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Introduction
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]In this contribution, the long PUCCH structure design for UCI of more than 2 bits is discussed in support of scalable length of {4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14} OFDM symbols in a slot. 
The follow agreements achieved in the RAN1#89 meeting [1, 2, 3] are listed as reference:
Agreements:
· Long duration NR-PUCCH for up to 2 bits in a given slot is composed as the followings:
· HARQ ACK by BPSK or QPSK modulation is repeated in time domain and multiplied with sequence(s)
· FFS: pi/2 BPSK usage
· Two states SR is based on on-off-keying
· Time domain OCC can be applied over multiple UCI/DMRS symbols per frequency hop
Agreements:
· NR supports following long-PUCCH:
· One PUCCH format for UCI with up to 2 bits with high multiplexing capacity
· One PUCCH format for UCI with large payload with no multiplexing capacity
· FFS: One PUCCH format for UCI with moderate payload with some multiplexing capacity
· Note: this could be a variation of one of the former PUCCH formats.
Agreements:
· Study whether to support frequency re-tuning within a slot for PUSCH or for PUCCH in the Rel.15 NR.
· More specifically, investigate the impact of frequency-hopping for PUSCH or for PUCCH for a given slot, i.e., intra-slot hopping, within a certain bandwidth or across bandwidths
· The certain bandwidth is maximum UE transmission bandwidth capability.
[bookmark: OLE_LINK19][bookmark: OLE_LINK20]Agreements:
· For a long PUCCH in a slot,
· At most one hop for the long PUCCH is supported.
· FFS: details
Agreements:
· [bookmark: OLE_LINK5][bookmark: OLE_LINK6]For a PUCCH format for UCI with large payload with no multiplexing capacity within a slot:
· The DMRS and UCI are mapped to different symbols.
· [bookmark: OLE_LINK3][bookmark: OLE_LINK4]For intra-slot frequency-hopping, one or two DMRS symbol(s) is/are mapped on each frequency-hop of the long-PUCCH.
· Opt.1: one DMRS per frequency-hop
· The location is around the middle of the frequency-hop 
· Opt.2: one or two DMRS per frequency-hop
· FFS: the location of the DMRS symbol(s)
· The DMRS symbol(s) are formed as follows:
· DMRS for a PUCCH is a sequence (e.g. a cyclic shift of a CAZAC or computer generated sequence) in frequency domain.
· Working assumption:
· The symbols carrying UCI are formed as follows:
· The UCI bits are encoded and scrambled, QPSK modulated and DFT pre-coded and mapped to the REs for the symbols carrying UCI of the long PUCCH


Discussion
Background and design criteria
Partly different from the long PUCCH with 1 or 2 UCI bits, for long PUCCH design for more than 2 UCI bits, the following design principles should be considered in our opinion:
· The long PUCCH structure should be flexible to support the all the main functionality and use cases in NR, e.g. 
· To support various MIMO schemes, large payload CSI feedback should not become a challenge to the long PUCCH design.
· If UL beam sweeping is supported for robust UCI transmission in a multi-beam based system operation scenario, long PUCCH structure should be able to accommodate UL beam sweeping.
· For eMBB service in DL, the support of CB/CBG based ACK/NACK feedback would potentially lead to large payload as well. Furthermore, to pursuit fast CB processing pipeline on the fly, the long PUCCH structure design should also be friendly to serial ACK/NACK bit mapping.
· When necessary, long PUCCH can be used for URLLC to achieve high reliability (e.g. 4 symbols PUCCH). 
· If considering CA/DC, the UCI payload to carry would be scaled up by the number of aggregated component carriers.
· As agreed, considering the payload size, UE multiplexing capacity requirement should be relaxed to some extent.
· PAPR/CM should be same/similar to LTE PUCCH.
· The PUCCH structure should be friendly to support transmit diversity scheme.
· Interference randomization should be enabled.
· Strive for scalable design with long-PUCCH with respect to the number of UCI bits.
· Strive for scalable design with long-PUCCH with respect to the number of symbols, which is due to the dynamic TDD frame structure and also the need of coverage enhancement.

Long PUCCH structure 

As summarized above, the major difference between long PUCCH with more than 2 bits UCI, and with the 1 or 2 bits UCI is that it should be flexible to support various use cases through all the supporting payload types and sizes. It also needs to be scalable with respect to the bit numbers and symbol numbers, which is important to fit into the rather dynamically resource duration in time domain, especially for dynamic TDD.
It is also desirable to make PUCCH structure forward compatibility to support new features in future releases. An extendible design is needed so that whenever new features arise in the future, we do not have to generate a whole new PUCCH format, which is the way we have done for LTE.
Proposal 1: Long PUCCH structure for UCI of more than 2 bits should be flexible to support multiple UCI types, scalable to fit in the available resource with floating payload size, and extendible to avoid too many formats in the future.
In Figure.1, a brief structure of long PUCCH for UCI of more than 2 bits is presented for a general discussion. In this example, the UCI bits are encoded and modulated firstly. Then the modulated symbols are mapped to the DFT-S-OFDM symbols. Modulation by sequence can also be considered depending on the actual payload size. In each individual DFT-S-OFDM symbol, modulated symbols belonging to different UEs can potentially be FDMed or CDMed. Time domain spreading can also be considered, which depends on the payload size for each UE and also UE multiplexing capacity requirement.
In general, larger payload size comes with less UE multiplexing capacity. For certain use cases, it is reasonable to allow medium payload PUCCH structure to support some level of UE multiplexing, e.g. tens of CBG based ACK/NACK feedback, or moderate CA/DC operation. However, for extremely large payload long PUCCH, e.g. hundreds of bit, the UE multiplexing capacity should not be mandatory as agreed. Considering that, we can further categorize long PUCCH for UCI of more than 2 bits into two classes:
· Long PUCCH with small to medium (2~a few tens of bits) payload. UE multiplexing should be supported, similar to LTE PUCCH format 3.
· Long PUCCH with large (~ hundreds of bits) payload. UE multiplexing capacity does not need to be considered. 

