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1. Introduction
RAN1 made following agreements so far [1]:
	Agreements of RAN1#88bis:
· 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.
Agreements of RAN1 NR#89:
· 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 of RAN1 NR#2:
· 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
Agreements of RAN1#90:
· Long-PUCCH for moderate UCI payload with multiplexing capacity is supported
Agreements of RAN1#90:
· For a PUCCH format for UCI with large payload with no multiplexing capacity within a slot:
· If frequency-hopping is enabled,
· For each frequency-hop with less than X symbols, there is one DMRS symbol.
· X is not smaller than 4.
· For each frequency-hop with equal to or more than X symbols, there are two DMRS symbols.
· For each frequency-hop, at least one DMRS symbol is included.
· FFS: number of DMRS symbols if frequency-hopping is disabled.
· Targeting one value for X.
· FFS: The value of X
· FFS: DMRS structures
· [bookmark: _GoBack]Note:
· Continue discussion on simulation assumptions
Agreements of RAN1#90:
· Simulation assumptions for purpose of identifying the number of DMRS symbols for long PUCCH format without multiplexing capability for more than 2 bits UCI payload
· System bandwidth = 20Mhz
· Subcarrier spacing = {15kHz, 30 kHz}
· TDL-C channel with delay spread = {300nS, 1000nS}
· # UE Tx =1, # gNB Rx =2 ( Optional: # gNB Rx = 4 and 32)
· Payload sizes without CRC: 20bits, 60bits, 100 bits (only for 14 symbols long PUCCH)
· Number of RB = {1 RB} 
· Carrier frequency = 4Ghz
· Number of UEs = {1}
· UE speed: 3km/h, 120km/h, 500km/h at least for 20 bits 
· Polar code with 8+3 CRC and/or TBCC with 8 CRC bits
· Practical channel estimation and ideal noise estimation
Agreements of RAN1#90:
· For the format of long PUCCH supporting multiplexing of users, target to select one from:
· Alt.1: User multiplexing is realized by time-domain OCC.
· Alt.2: User multiplexing is realized by pre-DFT-OCC.
· Alt.3: User multiplexing is realized by FDM within the PRB.
· Alt.4: User multiplexing is realized by pure TDM in the slot.
· Note: Other alternatives are not precluded.
· Note: The following Simulation assumptions are recommended:
· System bandwidth = 20Mhz
· Subcarrier spacing =  {15kHz, 30 kHz}
· TDL-C channel with delay spread = {300nS, 1000nS}
· # UE Tx =1, # gNB Rx =2 ( Optional: # gNB Rx = 4 and 32)
· Payload sizes without CRC: 4bits, 10bits, 20bits, 40bits
· Number of RB = {1} 
· Carrier frequency = 4Ghz
· Number of UEs = {at least 2}
· UE speed: 3km/h, 120km/h, 500 km/h 
· Reed-Muller for 4 and 10 bits
· Polar code with 8+3 CRC and/or TBCC with 8 CRC bits
· Practical channel estimation and ideal noise estimation
· Note: Study of the effect of impairments such as power imbalance, time/frequency errors are not precluded.
Conclusion of RAN1 NR#3:
· For long PUCCH moderate payload size with multiplexing capability, aim to downselection between Alt 2 and Alt 3 next meeting – companies are encouraged to perform additional evaluations and analysis especially considering power imbalance


In this contribution, we discuss design of long-PUCCH for UCI of more than 2 bits. Following is highlights:
· DMRS number / frequency hopping boundary for PUCCH format 3 / 4
· DMRS number with frequency hopping
· Frequency hopping boundary
· DMRS number without frequency hopping
· User multiplexing for PUCCH format 3
· Pre-DFT-OCC vs. FDM
As a general consideration, the frequency hopping boundaries should be aligned for both long-PUCCH for UCI of more than 2 bits with/without multiplexing capacity and long-PUCCH for UCI of up to 2 bits. The details of frequency hopping boundary for long PUCCH of UCI of up to 2 bits are discussed in our companion contribution [2]. The details about resource allocation for long-PUCCH are discussed in our companion contribution [3].

