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In RAN1#88bis [1], the followings have been agreed for long PUCCH duration:
· [bookmark: _Hlk489956029]Two NR-PUCCHs can be transmitted from one UE on the same slot in TDM manner.
· The two NR-PUCCHs can be short-PUCCH.
· The two NR-PUCCHs can be long-PUCCH + short-PUCCH.
· FFS whether or not to have the two NR-PUCCHs as long-PUCCH + long-PUCCH
· FFS: other multiplexing scheme(s) between the two NR-PUCCHs
· FFS the case of more than 2 NR-PUCCHs in one slot from a UE (if more than 2, only short-PUCCHs)

· For long duration NR-PUCCH in a given slot, FFS the detailed NR PUCCH formats. Companies are encouraged to provide the corresponding details. 
· Some examples as a starting point:
· For small UCI payload with 1 or 2 bit(s), LTE PUCCH 1a/1b especially in light of # of symbols available for NR-PUCCH
· FFS: Time domain OCC is applied over allocated multiple symbols.
· For large UCI payload with X bits, LTE PUCCH format 4, or PUSCH
· FFS on applicability of (virtual) frequency domain OCC
· FFS for the value of X
· FFS for medium UCI payload with less than X bits
· Scalability of NR-PUCCH for different number of symbols available for NR-PUCCH
· The set of the number of symbols for long duration NR-PUCCH in a slot includes {4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14}
· FFS whether or not it depends on the slot type, # of symbols per slot, etc.


In RAN1 89 [2], the following agreements have been made for long PUCCH.
· 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.

In RAN1 NR Ad-Hoc#2 [3], a few further agreements are agreed for long PUCCH with up to 2 bits and long PUCCH with large payload size and with no multiuser multiplexing capacity.
Agreements:
· For a long PUCCH with up to 2 bits UCI:
· Working assumption:
· DMRS always occurs in every other symbols in the long PUCCH
· FFS: even or odd symbols
· The working assumption can be revisited if an issue is found in terms of transient period.
· 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 with Orthogonal Cover Code (OCC) in time.
· Note: The data symbols are formed as the following:
· The modulated UCI bit(s) is multiplied with a sequence (e.g. a cyclic shift of a CAZAC or computer generated sequence) in frequency domain with Orthogonal Cover Code (OCC) in time.
· BPSK and QPSK modulations for 1 and 2 UCI bits, respectively.
· Note: The usage of OCC for DMRS and UCI symbols is effectively disabled for differentiation of the users that are assigned with the same OCC.
Agreements:
· 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.
· 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

However, for PUCCH format for UCI with moderate payload with some multiplexing capacity, there is no further agreement and the design is still missing. In this contribution, we share our view in the design of long PUCCH with moderate payload with some multiuser multiplexing capacity. 
· [bookmark: _Ref463027406][bookmark: _Ref465963195][bookmark: _Ref466040522][bookmark: _Ref378529477][bookmark: _Toc424303267][bookmark: _Toc425248865][bookmark: _Toc425344835][bookmark: _Toc425350726][bookmark: _Toc425501584][bookmark: _Toc425504168]Long PUCCH with moderate payload and some multiuser multiplexity capacity


[bookmark: _Ref471549674]Figure 1: Pre-DFT CDM for long PUCCH with moderate payload (LTE format 5)




[bookmark: _Ref490061777]Figure 2: Post-DFT OCC for long PUCCH with moderate payload (LTE format 3)

To support long PUCCH format with moderate payload and some multiuser capacity, there are two options we can consider. The first option is similar to LTE PUCCH format 5. The second option is similar to LTE PUCCH format 3. 
In LTE format 5, as shown in Figure 1, for each data symbol carries UCI, the modulated payload symbols are spread with OCC before DFT. Different modulated payload symbols are mapped to different DFT-OFDM symbol. There is no OCC cross DFT-OFDM symbols.  On the other hand, in LTE format 3, as shown in Figure 2, the modulated symbols go through DFT first. Then time domain OCC is applied to post-DFT signal to spread it and map spread signals to multiple DFT-OFDM symbol accordingly.   
Comparing LTE format 5 vs format 3, Format 5 has the following advantages over format 3.
· As shown in Figure 3, Format 5 allows long PUCCH with different length and different starting/ending symbol to be multiplex in one RB. Format 3 cannot support that. Format 3 has the restriction that PUCCH multiplexed on the same PRB must have the same starting and ending symbol so that the orthogonality due to OCC is maintained. 


[bookmark: _Ref490062974]Figure 3: Multiplexing of PUCCH with different length and starting/ending symbol
· Format 3 is sensitive to Doppler or frequency offset, because it needs to maintain the orthogonality of OCC over symbols. As shown in a set of figures from Figure 6 to Figure 12, with even 30Hz Doppler, format 3 starts to have performance degradation comparing to format 3. With higher Doppler, format 3 suffers further with an obvious error floor, which is unacceptable for PUCCH, especially for high reliability required traffic such as URLLC or CBG based ACK/NACK. The details of simulation assumptions for Figure 6 to Figure 12 are given in Appendix. 
· Format 3 is sensitive to busty interference. When long PUCCH sees heavy but bursty interference from other UEs, e.g., mini-slot transmission from other UEs, the bursty interference will break the orthogonality of OCC for format 3. On the other hand, format 5 is much more robust to bursty interference as long as the coding gain is high enough. For example, consider the example in Figure 4. Two UEs multiplex in the same RB. One UE uses OCC [1,1,1,1] while the other UE applies OCC [1,1,-1,-1]. However, the last two symbols see very heavy interferences from other UEs. For simplicity of illustration, we can assume the last two symbols are knocked out. With format 3, after dispreading to remove OCC, the SINR of both UE is caped at 0dB, assuming equal received power from the two UEs. With imperfect power control, the situation is even worse, the signal of the weak power UE will be overwhelmed by the strong UE. On the other hand, with format 5, the orthogonality between the two UEs still holds. Each UE just lose half of its encoded bits, which is equivalently a loss of 3dB coding gain. As long as the coding gain is high enough, PUCCH payload can still be decoded. 


