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Introduction
In the course of RAN1 deliberations on NR waveform design, it was seen as beneficial if a unified waveform could be adopted at least for both downlink and uplink to simplify specifications and ease device and network implementation. However, it was also noted that a low PAPR/CM property is beneficial for UL transmission at least in some deployment scenarios. Consequently, a dual UL waveform capability was agreed at RAN1 #86bis as follows, 
· NR Support DFT-S-OFDM based waveform complementary to CP-OFDM waveform, at least for eMBB uplink for up to 40GHz
· FFS additional low PAPR techniques 
· CP-OFDM waveform can be used for a single-stream and multi-stream (i.e. MIMO) transmissions, while DFT-S-OFDM based waveform is limited to a single stream transmissions (targeting for link budget limited cases)
· Network can decide and communicate to the UE which one of CP-OFDM and DFT-S-OFDM based waveforms to use
· Note: both CP-OFDM and DFT-S-OFDM based waveforms are mandatory for UEs
· RAN1 should target for a common framework in designing CP-OFDM and DFT-S-OFDM based waveforms (without compromising CP-OFDM performance/complexity), e.g., control channels, RS, etc.

This contribution discusses implications of this agreement on the NR PUCCH design. Related considerations governing UL waveform selection for random access are discussed in a companion contribution [1]. 
Discussion
For an Idle State UE, initial connection to the network starts with random access (RA). At some point during or after the RA procedure, the network may configure the UE for OFDM or DFT-S-OFDM as discussed in [1]. UE assistance such as providing a power headroom report to the network may support determination of the optimal UL waveform for a UE. In LTE, DFT-S-OFDM was adopted due to its lower CM/PAPR, which in turn impacts PA efficiency and out-of-band RF emissions. The LTE PUCCH was designed to ensure reliable UL coverage within a macro cell area, supporting satisfactory performance from both cell interior and cell edge users. In addition, frequency diversity was obtained by intra-subframe frequency hopping. To maintain the so-called single carrier property, LTE initially specified a single contiguous UL transmission. This led to rather cumbersome dropping rules and multiplexing mechanisms in the event that multiple channels/signals were configured or scheduled in the same subframe. 
In contrast, OFDM offers more scheduling flexibility and is particularly well suited for MIMO from a receiver complexity perspective. Recognizing the need for improved spectral efficiency and scheduling flexibility, LTE-Advanced design considered introducing OFDM for the PUSCH. As a compromise given backward compatibility considerations, DFT-S-OFDM was maintained for LTE-Advanced but now supporting simultaneous PUCCH-PUSCH transmission and non-contiguous PUSCH (up to two non-contiguous PUSCH sub-bands). NR design on the other hand will take into account LTE deployment scenarios but must also consider different and quite diverse operational use cases and deployment scenarios including low and high frequency (above 6 GHz) deployments. Since it is agreed that both DFT-S-OFDM and OFDM are mandatory for a UE, there is no need to restrict an UL channel or signal to DFT-S-OFDM if UL coverage is not an issue.
Observations: 
· Given that OFDM and DFT-S-OFDM waveforms are mandatory for an NR UE it may not be necessary to place further restrictions on the waveform used for a specific UL channel/signal.  
· Furthermore, since NR will be supported in diverse deployment scenarios, it is conceivable that the coverage limitations observed in macro cells may not be a problem for some small cell scenarios, obviating the PA and spectrum emissions limitations associated with OFDM. 

