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1 Introduction
It was agreed at the RAN1 #86bis meeting to support both short and long duration UL control channels in NR. Subsequently, further agreements were made in RAN1 #87 on UCI contents and multiplexing options. An email discussion following RAN1 #87 was tasked to progress the work on the short and long PUCCH structures. Based on the agreements and topics listed in [1], we discuss the design of the long PUCCH structure for NR in this contribution.
2 Channel Structure for long PUCCH
Length of long duration UL control channel
The NR frame structure supports DL/UL transmission on a slot or mini-slot granularity. Naturally, the PUCCH can then be transmitted at least on a slot granularity.  NR may also support flexible transmission durations and both unidirectional and bidirectional slot structures, where in the context of long duration PUCCH, the former is known as an UL-only slot and the latter an UL-centric slot. Generally, there are three options for the long duration PUCCH as follows:

· Option 1: UL control channel in long duration spans whole slot

· The implication is that the UL control channel in long duration cannot be transmitted in an UL-centric slot

· Option 2: UL control channel in long duration spans the UL part of a UL-centric slot

· UL control channel in long duration does not span the whole slot

· Option 3: The duration of UL control channel in long duration is different depending on whether it is transmitted in an UL-only slot or UL-centric slot

In order to support both bidirectional and unidirectional slots, Option 3 should be the starting point for the design of long duration PUCCH. 

Proposal 1: The duration of UL control channel in long duration is different depending on whether it is transmitted in an UL-only slot or UL-centric slot.
From the preceding discussion it may be necessary to determine how many symbols constitute a long duration PUCCH. A simple solution is that the long PUCCH spans the entire duration of an UL-centric slot. Alternatively, if the long duration PUCCH is allowed to span only part of the UL region in one slot, the number and/or index of symbols or mini-slots for UL control channel in long durations would need to be signaled. Similar methods as shown for the time domain resource allocation for UL control channel in short format in [2] can be considered.
It was also agreed to support a long duration UL control channel spanning multiple slots and allowing a total duration of at least 1ms in some cases. One motivation for this agreement on multi-slot PUCCH is to ensure that NR can provide the same UL coverage as LTE. In this case signaling mechanism should be provided to indicate the number of slots that are occupied by the UL control channel. At least for HARQ-ACK feedback, , the number of slots occupied by the UL control channel can be dynamically indicated in the DCI scheduling the corresponding DL assignment or may be semi-statically configured. On the other hand, for PUCCH carrying P-CSI and/or SR only, the number of slots occupied by the UL control channel can be semi-statically configured or predefined. 

Resource allocation in frequency domain
The radio resource in frequency domain of UL control channel can be indicated with two alternatives as follows:
· Alt 1: Different numbers of PRBs are semi-statically configured per-UE by higher layer signaling.
· Alt 2: A set of PRBs with different sizes can be semi-statically configured per-UE by higher layer signaling.  One of configured PRB size is used based on the desired capacity and indicated by the DCI in the DL control channel.
Alt 1 is used for more static payload sizes, such as CSI feedback. Alt 2 is used when the payload size varies in time. The capacity of UL control channel could be dynamically adjusted to support different payload sizes.
To improve the transmission performance, frequency-diversity can be considered for the long duration UL control channel. For example, the LTE frequency hopping pattern can be a starting point for the NR design. Frequency-diversity can be enabled by high layer signaling with a predefined frequency-diversity pattern.
Proposal 2: The frequency domain resource of the UL control channel at least for HARQ-ACK is indicated by the DCI scheduling the corresponding DL assignment.   
Proposal 3: The frequency domain resource of the UL control channel for CSI feedback can be configured by higher layer.
DMRS design of UL control channel

