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1. [bookmark: OLE_LINK13][bookmark: OLE_LINK14]Introduction 
In the previous meeting, long-PUCCH format with more than 2 bits were discussed and some agreements were achieved [1].
Agreements:
· For the format of long PUCCH supporting multiplexing of users, target to select one from:
· Alt.1: User multiplexing is realized by time-domain OCC.
· Alt.2: User multiplexing is realized by pre-DFT-OCC.
· Alt.3: User multiplexing is realized by FDM within the PRB.
· Alt.4: User multiplexing is realized by pure TDM in the slot.
· Note: Other alternatives are not precluded.
Conclusion:
· For long PUCCH moderate payload size with multiplexing capability, aim to downselection between Alt 2 and Alt 3 next meeting – companies are encouraged to perform additional evaluations and analysis especially considering power imbalance

In this contribution we share our views on long PUCCH format with more than 2 bits with and without multiplexing. And this contribution is an update of R1-1715639.
2. DMRS for Long PUCCH with more than 2 bits and without multiplexing
For a PUCCH format for UCI with large payload, no multiplexing capacity is required. A LTE PUSCH-like structure can be considered for such design, e.g., LTE PUCCH format 4. In this section, we evaluate the performance for the different number of DMRS symbols with and without frequency hopping.   
2.1. Simulation assumptions
In order to determine the DMRS density per each frequency hop, the following aspects are considered in the simulation,
· With Frequency hopping and without frequency hopping
· In case frequency hopping is disabled, the DMRS are equally distributed in the first half and second half of PUCCH.
· Different payload size and UE speed
· 20-bit, 60-bit and 100-bit payloads are considered. For high UE speed, e.g. 120-km/h, the UCI payload with 100-bit may not be necessary and only 20-bit and 60-bit are considered.
· Length of the DMRS
· For simplicity, only 8/10/12/14 symbols length PUCCH are considered. 
· BLER target
· The UCI BLER target for simulation is set to 1%, which is aligned with TS36.101
Other simulation assumptions are included in Annex A.
2.2. Performance of different DMRS configurations
With frequency hopping
Table 1-3 provide the required SNR at 1% BLER for different DMRS configurations.
Table 1 Required SNR for 1% BLER with 20bits UCI with frequency hopping
	Required SNR [dB]
	8 symbols
	10 symbols
	12 symbols
	14 symbols

	3km 300ns
	1RS/hop
	-4.8279
	-5.2889
	-6.0081
	-6.2292

	
	2RS/hop
	-2.0908
	-4.2725
	-6.1419
	-7.5752

	120km 300ns 
	1RS/hop
	-1.2029
	-2.9456
	-2.6116
	-3.7404

	
	2RS/hop
	4.6018
	-2.0391
	-2.971
	-3.8706

	3km 1000ns
	1RS/hop
	-3.2598
	-4.165
	-4.9252
	-6.0373

	
	2RS/hop
	4.2877
	-3.0576
	-4.6598
	-6.0586

	120km 1000ns 
	1RS/hop
	-0.2471
	-1.1513
	-1.4345
	-2.4253

	
	2RS/hop
	5.8663
	0.5768
	-2.2176
	-2.4345



For UCI payload size with 20bits, 1 RS per frequency hop shows the better performance for long PUCCH format with less than 12 symbols. 2 RS per frequency hop shows the better performance for long PUCCH format with 12-14 symbols. 
Observation 1: X = 6 for payload 20-bit provides better performance.
Table 2  The required SNR for 1% BLER with 60bits UCI with frequency hopping

	Required SNR [dB]
	8 symbols
	10 symbols
	12 symbols
	14 symbols

	3km 300ns
	1RS/hop
	2.8609
	0.4261
	-0.4396
	-1.8358

	
	2RS/hop
	5.7972
	2.6252
	-0.7909
	-1.4982

	120km 300ns 
	1RS/hop
	10.0845
	4.5858
	6.8438
	10.2209

	
	2RS/hop
	-
	-
	6.7795
	3.9795

	3km 1000ns
	1RS/hop
	9.9163
	5.3451
	2.4229
	-0.3993

	
	2RS/hop
	-
	-
	3.6628
	1.2726

	120km 1000ns 
	1RS/hop
	-
	-
	8.5703
	9.7974

	
	2RS/hop
	-
	-
	9.9397
	8.8464



For UCI payload size with 60, 1 RS per frequency hop shows the better performance when DS is lager. However, for medium DS, similar performance is observed compared to payload 20-bit.
Observation 2: X = 6 for payload 60-bit provides better performance when DS is small/medium, X=7 or 8 for payload 60-bit when DS is larger.
Table 3  The required SNR for 1% BLER with 100bits UCI with frequency hopping