Proposal 2: Long PUCCH structure for UCI of more than 2 bits, some level of UE multiplexing should be supported for some use cases.

                                                                                                     
Figure.1 Brief sketch of long PUCCH for UCI of more than 2 bits

As shown by Figure.2, potential DMRS and payload symbol arrangements are proposed in a way that one or two DMRS symbol(s) is/are mapped on each frequency-hop of the long-PUCCH. It is noted that Figure.2 only presents the cases that frequency hopping is applied. The channel estimation can only employ DMRS(s) within each hop. If frequency hopping is disabled, the optimal DMRS patterns for each case can be different. It can be further discussed whether additional efforts are worth to make additional design for non-hopping cases. 
The examples shown in Figure.2 only apply to the cases of large UCI payload with no multiplexing capacity. In the case of supporting some multiplexing capacity, the DMRS density can possibly be larger than just 2 symbols for each frequency hop. 

[image: ]
Figure.2 Long PUCCH structure with UCI of more than 2 bits for 4 to 14 symbols
By the examples shown in Figure.2, we can take one step further from the agreements of last meeting:
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]Proposal 3: For a PUCCH format for UCI with large payload with no multiplexing capacity within a slot,
- One DMRS symbol is mapped on a frequency hop of up to 3 symbols,
- Two DMRS can only be used on a frequency hop of more than 3 symbols.
- FFS the DMRS number and positions in case of frequency hopping is disabled 
- FFS the DMRS number and positions for the PUCCH format for UCI with moderate payload and some level multiplexing capacity. 

UCI contents and mapping
As mentioned previously, due to the new features in NR, the long PUCCH should be capable to support various types of UCIs with high range of payload size:
- In support of MIMO schemes and beam management procedure, CSI feedback, beam measurement report and beam failure recovery request need to be included in the new UCI types or PUCCH formant for NR;
- In support of CBG based ACK/NACK feedback, CA and dynamic HARQ-ACK feedback timeline, high range of ACK/NACK bit width carried by PUCCH can be foreseen.
Simply jointed encoding everything and mapping to the PUCCH resource is the most straight forward way to accommodate all the use cases. However, this design is against the merit of pipeline processing at both UE and gNB side. The channel coding process can not start until everything is ready, which includes channel/interference estimation based on the configured CSI processes, CRC check for every CBGs and TBs of each scheduled PDSCH in different CCs and slots. Either of them consumes larger calculation resource than the LTE era. Considering the gNB antenna scale and total CBG number, it is just inefficient for a UE to wait until everything is ready. On the gNB side, the processing of MIMO-based PDSCH scheduling, beam management and also CBG-based retransmission will all be delayed due to the late arrival of all the UCI bits. This is not friendly to the parallel processing and latency reduction, which is important for NR to handle various types of services. Thus, depending on different use cases, UCI bits can be grouped, separately encoded and sequentially mapped to PUCCH resources. For example, serial ACK/NACK bit encoding and mapping is friendly to fast CB processing pipeline on the fly. Another example could be that the MIMO related CSI/beam report and ACK/NACK can be decoupled, separately encoded, and transmitted sequentially. In this way, ACK/NACK can be transmitted first to reduce HARQ delay, or ACK/NACK can be transmitted later to provide additional processing time in self-contained operation. Thereby, based on the above analysis,
Proposal 4: For a PUCCH format for UCI of more than 2 bits, UCI bits can be grouped, encoded and sequentially mapped to PUCCH symbols to achieve better flexibility and benefit the pipeline processing.

Conclusions
In this contribution, we provide preference of channel structure for NR long PUCCH design for UCI of more than 2 bits considering a set of design principles and requirements. To sum up the discussion and proposals:
Proposal 1: Long PUCCH structure for UCI of more than 2 bits should be flexible to support multiple UCI types, scalable to fit in the available resource with floating payload size and extendible to avoid too many formats in the future.
Proposal 2: Long PUCCH structure for UCI of more than 2 bits, some level of UE multiplexing should be supported for some use cases.
Proposal 3: For a PUCCH format for UCI with large payload with no multiplexing capacity within a slot,
- One DMRS symbol is mapped on a frequency hop of up to 3 symbols,
- Two DMRS are mapped on a frequency hop of more than 3 symbols.
- FFS the DMRS number and positions in case of frequency hopping is disabled 
- FFS the DMRS number and positions for the PUCCH format for UCI with moderate payload and some level multiplexing capacity. 
Proposal 4: For a PUCCH format for UCI of more than 2 bits, UCI bits can be grouped, encoded and sequentially mapped to PUCCH symbols to achieve better flexibility and benefit the pipeline processing.
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