The NR PUCCH features agreed so far include,
· A long PUCCH structure which at least covers a major part of a slot (exact number of symbols is FFS), and should also include transmission over 1ms
· A short PUCCH structure primarily targeting fast HARQ-ACK feedback for latency-constrained applications
· Support of simultaneous PUCCH-PUSCH and UCI on PUSCH (same as LTE)
· Consideration of multiplexing mechanisms for RS and UCI data to facilitate fast HARQ-ACK feedback 
We first consider waveform selection for the long PUCCH structure. Figure 1 shows a TDD-based slot structure using 15 KHz subcarrier spacing (SCS). To ensure the same level of coverage as LTE, the PUCCH transmission duration may be configured to 1ms, whereby HARQ-ACK corresponding to a PDSCH in a first slot is scheduled over the next 1ms duration (assuming UE processing can be completed within the GP). To enable frequency diversity, similarly to LTE, the PUCCH region is mapped to the edges of the system bandwidth on each slot as shown in Figure 1. The DFT-S-OFDM waveform, in addition to its low PAPR advantage, can enable the multiplexing of UCI transmissions on the same PUCCH from two sets of UEs, one set configured for PUSCH using DFT-S-OFDM and the other set configured for PUSCH using OFDM.
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[bookmark: _Ref471226191]Figure 1 Long PUCCH of 1ms transmission and distributed mapping 
A different scenario may be observed in Figure 2, where DL and UL regions are present within the same slot. Since the duration of the DL region may not be fixed, it may not be a simple task to enable frequency hopping of the PUCCH in the same slot such as in Figure 1. Two possible mapping schemes are depicted in Figure 2 when a UE is scheduled with an UL grant and also has UCI to transmit. It should be noted that as long as UCI is not multiplexed with data on PUSCH, DFT-S-OFDM loses much of its advantage over OFDM with respect to PAPR/CM. Secondly, mapping the PUCCH adjacent to the PUSCH as shown in Figure 2(a) will not provide similar frequency diversity gains observed in LTE. OFDM, however, allows scheduling flexibility in the mapping of a PUCCH to the time-frequency grid. Moreover, OFDM allows more efficient resource utilization for UCI-RS multiplexing when the single carrier property is not an impediment.
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[bookmark: _Ref471226884]Figure 2 Long PUCCH with simultaneous PUSCH in a 0.5ms slot with (a) two-cluster mapping and (b) one-cluster mapping
Proposal: consider OFDM for the long PUCCH duration at least for simultaneous PUCCH+PUSCH transmission

Different considerations apply for the short PUCCH structure. Here we assume that the short PUCCH consists of one or at most two symbols at the end of a slot. The short PUCCH does not provide the same level of coverage as the long PUCCH due to the reduced number of symbols for the same maximum UL power constraint. As such the short PUCCH structure targets cell interior UEs, or small cell scenarios, where power headroom is not an issue. Figure 3 shows two possible scenarios for HARQ-ACK feedback corresponding to a PDSCH in the same slot. For a localized mapping as in Figure 3(a), DFT-S-OFDM performance may be improved with frequency dependent scheduling of the PUCCH region. However, such scheduling relies on accurate and timely knowledge of the UL SINR which may not be available to the gNB. If a distributed mapping (e.g. Figure 3(b)) is necessary for frequency diversity, OFDM may be considered for PUCCH.
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[bookmark: _Ref471228107]Figure 3 Short PUCCH with (a) localized mapping and (b) distributed mapping
Therefore, it is not clear without performance evaluations, how much benefit, if any, that DFT-S-OFDM may have over OFDM for the short PUCCH. 

Proposal: OFDM is supported for the short PUCCH duration
Conclusion
In this contribution we discussed the choice of UL waveform for PUCCH transmission. We have the following observation and proposal
· Observations: 
· Given that OFDM and DFT-S-OFDM waveforms are mandatory for an NR UE it may not be necessary to place further restrictions on the waveform used for a specific UL channel/signal.  
· Furthermore, since NR will be supported in diverse deployment scenarios, it is conceivable that the coverage limitations observed in macro cells may not be a problem for some small cell scenarios, obviating the PA and spectrum emissions limitations associated with OFDM. 
· Proposal 1: consider OFDM for the long PUCCH duration at least for simultaneous PUCCH+PUSCH transmission
· Proposal 2: OFDM is supported for the short PUCCH duration
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