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1 Introduction
For NR, uplink control information may be transmitted in both long and short duration PUCCH formats depending on the frame structure and/or slot format. 
At the RAN1 #90 meeting, the following agreements were reached on the long duration PUCCH structure [1]:
Agreements:
· For a PUCCH format for UCI with large payload with no multiplexing capacity within a slot:
· If frequency-hopping is enabled,
· For each frequency-hop with less than X symbols, there is one DMRS symbol.

· X is not smaller than 4.

· For each frequency-hop with equal to or more than X symbols, there are two DMRS symbols.

· For each frequency-hop, at least one DMRS symbol is included.

· FFS: number of DMRS symbols if frequency-hopping is disabled.

· Targeting one value for X.

· FFS: The value of X

· FFS: DMRS structures
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.

In this contribution, we elaborate our views regarding the remaining design of the NR long duration PUCCH format for moderate and large UCI payloads.
2 Long PUCCH format with no multiplexing capacity 
2.1 DMRS and UCI pattern design
For low speed case, when no frequency hopping is used, one RS symbol for length within 7 symbols and two RS symbols for length of 8~14 symbols may be enough. However, to support frequency hopping, there should be at least one RS symbol in each frequency region to support channel estimation. For high speed case, one RS in each hop may not be enough to keep good channel estimation performance. 
Since for CA case or TDD with multiple PDSCH which required ACK/NACK feedback in the same time instance, there will be more than 2 bits ACK/NACK transmission in high speed case even assuming that one TB for one PDSCH. For CSI feedback Type 1, at least 7 bits (for 2 port CSI-RS with wideband feedback, RI-1bit, PMI-2bit, CQI-4bit) should be fed back in one time instance in high speed case. Hence, long PUCCH for more than 2 bits UCI can be used in high speed case. The RU pattern including both the RS overhead and RS position for long PUCCH with more than 2 bits UCI should consider the channel estimation performance for different UE speeds, frequency hopping requirement, and also RS overhead to achieve high coding gain.

To define an appropriate RU pattern for each length of long PUCCH, we do the following three cases simulations with the simulation assumption in Table 3 in the appendix.

· Case 1: RU patterns for 4~7-os without frequency hopping

· For 4-os, URUU vs. URUR

· For 5-os, UURUU vs. URURU

· For 6-os, UURUUU vs. URUURU

· For 7-os, UUURUUU vs. URUUURU

· Case 2: RU patterns for more than 7-os with frequency hopping and X symbols per hop

· X = 4: URUU vs. URUR
· X = 5: UURUU vs. URURU
· X = 6: UURUUU vs. URUURU
· X = 7: UUURUUU UUURUUU vs. URUUURU URUUURU
· Case 3: RU patterns for more than 7-os without frequency hopping

· X = 4: URUU URUU vs. URUR URUR
· X = 7: UUURUUU UUURUUU vs. URUUURU URUUURU
Simulation results for cases 1~3 are given in Figures 1~5. It can be seen from the results:
· For case 1 (small length of long PUCCH without frequency hopping):

· For low speed (3km/h), the performance of one RS is similar or better than two RS for lengths of 4/5/6/7-os, and the gain becomes larger as long as the coding rate increases (2.5dB gain for length of 4-os).
· For medium speed (120 km/h), the performance of one RS is better (about 1dB gain) than two RS for lengths of 4-os, the performance of one RS is similar as two RS for lengths of 5-os, the performance of two RS is better than one RS for lengths of 6/7-os, and the gain becomes larger as long as the coding rate decreases (4.5dB gain for length of 7-os). It means one RS is better for high coding rate while two RS is better for low coding rate.

· For high speed (500km/h), there is error floor for one RS due to poor channel estimation, which means at least two RS is required for high speed scenario.
· For case 2 (large length of long PUCCH with frequency hopping):

· For low speed (3 km/h) and medium number of UCI (20 bits), the performance of one RS on each hop is similar or better (about 0.5dB gain) than two RS on each hop for lengths of 8/10/12/14-os. 
· For medium speed (120 km/h) and medium number of UCI (20 bits), the performance of one RS on each hop is better (about 0.5dB gain) than two RS on each hop for lengths of 8/10-os, the performance of one RS on each hop is similar as two RS on each hop for lengths of 12-os, the performance of two RS on each hop is better (about 1dB gain) than one RS on each hop for lengths of 14-os. It means one RS on each hop is better for high coding rate while two RS on each hop is better for low coding rate.
· For high speed (500 km/h) and medium number of UCI (20 bits), there is error floor for one RS on each hop, which means at least two RS on each hop is required for high speed scenario.

