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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. 
This contribution focuses on the design of long PUCCH in NR. The agreements related to long PUCCH made during NR SI are captured in [3]. We provide details related to long PUCCH formats in a companion contribution [4].
2	Support of CP-OFDM for long PUCCH
According to the NR SI agreements, at least DFT-S-OFDM waveform with TDM between RS and UCI is supported for the long PUCCH. It remains open whether CP-OFDM waveform is also supported for long PUCCH. This is addressed in this section.
There are a lot common between LTE PUCCH and NR long PUCCH, e.g., DFT-S-OFDM waveform, TDM between RS and UCI, frequency hopping as a diversity mechanism, although also differences exist, e.g., in the flexibility of PUCCH duration and numerology. Hence, it makes sense to reuse the existing LTE PUCCH design as much as possible for NR long PUCCH. 
As discussed in [4], a long PUCCH format is needed to carry large UCI payloads with reasonable coverage. Such long PUCCH format can be based on LTE PUCCH Format 4, which is essentially a PUSCH structure applied as a PUCCH format. For this format, it makes sense to apply same waveform for both PUSCH and long PUCCH, simplifying processing at both ends of the link.
Observation 1: Long PUCCH format for large UCI payloads can have essentially similar structure as PUSCH, and it is attractive to apply same waveform for both transmissions.
A second long PUCCH format can be based on modulation of CAZAC sequence. This is a reasonable format for small UCI payloads and to improve PUCCH coverage. For this kind of PUCCH format there is no real difference between DFT-S-OFDM and CP-OFDM waveforms.   
Another open issue relates to CP-OFDM –specific optimization of long PUCCH: Is there a need for complementary design for long PUCCH based on CP-OFDM waveform? This could include e.g. FDM between UCI and DMRS, as well as opportunity for adjusting DMRS power w.r.t. PUCCH data. Such optimizations would diverge the processing for DFT-S-OFDM and CP-OFDM PUCCH formats and add to system complexity. Based on the available simulation results, it seems that CP-OFDM –specific optimization for long PUCCH does not provide enough justification considering added system complexity. It is more desirable to keep the PUCCH format design for both CP-OFDM and DFT-S-OFDM waveforms as similar as possible.  
Proposal 1: CP-OFDM waveform is supported for long PUCCH.
Proposal 2: Long PUCCH applies common design for both DFT-S-OFDM and CP-OFDM waveforms. 
Proposal 3: Waveform used for long PUCCH is the same as the waveform configured for PUSCH.
3	Long PUCCH frequency hopping 
[bookmark: _GoBack]According to agreements made in NR SI [3], intra-slot frequency-hopping is supported for long PUCCH. Figure 1 shows two examples for the long PUCCH multiplexing within a slot. In both examples PUCCH transmission is arranged with frequency hopping between two PRBs in the frequency. Hopping between two PRBs provides reasonable trade-off between frequency diversity and DMRS overhead. Correspondingly, it was agreed in RAN1#88 [5] that frequency-diversity gain for long PUCCH should be same/similar to LTE PUCCH. 
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 or frequency domain clusters 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.  
Two flavors of the frequency hopping are shown in Figure 1: 
a) “half-slot” -based hopping 
b) OFDM symbol –based hopping.
The benefit of OFDM symbol based hopping is that it can provide frequency diversity already for two consecutive OFDM symbols. This can be seen as an advantage for forward compatibility, e.g. when multiplexing HARQ-ACK corresponding to mini-slots with long PUCCH on the same PRBs, as it prevents PUCCH resource fragmentation into separate long PUCCH and mini-slot PUCCH clusters. 
OFDM symbol-based hopping also provides a unified structure for different lengths (e.g. a full slot and a “almost” full slot) in the sense that the signal of long PUCCH with a shorter duration can be truncated from the signal of long PUCCH with a longer duration. This may ease the implementation when supporting different lengths.
The half-slot-based hopping, on the other hand, can potentially provide better channel estimation with the same DMRS overhead especially with larger Doppler values. 
Proposal 4: Two frequency domain clusters for long PUCCH are configured via higher layer signalling.
Proposal 5: Consider both “half-slot” based and symbol based frequency hopping for long PUCCH.
       [image: ]
Figure 1 Long PUCCH structure, a) “half”-slot –based and b) symbol based
4	Long PUCCH DMRS and inter-cell randomization 
To support low CM/PAPR transmission, it makes sense to use DMRS sequences defined for LTE PUCCH also for NR long PUCCH. Preferable DMRS location within slot depends on the selected frequency hopping scheme and latency requirement, as well as on the design of PUCCH formats. Hence we see that DMRS locations within slot can be agreed only after PUCCH design has progressed further. 
Observation 2: Location of DMRS symbols within slot can be agreed only when long PUCCH design has progressed further.
Efficient inter-cell randomization is an important aspect of PUCCH design. PUCCH should provide robust performance under varying interference conditions, as the payload (HARQ ACK, scheduling request, CSI) is latency critical and cannot benefit from e.g. HARQ. Correspondingly, it was agreed in RAN1#88 [5] interference randomization should be enabled for long PUCCH.
LTE supports several mechanisms that are used to randomize inter-cell interference. LTE randomization mechanisms include data scrambling, sequence hopping, and hopping of the cyclic shift of spreading sequence or data sequence. These are reasonable options also for NR long PUCCH, depending of course on the PUCCH formats defined for long PUCCH. 
Proposal 6: Support at least data scrambling, sequence hopping, and hopping of sequence cyclic shift for long PUCCH.
It may be only few of the UEs on neighbouring cells that cause significant interference to the detection of PUCCH. The drawback of the mentioned randomization mechanisms is that an UE causing significant interference keeps interfering the transmission from the same victim UE throughout the transmission. In company contribution [6], we propose for short PUCCH a cell-specific pseudo-random element to the frequency hopping, randomizing interference between cells. In principle, same mechanism can be introduced also for long PUCCH. On other hand, random offset on the frequency hopping may complicate the reuse of vacant PUCCH resources by dynamically scheduled PUSCH. While the associated cost in terms of less efficient RE usage is acceptable for short PUCCH due to its short duration, the cost is larger for long PUCCH. Hence we see that this mechanism requires further considerations for long PUCCH.
5	Conclusions
In this contribution, we have discussed long PUCCH design aspects for new radio. Based on the discussion, we make the following proposals and observations:
Proposal 1: CP-OFDM waveform is supported for long PUCCH.
Proposal 2: Long PUCCH applies common design for both DFT-S-OFDM and CP-OFDM waveforms. 
Proposal 3: Waveform used for long PUCCH is the same as the waveform configured for PUSCH.
Proposal 4: Two frequency domain clusters for long PUCCH are configured via higher layer signalling.
Proposal 5: Consider both “half-slot” based and symbol based frequency hopping for long PUCCH.

Observation 1: Long PUCCH format for large UCI payloads can have essentially similar structure as PUSCH, and it is attractive to apply same waveform for both transmissions.
Observation 2: Location of DMRS symbols within slot can be agreed only when long PUCCH design has progressed further.
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