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1. Introduction

In RAN1#90, the following agreements were made related to UL control channel transmission structure for NR [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:

· Long-PUCCH for moderate UCI payload with multiplexing capacity is supported

· 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.


In this contribution, we discuss and provide our view on design of long duration PUCCH especially for UCI payload with more than 2 UCI bits.
2. Long PUCCH for large UCI payload with no multiplexing capacity
In this section, we provide simulation results with respect to the number of DM-RS symbol(s) per frequency hop and suggest DM-RS location based on observations from simulation results.
2.1. Simulation results
We compare the performance of 1 DM-RS symbol and 2 DM-RS symbols per frequency hop, for long PUCCH with 14, 12, 10 symbols where each frequency hop has 7, 6, and 5 symbols, respectively. In case of 1 DM-RS symbol, DM-RS symbol is located on 4th, 3rd, and 3rd symbol in each hop for 14-symbol, 12-symbol, and 10-symbol PUCCH, respectively. For the case of 2 DM-RS symbols, they are located on 2nd and second last symbols per each hop. The detailed simulation assumptions are provided in Appendix.

Figure 1 shows the SNR to achieve 10-2 BER requirement with respect to UCI payload size for 3 km/h and 120 km/h UE speeds.
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Figure 1. Required SNR with respect to UCI payload size
Based on Figure 1, it can be observed that for 14-symbol case, 2 DM-RS per hop outperforms 1 DM-RS per hop in most cases except for the combination of large UCI payload (i.e. more than 60 bits) and low UE speed (i.e. 3 km/h) where 1 DM-RS per hop shows slightly better performance than 2 DM-RS per hop. It can be also observed that for 12-symbol case, 2 DM-RS per hop shows better performance than 1 DM-RS per hop in most cases while 1 DM-RS per hop provides performance gain for the combination of large UCI payload and low UE speed. For 10-symbol case, it is revealed that 1 DM-RS per hop totally outperforms 2 DM-RS per hop in all the cases (i.e., for all the combinations of UCI payload size and UE speed).
Observation #1: For 14-symbol and 12-symbol long PUCCH, 2 DM-RS per hop outperforms 1 DM-RS per hop in most cases.
Observation #2: For 10-symbol long PUCCH, 1 DM-RS per hop outperforms 2 DM-RS per hop for all the combinations of UCI payload size and UE speed.
Figure 2 shows the BER performance with respect to sub-carrier spacing (SCS), especially for 500 km/h UE speed with 20 UCI bits. From Figure 2, we can observe error floor for 1 DM-RS per hop with 15 kHz SCS. For 30 kHz, it can be observed that 2 DM-RS per hop shows better performance than 1 DM-RS per hop and the performance gap between 2 DM-RS per hop and 1 DM-RS per hop decreases as PUCCH duration decreases.
	SCS

PUCCH duration
	15 kHz
	30 kHz

	14-symbol case

(7 symbols in each hop)
	
[image: image7]
(a)
	
[image: image8]
(b)

	12-symbol case

(6 symbols in each hop)
	
[image: image9]
(c)
	
[image: image10]
(d)

	10-symbol case

(5 symbols in each hop)
	
[image: image11]
(e)
	
[image: image12]
(f)


Figure 2. BER performance with respect to SCS for 500 km/h UE speed
Observation #3: For extremely high UE speed scenario, the performance degradation of 1 DM-RS per hop compared to 2 DM-RS per hop is mitigated as SCS increases and PUCCH duration decreases.
Therefore, based on above observations, our proposal on the number of DM-RS symbol(s) per frequency hop for long PUCCH is as follows.

Proposal #1: For a long PUCCH for large UCI payload with no multiplexing capacity with frequency hopping within a slot, 

· For a frequency hop with less than 6 symbols, there is one DM-RS symbol.

· For a frequency hop with equal to or more than 6 symbols, there are two DM-RS symbols.

The results shown in Figure 2 correspond to the expectation that as the SCS increases, the distance in absolute time between two DM-RS decreases and therefore the need for adding additional DM-RS symbols in each frequency hop decreases accordingly. Based on these observations, we can further consider applying proposal #1 only for SCS equal to or smaller than Z kHz, e.g., Z = 15 kHz, and adopt only one DM-RS symbol regardless of the duration of long PUCCH otherwise.
2.2. DM-RS location
Table 1 shows our suggestion for DM-RS location based on the proposal provided in Section 2.1 and following rules.

