. 7 Scenario #3

Four KPIs:
	KPI #1. NR PDCCH coverage/outage due to Rel-18 enhancement 
KPI #2. NR PDCCH capacity for Rel-18 enhancement and baseline, and relative gain
KPI #3. Potential degradation of LTE due to Rel-18 enhancement compared to baseline 
KPI #4. Whether and how to achieve coexistence with legacy UEs



Three transmitter and receiver assumption options:
	Observation
For evaluations consider the following options:
· 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.



Among these options, three options are evaluated in this contribution, as shown in Table 2. For Option 2, two sub-options with different transmission methods, i.e., Option 2A and Option 2B are evaluated, corresponding to the puncturing approach and the superposition approach, respectively. For Option 1-2, due to our concerns on the implementation complexity as will be analyzed in Section 3.6, the simulation results are not provided.
[bookmark: _Ref109636596]Table 2 Three options for evaluation
	Option
	gNB transmitter
	UE receiver

	1-1
	puncture the PDCCH/PDCCH DMRS on overlapping REs
	PDCCH REs overlapping with LTE CRS: Receiver punctures 
Channel estimator: operate on clean symbol DMRS only

	2A
	puncture the PDCCH/PDCCH DMRS on overlapping REs
CRS power boosting is 3dB unless otherwise stated
	PDCCH reception: legacy
Channel estimation: legacy

	2B
	superposition PDCCH/PDCCH DMRS and CRS
CRS power boosting is 3dB unless otherwise stated
	PDCCH reception: legacy
Channel estimation: legacy



KPI #1: NR PDCCH coverage/outage  
In this evaluation, the NR PDCCH outage is defined as the percentage of (cell edge) UEs which cannot reach the 1% PDCCH target BLER even with the highest aggregation level, i.e., AL16.
For the baseline, the outage UE percentage is relatively small regardless of single-symbol CORESET (Scenario 1A and Scenario 2) or 2 symbol CORESET (Scenario 3), ranging from 0.8% to 1.0%. 
For Option 1-1, the outage percentage increases to 2.6% in Scenario 2 and 1.9% in Scenario 3, that is, the outage UE percentage deteriorates 160% and 137% compared to the baseline respectively. In order to solve the PDCCH coverage problem of outage UEs, an alternative is to configure Rel-18 CORESET with CRS collision to non-outage Option 1-1 UEs, and configure legacy CORESET without CRS collision for outage Rel-18 UEs. However, in a NR slot, if the PDCCH of AL16 in legacy CORESET is assigned to outage UE which consumes 96 RBs already, there is hardly any spare bandwidth on the non-collision symbol to schedule other non-outage Option 1-1 UEs.
For Option 2A, in Scenario 1A/1A-2, the outage UE percentage deteriorates significantly, increasing by 26.8 times compared to the baseline (from 1% to 26.8%). As an explanation, for the combination of Option 2A and Scenario 1A, in the single-symbol CORESET, the PDCCH/PDCCH DMRS on the REs overlapping with LTE CRS are punctured in the transmitter, and the legacy receiver is used; this means, 1/3 of DMRS used for channel estimation and 1/3 of PDCCH used for decoder are polluted by CRS, which causes significant detriment. In Scenario 2 and Scenario 3, even though the problem is alleviated by the presence of one or two symbols not overlapping with the CRS, there is still a significant deterioration in outage compared to the baseline, i.e., 4.3% in Scenario 2 and 2.2% in Scenario 3. 
For Option 2B, in Scenario 1A/1A-2, Scenario 2 and Scenario 3, the proportion of overlapping REs in PDCCH/PDCCH DM-RS is 1/3, 1/6 and 1/9, respectively. For Scenario 2 and Scenario 3, the outage UE percentage of Option 2B is close to that of the baseline due to a relatively small proportion of polluted PDCCH/PDCCH DMRS. In Scenario 1A/1A-2, the proportion of overlapping REs in PDCCH/PDCCH DM-RS is relatively large, so there is a significant deterioration in outage performance, i.e., 1.9%.
[bookmark: _Ref109581050]Table 3 Outage percentage (KPI #2) for Option 1-1/2A/2B
	Scenario
	baseline
	Option 1-1
	Option 2A
	Option 2B

