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Introduction
This contribution is a revision of R1-1715542.
[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} SC-FDMA symbols in a slot. The discussion covers PUCCH with moderate payload and large payload. 
The follow conclusions achieved in the previous meetings [1,2] are listed as reference:
Conclusion:
· For long PUCCH moderate payload size with multiplexing capability, aim to down selection between Alt 2 and Alt 3 next meeting – companies are encouraged to perform additional evaluations and analysis especially considering power imbalance

Agreements:
· [bookmark: OLE_LINK25][bookmark: OLE_LINK26]Long-PUCCH for moderate UCI payload with multiplexing capacity is supported

Agreements:
· [bookmark: OLE_LINK36][bookmark: OLE_LINK37]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

Agreements:
· 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:
· 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.



Discussion

[bookmark: OLE_LINK32][bookmark: OLE_LINK33]On PUCCH format for UCI with moderate payload supporting multiplexing of users
Regarding long-PUCCH for moderate UCI payload with multiplexing capacity, although the targeted payload size range and UE multiplexing capacity is not clear at this moment, it is beneficial to strive for a design which is flexible to support various use cases and scenarios under discussion, e.g. CSI report and beam measurement report for MIMO, CBG-based HARQ-ACK feedback, floating PUCCH time domain duration in dynamic TDD slots, and etc. 
Considering the conclusion of the previous meeting, we need to down-select between these two alternatives:
•	Alt.2: User multiplexing is realized by pre-DFT-OCC.
•	Alt.3: User multiplexing is realized by IFDM within the PRB.


[image: ]
                                  (a) Pre-DFT OCC                                                         (b) IFDM within the PRB
Figrue.1 Illustration of possible user multiplexing mechanisms

In Figure.1, the remaining two options are illustrated by diagrams and processing chain.
· Alt.2: User multiplexing is realized by pre-DFT-OCC
· As shown in Figure.1 (a), this is a LTE PUCCH format 5-like multiplexing method by employing CDM in virtual time domain. The size of coded bits per user depends on the usable SC-FDMA symbol number, frequency domain subcarrier number and reusing factor. The UE multiplexing capacity is decided by the reusing factor, i.e. the OCC length before the DFT. 
· Alt.3: User multiplexing is realized by FDM within the PRB
· As shown in Figure.1 (b), this is a straight forward user multiplexing scheme. For each UE, the allocated subcarriers within a PRB are distributed (e.g. the comb pattern in the figure) and interleaved with other UEs. Size of coded bits per user mainly depends on the usable SC-FDMA symbol number and frequency domain subcarrier number. The UE multiplexing capacity is decided by the multiplexing factor in frequency within a PRB.

To show the tradeoff between size of coded bits and user multiplexing, Table.1 lists some examples of concrete implementations of the two alternatives. With the data in Table.1, Figure.2 gives some intuitive impression between coded bit size and user multiplexing. Alt 2 and Alt 3 have identical multiplexing capabilities for the same number of UCI OFDM symbol numbers. 

Table.1 The dependency of coded bit number, multiplexed user number and UCI symbol number for Alt.2 and Alt.3
	Coded bits No. per UE (bits)
	Multiplexed user No. 
	UCI SC-FDMA symbol No. in PUCCH

	120
	2
	10

	80
	3
	10

	60
	4
	10

	40
	6
	10

	96
	2
	8

	64
	3
	8

	48
	4
	8

	32
	6
	8

	72
	2
	6

	48
	3
	6

	36
	4
	6

	24
	6
	6

	48
	2
	4

	32
	3
	4

	24
	4
	4

	16
	6
	4

	Assume one PRB in frequency domain. QPSK is applied.




Figure.2 Supported coded bit number and reusing factors in terms of the usable UCI symbol number for Alt.2 and Alt.3 in Table.1

In our view, supporting of PUCCH with ten(s) of bits UCI payload and some UE multiplexing capacity is a starting point for design. This can cover reasonable range of UCIs bit width for certain typical use cases.
For Alt.2 and 3, it is can be observed that the coded bit number is dependent with the allocated number of SC-FDMA symbols and UE multiplexing factor. Considering NR supports flexible PUCCH duration, the coded bit number would be quite flexible. Before the use case and typical UCI payload is finalized, it is unclear whether all the possible combination of all the floating factors need to be supported. Moreover, all these factors have direct impact on the DMRS design in terms of density and position, which we have not discussed yet. To make the design less complicated, we propose to support only a set of multiplexing factor and PUCCH duration.
Proposal 1: For long PUCCH with moderate payload, the supported payload size should be identified first. Depending on the supported payload size and performance requirement, a limited set of UE multiplexing factor and PUCCH duration can then be identified.

To down select between Alt.2 and Alt.3, we think Alt.3 is more sensitive to the high Doppler case, which can largely impact the orthogonality between UEs. On the other hand, Alt.2 may be more sensitive to the power imbalance. In multi-beam scenario, the power control is managed in a per-beam basis. During the beam switching operation, power imbalance may be observed. So before down selecting Alt.2 and Alt.3, we need to prioritize the applicable scenario.
Proposal 2: Before down selection between Alt.2 and Alt.3, prioritized scenario should be clarified.