	Required SNR [dB]
	8 symbols
	10 symbols
	12 symbols
	14 symbols

	1-RS/hop 300ns
	3km/h
	6.9832
	4.4239
	2.8288
	1.138

	2-RS/hop 300ns 
	3km/h
	-
	6.8323
	4.276
	1.5606

	
	
	
	
	
	

	1-RS/hop 1000ns
	3km/h
	-
	-
	8.7728
	7.3326

	2-RS/hop 1000ns
	3km/h
	-
	-
	12.079
	8.8962

	
	
	
	
	
	


For UCI payload size with 100-bit, UCI without frequency hopping does not provide sufficient performance gain. And for all cases, 1 RS per frequency hop shows the better performance.
Observation 3: one DMRS strip for each frequency hop provides better performance for payload 100-bit, i.e., X=8.
For 1 DMRS per frequency hop, DMRS can be located around the middle of the frequency hop. For 2 DMRS symbols per frequency hop, the almost symmetrical location can be considered for DMRS. 
NR PUCCH supports flexible number of symbols from 4 to 14 symbols. It is not efficient to fix the DMRS location relative to the slot for different long PUCCH length, since no UE multiplexing is required. Alternatively, fixed DMRS location relative to the PUCCH can be considered. 
Proposal 1: For 1 DMRS per frequency hop, DMRS can be located around the middle of the frequency hop. For 2 DMRS symbols per frequency hop, the almost symmetrical location in a frequency hop can be considered for DMRS.
Proposal 2: Fixed DMRS location relative to the PUCCH can be considered.
Without frequency hopping
Table 4 provides the PUCCH performance without frequency hopping. It can be seen that compared to PUCCH with frequency hopping, the optimal X value varies according to the different DS. But the differences are relative small. For simplicity, the optimal X can be set to 6 for UCI payload 20-bit. This is also aligned with PUCCH with frequency hopping.
[bookmark: _Ref492927576]Table 4 20-bit, 3km/h, w/o FH
	Required SNR [dB]
	8symbols
	10 symbols
	12 symbols
	14symbols

	3km 300ns
w/o FH
	2 RS/hop
	-1.6878
	-3.5033
	-4.8729
	-5.4243

	
	1 RS/hop
	-2.9230   
	-4.3086   
	-5.0681   
	-5.5831

	3km 1000ns
w/o FH
	2 RS/hop
	2.4180
	-0.7038
	-2.3059
	-3.2431

	
	1 RS/hop
	0.0074   
	-1.4415   
	-2.2307   
	-3.0114


In summary, considering both large payload and small payload, large DS and small DS, with and without hopping, it is found except small payload size and short PUCCH symbol durations, one DMRS per frequency-hop provides better performance in most cases. It is proposed that,
Proposal 3: Two DMRS symbol per frequency-hop when the payload size is less than [Y] and each frequency-hop with up to 6 symbols; Otherwise, one DMRS symbol per frequency-hop. Y is FFS.
3. PUCCH structure for supporting multiplexing of users
It is agreed that for the format of long PUCCH supporting multiplexing of users, target to select one from:
· Alt.2: User multiplexing is realized by pre-DFT-OCC.
· Similar to LTE PUCCH format 5, Alt 2 applies orthogonal code before DFT operation. [1 1] and [1 -1] is used for two users as orthogonal code.
· Alt.3: User multiplexing is realized by FDM within the PRB.
· IFDMA structure with comb size=2 is used for DMRS and UCI parts in the simulation.
For alt 2, it is important to model the power imbalance between two users. 2dB and 6dB are considered respectively in order to model power imbalance introduced by non-ideal power control. For alt 3, because different users are multiplexed in different subcarriers, the power imbalance may not have the big impact. The timing differences between two users are not modeled for these alternatives considering the cell radius is not large. For 10-bit payload, RM code is used, while for 40-bit payload, polar code with 8-bit CRC is used. Simulation results are listed Annex D.
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Figure 1 BLER vs SNR for long PUCCH format. 2-users, 10-bits, TDL-C, 300ns/1000ns, 3km/h
For 3km/h case, it can be observed that when the DS is 300ns, alt 2 and alt 3 have the similar performance. Even if power imbalance is considered, the performance degradation is not significant. However, when the DS is 1000ns, alt 2 (pre-DFT OCC) are sensitive to power imbalance, alt 3(IFDMA) is not sensitive to power imbalance due to the orthogonality in frequency domain.
Observation 4: pre-DFT OCC is sensitive to power imbalance. 
[image: ]
Figure 2 BLER vs SNR for long PUCCH format. 2-users, 40-bits, TDL-C, 300ns, 3km/h
For both 40-bit and 10-bit UCI payload, alt 3 (IFDMA) and alt 2 (pre-DFT OCC) have the similar performance when DS with 300ns, even when power imbalance is considered. And for 10-bit UCI payload with 3km/h, it can be observed that when the DS is 300ns, alt 2 and alt 3 also have the similar performance, even power imbalance is considered.
Observation 5: For small/medium DS and low UE speed, alt 2 and alt 3 have the similar performance.