· For low speed (3 km/h) and large number of UCI (60 bits), the performance of one RS on each hop is better than two RS on each hop for lengths of 8/10/12/14-os, and the gain becomes larger as long as the coding rate increases (4.5dB gain for length of 8-os).
· For case 3 (large length of long PUCCH without frequency hopping):

· For low speed (3 km/h) and medium number of UCI (20 bits), the performance of two RS and four RS are similar for lengths of 14-os and the performance of two RS is better (1dB gain) than four RS for lengths of 8-os, which means the gain of two RS becomes larger as long as the coding rate increases. 

· For medium (120 km/h) and medium number of UCI (20 bits), the performance of four RS is better than two RS for lengths of 8/14-os (0.8 dB gain).
· For high speed (500 km/h) and medium number of UCI (20 bits), there is error floor for two RS, which means at least four RS is required for high speed scenario.

· For low speed (3 km/h) and large number of UCI (60 bits), the performance of two RS is better than four RS for lengths of 8/14-os, and the gain becomes larger as long as the coding rate increases (2.5dB gain for length of 8-os).
Based on the above simulation results, by considering the high speed case, for case1, it means at least two RS should be supported for long PUCCH with length no more than 7 symbols without frequency hopping, and such RU pattern can be directly used for the case with frequency hopping; for case 2, it means at least two RS symbols on each hop should be supported for long PUCCH with length more than 7 symbols with frequency hopping; and for case 3, it means at least four RS symbols should be supported for long PUCCH with length more than 7 symbols without frequency hopping, and this pattern is the same as the pattern in case 2 with two RS on each hop for frequency hopping. If such RU pattern for high speed case is used for low speed case, it can achieve a unified structure for different scenarios as shown in Table 1, however will introduce performance degradation for high coding rate case. Actually, the performance degradation can be avoided by gNB scheduling to ensure there will be not such high coding rate by allocating more resource for larger number of UCI bits. Alternatively, separate patterns with different RS overhead can be defined for each length of long PUCCH as shown in Table 2. RRC signaling can indicate one of the patterns to UE according to the frequency hopping and UE speed requirements.
Proposal 1: Either a unified pattern or two separate patterns with different RS overheads can be defined for each length of long PUCCH with more than 2 bits.
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Figure 1：Simulation results for case 1, 20bits
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Figure 2: Simulation results for case 2, 20bits
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Figure 3: Simulation results for case 2, 60bits
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Figure 4: Simulation results for case 3, 20bits          
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Figure 5: Simulation results for case 3, 60bits
Table 1: Unified patterns for long NR-PUCCH

	lengths
	Pattern for all scenarios

	4
	UR|UR or RU|RU

	5
	URU|RU or UR|URU or RU|URU

	6
	URU|URU

	7
	URU|UURU

	8
	URUR|URUR

	9
	URUR|URURU

	10
	URURU|URURU

	11
	URURU|URUURU

	12
	URUURU|URUURU

	13
	URUURU|URUUURU

	14
	URUUURU|URUUURU


Table 2: Separate patterns for long NR-PUCCH
	lengths
	Pattern 1 for low speed without FH 
	Pattern 2 for low speed with FH 

or for high speed

	4
	URUU
	UR|UR or RU|RU

	5
	UURUU
	URU|RU or UR|URU or RU|URU

	6
	UURUUU
	URU|URU

	7
	UUURUUU
	URU|UURU

	8
	URUU|UURU
URUU|URUU
	URUR|URUR

	9
	URUU|UURUU
	URUR|URURU

	10
	UURUU|UURUU
	URURU|URURU

	11
	UURUU|UURUUU
	URURU|URUURU

	12
	UURUUU|UURUUU or

UURUUU|UUURUU
	URUURU|URUURU

	13
	UURUUU|UUURUUU
	URUURU|URUUURU

	14
	UUURUUU|UUURUUU
	URUUURU|URUUURU


Since frequency hopping can be configurable by RRC, if separate RRC signaling is used for frequency hopping configuration and PUCCH length, then it means frequency hopping can be configurable for each length of PUCCH without additional signaling overhead. From the flexibility, there is no need to restrict the frequency hopping for some lengths of PUCCH as mandatory.