[bookmark: _Ref490064138]Figure 4: Impact of busty interference to PUCCH

In terms of multiuser capacity, it should be also considered to increase spreading factor of 2 in LTE to 4 to multiplex more number of UEs within the same PUCCH resource. The reason is that we have PUCCH format with 1 or 2 bits payload which have multiplexing capacity of 12 UEs at least (4 symbols PUCCH with frequency hopping). We also have PUCCH format with large UCI payload size which does not support multiuser multiplexing. For this PUCCH format with moderate payload, we think support multiplexity capacity of 4 is more reasonable because 4 is more in the middle between 1 and 12. 
Proposal 1: LTE PUCCH format 5 should be supported for NR long PUCCH format with moderate payload with UE multiplexing capacity up to 4.
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[bookmark: _Ref490063655]Figure 6: Performance comparison between format 5 and format 3 in EPA channel with 30Hz Doppler
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Figure 7: Performance comparison between format 5 and format 3 in EPA channel with 100Hz Doppler
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Figure 8: Performance comparison between format 5 and format 3 in EPA channel with 300Hz Doppler
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Figure 9: Performance comparison between format 5 and format 3 in EPA channel with 600Hz Doppler
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Figure 10: Performance comparison between format 5 and format 3 in EVA channel with 300Hz Doppler
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Figure 11: Performance comparison between format 5 and format 3 in EVA channel with 600Hz Doppler
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[bookmark: _Ref490063674]Figure 12: Performance comparison between format 5 and format 3 in ETU channel with 600Hz Doppler

· Other aspects of long PUCCH 
For long PUCCH with large payload with no multiplexing capacity, the coverage is also important. Therefore, the DFT-S-OFDM waveform should be applied to guarantee the coverage. Furthermore, since in LTE format 4, such a PUCCH format with DFT-S-OFDM waveform channel is supported already. NR should simply reuse that LTE format 4 for the same use case. 

Proposal 2: Confirm the following working assumption for the PUCCH format for UCI with large payload with no multiplexing capacity within a slot:
· 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

Two NR-PUCCHs as long-PUCCH + long-PUCCH from the one UE in the same slot in TDM manner may be useful when the two UCI have different performance target, for example one with CQI and one with ACK. The two UCI may then be independently encoded and transmitted in TDM fashion. Different performance target may be achieved by adjusting the durations of each long-PUCCH. Further, for millimeter-wave bands, in order to achieve robustness to beam blockage, it is desirable to support multi-beam operation for PUCCH, as detailed in [4]. In such a scenario, it is also desirable to allow the same UCI to be transmitted on both the TDMed long-PUCCHs, but in different beam directions. We therefore make the following proposal:
Proposal 3: Support transmission of two different UCI from the same UE in the same slot with different performance target, e.g., ACK and CQI, with long-PUCCH + long PUCCH multiplexing in TDM manner
· For millimeter-wave bands, the two TDMed long-PUCCH may also use different beam directions, and may also carry the same UCI on different beams. 

To maximize the commonality of DMRS design between different UCI payload size, and also due to the reason that DMRS density should be smaller for larger payload size, we propose DMRS indices for long PUCCH with more than 2 bits UCI is a subset of DMRS symbol indices defined for long PUCCH with up to 2 bits UCI shown in [5]. 
Proposal 4: Consider selecting DMRS symbol indices for long PUCCH with more than 2 bits UCI from a subset of DMRS symbol indices defined for long PUCH with up to 2 bits UCI, when the two long PUCCH have the same starting and ending symbol.
· Conclusions
In this contribution, we discussed NR long PUCCH with more than 2 bits UCI payload. In summary, we have the following proposals.
Proposal 1: LTE PUCCH format 5 should be supported for NR long PUCCH format with moderate payload with UE multiplexing capacity up to 4.
Proposal 2: Confirm the following working assumption for the PUCCH format for UCI with large payload with no multiplexing capacity within a slot:
· 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

Proposal 3: Support transmission of two different UCI from the same UE in the same slot with different performance target, e.g., ACK and CQI, with long-PUCCH + long PUCCH multiplexing in TDM manner
· For millimeter-wave bands, the two TDMed long-PUCCH may also use different beam directions, and may also carry the same UCI on different beams. 

Proposal 4: Consider selecting DMRS symbol indices for long PUCCH with more than 2 bits UCI from a subset of DMRS symbol indices defined for long PUCH with up to 2 bits UCI, when the two long PUCCH have the same starting and ending symbol.
·  Appendix
	Simulation assumptions for Figure 6 - Figure 12

	Numerology
	30Khz SCS

	Long PUCCH duration
	5 symbols (1 DMRS + 4 UCI symbols)

	# RBs for long PUCCH
	1 RB

	Payload size
	11 bits

	Coding 
	Reed-Muller

	Doppler
	30Hz, 100Hz, 300Hz,600Hz

	Receiver
	Genie channel and genie noise estimation
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