	Scenario 1A
	1.0%
	/
	26.8%
	1.9%

	Scenario 1A-2
	0.8%
	/
	26.8%
	1.9%

	Scenario 2
	1.0%
	2.6%
	4.3%
	1.2%

	Scenario 3
	0.8%
	1.9%
	2.2%
	0.9%



Observation 3: Punctured transmission will cause deteriorated PDCCH coverage performance, as the percentage of outage UEs which cannot reach the 1% PDCCH target BLER with AL16 would increase from 0.8%~1% for legacy UEs to 
· 1.9%~2.6% (i.e., 137%~160% relative outage loss) for Option 1-1 UEs
· 2.2%~26.8% (i.e., 175%~2610% relative outage loss) for Option 2 with punctured transmission UEs
· 0.9%~1.9% (i.e., 12.5%~90% relative outage loss) for Option 2 with superposition transmission UEs
KPI #2: NR PDCCH capacity gain 
LTE bandwidth=NR bandwidth
The outage UE percentage performance is discussed in the previous section. It can be seen that under the same scenario, there is obvious difference between the outage UE percentages of baseline, Option 1-1, Option 2A and Option 2B. In order to analyze the PDCCH capacity gain, the different outage UE percentages of different options should be taken into consideration. Taking the baseline and Option 2A under Scenario 1A as an example, Table 4 shows the required SNR at 1% BLER for the different PDCCH aggregation levels.
The required SINRs for AL16 at 1% BLER target in baseline and in Option 2A are -5.7dB and -0.1dB respectively. When comparing the PDCCH capacity of the baseline and Option 2A, how to consider the UEs with SNR [-5.7, -0.1) need to be discussed. In baseline, AL8/AL16 can be used to ensure this part of the UEs to achieve the 1% BLER target. But for Option 2A, even AL16 cannot ensure this part of the UEs to achieve the 1% BLER target. If these UEs are taken into account when calculating the PDCCH capacity of baseline, and is not taken into account for Option 2A, the baseline needs to additionally serve these UEs with the worst coverage in the cell than Option 2A, causing a larger average AL for baseline. It is not a fair comparison. 
Another method is to take these UEs into account when calculating the capacity of Option 2A, and assign AL16 for these UEs. However, it is still unfair, since even AL16 is used, these UEs cannot achieve the 1% BLER target in Option 2A, so the capacity of Option 2A would be overestimated.
To provide a simple and fair PDCCH capacity comparison scheme, we exclude these UEs for both baseline and Option 2A, i.e., 73% UEs which can satisfy both baseline and Option 2A are used for both baseline and Option 2A when calculating the capacity.
[bookmark: _Ref110528550]Table 4 SNR range and UE percentage for the different ALs comparison of baseline and Option 2A in Scenario 1A
	Scenario 1A
	baseline
	Option 2A

	PDCCH aggregation level (AL)
	SNR at 1% BLER [dB]
	SNR range [dB] for the AL
	UE percentage for the AL
	SNR at 0.01 BLER [dB]
	SNR range [dB] using the AL
	UE percentage using the AL

	1
	11.7
	[11.7, ∞)
	0.15
	Inf
	
	0

	2
	5.1
	[5.1, 11.7)
	0.23
	Inf
	
	0

	4
	0.3
	[0.3, 5.1)
	0.32
	19.8
	[19.8, ∞)
	0.03

	8
	-2.9
	[-2.9, 0.3)
	0.23
	6.3
	[6.3, 19.8)
	0.29

	16
	-5.7
	[-5.7, -2.9)
	0.06
	-0.1
	[-0.1, 6.3)
	0.41

	UE percentage for all the ALs
	
	
	0.99
	
	
	0.73
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Fig. 8 ALS and outage UE percentage comparison of baseline and Option 2A in Scenario 1A
Based on the PDCCH capacity calculation method as clarified above, the evaluation results of the PDCCH capacity gain for Option 1-1, 2A and 2B are shown in Table 5. Under Scenario 2 and Scenario 3, the PDCCH capacity gain of Option 1-1 is higher than that of Option 2A for any of Scenario 1A/1A-2/2/3. Although the capacity gain of Option 2B is the best, Option 2B will cause significantly harm to the LTE downlink throughput, which will be analyzed in Section 3.4. 
[bookmark: _Ref110529944]Table 5 PDCCH capacity gain (KPI #2) for Option 1-1 and 2A
	
