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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]. 
In the previous RAN1 meetings, following agreements related to long PUCCH were made [3], [4], [5]:
Agreements: (RAN1 #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: (RAN1 #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

Agreements: (RAN1 NR Ad-Hoc)
· For PUCCH in long-duration,
· Long UL-part of a slot can be used for transmission of PUCCH in long-duration.
· i.e., PUCCH in long-duration is supported for both UL-only slot and a slot with the number of uplink symbols greater than X (X >= 2).
· FFS exact value of X
· In addition to simultaneous PUCCH-PUSCH transmission, UCI on PUSCH is supported.
· Intra-TTI slot frequency-hopping is supported

· For further discussion of PUCCH in long-duration, UCI payload of 1 - at least a few hundreds of bits (or SR) is assumed.
· For PUCCH in long-duration, DFT-s-OFDM waveform is supported.
· For PUCCH in long-duration, transmit antenna diversity is supported.

In this contribution, we provide our views related to the design of long PUCCH formats in NR. Our views related to the generic design of long PUCCH are presented in a companion contribution [6]. 
2	Discussion 
There is a need to support multiplexing between UEs within a long PUCCH PRB to achieve high efficiency on NR air interface. The long PUCCH multiplexing design needs also 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. Such wide range of payloads cannot be efficiently supported with a single multiplexing solution. To achieve such support while maintaining multiplexing capacity, there is a need to design multiple multiplexing solutions, or formats, for long PUCCH. 
On other hand, each PUCCH format that is specified increases also the overall system complexity and complicates implementation on both transmitter and receiver. Multiple long PUCCH formats can also complicate practical multiplexing of UEs if UEs using different formats cannot be flexibly multiplexed on the same PRB, leading to reduced practical multiplexing capacity for long PUCCH. Hence we see that only a limited number of long PUCCH formats should be defined.  
In RAN1 NR Ad-hoc, it was agreed that long UL-part of a slot can be used for transmission of long PUCCH. This means that long PUCCH is supported not only on UL-only slots but also on bi-directional UL slots. Again in the interest of maintaining reasonable system complexity, we see that each long PUCCH format should support all long PUCCH lengths and no long PUCCH format applicable only for a certain long PUCCH length, e.g., for UL-only slot, is defined.  
Proposal #1: Multiple yet limited number of formats are defined for NR long PUCCH to support wide range of UCI payloads.
Proposal #2: Each NR long PUCCH format supports all long PUCCH lengths.
It can be noted that LTE PUCCH and NR long PUCCH share multiple design principles:
· In frequency-domain, a PRB (or multiple PRBs) is the minimum resource unit size for UL control channel.
· For UL control channel with long duration, TDM between RS and UCI is supported at least for DFT-S-OFDM
· For PUCCH in long-duration, DFT-s-OFDM waveform is supported.
As the multiplexing solutions for LTE PUCCH have been designed to support these design principles, they form a good starting point also for NR. It should be also noted that the LTE PUCCH multiplexing solutions can be applied also with CP-OFDM. Hence we see that LTE PUCCH multiplexing solutions could be considered also for NR PUCCH. 
Proposal #3: Consider multiplexing solutions defined for LTE PUCCH also for NR PUCCH
Based on the LTE PUCCH design, the main multiplexing options available are:
a) CDM based on a combination of CAZAC sequences and orthogonal cover code (OCC) in time (c.f. PUCCH format 1/1a/1b). This option provides a very high multiplexing capacity with fairly limited UCI payload.
b) 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 available symbols. On the other hand, it has more limited UCI payload per UE e.g. when compared to some other multiplexing options.
c) CDM based on inter-symbol orthogonal cover code 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.
d) CDM based on orthogonal cover code within DFT-S-OFDMA symbol (c.f. PUCCH format 5). This approach provides increased UCI payload e.g. compared to CDM based on CAZAC sequences but at price of reduced multiplexing capacity.
e) Interleaved frequency domain multiplexing within PRB. Similarly to PUCCH format 5, this approach provides increased UCI payload e.g. compared to CDM based on CAZAC sequences but at price of reduced multiplexing capacity. This multiplexing option was considered for LTE when PUCCH formats supporting large UCI payloads were designed for Rel-13 carrier aggregation enhancement.  
f) No multiplexing within PRB (c.f. PUCCH Format 4). This provides highest UCI payload.  
