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1.	Introduction
In RAN plenary #75, WID on new radio (NR) has been approved [1]. The NR work item targets to specify the NR functionalities for both enhanced mobile broadband (eMBB) as well as for ultra-reliable low-latency-communication (URLLC) as defined in TR38.913 [2]. Frequency ranges up to 52.6 GHz are considered under the NR work item.
Long PUCCH design has been discussed in several RAN1 meetings. In RAN1#89 and RAN1 NR Ad-Hoc #2, following agreements in relation to long PUCCH for UCI more than 2 bits were made [3], [4]:
Agreements [3]: 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.
Agreements [4]: For a long PUCCH in a slot,
· At most one hop for the long PUCCH is supported.
· FFS: details
Agreements [4]: 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:
· [bookmark: _Hlk490044162]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, we provide our views related to the design of long PUCCH format for a scenario where UCI payload carried via PUCCH consists of  more than 2 bits. Our views on the long PUCCH format design for UCI up to 2 bits are presented in [5]. 
2.	On PUCCH format with no multiplexing capacity
2.1.  Long PUCCH structure
In RAN1 NR Ad-Hoc #2 [4], working assumption on the way the symbols carrying UCI are formed was agreed. The working assumption defines a normal way to create QPSK modulated DFT-S-OFDM symbols and is in line with previous agreements on long PUCCH. 
It can be noted that the long PUCCH format with no multiplexing capacity essentially follows a PUSCH structure, except that also CP-OFDM is supported for PUSCH. CP-OFDM can also be supported for the long PUCCH format simply by disabling DFT precoding for UCI symbols. CP-OFDM transmission would means less processing steps when compared to DFT-S-OFDM transmission, simplifying processing at both ends of the link. It would also increase further the similarity between PUSCH and the long PUCCH format. The high similarity between PUSCH and the long PUCCH format would mean only limited increase in the testing. 
Proposal 1: Confirm the working assumption from RAN1#NR-AH2 ‎[4] that 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.  
Proposal 2: DFT pre-coding for long PUCCH symbols carrying UCI of more than 2 bits can be disabled by higher layer signaling. 
2.2.  DMRS design
One of the open items on the DMRS design for long PUCCH with no multiplexing capacity is the number of DMRS symbols per frequency hop – whether it is just one DMRS symbol (Opt. 1) or, alternatively, one or two DMRS symbols depending on the length of long PUCCH (Opt. 2). We compared the performance of 2 DMRS symbols per slot (Opt. 1) against 4 DMRS symbols per slot (Opt. 2) for 14-symbol long PUCCH with different payloads. DMRS patterns and other simulation parameters are given in Appendix 1. Results are shown in Figure 1.
From the shown results it can be observed that two DMRS symbols per slot provide better performance than four DMRS symbols with large UCI payloads or small number of Rx antennas. Difference of several decibels can be seen with 2 Rx antennas and UCI payload over 50 bits. On other hand, four DMRS symbols per slot provide better performance than two DMRS symbols with small UCI payloads or large number of Rx antennas. The difference can be 1 dB at 8 bits and even more with smaller UCI payloads. 
The result shows the difficulties of efficiently supporting a very wide payload range with a single format design. On other hand, it can be noted that two DMRS symbols per slot, that is, one DMRS symbol per frequency hop, provides reasonable performance throughout the UCI payload range if a separate PUCCH format is introduced for moderate UCI payloads, e.g. up to 20 bits.
Finally, due to high similarity between PUSCH and long PUCCH format with no multiplexing capacity, we propose that the same sequences as used on DFT-S-OFDM PUSCH are used also on the long PUCCH format. However, we do not propose comb structure for long PUCCH DMRS.    
Observation 1: Two DMRS symbols per slot on 14-symbol long PUCCH provide better performance than four DMRS symbols per slot with large UCI payloads or small number of Rx antennas.
Observation 2: Four DMRS symbols per slot on 14-symbol long PUCCH provide better performance than two DMRS symbols per slot with small UCI payloads or large number of Rx antennas. 
Proposal 3: Two DMRS symbols per slot is supported for long PUCCH with no multiplexing capacity in case that PUCCH format for moderate UCI payload with some multiplexing capacity is introduced.
Proposal 4: DMRS for long PUCCH with no multiplexing capacity uses same sequences as DFT-S-OFDM PUSCH.
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Figure 1. SNR required for reaching 1% BLER vs. UCI payload size for 14-symbol long PUCCH with either 2 or 4 DMRS symbols per slot. 
2.3.  Frequency hopping
It makes sense to restrict the long PUCCH transmissions into two sub-bands in the frequency, similarly as in LTE. The motivation for such dual sub-band -based operation is that it avoids excessive UL resource fragmentation. This simplifies PUSCH scheduling, forward compatibility, and support for frequency-domain ICIC. The two sub-bands for long PUCCH can be configured via higher layer signaling. Sub-band configuration need to take into account the minimum Tx BW of (eMBB/URLLC) UEs in the system so that all UEs can follow the same long PUCCH sub-band configuration.  
