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1 Introduction

In 
RAN1 #89, following has been agreed for PUCCH format.
Agreements:
· NR supports following long-PUCCH:

· One PUCCH format for UCI with up to 2 bits with high multiplexing capacity

· One PUCCH format for UCI with large payload with no multiplexing capacity

· FFS: One PUCCH format for UCI with moderate payload with some multiplexing capacity

· Note: this could be a variation of one of the former PUCCH formats.

In RAN1 NR Ad-Hoc#2, two long PUCCH formats are agreed
Agreements:
· For a long PUCCH with up to 2 bits UCI:
· Working assumption:
· DMRS always occurs in every other symbols in the long PUCCH
· FFS: even or odd symbols
· The working assumption can be revisited if an issue is found in terms of transient period.
Agreements:
· For a PUCCH format for UCI with large payload with no multiplexing capacity within a slot:
· The DMRS and UCI are mapped to different symbols.
· For intra-slot frequency-hopping, one or two DMRS symbol(s) is/are mapped on each frequency-hop of the long-PUCCH.

· Opt.1: one DMRS per frequency-hop

· The location is around the middle of the frequency-hop 

· Opt.2: one or two DMRS per frequency-hop

· FFS: the location of the DMRS symbol(s)

· The DMRS symbol(s) are formed as follows:
· DMRS for a PUCCH is a sequence (e.g. a cyclic shift of a CAZAC or computer generated sequence) in frequency domain.
· Working assumption:
· The symbols carrying UCI are formed as follows:
· The UCI bits are encoded and scrambled, QPSK modulated and DFT pre-coded and mapped to the REs for the symbols carrying UCI of the long PUCCH
In this contribution, the design for long PUCCH with medium payload is discussed, including multi-user multiplexing capability and the DMRS design.
2 Multi-user Multiplexing Capacity
For NR PUCCH with UCI of more than 2 bits, currently only one format is agreed with no multiplexing capacity provided within a slot. However, it should be noted that one of the functions for long PUCCH with moderate payload in NR is to carry channel state information (CSI) and some limited payload of ACK/NACK. Under some circumstance, the multiplexing capacity for such PUCCH is rather important for system performance. One typical scenario is the high-speed train scenario with 350 km/h - 500 km/h, where CSI reporting period is configured to be short so that the CSI can accurately reflect the channel condition. Another important scenario is macro deployment or crowded stadiums with TDD operation or CBG-based feedback, a small group of ACK/NACK bits needs to be fasted feedback for following transmission and possible MCS determination. In such scenarios, the number of users is usually relatively large. Therefore, the capacity for PUCCH is rather demanding. For this reason, it is important to have one PUCCH format for UCI with moderate payload with some multiplexing capacity. 

Proposal 1: It is important to have some multiplexing capacity for long PUCCH with moderate payload to guarantee system performance in some scenarios such as macro deployment and high-speed trains. A long PUCCH format for UCI with moderate payload with some multiplexing capacity should be supported in NR.
3 DMRS for PUCCH
According to current agreement, for long PUCCH with 1~2 bits of UCI, 
DMRS always occurs in every other symbols in the long PUCCH. The rationale behind it is that better performance can be achieved with such interlaced DMRS-UCI structure in high-mobility scenarios since better channel estimation can be achieved. For long PUCCH with more than 2 bits, the number of symbol(s) and location(s) of DMRS per frequency hop is not agreed upon yet. Following two options are provided in RAN1 NR Ad-Hoc#2, 

· Opt.1: one DMRS per frequency-hop

· The location is around the middle of the frequency-hop 

· Opt.2: one or two DMRS per frequency-hop

· FFS: the location of the DMRS symbol(s)

For Opt. 1, only one symbol per frequency hop is used for DMRS. As for Opt. 2, the number of DMRS symbols per frequency hop may depend on the total number of PUCCH symbols. For PUCCH with relatively large number of symbols, two symbols might be used for DMRS so that better channel estimation can be achieved. It should also be noted that with more DMRS symbols, the resources available for UCI transmission will be reduced and the code rate will be higher. 

In this contribution, the performance of Opt. 1 and 2 and the impact of DMRS location(s) on the PUCCH performance are evaluated in both low and high-mobility scenarios, where 14-symbol PUCCH is assumed. The PUCCH structure of Opt. 1 is shown as 1-a. For Option 2, two structures of DMRS locations, the localized and distributed DMRS structures, are considered, which are illustrated by 1-b and 1-c, respectively.
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1-a: One DMRS symbol






















1-b: Two localized DMRS symbols           1-c: Two distributed DMRS symbols

Fig. 1: Three DMRS structures for long PUCCH

The performance of these three structures for 14-symbol PUCCH in low and high-mobility scenarios is shown in Fig. 2 and 3, respectively. 
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Fig. 2: Performance of PUCCH with different DMRS symbol numbers and locations (TDL-C 300 ns, 3 km/h, 24 bits, 1 PRB)
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Fig. 3: Performance of PUCCH with different DMRS symbol numbers and locations (TDL-C 300 ns, 500 km/h, 24 bits, 1 PRB)
Following two observations can be obtained,
1. Number of DMRS symbols: in both low and high-mobility scenario, the 14-symbol PUCCH with two DMRS symbols can always achieve the same as or outperform that with one DMRS symbol. The reason behind it is that the performance loss caused by using fewer symbols for UCI can always be compensated by the gain brought by using more symbols to achieve better channel estimation.
2. Locations of DMRS symbols: the benefit of using DMRS with distributed locations in high-mobility is already observed for NR long PUCCH with 1~2 bits. Similar observation can be made for UCI with more than 2 bits. For 14-symbol PUCCH, between the two structures with two DMRS symbols (1-b and 1-c), the performance gain achieved by better channel estimation is more significant for the distributed DMRS structure.
Observation 1: For long PUCCH with 14 symbols and around 20 bits payload, 2 symbols per frequency hop, with the two DMRS symbols distributed in time domain within the hop, achieve the best channel estimation in both low mobility and high-mobility scenarios, and the gain is more significant in high-mobiliyt scenario. .
Proposal 2: Introduce single DMRS pattern for long PUCCH with 14 symbols and around 20 bits payload. The pattern includes 2 symbols per frequency hop, and the two symbols are distributed in time domain within the hop.
4 Conclusions
Proposal 1: It is important to have some multiplexing capacity for long PUCCH with moderate payload to guarantee system performance in some scenarios such as macro deployment and high-speed trains. A long PUCCH format for UCI with moderate payload with some multiplexing capacity should be supported in NR.

Observation 1: For long PUCCH with 14 symbols and around 20 bits payload, 2 symbols per frequency hop, with the two DMRS symbols distributed in time domain within the hop, achieve the best channel estimation in both low mobility and high-mobility scenarios, and the gain is more significant in high-mobiliyt scenario. .
Proposal 2: Introduce single DMRS pattern for long PUCCH with 14 symbols and around 20 bits payload. The pattern includes 2 symbols per frequency hop, and the two symbols are distributed in time domain within the hop.