2. DMRS number / frequency hopping boundary for PUCCH format 3 / 4
2.1. DMRS number w/ frequency-hopping
At RAN1 NR#3 meeting, the number of DMRS for long PUCCH for UCI of more than 2 bits with frequency hopping was discussed. According to the following agreement, there is no configurability of the number of DMRS symbols(s). At RAN1 #90 meeting, simulation assumptions were also agreed to decide the value of X (of agreement on RAN1#90), and many companies provided simulation results at RAN1 NR#3 assuming the agreed simulation assumptions. 
	Agreements of RAN1#90:
· For a PUCCH format for UCI with large payload with no multiplexing capacity within a slot:
· If frequency-hopping is enabled,
· For each frequency-hop with less than X symbols, there is one DMRS symbol.
· X is not smaller than 4.
· For each frequency-hop with equal to or more than X symbols, there are two DMRS symbols.
· For each frequency-hop, at least one DMRS symbol is included.
· FFS: number of DMRS symbols if frequency-hopping is disabled.
· Targeting one value for X.
· FFS: The value of X
· FFS: DMRS structures
· Note:
· Continue discussion on simulation assumptions


According to the simulation results, the value of X = 6 is reasonable, which means that there is one DMRS symbol for each frequency-hop with less than 6 symbols and there are two DMRS symbols for each frequency-hop with equal to or more than 6 symbols. 

Proposal 1:
· If frequency-hopping is enabled, there is one DMRS symbol for each frequency-hop with less than 6 symbols and there are two DMRS symbols for each frequency-hop with equal to or more than 6 symbols.
· Configurable number of DMRS is not supported because it is against the previous agreement.

2.2. Frequency hopping boundary
[bookmark: _Hlk494624457]As a general consideration, the frequency hopping boundaries should be aligned for both long-PUCCH for UCI of more than 2 bits with/without multiplexing capacity and long-PUCCH for UCI of up to 2 bits. Hence, we propose that the same rule of deciding frequency hopping boundary is adopted for both long-PUCCH for UCI of more than 2 bits with/without multiplexing capacity and long-PUCCH for UCI of up to 2 bits. The details of frequency hopping boundary for long PUCCH of UCI of up to 2 bits are discussed in our companion contribution [2]. 

Proposal 2:
· The same rule of deciding frequency hopping boundary is adopted for both long-PUCCH for UCI of more than 2 bits with/without multiplexing capacity and long-PUCCH for UCI of up to 2 bits, so that the frequency hopping boundaries of different long-PUCCH formats are aligned.

2.3. DMRS number w/o frequency hopping
If frequency hopping is disabled, the number of DMRS is still FFS. An advantage of disabling frequency hopping is that it lowers DMRS overhead and coding rate because at least one DMRS per frequency-hop is required. A disadvantage of disabling frequency hopping is that it cannot obtain frequency diversity gain. However, assuming long-PUCCH over multiple slots, inter-slot frequency hopping enables to obtain frequency diversity gain even if intra-slot frequency hopping is disabled. The details about long-PUCCH over multiple slots are discussed in our companion contribution [4]. 
Considering the advantage of disabling frequency hopping, i.e. it can lower DMRS overhead, the number of DMRS w/o frequency hopping can be equal or smaller than that w/ frequency hopping. For the case of high Doppler, gNB can enable frequency hopping so as to increase the number of DMRS symbols. We propose to decide the number of DMRS w/o frequency hopping as following:

Proposal 3:
· If frequency-hopping is disabled,
· For long-PUCCH for UCI of more than 2 bits of less than Y symbols, there is one DMRS symbol.
· For long-PUCCH for UCI of more than 2 bits of equal to or more than Y symbols, there are two DMRS symbols.
· The one value of Y is FFS.