As the long PUCCH format with no multiplexing capacity may occupy multiple PRBs to support large UCI payloads, it is sensible that frequency hopping can be also disabled to simplify multiplexing with PUSCH. The disabling may be attractive in the case of high number of Rx antennas at gNB, when the significance of frequency diversity is reduced.
Proposal 5: Two hopping positions in frequency are configured via higher layer signalling for long PUCCH with no multiplexing capacity.
Proposal 6: Frequency hopping can be disabled via higher layer signalling for long PUCCH format with no multiplexing capacity. 
Long PUCCH format with no multiplexing capacity can be multiplexed on the same PRBs with other long PUCCH format(s) when they are multiplexed on complimentary frequency hops. This is attractive, as it reduces UL resource fragmentation due to long PUCCH. However, this requires that symbol boundary on which the frequency hop occurs should be determined the same way for all long PUCCH formats. With this, the PUCCH formats on complimentary frequency hops would hop at the same symbol, hence avoiding collision, as illustrated in Figure 2. Further, in our companion contribution [5] we propose, to simplify the system design, that the location of the hop is a function of the first symbol of long PUCCH and the duration of the slot despite from the fact that long PUCCH could end on different symbols for different users depending on the transmission of short PUCCH/short PUCSH or SRS at the end of slot.
Proposal 7: The frequency hop position in time is determined the same way for all long PUCCH formats.   
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Figure 2. Complimentary frequency hopping of different long PUCCH formats on the same PRBs.
[bookmark: _Hlk490038416][bookmark: _Hlk490047376]2.4.  SR multiplexing on long PUCCH for UCI of more than 2 bits
One of the open issues related to long PUCCH is how to convey scheduling request when SR occurs in the same slot with other UCI such as HARQ-ACK and/CSI transmitted on the long PUCCH. This kind of scenarios are well known also in LTE. In LTE, when SR occurs in same subframe with UCI using PUCCH Format 3, 4 or 5, SR bit is appended as one bit to the end UCI payload before encoding and modulation.
We see that it’s natural to reuse the LTE solution also with the NR long PUCCH supporting UCI of more than 2 bits. In other words, SR bit is appended to the end UCI payload before encoding and modulation when SR occurs in same slot with long PUCCH for UCI more than 2 bits. 
Proposal 8: 	SR bit is appended to the end UCI payload before encoding and modulation when SR occurs in same slot with long PUCCH for UCI payload more than 2 bits.
3.	On PUCCH format for moderate payloads
In RAN1#89, two long PUCCH formats were agreed: one format for carrying 1 or 2 bits and second format for large payload. It was left FFS if there is need to introduce a third format for moderate payload with some multiplexing capacity. In this section, we focus to the third long PUCCH format. 
When considering long PUCCH format of e.g. 14 symbols, one can expect that the PUCCH format for large payload can support UCI payload of several tens of bits with single PRB allocation while the PUCCH format for small payloads supports 2 bits. In such cases, the payload difference between the agreed long PUCCH formats is excessive and there is clear need for a third long PUCCH format with moderate payload and reasonable multiplexing capacity. The need is apparent especially with longer PUCCH durations, e.g., above 7 symbols, where the difference on the supportable between the agreed long PUCCH formats becomes very large.
Observation 3: There are cases where the payload difference between the agreed long PUCCH formats is very large.
Proposal 9: A long PUCCH format for UCI with moderate payload and reasonable multiplexing capacity is specified.
Based on the LTE PUCCH design, the main multiplexing options available for large UCI payloads are:
a) LTE PUCCH format 2, that is, CDM based on CAZAC sequences. The main benefit of this approach is that it is very flexible e.g. in terms of available symbols. It maintains constant multiplexing capacity but at price of payload varying according to the duration of long PUCCH. 
b) LTE PUCCH format 3, that is, CDM based on inter-symbol orthogonal cover code in time. The main benefit of this approach is that it provides increased payload compared to PUCCH Format 2/2a/2b while maintains reasonably high multiplexing capacity. 
c) LTE PUCCH format 5, that is, CDM based on orthogonal cover code within DFT-S-OFDM symbol. This approach provides increased UCI payload e.g. compared to CDM based on CAZAC sequences but at price of reduced multiplexing capacity. Further, it has sensitivity towards multi-path propagation as orthogonal cover code orthogonality is reduced by multi-path propagation with absence of CPs between the spread symbols.  
d) Frequency domain multiplexing within PRB. Similarly to PUCCH format 5, this approach provides increased UCI payload e.g. compared to CDM based on CAZAC sequences but at price of reduced multiplexing capacity. This multiplexing option was considered for LTE when PUCCH formats supporting large UCI payloads were designed for Rel-13 carrier aggregation enhancement.  
When considering preferred multiplexing option for PUCCH format supporting UCI with moderate payload, it should be noted that the RAN1#89 agreements on PUCCH formats imply that:
· Time domain OCC will be specified with necessary resource allocation mechanisms. Moderate payload PUCCH format based on LTE PUCCH Format 3 can utilize at least partially those mechanisms, hence, reducing the related specification effort. 