It was agreed that for UL control channel with long duration, TDM between RS and UCI is supported at least for DFT-S-OFDM. It was not sure yet how/whether to support CP-OFDM waveform for UL control channel in long duration. However, as we discussed in [3], CP-OFDM can be used at least for supporting simultaneous PUCCH+PUSCH transmission. Hence both CP-OFDM and DFT-S-OFDM can be used for UL control channel in long duration. There are two methods to design the RS framework as follows: 
· Option 1: UCI and RS are multiplexed in TDM manner regardless of its waveform

· Option 2: UCI and RS are multiplexed in the same symbol in FDM manner if it is OFDM waveform

Option 1 can achieve a unified RS framework for different waveforms, but with less resource efficiency for CP-OFDM. Option 2 can improve the resource efficiency for CP-OFDM but it will introduce different RS frameworks for different waveforms unless to leave some blank RE on DMRS symbol for DFT-S-OFDM waveform, as shown in Figure 1. For CP-OFDM waveform, either TDM or FDM can be considered and there is no need to limit it before simulating performance in different scenarios.

Proposal 4: DMRS position for UL control channel in long duration can be pre-configured or pre-defined according to the duration of UL control channel or the duration of UL region in one slot.
Proposal 5: When CP-OFDM is used for UL control channel in long duration, further simulation is required to choose either TDM or FDM manner for UCI and RS multiplexing.
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Figure 1: Different RS framework for UL control channel in long duration
Multiplexing approach(s) for UCI and UL data/SRS
At the RAN1 #86bis meeting it was agreed to consider three cases for multiplexing UL data and UCI I in the same time slot.
· Case 1: UL data and UCI are FDMed where the resource for UCI is not a part of the resource allocated for UL data 

· Case 2: UL data and UCI are TDMed where the resource for UCI is not a part of the resource allocated for UL data 

· Case 3: UL data and UCI are multiplexed where the resource for UCI is a part of the resource allocated for UL data

It was agreed to support ‘simultaneous PUSCH and PUCCH at least for the long PUCCH format’. In case 1, when CP-OFDM is used or DFT-S-OFDM with separate DFT pre-coder for UCI and data is used, it can support simultaneous transmission of PUCCH and PUSCH.

For case 2, the resources of UL data and UCI are separately configured in time domain, which means two separate UL channels are transmitted in different time intervals. This mapping will not increase the PAPR as there is a single channel transmission within the UL duration. However, whether this case can be supported for UL control channel in long duration depends on the allowed length of UL control channel in long duration as discussed above. If UL control channel in long duration always spans in the whole UL region in each slot, case 2 is not supported.

Considering that in some coverage limited case, low PAPR should be kept, thus, UCI on PUSCH should be supported. To support UCI on PUSCH, the following two methods can be considered:
· Method 1: Reuse UCI on PUSCH mechanism in LTE, that is, HARQ-ACK is transmitted on NR PUSCH resource by puncturing UL data, and CSI is transmitted on NR PUSCH resource together with UL data. The resource used for UCI can be determined from pre-configured beta-offset value.
· Can be used for both CP-OFDM and DFT-S-OFDM waveform

· Requires complicated UCI mapping design since NR PUSCH may have different lengths in time domain

· Has less flexibility to suit variable UCI payload size
· Method 2: UCI can be considered as part of UL data to be appended at the beginning or the end or both the beginning and the end of UL data on NR PUSCH by using DFT-S-OFDM waveform with one DFT pre-coder.
· Can avoid complicated UCI handling as in method 1

· Can only be used for DFT-S-OFDM so as to keep low PAPR

· Requires explicit indication in UL grant for whether UCI is transmitted or not and the frequency resource for UCI so as to not affect the coding of data when HARQ-ACK is not transmitted due to DL missing. Mechanism should be further design for PUSCH without UL grant
· Require restriction on scheduling timing so as to make sure gNB to determine whether there is UCI or not together with UL data before sending UL grant. 