3. User multiplexing for PUCCH format 3
At the RAN1 NR#3 meeting, it was concluded that two alternatives, i.e. Alt. 2 (pre-DFT OCC) or Alt.3 (FDM within a PRB), will be down-selected for multiplexing method of PUCCH format 3 in the next meeting. Looking at Alt. 2 and Alt. 3, the difference is just the spreading codes. For example, the first spreading code for Alt. 2 is all ‘1’, which makes input UCI modulated symbols to be K times repetitions within the PRB. By applying DFT-spreading to the K repetitions, output of DFT becomes comb structure with the factor of K.
In [5], it is claimed that Alt. 3 outperforms Alt. 2 for the case of high delay spread (DS) and large power difference between two UEs. It is because Alt. 3 spreads each UCI symbol to frequency-separated REs. However, we believe that Alt. 2 or Alt.3 should not be selected on such a specific environment.
Considering tolerance of inter-cell interference, we can select Alt.2 or Alt.3. Since Alt. 2 can provide spreading gain for the case of the lower number of UE multiplexing, Alt. 2 lowers inter-cell interference; meanwhile Alt. 3 cannot provide spreading gain. Based on this point, we support Alt.2.

Proposal 4:
· For long-PUCCH format with multiplexing capacity, UE multiplexing is realized by pre-DFT-OCC (Alt. 2).
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(a) Spreading factor 2
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(b) Spreading factor 4
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(c) Spreading factor 6
Fig. 1.	Variable spreading factor for realizing PUCCH formats for various UCI payloads.

4. Conclusion
In this contribution, we discussed long-PUCCH for UCI of more than 2 bits and proposed following:
Proposal 1:
· If frequency-hopping is enabled, there is one DMRS symbol for each frequency-hop with less than 6 symbols and there are two DMRS symbols for each frequency-hop with equal to or more than 6 symbols.
· Configurable number of DMRS is not supported because it is against the previous agreement.
Proposal 2:
· The same rule of deciding frequency hopping boundary is adopted for both long-PUCCH for UCI of more than 2 bits with/without multiplexing capacity and long-PUCCH for UCI of up to 2 bits, so that the frequency hopping boundaries of different long-PUCCH formats are aligned.
Proposal 3:
· If frequency-hopping is disabled,
· For long-PUCCH for UCI of more than 2 bits of less than Y symbols, there is one DMRS symbol.
· For long-PUCCH for UCI of more than 2 bits of equal to or more than Y symbols, there are two DMRS symbols.
· The one value of Y is FFS.
Proposal 4:
· For long-PUCCH format with multiplexing capacity, UE multiplexing is realized by pre-DFT-OCC (Alt. 2).
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Appendix:
· Comparison of DMRS(1/7) vs. DMRS(2/7) assuming 14 symbols w/ freq. hopping [6]
For simplicity, 14-symbol long-PUCCH is considered. Link-level performance evaluation was conducted taking the agreed simulation assumptions into account. The detailed evaluation assumptions are summarized in Table A1. Figure A1 and Figure A2 show the A-to-N error rate performances for DMRS densities of 1/7 (DDDRDDD) and 2/7 (DRDDDRD), with various cases such as different payloads, different channel delay spreads, and/or different UE moving speeds. According to the results, it is clear that DMRS density of 2/7 outperforms that of 1/7 for high mobility case, while offers similar/slightly better performance for low/medium mobility cases. Although 500km/h @ carrier frequency 4GHz may not be the optimization point of control channel designs, considering the performance benefit at middle speed, DMRS density of 2/7 is a better choice.
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(c) 500km/h
Fig. A1	A-to-N error rate performance comparison b/w DMRS densities 1/7 and 2/7 (channel DS = 300ns).
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(c) 500km/h
Fig. A2	A-to-N error rate performance comparison b/w DMRS densities 1/7 and 2/7 (channel DS = 1000ns).
Table A1 Simulation parameters
	Parameter
	Value

	Channel model
	TDL-C

	Delay spread
	300, 1000 ns

	Carrier frequency
	4GHz

	System bandwidth
	20MHz

	SCS
	15 kHz

	No. of UEs
	1

	No. of UCI bits
	20, 60, 100 bits

	No. of PRBs
	1

	Antenna config.
	1 x 2 (uncorrelated)

	CP overhead
	6.6%

	UE speed
	3, 120, 500 km/h

	Channel est.
	Real (MMSE)

	Encoding
	Polar coding with 8-bit CRC

	Target requirement
	ACK-to-NACK error probability <= 1%
NACK-to-ACK error probability <= 0.1%
DTX-to-ACK error probability <= 1%
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