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Introduction
In this contribution, some of the remaining issues on long PUCCH design for UCI of more than 2 bits is discussed. 
The follow conclusions achieved during the previous meeting and email discussion after the meeting [1] are listed as reference:
Agreements:
· For long PUCCH for UCI of more than 2 bits 
· Reuse DMRS sequences of DFT-S-OFDM PUSCH if it occupies more than one PRB
Agreements:
· For the case of length-12 sequences, the same set of sequences are used for at least for the following:
· DM-RS for long PUCCH for UCI of up to 2 bits, 
· DM-RS for long PUCCH for UCI of more than 2 bits, 
· DM-RS for long-PUCCH over multiple slots, 
· DM-RS for DFT-S-OFDM PUSCH with modulation order higher than BPSK
· FFS other cases (e.g., short PUCCH for UCI of up to 2 bits, data symbols for long PUCCH, etc.)
Agreements:
· For long-PUCCH for UCI of more than 2 bits, the LTE PN sequence generator is used for scrambling of the encoded bits 
· Note: can be revisited if new Gold sequences are introduced

Agreements:
· Support Pre-DFT-OCC as the UCI structure for long PUCCH for UCI of more than 2 bits with moderate payload 
· FFS:  DMRS structure between CDM and IFDM
· Considering the impact on channel estimation and power imbalance among UEs
· It will be denoted as a new format 
· Support multiplexing capacity of 2 and 4 users for long PUCCH for UCI of more than 2 bits with moderate payload using one PRB in Rel-15
· FFS design of OCC
· No RRC signalling is necessary 

Agreements:
· For long PUCCH for UCI of more than 2 bits
· If frequency hopping is enabled, the number of DMRS symbols (between 1-2 symbol) per hop for long PUCCH duration per hop > X is configurable by RRC UE-specifically
· RRC Bit-width is 1 bit
· X is fixed in the spec w/o RRC impact
· FFS the value X
· The location of DMRS is pre-defined within long PUCCH in each hop based on number of DMRS per hop and duration of the hop.

Agreements:
For long PUCCH for UCI of more than 2 bits, if frequency hopping is disabled,
· The number of DMRS symbols is  1 for long PUCCH duration <= X
· The number of DMRS symbols is 2 for long PUCCH duration >X  and <= 2X+1
· The number of DMRS symbols (either 2 or 4 symbols)  for the long PUCCH with a duration  >2X+1  is configurable by RRC UE-specific signaling
· RRC Bit-width is 1 bit (reuse the same RRC for long PUCCH with enabled frequency hopping)
· X is fixed in the spec w/o RRC impact and is the same as specified for long PUCCH with enabled frequency hopping
· Note: As agreed, if frequency hopping is enabled, the number of DMRS symbols (between 1-2 symbol) per hop for long PUCCH with duration per hop > X symbols is configurable by RRC UE-specific signaling
Agreements:
For long PUCCH for UCI of more than 2 bits
· For a long PUCCH with duration > X,  the DMRS location within the long PUCCH with frequency hopping disabled, is the same as the DMRS location within long PUCCH (of the same duration) with frequency hopping enabled. 
· For a long PUCCH with duration <=X,  the DMRS location within the long PUCCH with frequency hopping disabled is located in (near) the middle of the long PUCCH. 
· FFS exact locations
· For a long PUCCH with frequency hopping enabled,
· If there is 1 DMRS symbol in a hop, the DMRS symbol is located in (near) the middle of the hop.
· FFS exact locations
· If there is 2 DMRS symbols in a hop, the first DMRS is in the second symbol of the hop and the second DMRS symbol is in the penultimate symbol of the hop
Agreements:
For long PUCCH for UCI of more than 2 bits with enabled frequency hopping, 
· the number of DMRS symbols per hop is 1 for long PUCCH with duration of at least one hop <= X symbols 
· the number of DMRS symbols (between 1-2 symbol) per hop for long PUCCH with duration of both hops > X symbols is configurable by RRC UE-specific signaling
· Down select between X=4 and 5

Agreements:
For long PUCCH for UCI of more than 2 bits 
· Confirm the 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
· Pi/2 BPSK can be supported in addition to QPSK as a user-specific configurable modulation scheme for UCI
· FFS whether other factors need to be considered in applying Pi/2 BPSK in addition to the configuration