	Average scheduled UE number per slot
	Capacity gain

	
	Baseline for Option 1-1
	Option 1-1
	Baseline for Option 2A
	Option 2A
	Baseline for Option 2B
	Option 2B
	Option 1-1
	Option 2A
	Option 2B

	Scenario 1A
	
	
	5.4 (excluding 26.8% outage UEs)
	6.7
(excluding 26.8% outage UEs)
	3.4
(excluding 1.9% outage UEs)
	5.5 
(excluding 1.9% outage UEs)
	
	24.1%
	61.7%

	Scenario 1A-2
	
	
	9.6
(excluding 26.8% outage UEs)
	10.9 
(excluding 26.8% outage UEs)
	6.4 (excluding 1.9% outage UEs)
	8.5
(excluding 1.9% outage UEs)
	
	13.5%
	32.8%

	Scenario 2
	3.4 
(excluding 2.6%
outage UEs)
	4.9
(excluding 2.6%
outage UEs)
	3.6
 (excluding 4.3% outage UEs)
	3.7
 (excluding 4.3% outage UEs)
	3.3
 (excluding 1.2% outage UEs)
	4.9
 (excluding 1.2% outage UEs)
	44.1%
	2.8%
	48.5%

	Scenario 3
	6.4 
(excluding 1.9%
outage UEs)
	7.3 
(excluding 1.9%
outage UEs)
	6.4
(excluding 2.2% outage UEs)
	5.8 (excluding 2.2% outage UEs)
	6.3 
(excluding 0.9% outage UEs)
	7.1 
(excluding 0.9% outage UEs)
	14.1%
	-9.3%
	12.7%



Observation 4: The PDCCH capacity gain of Option 2 with punctured transmission is less than that of Option 1-1. 
Observation 5: For the case of the same LTE and NR bandwidth (20MHz), 
· the PDCCH capacity gain for Option 1-1 over Scenario 2/3 is 14.1%~44.1%
· the PDCCH capacity gain for Option 2 with punctured transmission over Scenario 1A/2/3  is -9.3%~24.1%
Regarding the UE outage performance (which is 26.8%) under Scenario 1A/1A-2 and the low spectrum utilization efficiency (which is -9.3%~2.8%) for Option 2A, it should not be considered for Rel-18 DSS.
Proposal 1: Considering the UE outage performance and the low spectrum utilization efficiency for Option 2 with punctured transmission, Option 2 with punctured transmission should not be considered for Rel-18 DSS.
LTE bandwidth<NR bandwidth
During the re-farming phase of LTE to NR, with the decrease of LTE UEs and the increase of NR UEs, a smaller LTE carrier bandwidth would be configured for LTE UEs in the commercial network to make NR more resource efficient on the remaining bandwidth, thus it is realistic case where NR bandwidth is larger and include the LTE bandwidth. This section will analyze the Rel-18 DSS PDCCH capacity gain when the NR carrier bandwidth is 20MHz and the LTE carrier bandwidth is of a smaller value of 10MHz.
Fig. 9 shows a CORESET configuration example. In legacy scenario, a 20MHz*single-symbol legacy CORESET and a 10MHz*2-symbol legacy CORESET are configured. In Rel-18 DSS scenario, a 10MHz*3-symbol legacy CORESET and a 10MHz*2-symbol Rel-18 DSS CORESET are configured. 
[image: ]
[bookmark: _Ref110530026]Fig. 9 CORESET configuration when LTE bandwidth<NR bandwidth
It is shown in the following table that compared with the scenario of LTE bandwidth = NR bandwidth, when the LTE bandwidth < NR bandwidth, the PDCCH capacity gain is significantly reduced. This is due to the fact that the ratio of extra obtained PDCCH resource for Rel-18 is largely reduced compared to the LTE bandwidth = NR bandwidth case.
Table 6 PDCCH capacity gain (KPI #1) when LTE bandwidth<NR bandwidth in Scenario 2
	Average scheduled UE number per slot
	Capacity gain