Based on the above discussion, we have the following proposals: 
Proposal 6: Simultaneous PUSCH and PUCCH for UL control channel in long duration can be supported by DFT-S-OFDM and CP-OFDM waveforms when UL data and UCI with non-overlapped frequency resources.
Proposal 7: UCI on PUSCH should be supported for UL control channel in long duration, and the following methods can be considered:

· Method 1: Reuse UCI on PUSCH mechanism in LTE

· Method 2: UCI can be considered as part of UL data to be appended at the beginning or the end or both the beginning and the end of UL data on NR PUSCH
Further considerations on PUCCH formats
The agreements reached so far on NR PUCCH seems to suggest two classifications of PUCCH formats

1) Long and short duration PUCCH formats

2) PUCCH formats based on UCI types and multiplexing or combination of UCI types as in LTE

It should be clear that it is desirable to limit the number of PUCCH formats. Regarding classification based on duration, at least when multiple slots are configured or scheduled for long duration PUCCH, a format based on the single slot case is preferred.

Proposal 8: A multi-slot PUCCH format should be based on an aggregation of the single slot format. 
UCI-type formats include HARQ-ACK, CSI and SR. HARQ-ACK feedback corresponding to multiple DL transmissions in time can be aggregated and transmitted in one UL control channel. In addition, multiple CSI reports may need to be transmitted in a given time instance – indeed, it is envisaged that more CSI reports may be needed in NR to support multi-beam operation. Thus, the NR UL control channel should support variable UCI payload size. 
PUCCH formats 4 and 5 in LTE were designed to support variable payload size. A similar design framework may be adopted for NR UL control channel targeting high capacity and flexible resource allocation. The UL control channel should be capable of multiplexing UCI from different users. To support UCI multiplexing from multiple UEs, frequency domain OCC can be used for user separation. The OCC length should be designed with a nested structure in order to dynamically tradeoff spreading gain with multiplexing capacity.
Proposal 9: The UL control channel in long duration may follow the same design principles governing LTE PUCCH formats 4/5 structure targeting high capacity and flexible resource allocation.  
Proposal 10: To support UCI multiplexing from multiple UEs on the same resource, frequency domain OCC can be used for user separation.

Proposal 11: UL control channel in long duration needs to be designed with flexible capacity for carrying HARQ-ACK, CSI feedback, or both.

3 Conclusions
Based on the above discussion, we have the following proposals:
Proposal 1: The duration of UL control channel in long duration is different depending on whether it is transmitted in an UL-only slot or UL-centric slot.
Proposal 2: The frequency domain resource of the UL control channel at least for HARQ-ACK is indicated by the DCI scheduling the corresponding DL assignment.   
Proposal 3: The frequency domain resource of the UL control channel for CSI feedback can be configured by higher layer.
Proposal 4: DMRS position for UL control channel in long duration can be pre-configured or pre-defined according to the duration of UL control channel or the duration of UL region in one slot.

Proposal 5: When CP-OFDM is used for UL control channel in long duration, further simulation is required to choose either TDM or FDM manner for UCI and RS multiplexing.
Proposal 6: Simultaneous PUSCH and PUCCH for UL control channel in long duration can be supported by DFT-S-OFDM and CP-OFDM waveforms when UL data and UCI with non-overlapped frequency resources.
Proposal 7: UCI on PUSCH should be supported for UL control channel in long duration, and the following methods can be considered:

· Method 1: Reuse UCI on PUSCH mechanism in LTE

· Method 2: UCI can be considered as part of UL data to be appended at the beginning or the end or both the beginning and the end of UL data on NR PUSCH
Proposal 8: A multi-slot PUCCH format should be based on an aggregation of the single slot format. 
Proposal 9: The UL control channel in long duration may follows the same design principles governing as LTE PUCCH formats 4/5 structure targeting high capacity and flexible resource allocation.  
Proposal 10: To support UCI multiplexing from multiple UEs on the same resource, frequency domain OCC can be used for user separation.

Proposal 11: UL control channel in long duration needs to be designed with flexible capacity for carrying HARQ-ACK, CSI feedback, or both.
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