Table 5  The required SNR for 1% BLER with 10bits UCI 
	
	Alt 2: PreDFT
	Alt 3: IFDMA

	
	2dB
	6dB
	

	1000ns
	3km/h
	-0.8672
	5.4583
	-0.1866

	
	120km/h
	1.5368
	3.9517
	3.3205

	 300ns
	3km/h
	-3.7843
	-3.1709
	-4.0171

	
	120km/h
	-0.3335
	0.2076
	-0.6900



             Table 6 The required SNR for 1% BLER with 40bits UCI 
	
	Alt 2: Pre-DFT
	Alt 3: IFDMA

	
	2db
	6db
	

	1000ns
	3km/h
	4.2799
	10.1877
	8.3106

	300ns
	3km/h
	0.7042
	1.0827
	1.1268



Considering the link performance of alt 2 and alt 3, other realistic factors, e.g. power imbalance, it is proposed to adopt alt 3 as the NR long PUCCH structure with multiplexing capacity.
For SRS, the position can be around the last symbol(s) of a slot. Based on the comb structure, long PUCCH format with SRS can be easily multiplexed with less impact due to imbalanced power among UEs. Thus, the multiplexing between long PUCCH format and SRS based on IFDMA is suggested in NR. 
Proposal 4: Alt 3 (IFDMA) as the NR long PUCCH structure with multiplexing capacity.
Proposal 5: The multiplexing between long PUCCH format and SRS based on IFDMA is supported in NR.
4. Long PUCCH hopping
4.1. Frequency hopping performance
Table 7 shows the performance of with FH and without FH. It is observed that frequency hopping can provide almost 3dB gain for UCI payload 60-100 bits. Especially for high speed scenario, PUCCH without frequency hopping is not workable for 100-bit payload. PUCCH hopping therefore is important and shall be enabled for UE supporting large payload and large delay spread.
Observation 6: PUCCH hopping is important and should be enabled for UE with large payload size and large delay spread.
Table 7 with hopping VS without hopping (3km/h)
	Required SNR [dB]
	8 symbols
	10 symbols
	12 symbols
	14 symbols

	1-RS
300ns
	20-bit
	w/ FH
	-4.8279   
	-5.2889   
	-6.0081   
	-6.2292

	
	
	w/o FH
	-2.9230   
	-4.3086   
	-5.0681   
	-5.5831

	1-RS
1000ns
	20-bit
	w/FH
	-3.2598   
	-4.1650   
	-4.9252   
	-6.0373    

	
	
	w/o FH
	0.0074   
	-1.4415   
	-2.2307   
	-3.0114

	1-RS
300ns
	60-bit
	w/ FH
	2.8609
	0.4261
	-0.4396
	-1.8358

	
	
	w/o FH
	2.0153
	0.4108
	-0.921
	-1.4064

	1-RS
1000ns
	60-bit
	w/FH
	9.9163
	5.3451
	2.4229
	-0.3993

	
	
	w/o FH
	8.2565
	4.5027
	2.6314
	1.582

	1-RS
300ns
	100-bit
	w/ FH
	6.9832    
	4.4239    
	2.8288    
	1.1380    

	
	
	w/o FH
	5.3721    
	2.8308    
	1.5299    
	0.8933

	1-RS
1000ns
	100-bit
	w/FH
	-
	-
	8.7728    
	7.3326    

	
	