	baseline
	Option 1-1
	Option 1-1

	6.4
	6.7
	4.7%



Observation 6: For the case of LTE bandwidth (10MHz) smaller than NR bandwidth (20MHz), the PDCCH capacity gain severely shrinks, e.g., the capacity gain of Option 1-1 under Scenario 2 degrades to 4.7%.
KPI #3: Potential degradation of LTE due to Option 2 with superposition
Although Option 2B performs well in various scenarios in terms of NR PDCCH capacity gain and outage UE percentage, Option 2B will lead to the degradation of LTE performance with respect to harmed link adaptation interfered by NR PDCCH/PDCCH DMRS, since the CQI/PMI/RI measurement of LTE UEs are performed based on CRS including the PDCCH region.
In order to analyze the impact of interference on LTE CRS on LTE performance, under the interference conditions shown in Fig. 10, in 4X4 MIMO mode, the PDSCH throughput with link adaptation is evaluated. In the PDSCH link adaptation simulation, the UE estimates RI, PMI, and CQI based on the LTE CRS, and feeds back to the eNB, then the eNB schedules MIMO transmission based on the feedback information from the UE.
[image: ]
[bookmark: _Ref109657033]Fig. 10  Interference on LTE CRS on LTE performance for evaluation
Fig. 11 shows the LTE PDSCH throughput performance when LTE CRS is interfered by NR PDCCH. For the LTE system, NR PDCCH/PDCCH DM-RS is the interference signal. As a note, in the three curves in the Fig. 11, no interference means that there is no NR PDCCH/PDCCH DM-RS on the REs carrying the LTE CRS, and I/S=-3dB and I/S=0dB means that the power ratios of NR PDCCH/PDCCH DM-RS to LTE CRS are -3dB and 0dB, respectively. It is shown in the Fig. 11 that LTE throughput decreases with the increased NR interference power. The throughput is significantly reduced especially for the UEs with high SNR, i.e. near-field UEs. Table 7 shows the probability of higher order RI is significantly reduced because of the introduction of interference on the LTE CRS on port 3 and port 4.
One may argue that the eNB may perform some compensation on the feedback CQI to alleviate the link adaptation issue. However, it is quite challenging to perfectly fix this issue by pure eNB implementation especially regarding the bias on RI estimation.
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[bookmark: _Ref109655352]Fig. 11 LTE PDSCH throughput performance when LTE CRS is interfered by NR PDCCH

[bookmark: _Ref109658945]Table 7 RI percentage of different interference power offsets
	Interference
　
	RI percentage