· In case with odd number of symbols for long PUCCH, more symbols are allocated into the second hopping leg than the first hopping leg [2].

· Intra-slot frequency hopping can be disabled for long PUCCH with up to 7 symbols [2].

· For the long PUCCH with frequency hopping disabled, the structure for the location of UCI and DM-RS symbols is the same as for one frequency hop of the long PUCCH with frequency hopping.
· For example, UCI/DMRS location for 4-symbol PUCCH without hopping is the same as for the frequency hop (e.g., URUU) of 8-symbol PUCCH with hopping (e.g., URUU + URUU)
Table 1. DM-RS location per the number of symbols for long PUCCH supporting more than 2 UCI bits

	# of symbols
	DM-RS location w/ hopping

(R: DM-RS symbol, U: UCI symbol, “+”: hopping center)
	DM-RS location w/o hopping

(R: DM-RS symbol, U: UCI symbol)

	4
	RU + RU
	URUU

	5
	RU + URU
	UURUU

	6
	URU + URU
	URUURU

	7
	URU + URUU
	URUUURU

	8
	URUU + URUU
	

	9
	URUU + UURUU
	

	10
	UURUU + UURUU
	

	11
	UURUU + URUURU
	

	12
	URUURU + URUURU
	

	13
	URUURU + URUUURU
	

	14
	URUUURU + URUUURU
	


Proposal #2: Frequency hopping is configurable for the long PUCCH with less than or equal to 7 symbols while the frequency hopping is always enabled for the long PUCCH with more than 7 symbols.

Proposal #3: For DM-RS symbol location of an X-symbol long PUCCH for large UCI payload with no multiplexing capacity within a slot, as shown in Table 1,
· If frequency hopping is enabled,
· The first frequency hop has floor{X/2} symbols and the second frequency hop has X-floor{X/2} symbols.

· For a frequency hop comprising Y symbols with Y smaller than 6, one DM-RS symbol is located on ceiling{Y/2}-th symbol.
· For a frequency hop comprising Y symbols with Y equal to or larger than 6, two DM-RS symbols are located on the second and the second last, i.e. (Y-1)-th, symbols.
· If frequency hopping is disabled for the long PUCCH with less than or equal to 7 symbols,

· For a long PUCCH comprising Y symbols with Y smaller than 6, one DM-RS symbol is located on ceiling{Y/2}-th symbol.

· For a long PUCCH comprising Y symbols with Y equal to or larger than 6, two DM-RS symbols are located on the second and the second last symbols.
3. Long PUCCH for moderate UCI payload with multiplexing capacity
In RAN1#90, it was agreed to support the long PUCCH format for moderate UCI payload with multiplexing. In order to support UE multiplexing in a slot, four alternatives are on the table as follows.

· 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 RAN1 NR#3 meeting, based on the discussion on the above four alternatives in terms of coverage support and multiplexing flexibility, following conclusion was made targeting downselection in RAN1 #90bis meeting.
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

For Alt.2, encoded UCI bits can be spread with pre-DFT OCC in each symbol and different DFT transformed data can be mapped over multiple OFDM symbols (i.e., like LTE PUCCH format 5). In this case, it should be considered that UCI coding rate can be varied depending on the number of UL control symbols in each slot, if the length of pre-DFT OCC is maintained regardless of PUCCH duration. 
In order to maintain UCI coding rate, pre-DFT OCC length or the number of PRBs can be varied depending on the number of UL control symbols in each slot. For example, the length of pre-DFT OCC can be determined in proportion to the number of UCI symbols (as shown in Figure 3(a)), or the resource for long PUCCH is scaled in both time and frequency domain by maintaining UE multiplexing capacity (as shown Figure 3(b)).
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Figure 3. Example of UE multiplexing for Alt. 2
For Alt.3, UCI coded bits can be mapped on a fraction of subcarriers for PRB (e.g., different comb index per UE). On this alternative, it was discussed in the previous RAN1 NR#3 that the impact potentially caused by power imbalance of the UEs multiplexed within a same PRB might be avoided by using this structure. However, to avoid the power imbalance impact on RS part as well as UCI part, shorter RS sequence length (e.g. 6 or shorter than 6) than 1 PRB would be required. Moreover, even though power imbalance impact between the multiplexed UEs is avoided within the same cell, this alternative could be vulnerable to inter-cell interference. 
Considering potential complexity in UE implementation for supporting smaller DFT size (e.g. 6-point or smaller) and/or shorter RS sequence length, Alt. 2 is preferred and our proposal is as follows.
Proposal #4: Following structure is supported as the PUCCH format supporting medium UCI payload size. (FFS on the number of UCI bits for the medium UCI payload size) 
· UCI coded bits (with DFT) are mapped over allocated multiple symbols and pre-DFT OCC is applied over the multiple symbols. In order to preserve UCI coding rate and/or UE multiplexing capacity for variable PUCCH duration, variable length of OCC and/or number of PRBs can be considered.