	w/o FH
	-
	-
	8.4299    
	5.3361



4.2. Frequency hopping point
Regarding the hopping point of PUCCH, similar to long PUCCH hopping up to 2-bits [2], basically two alternatives are discussed in the last RAN1 meeting, the fixed hopping point and flexible hopping point, respectively.
· Alternative 1: the FH point is flexible, and the hopping point for is relative to each PUCCH.
· Alternative 2: the FH point is fixed location relative to slot.
Alternative 1 is flexible, especially when multiplexed with short PUCCH and SRS. In that case, the ending position of PUCCH is not fixed, which requires the FH point to be dynamically determined. In this alternative, the long PUCCH performance can be guaranteed by using an optimal hopping point for each long PUCCH transmission, with possibly different starting/ending symbol and transmission duration. However, from the network perspective, the PUCCH resource management may be difficult. 
Alternative 2 is much simpler than alternative 1 and reuses LTE concept where the hopping point is common across all the UEs within the slot. However, it has restriction on the PUCCH resource allocation in time domain, e.g. a PUCCH transmission starts later than the common hoping point cannot enjoy the hoping gain. Therefore it is also beneficial to configure a set of hopping points by RRC and DCI indicates the actual hopping point. Alternatively, UE could determine the actual hopping point among the set of hopping points configured by RRC signaling according to a specified rule, e.g. to select the hopping point which is closest to the middle of long PUCCH transmission. 
For long PUCCH, frequency tuning issue also should be considered. If reception of PUCCH OFDM symbols is deteriorated due to frequency tuning, PUCCH performance can be greatly impacted. It is a critical problem especially to cell edge users. Usually, if two frequency hops are consecutive in time domain, UE only have several us (within CP length) to tune onto another frequency. This is not practical for all UEs.
Considering the scheduling complexity at gNB and the potential frequency tuning issue, the frequency hopping point is aligned among multiple UEs’. The frequency hopping point can be configured by RRC signaling to increase the flexibility.
Proposal 6: For long PUCCH more than 2 bits with frequency hopping, it is preferred that RRC configures a set of hopping points and UE determines the actual hopping point according to the DCI indication or a specified rule. 
5. Conclusion
In this document, we discuss long PUCCH format with more than 2 bits with the following observations and proposals:
For DMRS evaluation, it is observed and proposed as follows,
Observation 1: X = 6 for payload 20-bit provides better performance.
Observation 2: X = 6 for payload 60-bit provides better performance when DS is small/medium, X=7 or 8 for payload 60-bit when DS is larger.
Observation 3: one DMRS strip for each frequency hop provides better performance for payload 100-bit, i.e., X=8.
Proposal 1: For 1 DMRS per frequency hop, DMRS can be located around the middle of the frequency hop. For 2 DMRS symbols per frequency hop, the almost symmetrical location in a frequency hop can be considered for DMRS.
Proposal 2: Fixed DMRS location relative to the PUCCH can be considered.
Proposal 3: Two DMRS symbol per frequency-hop when the payload size is less than [Y] and each frequency-hop with up to 6 symbols; Otherwise, one DMRS symbol per frequency-hop. Y is FFS. 

For PUCCH structure for supporting multiplexing of user
Observation 4: pre-DFT OCC is sensitive to power imbalance.
Observation 5: For small/medium DS and low UE speed, alt 2 and alt 3 have the similar performance.
Proposal 4: Alt 3 (IFDMA) as the NR long PUCCH structure with multiplexing capacity.

For PUCCH hopping,
Observation 6: PUCCH hopping is important and should be enabled for UE with large payload size and large delay spread.
Proposal 5: The multiplexing between long PUCCH format and SRS based on IFDMA is supported in NR.
Proposal 6: For long PUCCH more than 2 bits with frequency hopping, it is preferred that RRC configures a set of hopping points relative to the slot and UE determines the actual hopping point according to the DCI indication or a specified rule.
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Appendix A : simulation assumpitions for DMRS
Table A-1 : Simulation parameters for DMRS
	System bandwidth
	20Mhz

	Subcarrier spacing
	{15kHz }

	Channel modeling
	TDL-C channel
delay spread ={300nS, 1000nS}

	Antenna modeling
	# UE Tx =1, # gNB Rx =2

	Channel coding
	Payload sizes without CRC: 20bits, 60bits, 100 bits

	CRC
	Polar code with 8CRC

	Number of RB
	{1 RB}

	Carrier frequency
	4Ghz

	Number of UEs
	{1}

	UE speed:
	3km/h, 120km/h, 500km/h

	channel estimation
	Practical channel estimation and ideal noise estimation



Table A-1 : DMRS structure (‘R’ for RS and ‘U’ for UCI)
	
	1RS
	2RS

	8 symbols
	URUU   URUU
	RURU  RURU

	10symbols
	UURUU   UURUU
	URURU   URURU

	12 symbols
	UURUUU  UURUUU
	URUURU  URUURU

	14 symbols
	UUURUUU  UUURUUU
	URUUURU   URUUURU




Appendix B : Simulation assumptions for PUCCH with multiplexing
Table B-1 : Simulation parameters for DMRS
	System bandwidth
	20Mhz