	
	Rank=1
	Rank=2
	Rank=3
	Rank=4

	no interference
	0
	0
	1.4%
	98.6%

	I/S=-3dB
	0
	0
	98.9%
	1.1%

	I/S=0dB
	0
	99.9%
	0.1%
	0



Observation 7: Option 2 with superposition of LTE CRS and the NR PDCCH will cause degraded accuracy of link adaptation including RI, PMI and CQI, especially for cell center UEs, resulting in decrease of the LTE downlink throughput.
· Such estimation error on CQI/PMI/RI by UE can hardly be perfectly compensated by eNB.
Proposal 2: Considering the performance degradation of LTE UEs caused by Option 2 with superposition transmission, Option 2 with superposition transmission should not be considered for Rel-18 DSS.
Regarding the outage/capacity performance of Option 2A and the degradation issue to LTE by Option 2B, the future analysis and discussions should focus on Option 1-1/1-2 with at least one clean symbol for channel estimation.
Proposal 3: Rel-18 DSS should not rule out the basic UE channel estimation implementations based on regular DM-RS patterns, i.e., at least one clean symbol not colliding with LTE CRS should be considered for Rel-18 PDCCH for further analysis.
KPI #4:  Coexistence with legacy UEs
Considering that not all NR UEs support Rel-18 DSS, in this section, we will analyze the performance gain when the legacy UEs exist. Scenario #2 is chosen for evaluation, where 50% legacy UEs and 50% Rel-18 DSS UEs are assumed for analysis, and assume the legacy CORESET and Rel-18 CORESET are ideally TDMed over different slots for simplicity. Take the comparison of Option 1-1 and baseline as an example, when the legacy CORESET is scheduled on the clean symbol, there is no room for scheduling Option 1-1 CORESET on the same slot, and vice versa. Therefore, the additional resources (overlapping with CRS) gained for serving Option 1-1 UEs are reduced to less than half of the whole bandwidth due to the co-existence with legacy NR UEs since not all slots can offer this additional resources. 
 [image: ]
Fig. 12 Legacy CORESET and Option 1-1 CORESET are TDMed over different slots in Scenario #2
According the evaluation in Section 3.3, if the legacy CORESET occupies the total frequency domain, the average scheduled UE number per slot is 3.4, and if the Option 1-1 CORESET occupies the total frequency domain, the average scheduled UE number per slot is 4.9. In order to schedule 50% legacy UEs and 50% Option 1-1 UEs in a slot, it is assumed that legacy CORESET occupies a% of the total time domain, and Option 1-1 CORESET occupies (1-a%) of the total time domain. Then the average scheduled UE number on legacy CORESET per slot is 3.4* a%, and the average scheduled UE number on Option 1-1 CORESET per slot is 4.9*(1-a%). The average scheduled UE number on legacy CORESET should be equal to the average scheduled UE number on Option 1-1  CORESET, i.e., 3.4*a%=4.9*(1-a%). So we can derive a%=4.9/(4.9+3.4) and (1-a%)=3.4/(4.9+3.4). The average scheduled UE number is 4.9*3.4/(4.9+3.4)+3.4*4.9/(4.9+3.4) = 4.0. This methodology applies to also Option 2A.
The following table provides the average scheduled UE number as well as the capacity gain under 100% Rel-18 UEs, and 50% Rel-18 UE + 50% legacy NR UEs. The results include both Option 1-1 and Option 2A, where the Option 1-1 capacity gain shrinks from 44.1% to 11.8%, and Option 2A capacity gain shrinks from 2.8% to 1.4%. With this analysis, the benefit of Rel-18 DSS is largely reduced due to the co-existence with legacy NR UEs.
[bookmark: _Ref109747893]Table 8 PDCCH capacity gain (KPI #1) with 50% legacy UEs and 50% Rel-18 DSS UEs in Scenario 2
	Average scheduled UE number per slot
	Capacity gain

	baseline
	100% Rel-18 UEs
	50% legacy UEs + 50% Rel-18 UEs
	100% Rel-18UEs
	50% legacy UEs + 50% Rel-18 UEs

	For Option 1-1
	For Option 2A
	Option 1-1
	Option 2A
	Option 1-1
	Option 2A
	Option 1-1
	Option 2A
	Option 1-1
	Option 2A

	3.4 (excluding 2.6% outage UEs)
	3.6 (excluding 4.3% outage UEs)
	4.9
	3.7
	4.0
	3.65
	44.1%
	2.8%
	11.8%
	1.4%