On PUCCH format for UCI with large payload without UE multiplexing capacity
In RAN1 #90 meeting, it is agreed that one or two DMRS symbols in each frequency-hop are supported, which may depend on the exact PUCCH length. If there are two DMRS symbols in one frequency-hop, the channel estimation performance is surely better. But at the same time there is less resource for UCI transmission and thus the channel coding gain is smaller. Therefore, there is tradeoff between them. In this part, we evaluate the performance of 1 DMRS symbols against 2 DMRS symbols per frequency-hop with different payload sizes in both low and high-mobility scenarios, where 12-symbol and 14-symbol PUCCH is assumed. Simulation parameters are given in Appendix. 
The performance of one and two DMRS symbols for 12-symbol and 14-symbol PUCCH in case of 3km/h is shown in Figure.3 and Figure.4, respectively. Different UCI payload sizes are considered. It is shown that for 12-symbol PUCCH, one DMRS symbol per frequency-hop provides better performance than two DMRS symbols for all the payload sizes used in the simulation. In Figure.4, for 14-symbol PUCCH, when UCI payload is 60 or 100 bit, one DMRS per hop outperforms two DMRS. However, when UCI payload is 20bit, one DMRS per hop underperforms two DMRS by about 0.4dB. So, it can be inferred that in low-mobility scenarios, when the coding rate is small, the channel estimation gain dominates the overall performance while when the coding rate becomes larger, the channel encoding gain plays more important role.
Observation 1: As shown in our simulation, in low-mobility scenario, one DMRS per frequency hop outperforms two DMRS except very low coding rate case.
Figure.5 gives the performance of one and two DMRS symbols per hop for 14-symbol PUCCH in high-mobility scenarios. It can be obviously seen that two DMRS per frequency-hop offers better performance than one DMRS symbols for all the payload sizes used in the simulation. So for high speed scenarios, it is better to have two DMRS in each frequency hop.
Observation 2: As shown in our simulation, in high-mobility scenario, two DMRS symbols per frequency-hop provide obviously better performance than one DMRS symbol for all the simulated payload sizes at least for 14-symbol PUCCH.
Based on the above observations,
Proposal 3: In NR, the DMRS pattern is configurable for long PUCCH with large payload UCI with no multiplexing capacity, which depends on the applicable scenario.
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Figure.3 Performance of one and two DMRS symbols per hop for12-symbol PUCCH with different UCI payload sizes (TDL-C 300ns, v=3km/h, 1PRB)
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Figure.4 Performance of one and two DMRS symbols per hop for14-symbol PUCCH with different UCI payload sizes (TDL-C 300ns, v=3km/h, 1PRB)
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Figure.5 Performance of one and two DMRS symbols per hop for14-symbol PUCCH with different UCI payload sizes (TDL-C 300ns, v=500km/h, 1PRB)
Table.2 Required SNR for 1% BLER of the simulated cases
	SNR at 0.01BLER(dB)
	20bits UCI
	60bits UCI
	100bits UCI

	Velocity of 3km/h
	12-symbol PUCCH
	1DMRS/hop
	[bookmark: _GoBack]1.193
	3.515
	5.668

	
	
	2DMRS/hop
	1.503
	4.288
	NA

	
	14-symbol PUCCH
	1DMRS/hop
			0.075
	2.781
	4.662

	
	
	2DMRS/hop
	-0.32
	2.89
	5.075

	Velocity of 500km/h
	14-symbol PUCCH
	1DMRS/hop
	NA
	NA
	NA

	
	
	2DMRS/hop
	2.4
	7.345
	NA




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. Each 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 single UE, support TDM for multiple long PUCCHs for UCI of more than 2 bits, which are grouped, encoded and sequentially mapped to PUCCH symbols to achieve better flexibility and benefit the pipeline processing.

Conclusions
In this contribution, we provide our views of channel structure for NR long PUCCH design for UCI of more than 2 bits. To sum up the discussion and proposals:
Proposal 1: For long PUCCH with moderate payload, the supported payload size should be identified firstly. Depending on the supported payload size and performance requirement, a limited set of UE multiplexing factor and PUCCH duration should then be identified.
Proposal 2: Before down selection between Alt.2 and Alt.3, prioritized scenario should be clarified.
Observation 1: As shown in our simulation, in low-mobility scenario, one DMRS per frequency hop outperforms two DMRS except very low coding rate case.
Observation 2: As shown in our simulation, in high-mobility scenario, two DMRS symbols per frequency-hop provide obviously better performance than one DMRS symbol for all the simulated payload sizes at least for 14-symbol PUCCH.
Proposal 3: In NR, the DMRS pattern is configurable for long PUCCH with large payload UCI with no multiplexing capacity, which depends on the applicable scenario.
Proposal 4: For a single UE, support TDM for multiple long PUCCHs for UCI of more than 2 bits, which are grouped, encoded and sequentially mapped to PUCCH symbols to achieve better flexibility and benefit the pipeline processing.
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Appendix
Table 3: Evaluation parameters
	Parameters
	Values

	Channel
	TDL-C 300 ns

	UE velocity
	3 km/h, 500 km/h

	UCI payload size
	20, 60, and 100 bits

	Channel coding
	TBCC with 8 CRC bits

	Modulation
	QPSK

	DMRS
	One or two per frequency hop

	Receiver 
	Channel estimation: Practical
Noise estimation: Ideal

	FFT size
	2048

	Subcarrier spacing
	15kHz

	Number of long PUCCH symbols
	12/14

	CP length
	CP of the first symbol in each frequency hop is 16∙TS larger than others

	PRBs
	1

	Antenna Configuration
	1 Tx – 2 Rx 

	Number of users
	1

	Carrier frequency
	4 GHz
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