Regarding DM-RS location for the long PUCCH for moderate UCI payload with multiplexing capacity, we propose the same location of DM-RS suggested for the long PUCCH supporting large UCI payload with no multiplexing capacity (as shown in Table 1).

Proposal #5: Adopt Table 1 as the DM-RS location of the long PUCCH for moderate UCI payload with multiplexing capacity.

4. Conclusion
In this contribution, we discussed and provided our view on the design of long duration PUCCH for more than 2 UCI bits, and observations and proposals are as follows:
Observation #1: For 14-symbol and 12-symbol long PUCCH, 2 DM-RS per hop outperforms 1 DM-RS per hop in most cases.

Observation #2: For 10-symbol long PUCCH, 1 DM-RS per hop outperforms 2 DM-RS per hop for all the combinations of UCI payload size and UE speed.
Observation #3: For extremely high UE speed scenario, the performance degradation of 1 DM-RS per hop compared to 2 DM-RS per hop is mitigated as SCS increases and PUCCH duration decreases.
Proposal #1: For a long PUCCH for large UCI payload with no multiplexing capacity with frequency hopping within a slot, 

· For a frequency hop with less than 6 symbols, there is one DM-RS symbol.

· For a frequency hop with equal to or more than 6 symbols, there are two DM-RS symbols.

Proposal #2: Frequency hopping is configurable for the long PUCCH with less than or equal to 7 symbols while the frequency hopping is always enabled for the long PUCCH with more than 7 symbols.

Proposal #3: For DM-RS symbol location of an X-symbol long PUCCH for large UCI payload with no multiplexing capacity within a slot, as shown in Table 1,

· If frequency hopping is enabled,

· The first frequency hop has floor{X/2} symbols and the second frequency hop has X-floor{X/2} symbols.

· For a frequency hop comprising Y symbols with Y smaller than 6, one DM-RS symbol is located on ceiling{Y/2}-th symbol.

· For a frequency hop comprising Y symbols with Y equal to or larger than 6, two DM-RS symbols are located on the second and the second last, i.e. (Y-1)-th, symbols.

· If frequency hopping is disabled for the long PUCCH with less than or equal to 7 symbols,

· For a long PUCCH comprising Y symbols with Y smaller than 6, one DM-RS symbol is located on ceiling{Y/2}-th symbol.

· For a long PUCCH comprising Y symbols with Y equal to or larger than 6, two DM-RS symbols are located on the second and the second last symbols.
Proposal #4: Following structure is supported as the PUCCH format supporting medium UCI payload size. (FFS on the number of UCI bits for the medium UCI payload size) 

· UCI coded bits (with DFT) are mapped over allocated multiple symbols and pre-DFT OCC is applied over the multiple symbols. In order to preserve UCI coding rate and/or UE multiplexing capacity for variable PUCCH duration, variable length of OCC and/or number of PRBs can be considered.

Proposal #5: Adopt Table 1 as the DM-RS location of the long PUCCH for moderate UCI payload with multiplexing capacity.
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6. Appendix
Table 2: Simulation Parameters

	Parameter
	Value

	Carrier Frequency
	4 GHz

	System Bandwidth
	20 MHz

	Subcarrier spacing
	15kHz or 30 kHz (for 500 km/h)

	Channel model
	ETU

	Delay spread
	300 ns

	Number of RB
	1

	BS antenna configuration
	2 Rx

	UE antenna configuration
	1 Tx

	UE speed
	3 km/h, 120 km/h, 500 km/h (for 20 bits)

	Payload size w/o CRC
	20 bits, 60 bits, 100 bits

	Number of UEs
	1

	Channel coding
	TBCC with 8 CRC bits
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