When considering application of inter-symbol OCC, one of the challenges in the format design for long PUCCH is the need to support various PUCCH lengths together with intra-TTI slot frequency-hopping. PUCCH format supporting coherent detection is needed to support efficiently UCI payloads more than 1 or 2 bits. Coherent detection requires separate symbols for UCI data and demodulation reference signal on each frequency hop. Data and reference signal symbols are TDMed at least for DFT-S-OFDM. This means that long PUCCH needs to be divided into at least 4 portions (to have 2 hops with separate data and RS symbols). Inter-symbol orthogonal cover code can be applied only within a portion having multiple symbols. This leads to limitations on minimum PUCCH length on which inter-symbol OCC can be applied. As an example, let’s assume that OCC of length 2 is applied across data symbols for a format resembling LTE PUCCH Format 3. This means minimum PUCCH length of 6 symbols with 2 data symbols and 1 RS symbol per frequency hop. It also means that inter-symbol OCC is not feasible multiplexing method for long PUCCH with coherent detection on bi-direction UL slot in case of a 7-symbol slot. To support various PUCCH lengths flexibly, we see that multiplexing operation should be confined within each symbol for PUCCH formats designed for coherent detection.  
Proposal #4: Multiplexing operation is confined within each symbol for PUCCH formats designed for coherent detection.  
When considering small UCI payloads of few bits, high multiplexing capacity is one of the key design targets for long PUCCH formats. CDM based on CAZAC sequences modulated e.g. with QPSK symbol offers sufficiently high multiplexing capacity but at price of limited payload. The payload also scales with the number of available symbols. However, there are possibilities to increase supported payload e.g. by allocating multiple CAZAC sequences to single user. Of course, the payload increase comes with a price, which in this case is increase in PAPR and decrease in multiplexing capacity. Due to high supported multiplexing capacity, we see CDM based on CAZAC sequences as an attractive multiplexing solution for small UCI payloads.     
Proposal #5: Long PUCCH format using CDM based on CAZAC sequences is defined for small UCI payloads. 
There is a need for a PUCCH format that can support very large UCI payloads of few hundreds of bits. With so large payloads, there is no space or motivation to support multiplexing within PRB. Instead, the format should simply use DFT-S-OFDM or CP-OFDM modulation, depending on configuration, to provide synergy with PUSCH modulation. Further, possibility to configure multiple PRBs for single PUCCH format should be supported so that the supported payload can be extended as needed. Additionally, optimal number of demodulation reference signal symbols to reach reasonable trade-off between coverage and RS overhead needs to be studied.  
An open item requiring further studies is whether an additional long PUCCH format is needed for medium UCI payloads of multiple tens of bits.   
Proposal #6: Long PUCCH format using DFT-S-OFDM or CP-OFDM modulation and not supporting multiplexing within PRB is defined for large UCI payloads. 
In above, UCI containing multiple bits for HARQ feedback and/or CSI and benefiting from coherent detection was discussed. However, a separate consideration is needed for scheduling request, especially when transmitted alone:
· SR in its simplest form of an on/off signal does not benefit from coherent detection and does not require separate resources for data and demodulation reference signal
· SR opportunity needs to be provided for a considerably larger number of UEs than for HARQ feedback and/or CSI. HARQ feedback is needed only for those UEs that are actively scheduled, while SR resource is allocated typically for all or most of UEs connected to the cell. Further, short SR opportunity periodicities should be supported, so that reasonably short latency can be achieved also with the scheduled uplink access.  
· When SR opportunity coincides with HARQ feedback and/or CSI transmission, SR bit can be multiplexed and transmitted together with the HARQ feedback and/or CSI transmission
[bookmark: _GoBack]Hence we see that a separate PUCCH format with high multiplexing capacity is needed for scheduling request. We see that inter-symbol OCC can be used on top of CDM based on CAZAC sequences to increase multiplexing capacity as the format would be designed for non-coherent detection. With non-coherent detection, the long PUCCH would be divided into only two parts to support frequency hopping. This allows for supporting inter-symbol OCC with acceptable specification and implementation efforts also for various long PUCCH lengths. Inter-symbol OCC increases significantly even with relatively small number of PUCCH symbols. Already with 4 symbol PUCCH length (2 symbols per frequency hop), inter-symbol OCC doubles the multiplexing capacity.
Proposal #7: Long PUCCH format using CDM based on a combination of CAZAC sequences and inter-symbol OCC is defined for SR-only transmissions
3	Conclusions
In this contribution, we have considered the multiplexing solutions for long PUCCH to support both wide range of different UCI payloads as well as various long PUCCH lengths. Based on the discussion, we make the following proposals:
Proposal #1: Multiple yet limited number of formats are defined for NR long PUCCH to support wide range of UCI payloads.
Proposal #2: Each NR long PUCCH format supports all long PUCCH lengths.
Proposal #3: Consider multiplexing solutions defined for LTE PUCCH also for NR PUCCH
Proposal #4: Multiplexing operation is confined within each symbol for PUCCH formats designed for coherent detection.  
Proposal #5: Long PUCCH format using CDM based on CAZAC sequences is defined for small UCI payloads. 
Proposal #6: Long PUCCH format using DFT-S-OFDM or CP-OFDM modulation and not supporting multiplexing within PRB is defined for large UCI payloads. 
Proposal #7: Long PUCCH format using CDM based on a combination of CAZAC sequences and inter-symbol OCC is defined for SR-only transmissions
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