Observation 8: Rel-18 PDCCH capacity gain significantly decreases due to the co-existence with legacy NR UEs. When the proportion of Rel-18 DSS UEs is decreased from 100% to 50%, 
· the PDCCH capacity gain of Option 1-1 in Scenario 2 would reduce from 44.1% to 11.8%
· the PDCCH capacity gain of Option 2 with punctured transmission in Scenario 2 would reduce from 2.8% to 1.4%
Complexity analysis for Option 1-2
In the last meeting, Option 1-2 was proposed to change the PDCCH RM pattern to replace the non-punctured DMRS REs with PDCCH REs at the overlapped symbol.  
New RM output sequence length values
As Fig. 13 shows, on the non-overlapping symbol with LTE CRS, PDCCH is mapped and transmitted on the 9 REs with subcarrier index 0, 2, 3, 4, 6, 7, 8, 10, 11. QPSK is used, so 18 bits of the rate matching output bits are carried on a REG. On the overlapping symbol, no PDCCH DMRS is transmitted, and PDCCH is mapped on all the 12 REs on a REG, which means 24 bits of the rate matching output bits are carried on a REG.
Take PDCCH with aggregation level 1 as an example, rate matching output sequence length is:
· 108 bits (6 REG*9 RE*2bits/QPSK) for legacy CORESET
· 120 bits (4 REG*9 RE*2bits/QPSK + 2 REG*12 RE*2bits/QPSK ) for Rel-18 CORESET of Scenario 3, i.e., 2 clean symbol and 1 overlapping symbol 
· 126 bits (3 REG*9 RE*2bits/QPSK + 3 REG*12 RE*2bits/QPSK ) for Rel-18 CORESET of Scenario 2, i.e., 1 clean symbol and 1 overlapping symbols 
It is observed that two new rate matching output sequence lengths have to be introduced for Option 1-2, which will largely increase the complexity of UE de-mapping.
New UE receiver
In the legacy receiver, the channel estimation is applied by filtering the measured channel response from DMRS REs to the target PDCCH REs with subcarrier index 0, 2, 3, 4, 6, 7, 8, 10, 11. The demodulation is also applied to these target PDCCH REs. If Option 1-2 is used, new patterns of the target PDCCH REs have to be applied with channel estimation and demodulation as shown in Fig. 13, which will increase the complexity of UE channel estimation and demodulation.
Therefore, Option 1-2 requires new higher UE capability with critical challenge to UE implementation to support this option.
[image: ] 
[bookmark: _Ref109762651]Fig. 13 Mapping of CRS/NR PDCCH/NR PDCCH DM-RS in Option 1-2
Observation 9: Option 1-2 will bring a substantial increase in implementation complexity with respect to new rate matching output sequence and new pattern of the target PDCCH REs applied with channel estimation/demodulation.
From the above analysis the performances in terms of PDCCH capacity, outage as well as impact to LTE, and the UE complexity, it is observed that: 
· Option 2 with punctured transmission (i.e., Option 2A) has no appealing capacity gain; 
· Option 2 with superposition with LTE CRS (i.e., Option 2B) will cause degraded performance of LTE;
· Option 1-1 will bring obvious capacity gain only under quite limited case of Scenario 2 with LTE bandwidth = NR bandwidth and without co-existence with legacy NR UEs, while for other typical cases of Scenario 3, LTE bandwidth < NR bandwidth, and co-existence with NR UEs, the capacity gains will be significantly impaired.
· Option 1-2 will introduce challenging UE implementation complexity on supporting new PDCCH RM/CE/demodulation patterns.
Based on the above analysis, and considering there have already been sufficient legacy approaches (FG 3-2, FG 3-5, FG 22-12, and Rel-17 Scell scheduling PCell) to improve the NR PDCCH capacity, there seems no strong motivation to support Objective 1 in Rel-18.
Proposal 4: No strong motivation is observed to support Objective 1.
Conclusion
According to the above discussions, we have the following observations and proposals:
Observation 1: NR PDCCH capacity pressure may not be a big problem if the UE supports FG 3-2, FG 3-5, or FG 22-12.
Observation 2: There are other alternatives in legacy system to improve PDCCH capacity even if the PDCCH capacity is the bottleneck for UEs which can only monitor PDCCH within the first 3 symbols, such as Rel-17 SCell PDCCH scheduling PCell PDSCH/PUSCH.
Observation 3: Punctured transmission will cause deteriorated PDCCH coverage performance, as the percentage of outage UEs which cannot reach the 1% PDCCH target BLER with AL16 would increase from 0.8%~1% for legacy UEs to 
· 1.9%~2.6% (i.e., 137%~160% relative outage loss) for Option 1-1 UEs
· 2.2%~26.8% (i.e., 175%~2610% relative outage loss) for Option 2 with punctured transmission UEs
· 0.9%~1.9% (i.e., 12.5%~90% relative outage loss) for Option 2 with superposition transmission UEs
Observation 4: The PDCCH capacity gain of Option 2 with punctured transmission is less than that of Option 1-1. 
Observation 5: For the case of the same LTE and NR bandwidth (20MHz), 
· the PDCCH capacity gain for Option 1-1 over Scenario 2/3 is 14.1%~44.1%
· the PDCCH capacity gain for Option 2 with punctured transmission over Scenario 1A/2/3  is -9.3%~24.1%
Proposal 1: Considering the UE outage performance and the low spectrum utilization efficiency for Option 2 with punctured transmission, Option 2 with punctured transmission should not be considered for Rel-18 DSS.
Observation 6: For the case of LTE bandwidth (10MHz) smaller than NR bandwidth (20MHz), the PDCCH capacity gain severely shrinks, e.g., the capacity gain of Option 1-1 under Scenario 2 degrades to 4.7%.
Observation 7: Option 2 with superposition of LTE CRS and the NR PDCCH will cause degraded accuracy of link adaptation including RI, PMI and CQI, especially for cell center UEs, resulting in decrease of the LTE downlink throughput.
· Such estimation error on CQI/PMI/RI by UE can hardly be perfectly compensated by eNB.
Proposal 2: Considering the performance degradation of LTE UEs caused by Option 2 with superposition transmission, Option 2 with superposition transmission should not be considered for Rel-18 DSS.
Proposal 3: Rel-18 DSS should not rule out the basic UE channel estimation implementations based on regular DM-RS patterns, i.e., at least one clean symbol not colliding with LTE CRS should be considered for Rel-18 PDCCH for further analysis.
[bookmark: _GoBack]Observation 8: Rel-18 PDCCH capacity gain significantly decreases due to the co-existence with legacy NR UEs. When the proportion of Rel-18 DSS UEs is decreased from 100% to 50%, 
· the PDCCH capacity gain of Option 1-1 in Scenario 2 would reduce from 44.1% to 11.8%
· the PDCCH capacity gain of Option 2 with punctured transmission in Scenario 2 would reduce from 2.8% to 1.4%.
Observation 9: Option 1-2 will bring a substantial increase in implementation complexity with respect to new rate matching output sequence and new pattern of the target PDCCH REs applied with channel estimation/demodulation.
Proposal 4: No strong motivation is observed to support Objective 1.
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Appendix
Table 1 Link level simulation assumptions
	Parameters
	Values

