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1	Introduction
An objective of the 5G study item [1] is to identify and develop technology components needed for new radio (NR) systems being able to use any spectrum band ranging at least up to 100 GHz. The goal is to achieve a single technical framework addressing all usage scenarios, requirements and deployment scenarios defined in TR38.913 [2]. 
This contribution relates to design of long PUCCH in NR. In RAN1 #86bis and RAN1 #87, the following agreements related to long PUCCH were made [3][4]:
Agreements: (RAN #86bis)
· At least two ways of transmissions are supported for NR UL control channel
· UL control channel can be transmitted in short duration
· UL control channel can be transmitted in long duration
· over multiple UL symbols to improve coverage
· FDMed with UL data channel within a slot
· The frequency resource and hopping, if hopping is used, may not spread over the carrier bandwidth

· In frequency-domain, a PRB (or multiple PRBs) is the minimum resource unit size for UL control channel.

· UE-specific RS is used for PUCCH transmission.
Agreements: (RAN #87)
· At least a low PAPR/CM design should be supported for the ‘long PUCCH’
· For UL control channel with long duration, TDM between RS and UCI is supported at least for DFT-S-OFDM
– FFS on location of RS symbol(s) (e.g., front-loaded RS, fixed-location RS)
· A UCI carried by long duration UL control channel at least with low PAPR design can be transmitted in one slot or multiple slots
· Transmission across multiple slots should allow a total duration of [1] ms at least for some cases
· FFS: more than [1] ms at least for some cases
· FFS the numbers of the slots

We provide details related to the design of short PUCCH in a companion contribution [5].
2	High level design principles for long PUCCH
According to agreements made in RAN1 #87, at least a low PAPR/CM design should be supported for the long PUCCH. This includes
· Usage of DFT-S-OFDM waveform,
· TDM between RS and UCI and;
· Usage of frequency hopping as a diversity mechanism for long PUCCH.  


Generally speaking, LTE PUCCH represents a good reference design for long PUCCH according to a low PAPR/CM design. The main differences between NR long PUCCH and LTE PUCCH are: 
· NR need to support (more) flexible DMRS structure e.g. front loaded RS for better processing pipelining
· NR has more variation in the transmission duration of the PUCCH. This includes also long PUCCH coexisting with bi-directional DL-UL slot.
· NR need to support flexible frequency location for long PUCCH
· NR need to support flexible numerology for long PUCCH.
Despite of the differences, there are also lots of commonalities between LTE PUCCH and NR long PUCCH. Hence, it makes sense to reuse the existing LTE PUCCH design as much as possible for NR long PUCCH. 

Proposal #1: Maximize commonality between LTE PUCCH and NR long PUCCH

One of the open issues for long PUCCH relates to CP-OFDM –specific optimization: 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. 

Based on the available simulation results, it seems that CP-OFDM –specific optimization for long PUCCH, at least in NR Phase I, does not provide enough justification considering added system complexity. Furthermore, it can be noted that CP-OFDM waveform can be used also in combination with a design optimized low PAPR/CM. Generally speaking, it makes sense to select the same waveform for both long PUCCH and PUSCH according to scenario of interest: 
· When operating according to a link budget limited scenario, both long PUCCH and PUSCH are configured to operate using DFT-S-OFDM waveform.
· Otherwise, both long PUCCH and PUSCH operate using CP-OFDM waveform.

Proposal #2 Define a single multiplexing solution for long PUCCH based on low PAPR/CM design. 
Proposal #3: Waveform used for long PUCCH is the same as the waveform configured for PUSCH.
3	Long PUCCH multiplexing within a slot
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. It makes sense to restrict the long PUCCH transmission into two subbands in the frequency, similarly as in LTE. The motivation for such subband -based operation includes forward compatibility, support for frequency-domain ICIC as well as UE complexity and power consumption considerations. Long PUCCH region can be configured via higher layer signaling. 
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 could be seen as an advantage e.g. when multiplexing HARQ-ACK corresponding to mini-slots with long PUCCH.
The 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.
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

There is a need to support multiplexing between UEs within long PUCCH PRB. The multiplexing options available in LTE PUCCH are:
a) No multiplexing within PRB (c.f. PUCCH Format 4).  
b) CDM based on a combination of CAZAC sequences and orthogonal cover code in time (c.f. PUCCH format 1/1a/1b). This option provides a very high multiplexing capacity with fairly limited UCI payload.
c) CDM based on CAZAC sequences (c.f. PUCCH format 2/2a/2b). The main benefit of this approach is that it is very flexible e.g. in terms of DMRS allocation in time. On the other hand, it has more limited UCI payload per UE e.g. when compared to some other multiplexing options.
d) CDM based on orthogonal cover code (OCC) in time (c.f. PUCCH format 3). The main benefit of this approach is that it provides increased payload compared to PUCCH Format 2/2a/2b. On the other hand, OCC suffers from limited flexibility in time.
e) CDM based on orthogonal cover code in frequency (c.f. PUCCH format 5). This approach provides increased  UCI payload e.g. compared to CDM based on CAZAC sequences.
 
In order to support wide range of different UCI payloads (from one-bit HARQ-ACK to hundreds of UCI bits consisting of HARQ-ACK and CSI), high multiplexing capacity and various multiplexing combinations of different UCI types, there is need to consider different multiplexing solutions for long PUCCH. It can be noted that multiplexing solutions defined for LTE form a good starting point also for NR since they have inbuilt support for low PAPR/CM. 
Proposal #6: Consider multiplexing solutions defined for LTE PUCCH also for NR PUCCH
As discussed, long PUCCH needs to support TDM between RS and UCI. Provided that long PUCCH transmission is arranged around two PRB groups in frequency, there has to be at least two DMRS symbols per transmission. In order to support low CM/PAPR transmission, it makes sense to use DMRS sequences defined for LTE PUCCH also for NR long PUCCH. DMRS location within slot varies according to frequency hopping scheme and latency requirement, as well as the multiplexing solution applied. For example,
· CDM based on CAZAC sequences or OCC in frequency allows flexible DMRS allocation within slot
· CDM based on orthogonal cover code in time requires that DMRS allocation is common for all UEs within the PRB.
  
[bookmark: _GoBack]Proposal #7: Support flexible DMRS allocation in time for long PUCCH 
4	Conclusions
In this contribution we have discussed long PUCCH design aspects for new radio. Based on the discussion, we make the following proposals:
Proposal #1: Maximize commonality between LTE PUCCH and NR long PUCCH
Proposal #2 Define a single multiplexing solution for long PUCCH based on low PAPR/CM design. 
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
Proposal #6: Consider multiplexing solutions defined for LTE PUCCH also for NR PUCCH
Proposal #7: Support flexible DMRS allocation in time for long PUCCH 
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