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1 Introduction

The long PUCCH transmission and structure for more than 2 bits were discussed in RAN1#90 and in RAN1 adhoc#3 and the following were agreed.

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.

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

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
This contribution considers transmission aspects and structures for the long PUCCH for UCI of more than 2 bits. 
2 Long PUCCH Format for more than 2 bits
The long PUCCH format without UE multiplexing capacity is referred to as PUCCH format 3.

Number of DMRS symbols per frequency-hop

Previous contributions, e.g. [1, 2], evaluated the long PUCCH BLER as a function of the number of symbols, Doppler shift, and UCI payload. The following observations apply:

a) For 15 KHz SCS and large Doppler shifts (e.g. 4 GHz carrier frequency, UE speed above 120 Kmph), BLER error floors can exist in case of 1 DMRS per frequency-hop depending on the PUCCH length and the Doppler shift. There is no single threshold for the number of symbols per frequency-hop for introducing a second DMRS as this depends on the Doppler shift and can be as small as 4 symbols at 4 GHz and 500 Kmph UE speed.

b) BLER error floors at high Doppler shifts can be avoided either by reducing the number of PUCCH symbols (impact on coverage, if any, can be avoided through (one) repetition) or by using higher SCS such as 30 KHz SCS (one of the main motivations for support of 30 KHz SCS was support of high Doppler shifts). 

c) The optimal number of DMRS symbols per frequency-hop depends on several factors such as the Doppler shift, the SCS, the SINR, and the UCI code rate (not the UCI payload). Optimizing NR performance for low speeds typically means having a single DMRS per slot (with a possible exception of small UCI payload and low SINR). 

Based on the above observations, it can be concluded that 1 DMRS per frequency-hop should be default (i.e. X=7). If there is a need to introduce additional DMRS, this can be done in the same manner as for the PUSCH, i.e. by gNB configuration.   
Proposal 1: The default structure for PUCCH format 3 is with 2 DMRS symbols. An additional structure with 4 DMRS symbols (2 DMRS symbols per frequency-hop) can be configured by the gNB.  

DMRS Locations
Unlike the PUSCH where a front-loaded DMRS can help decoding latency by obtaining a fast channel estimate and performing sequential decoding of frequency-first mapped code blocks, this is not the case for UCI as there is only one code block and any location of the DMRS prior to the last symbol is sufficient. Therefore, the DMRS locations should be selected to optimize UCI BLER. 
Considering support for FH and a single hop, the DMRS should be located near the middle of a first block of symbols before FH (first FH hop) and near the middle of a second block of symbols after FH (second FH hop) - i.e. the LTE PUCCH Format 4 design remains applicable. For example, for an odd number of 
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 symbols in the first or the second block of symbols, the DMRS can be exactly in the middle as for the LTE PUSCH with normal CP (in symbol 
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 symbols in the first or the second block of symbols, the DMRS can be in symbol 
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 as for LTE PUSCH with extended CP (this also places the DMRS prior to the UCI in case of 2 symbols per hop). If a configuration with 4 DMRS symbols is supported, DMRS symbols per frequency-hop can be located in symbols 1 and 
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 (i.e. same locations as for LTE PUCCH format 3 in case of 
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Proposal 2: For transmission of PUCCH format 3 over 
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 symbols per frequency-hop (regardless of actual hopping), DMRS is located in symbol 
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 odd and in symbol 
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Potential additional PUCCH format
The conclusion from RAN1 adhoc#3 is to aim to down-select between a pre-DFT OCC based PUCCH format and a FDM-based PUCCH format in case an additional long PUCCH format is introduced for NR for ‘moderate’ UCI payloads. It is noted that TDM of PUCCH Format 3 in a slot can be supported by gNB implementation through PUCCH time-domain resource assignment and some level of UE multiplexing in a same PRB per slot is already feasible (e.g. 3 UEs in a slot with 12-14 UL symbols). Baseline simulation results for pre-DFT OCC based PUCCH and for FDM-based PUCCH are included in the Appendix – there is no material difference is performance but power imbalance or RE-level interference bursts were not considered due to time shortage.
If an additional long PUCCH format is introduced, it should be based on FDM for the following reasons:

a) Better coverage: NR PUCCH design has been extensively driven by the goal to maximize coverage and it is desirable to maintain similar/same coverage when the HARQ-ACK payload increases from 1-2 bits to e.g. 3-8 bits particularly considering the likely use of a ‘bundling window’ even for single cell FDD operation.

b) Better robustness: Reliance on OCC is inevitably susceptible to loss of orthogonality when one or more sub-carriers experience increased noise/interference and this can create error floors particularly when combined with practically typical unequal received powers or non-zero frequency tracking errors.

c) Simplicity: An FDM-based PUCCH format is not really an additional PUCCH format; only the minimum resource allocation is reduced from 1 RB to less than 1 RB. This avoids the additional specifications and the associated additional Tx/Rx processing complexity required by a pre-DFT OCC based PUCCH format. For DMRS, sub-PRB based sequences introduced in LTE feMTC or NB-IoT can be directly re-used. 

d) No advantage for a pre-DFT OCC based PUCCH format over a FDM-based PUCCH format can be identified.    
Proposal 3: If additional mechanisms are introduced for transmitting ‘moderate’ UCI payloads, they are based on PUCCH format 3 using FDM in a PRB. 

3 Conclusions

This contribution considered remaining aspects for the long PUCCH format for UCI payloads of more than 2 bits and proposes the following. 

Proposal 1: The default structure for PUCCH format 3 is with 2 DMRS symbols. An additional structure with 4 DMRS symbols (2 DMRS symbols per frequency-hop) can be configured by the gNB.  

Proposal 2: For transmission of PUCCH format 3 over 
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 symbols per frequency-hop (regardless of actual hopping), DMRS is located in symbol 
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Proposal 3: If additional mechanisms are introduced for transmitting ‘moderate’ UCI payloads, they are based on PUCCH format 3 using FDM in a PRB. 
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Appendix: Evaluation on UE multiplexing
This section compares the BLER of different UE multiplexing schemes based on the simulation parameters summarized in Table 1.
Evaluation assumptions
PUCCH transmission over 7 symbols per frequency hop (L = 7 including DMRS) is evaluated and three different UE multiplexing methods are considered; pre-DFT OCC (Option 2), IFDMA  (Option 3-1), and pure FDMA (Option 3-2). 15 kHz SCS and 3 km/h are assumed. FH is not applied. 

Evaluation results
Figure 1 compares the BLER of each option depending on various UCI payload sizes without UE power imbalance. All methods have similar performance. 
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Figure 1: BLER without power imbalance

Table 1: Evaluation Assumptions
	Parameters
	Values

	Waveform
	DFT-S-OFDM

	Carrier frequency
	4 GHz

	Modulation
	QPSK

	UCI payload size
	4, 10, 20, 40 bits

	Channel coding
	RM, TBCC, rate = 1/3

	PUCCH resource
	14 symbols (including 1-DMRS symbol per frequency hop), 1 PRB

	Channel estimation
	MMSE

	FFT size
	2048

	CP length
	144∙TS

	Antenna Configuration
	1 Tx – 2 Rx
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