	Carrier frequency
	2 GHz

	SCS
	15 kHz 

	Bandwidth 
	20 MHz [5, 10 MHz], LTE bandwidth equal or smaller than NR

	Channel model
	TDL-C 300, [TDL-A 300]

	Correlation
	Low

	Number of BS antennas
	4 Tx, (M,N,P,Mg,Ng;Mp,Np)= (1,2,2,1,1;1,1),
[2 Tx, (M,N,P,Mg,Ng;Mp,Np)= (1,1,2,1,1;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 [50bits]

	Interleaving
	Non-Interleaved, [Interleaved]

	Precoding
	Precoder cycling per REG bundle

	REG bundle size
	6 PRBs

	CRS
	single 4 port CRS pattern, [additional 4 port CRS pattern]

	Channel estimation
	practical – companies to report details

	UE speed
	30 kmph [3kmph, 120 kmph, 350 kmph]



Table 2 System level simulation assumptions
	Parameters
	Values

	Carrier frequency
	2.1 GHz

	SCS
	15 kHz

	Simulation bandwidth 
	20 MHz [5, 10 MHz]，same as that in LLS

	BS antenna height
	25 m

	UE height
	1.5m 

	TRP transmit power
	49 dBm 20 MHz

	Scenario
	Urban Macro (500m ISD), [Rma (1732m ISD)]

	Device deployment
	80% indoor, 20% outdoor (Uma) [50% indoor,50% in-car (Rma)]

	UE speeds
	Indoor users: 3km/h

	UE speeds
BS noise figure
	Outdoor users (in-car): 30 km/h

	
	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° or according to Scenario

	Minimum BS to UE distance
	35m

	KPI
	Companies to report (e.g., total PDCCH capacity, PDCCH coverage/outage, Potential degradation of LTE, whether and how to achieve coexistence with legacy UEs)
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