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1 Introduction

In 3GPP RAN1#86bis meeting[1], uplink control channel design was discussed and the following was agreed:
· At least two ways of transmissions are supported for NR UL control channel

· UL control channel can be transmitted in short duration

· around the last transmitted UL symbol(s) of a slot
· FFS: How to define and treat the potential gap at the end of the slot
· FFS: in the other positions, e.g., the first UL symbol(s) of a slot

· TDMed and/or FDMed with UL data channel within a slot

· UL control channel can be transmitted in long duration

· over multiple UL symbols to improve coverage

· FDMed with UL data channel within a slot

· FFS how to multiplex with SRS

· The frequency resource and hopping, if hopping is used, may not spread over the carrier bandwidth
And the waveform for uplink data transmission has been agreed as following, which may have impacts to the uplink control channel design:

· 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.

· Discuss further offline for possible refined evaluation assumptions/methodology for waveform evaluations
This contribution gives the overview of further detailed uplink control channel design based on the agreements above. 
2 Discussion
DFT-S-OFDM based waveform has been agreed for PUSCH transmission, particularly to improve the performance in case of coverage-limited scenario. Similarly, transmission of PUCCH may use low PAPR transmission scheme to improve the performance in case of coverage-limited scenario.
2.1 Multiplexing of PUCCH with PUSCH
There are two cases: case 1, PUCCH with short duration, and case 2, PUCCH with short duration.
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Figure 1 PUCCH with short duration

· Case 1: PUCCH with short duration

PUCCH can be TDM with PDSCH with a gap as illustrated on left side of Figure 1. With this design, additional UCI transmission opportunity is provided to support fast SR, HARQ-ACK, or CSI in the downlink-centric slot compared to downlink only slot. PUCCH can be TDM with PUSCH and be around the last several symbols of a slot as illustrated on right side of Figure 1. As illustrated on right side of Figure 1, PUCCH around the last several symbols of a UL-centric slot is not interfered by DL signal of neighbor cells even though neighbor cells have the downlink-centric slot configured at the same time. Hence regardless of in a DL-centric slot or a UL-centric slot, TDM multiplexing in a slot around the last few symbols is supported to obtain the benefits discussed above. On the right side of Figure 1, UL control channel can be FDM with PUSCH of other UEs since UL control channel may not use the whole bandwidth of the system and the remaining bandwidth can be used by PUSCH of other UEs. Regarding the possible other positions of control symbols in a slot, further study to indentify the necessity and benefit is needed.

However, the coverage of this short duration PUCCH is limited due to the very few number of uplink transmission symbols. One symbol PUCCH is a special case. To increase the probability to use short duration PUCCH, low PAPR transmission scheme with a better performance should be considered. 
· Case 2: PUCCH with long duration
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Figure 2 PUCCH with long duration

PUCCH may be FDM with PUSCH where PUSCH can have OFDM or DFT-S-OFDM based waveform. In case of coverage-limited scenario, the gNB can avoid scheduling the simultaneous transmission of PUCCH and PUSCH to ensure the coverage of PUCCH. In the extreme case, the UE may drop the PUSCH transmission to prioritize the PUCCH power allocation even though PUSCH is scheduled simultaneously with PUCCH. Hence the transmission of PUCCH-only with low PAPR property can have better performance in case of coverage limited scenario regardless of which waveform is used by PUSCH.