Discussion

On DMRS structure for PUCCH format 4
It was agreed that pre-DFT OCC is employed for PUCCH format 4, the DMRS structure is FFS between CDM and IFDMA. 
Since PUCCH format 4 bandwidth is 1 PRB by default, with CDM structure, the DMRS can reuse the length 12 sequences for PUCCH format 0, PUCCH format 1, PUCCH format 1 DMRS and PUCCH format 3 DMRS. It will reduce the design effort, and is friendly to resource sharing with short PUCCH format 0. 
IFDMA design needs to differentiate the IFDMA pattern for length 2 and 4 pre-DFT OCC. The impact of power imbalance would be smaller than CDM structure. On the other hand, when the UE capacity is not fully loaded, e.g. for pre-DFT length 2 case, only 1 PUCCH is transmitted within a certain PRB, the channel estimation performance for IFDMA would not be as good as CDM structure due to the smaller number of DMRS REs. 
Therefore, considering the design complexity and limited time budget, we believe CDM structure should be used for PUCCH format 4. 
Proposal 1: For PUCCH format 4, DMRS uses CDM structure.

On hopping boundary of long PUCCH
It has been discussed for several meetings on how to handle hopping boundary for long PUCCH. The current agreement is:
· If frequency hopping is enabled for long PUCCH for UCI of up to 2 bits and more than 2 bits, hopping boundary is determined by long PUCCH duration/start symbol of long PUCCH
· No RRC configuration is involved in determining the hopping boundary

As discussed by the companies in the offline [2], if hopping boundaries are determined by long PUCCH duration, hopping boundary mis-alignment may exist between different PRBs due to short PUCCH and other channels, which may lead to hopping paring PRB mis-matching. On the other hand, if hopping boundary is determined by UL slot duration (or start symbol of long PUCCH), hopping boundary can manage to align across PRBs for certain PUCCH durations regardless the existences of short PUCCH or other channels. But this may lead to unbalanced symbols in each hop.
At this stage, we perfer to keep the design simple with fixed number of symbols per hop. gNB may resolve the paring issue in its implementation. Hence,
Proposal 2: For long PUCCH, if frequency hopping is enabled, the first hop includes Floor (N/2) symbols, and the next hop includes N - Floor(N/2) symbols.

On DMRS position if there is 1 DMRS symbol in a hop for PUCCH format 3 and 4

For earlier channel estimation and less specifying efforts,
Proposal 3: For PUCCH format 3 and 4, 
· If frequency hopping is enabled and there is 1 DMRS symbol in a hop, the DMRS position is Floor (N/2), where N is the symbol number of the hop.
· If frequency hopping is disabled and there is 1 DMRS symbol in the PUCCH duration, the DMRS position is Floor (M/2), where M is the symbol number of the PUCCH duration.


UCI contents and mapping
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 is expected.
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. Each of them consumes larger calculation resource than the LTE era. Considering the gNB antenna scale and total CBG number, it is inefficient for a UE to wait until everything is ready. On the gNB side, the processing of MIMO-based PDSCH scheduling, beam management and 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 single UE, support TDM for multiple long PUCCHs for UCI payload of more than 2 bits, which are grouped based on UCI type, encoded and sequentially mapped to PUCCH symbols to achieve better flexibility and benefit the pipeline processing.

Conclusions
In this contribution, we provide our views on some of the remaining issues of NR long PUCCH design for UCI of more than 2 bits. To sum up the discussion and proposals:
Proposal 1: For PUCCH format 4, DMRS uses CDM structure.
Proposal 2: For long PUCCH, if frequency hopping is enabled, the first hop includes Floor (N/2) symbols, and the next hop includes N - Floor(N/2) symbols.
Proposal 3: For PUCCH format 3 and 4, 
· If frequency hopping is enabled and there is 1 DMRS symbol in a hop, the DMRS position is Floor (N/2), where N is the symbol number of the hop.
· If frequency hopping is disabled and there is 1 DMRS symbol in the PUCCH duration, the DMRS position is Floor (M/2), where M is the symbol number of the PUCCH duration.
Proposal 4: For a single UE, support TDM for multiple long PUCCHs for UCI payload of more than 2 bits, which are grouped based on UCI type, encoded and sequentially mapped to PUCCH symbols to achieve better flexibility and benefit the pipeline processing.
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