When frequency hopping is enabled, the following principle can be considered to determine the frequency hopping point. 
· Given N (N>=4) symbols for PUCCH, all symbols are partitioned into two group as equally as possible. For example, the number of symbols in group 1 is 
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. Alternatively, the number of symbols in group 1 is 
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Proposal 2: Frequency hopping should be configurable for each length of NR-PUCCH.
Proposal 3: Frequency hopping point can be decided by partitioning the total length N into two groups:

· the number of symbols in group 1 is 
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· or, the number of symbols in group 1 is 
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3 Long PUCCH format with some multiplexing capacity

To support multiplexing of multiple UEs in the same RB, four alternatives were given in the last meeting. Alt 4 proposes pure TDM multiplexing of users. As this trades off multiplexing with coverage (shorter PUCCH duration per multiplexed user) it is not a preferred option. Alt 1 with time-domain OCC is sensitive to large Doppler frequency and is expected to suffer performance degradation in higher frequency bands or at high speed when compared with Alt 2 and Alt 3. As a result, Alt. 2 and Alt. 3 are possible candidates for further consideration. For Alt 2, two mapping methods can be further considered. For CDM-1, two modulation symbols after spreading are mapped on maximally spaced and non-consecutive subcarriers as shown in Figure 6 (a). This pattern was used for LTE PUCCH Format 5. In the second method, denoted here as CDM-2, two modulation symbols after spreading are mapped on consecutive subcarriers, as shown in Figure 6 (b).
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(a) CDM-1                                                               (b) CDM-2
Figure 6: Different CDM methods
Simulation results comparing Alt. 2 and Alt. 3 are shown in Figure 7 with the simulation assumptions in Table 4 of the appendix.  It can be seen that there is a small gain for the FDM method (Alt. 3) over the CDM method (Alt. 2). On the other hand a unified structure can be supported for the long PUCCH format with no or moderate multiplexing capacity simply by configuring different values for the spreading factor (SF). For instance SF = 1 results in the 1-user PUCCH format. Therefore, since the gain of FDM is not significant, we prefer to adopt a pre-DFT OCC PUCCH format for long PUCCH with some multiplexing capacity.
Proposal 4: Pre-DFT OCC should be adopted for long PUCCH with moderate multiplexing capacity.
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Figure 7: Simulation results for different multiplexing methods
4 Conclusions
Based on the above discussion, we have the following proposals:
Proposal 1: Either a unified pattern or two separate patterns with different RS overheads can be defined for each length of long PUCCH with more than 2 bits.

Proposal 2: Frequency hopping should be configurable for each length of NR-PUCCH.
Proposal 3: Frequency hopping point can be decided by partitioning the total length N into two groups:

· the number of symbols in group 1 is 
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· or, the number of symbols in group 1 is 
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Proposal 4: Pre-DFT OCC should be adopted for long PUCCH with moderate multiplexing capacity.
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6 Appendix
Table 3: Simulation assumption1
	Parameter
	Value

	Carrier frequency
	4 GHz

	System bandwidth
	20MHz

	Channel model
	TDL-C with 300ns

	BS antenna configuration
	2 Rx

	UE antenna configuration
	1 Tx

	Used PRB
	1

	Coding
	TBCC with 8 bits CRC

	Channel estimation
	MMSE

	Performance metrics
	BLER at 10-2

	UE speed (kmph)
	3
	120
	500

	Subcarrier spacing (KHz)
	15
	15
	15, 30

	UCI payload size
	20, 60
	20
	20


Table 4: Simualtion assumption 2

	Parameter
	Value

	Carrier frequency
	4 GHz

	System bandwidth
	20MHz

	Channel model
	TDL-C with 300ns,1000ns

	BS antenna configuration
	2 Rx

	UE antenna configuration
	1 Tx

	Used PRB
	1

	Number of UEs
	2

	Length of long PUCCH
	14 symbols with 1 RS symbol on each hop

	Frequency hopping
	Enable

	Coding
	RM coding

	Channel estimation
	MMSE

	Performance metrics
	BLER at 10-2

	UE speed (kmph)
	3
	
	

	Subcarrier spacing (KHz)
	15
	
	

	UCI payload size
	4
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