· The payload of PUCCH format for small UCI is limited to 1-2 bits even with 14-symbol PUCCH. To reach reasonable design, the PUCCH format for moderate payload should support payloads that are roughly order of magnitude larger than the payload of PUCCH format for small UCI for e.g. 14-symbol long PUCCH duration, while keeping reasonable separation to the payloads supported by the PUCCH format for large UCI. In other words, reasonable payload range may be 10-20 bits while maximizing multiplexing capacity. 
Taking RAN1#89 agreements into account, PUCCH format based on LTE PUCCH Format 3 design is efficient for the targeted payload range while maximizing multiplexing capacity for PUCCH durations above 7 symbols. Reaching comparable multiplexing capacity with PUCCH Format 5 can be challenging due to increase in sensitivity for multipath propagation.
Taking RAN1#89 agreements into account, PUCCH format based on LTE PUCCH Format 3 design is efficient for the targeted payload range while maximizing multiplexing capacity for PUCCH durations above 7 symbols. Reaching comparable multiplexing capacity with PUCCH Format 5 can be challenging due to increase in sensitivity for multipath propagation.
One of the differences between OCC based PUCCH format and long PUCCH format without multiplexing capacity is on the UCI payload that the format can carry. OCC based PUCCH format can carry at most 48 bits, and even before that the encoding performance is degraded in comparison to the long PUCCH format without multiplexing capacity. To quantify this, we compared the performance of 14-symbol long PUCCH both with and without OCC for different payloads. In simulations, 4 DMRS symbols per slot were assumed with the DMRS pattern shown in Appendix 1. In the case of OCC based PUCCH format, two UEs were multiplexed on the same PRB. Other simulation parameters are given in Table 1 in Appendix 1. Results are shown in Figure 3.
From the results shown in Figure 3, it can be seen that both formats provide similar performance up to UCI payload of 16-24 bits, after which the differences in the encoding start to affect especially for 8 Rx antennas at gNB. Performance differences can be expected to decrease for shorter durations of long PUCCH. In other words, OCC based PUCCH format provides for the targeted payload range, 3 to 20 bits, similar performance as long PUCCH format without multiplexing capacity. However, it allows for more efficient use of PUCCH resource by supporting multiplexing of multiple UEs on the same PRB.     
Proposal 10: A long PUCCH format for UCI with moderate payload is based on LTE PUCCH format 3 design. 
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Figure 3. SNR required for reaching 1% BLER vs. UCI payload size for 14-symbol long PUCCH with 4 DMRS symbols per slot. Results are shown both with and without OCC extending over frequency hop.
4.	Conclusions 
In this contribution, we have considered the design of long PUCCH formats for UCI payloads more than 2 bits as well as on long PUCCH frequency hopping. Based on the discussion, we make the following proposals and observations:
On long PUCCH format with no multiplexing capacity: 
[bookmark: _Hlk490234358]Proposal 1: Confirm the working assumption from RAN1#NR-AH2 ‎[4] that 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.  
Proposal 2: DFT pre-coding for long PUCCH symbols carrying UCI of more than 2 bits can be disabled by higher layer signaling. 
Proposal 3: Two DMRS symbols per slot is supported for long PUCCH with no multiplexing capacity in case that PUCCH format for moderate UCI payload with some multiplexing capacity is introduced.
Proposal 4: DMRS for long PUCCH with no multiplexing capacity uses same sequences as DFT-S-OFDM PUSCH.
Proposal 5: Two hopping positions in frequency are configured via higher layer signalling for long PUCCH with no multiplexing capacity.
Proposal 6: Frequency hopping can be disabled via higher layer signalling for long PUCCH format with no multiplexing capacity. 
Proposal 7: The frequency hop position in time is the same for all long PUCCH formats.   
Proposal 8: SR bit is appended to the end UCI payload before encoding and modulation when SR occurs in same slot with long PUCCH for UCI payload more than 2 bits.
Observation 1: Two DMRS symbols per slot on 14-symbol long PUCCH provide better performance than four DMRS symbols per slot with large UCI payloads or small number of Rx antennas.
Observation 2: Four DMRS symbols per slot on 14-symbol long PUCCH provide better performance than two DMRS symbols per slot with small UCI payloads or large number of Rx antennas.
On long PUCCH format for moderate payloads: 
Observation 3: There are cases where the payload difference between the agreed long PUCCH formats is very large.
Proposal 9: A long PUCCH format for UCI with moderate payload and reasonable multiplexing capacity is specified.
Proposal 10: A long PUCCH format for UCI with moderate payload is based on LTE PUCCH format 3 design.
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Appendix 1 – Simulation Parameters
Table 1. Simulation parameters 
	Parameter
	Value

	Number of Tx antennas
	1

	Number of Rx antennas
	2 / 4 / 8

	Modulation
	QPSK

	Channel
	TDL A 30 ns, 3 km/h

	DMRS overhead
	2 and 4 DMRS symbols per slot

	Channel coding
	TBCC, 1/3

	Number of UCI bits
	8 / 16 / 24 / 32 / 64 / 96 

	Subcarrier spacing
	30 kHz

	Number of long PUCCH symbols
	14

	PRBs
	1
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Figure 4. DMRS patterns for 2 and 4 DMRS symbols per slot
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