Proposal 1: Both PUCCH with short duration and PUCCH with long duration should consider the low PAPR transmission scheme.
When PUCCH and PUSCH transmission occurs at the same time in LTE, UCI is piggybacked on PUSCH to keep the single carrier property since PUSCH is based on DFT-S-OFDM always. However, in NR, OFDM can be used for PUSCH where the single carrier property is not retained. Therefore there is no reason to consider the piggyback in this case only for single carrier benefits. While in NR, assuming UE has a capability to support simultaneous transmission of PUCCH and PUSCH is quite reasonable, there is no need to consider low capability UE only supporting piggyback rather than supporting simultaneous transmission of PUCCH and PUSCH.
Single carrier property with piggyback could have the potential performance gain due to low PAPR. Not being as reliable as PUCCH transmission may be an issue, and note that PUCCH-only transmission can be applied for coverage-limited scenario. On another hand, the flexibility of UCI multiplexing may be another benefit with UCI piggyback on PUSCH, which is applicable for both OFDM and DFT-S-OFDM based waveform. PUCCH formats to support multiplexing of multiple types of UCI are needed since PUCCH-only transmission should be supported anyway. However the capacity of PUCCH to transmit UCI is limited. For instance, HARQ-ACK bundling for multiple ACK/NACK or down-sampling of CSI may be needed to reduce the payload size of UCI on PUCCH. Piggybacking on PUSCH doesn’t have this capacity limit issue. When CSI and HARQ-ACK are to be transmitted simultaneously, CSI can be on PUSCH with piggyback scheme, and hence HARQ-ACK can be on PUCCH with a PUCCH-only transmission format. This provides the flexibility to multiplex UCI and potential better HARQ-ACK performance.
Proposal 2: Piggyback UCI in PUSCH can be further studied considering the potential benefits of single carrier and flexibility of UCI multiplexing in NR.
2.2 UCI types
The UCI transmitted in PUCCH can be scheduling request (SR), HARQ-ACK, CSI. Depending on whether it is semi-persistent/periodic CSI feedback or aperiodic CSI feedback, CSI can be transmitted in PUCCH or PUSCH.

The PUCCH to transmit SR, HARQ-ACK and CSI can be different, similar to what was in LTE. Simultaneous transmission of combinations of SR, HARQ-ACK and CSI should be supported, where low PAPR transmission scheme to support simultaneous transmission of any combination of SR, HARQ-ACK and CSI may be considered in order to improve the coverage of control channel.

Proposal 3: Simultaneous transmission of combinations of SR, HARQ-ACK and CSI with low PAPR transmission scheme should be supported.
2.3 Coverage-limited consideration
Zadoff-Chu sequences or computer generated sequences can be modulated in OFDM subcarriers to keep low PAPR property. Particularly in case of one symbol PUCCH, a low PAPR transmission scheme may be considered to have better performance. In this case, DMRS of PUCCH and PUCCH should be multiplexed together in one symbol. Comb-like FDM multiplexing may be considered to keep orthogonal and the method with the same PAPR as DFT-S-OFDM should be considered.
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Figure 3 One symbol PUCCH, white subcarrier: RS, red subcarrier: PUCCH
As illustrated in Figure 3, the first signal occupies the subcarriers with even indices, and the second signal occupies the subcarriers with odd indices. Each signal may be generated based on low PAPR sequences. The details can be found in [2]

 REF _Ref466076465 \r \h 
[3]. BPSK or QPSK signal can be conveyed in one of the two signals by multiplying corresponding to 1 or 2 bits of UCI, while another signal can be the reference signal. More bits scheme with low PAPR property can be further studied. 
DFT-S-OFDM based waveform has been agreed for PUSCH as a waveform for coverage-limited scenario. DFT-S-OFDM can be applied to PUCCH if more bits are transmitted in PUCCH.

Another method may use wider subcarrier spacing, therefore one symbol with a subcarrier spacing f will be spitted into multiple symbols of number 2n with subcarrier spacing 2n×f. This scheme can keep the single carrier property, but the subcarrier spacing change will affect the other channels which are FDM with UL control channel. If we want to ensure the orthogonality in frequency domain between UL control channel and other channels, subcarrier spacing of other channels should be changed accordingly. Another issue about this scheme is that CP length will be reduced accordingly since the original CP length is spitted into multiple short CPs.
Proposal 4: Following should be considered for PUCCH transmission
· Low PAPR sequences

· DFT-S-OFDM

· One symbol transmission of PUCCH with low PAPR
3 Conclusion
Based on above discussions, following proposals are given 
Proposal 1: Both PUCCH with short duration and PUCCH with long duration should consider the low PAPR transmission scheme.

Proposal 2: Piggyback UCI in PUSCH can be further studied considering the potential benefits of single carrier and flexibility of UCI multiplexing in NR.
Proposal 3: Simultaneous transmission of combinations of SR, HARQ-ACK and CSI with low PAPR transmission scheme should be supported.

Proposal 4: Following should be considered for PUCCH

· Low PAPR sequences

· DFT-S-OFDM

· One symbol transmission of PUCCH with low PAPR
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