	Subcarrier spacing
	{15kHz }

	Channel modeling
	TDL-C channel
delay spread ={300nS, 1000nS}

	Antenna modeling
	# UE Tx =1, # gNB Rx =2

	Channel coding
	For 10-bits, RM code is used.
 For 40-bits, polar code is used 

	CRC
	For 40-bits, polar code with 8-bit CRC is used

	Number of RB
	{1 RB}

	Carrier frequency
	4Ghz

	Number of UEs
	{2}

	UE speed:
	3km/h, 120km/h

	channel estimation
	Practical channel estimation and ideal noise estimation

	Power imbalance
	2dB and 6dB



Appendix C : DMRS simulation results
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Figure C-1 BLER vs SNR for long PUCCH format w/ FH and w/o FH. TDL-C channel model with 300ns delay spread at 3 km/h. Payload size is 20bits with 2 DMRS in PUCCH.
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Figure C-2 BLER vs SNR for long PUCCH format w/ FH and w/o FH .TDL-C channel model with 1000ns delay spread at 3 km/h. Payload size is 20bits with 2 DMRS in PUCCH.
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Figure C-3 BLER vs SNR for long PUCCH format w/ FH and w/o FH. TDL-C channel model with 300ns delay spread at 3 km/h. Payload size is 60bits with 2 DMRS in PUCCH.
[image: ]
Figure C-4 BLER vs SNR for long PUCCH format w/ FH and w/o FH .TDL-C channel model with 1000ns delay spread at 3 km/h. Payload size is 60bits with 2 DMRS in PUCCH.
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Figure C-5 BLER vs SNR for long PUCCH format w/ FH and w/o FH .TDL-C channel model with 300ns delay spread at 3 km/h. Payload size is 100bits with 2 DMRS in PUCCH.
[image: ]
Figure C-6 BLER vs SNR for long PUCCH format w/ FH and w/o FH. TDL-C channel model with 1000ns delay spread at 3 km/h. Payload size is 100bits with 2 DMRS in PUCCH.
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Figure C-7 BLER vs SNR for long PUCCH format w/ FH and w/o FH. TDL-C channel model with 300ns delay spread at 120 km/h. Payload size is 20bits with 2 DMRS in PUCCH.
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Figure C-8 BLER vs SNR for long PUCCH format w/ FH and w/o FH. TDL-C channel model with 1000ns delay spread at 120 km/h. Payload size is 20bits with 2 DMRS in PUCCH.
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Figure C-9 BLER vs SNR for long PUCCH format w/ FH and w/o FH. TDL-C channel model with 300ns delay spread at 120 km/h. Payload size is 60bits with 2 DMRS in PUCCH.
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Figure C-10 BLER vs SNR for long PUCCH format w/ FH and w/o FH. TDL-C channel model with 1000ns delay spread at 120 km/h. Payload size is 60bits with 2 DMRS in PUCCH.
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Figure C-11 BLER vs SNR for long PUCCH format w/ FH. TDL-C channel model with 300ns delay spread at 120 km/h. Payload size is 100bits with 2 DMRS in PUCCH.
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Figure C-12 BLER vs SNR for long PUCCH format w/ FH and w/o FH. TDL-C channel model with 1000ns delay spread at 120 km/h. Payload size is 100bits with 2 DMRS in PUCCH.
[image: ]
Figure C-13 BLER vs SNR for long PUCCH format w/ FH. TDL-C channel model with 300ns and 1000ns delay spread at 3 km/h. Payload size is 20bits with 4 DMRS in PUCCH.
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Figure C-14 BLER vs SNR for long PUCCH format w/ FH. TDL-C channel model with 300ns and 1000ns delay spread at 3 km/h. Payload size is 60bits with 4 DMRS in PUCCH.
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Figure C-15 BLER vs SNR for long PUCCH format w/ FH. TDL-C channel model with 300ns and 1000ns delay spread at 3 km/h. Payload size is 100bits with 4 DMRS in PUCCH.
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Figure C-16 BLER vs SNR for long PUCCH format w/ FH. TDL-C channel model with 300ns and 1000ns delay spread at 120 km/h. Payload size is 20bits with 4 DMRS in PUCCH.
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Figure C-17 BLER vs SNR for long PUCCH format w/ FH. TDL-C channel model with 300ns and 1000ns delay spread at 120 km/h. Payload size is 60bits with 4 DMRS in PUCCH.
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Figure C-18 BLER vs SNR for long PUCCH format w/ FH. TDL-C channel model with 300ns and 1000ns delay spread at 120 km/h. Payload size is 100bits with 4 DMRS in PUCCH.
Appendix D : simulation results for PUCCH with multiplexing
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