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Introduction
Regarding PUCCH with long duration, the following has been agreed: 
Agreements: [2] 
· Physical uplink control signaling should be able to carry at least hybrid-ARQ acknowledgements, CSI reports (possibly including beamforming information), and scheduling requests
· Support ‘UCI on PUSCH’, i.e. using some of the scheduled resources for UCI in case of simultaneous UCI and data
· Support ‘simultaneous PUSCH and PUCCH at least for the long PUCCH format’, i.e. transmit uplink control on PUCCH resources even in presence of data
· At least a low PAPR/CM design should be supported for the ‘long PUCCH’
· A combination of semi-static configuration and (at least for some types of UCI information) dynamic signaling is used to determine the PUCCH resource both for the ‘long and short PUCCH formats’
· It should be possible to dynamically indicate (at least in combination with RRC) the timing between data reception and hybrid-ARQ acknowledgement transmission as part of the DCI.

· A UCI carried by long duration UL control channel at least with low PAPR design can be transmitted in one slot or multiple slots
· Transmission across multiple slots should allow a total duration of [1] ms at least for some cases
· FFS: more than [1] ms at least for some cases
· FFS the numbers of the slots

· For UL control channel with long duration, TDM between RS and UCI is supported at least for DFT-S-OFDM
· FFS on location of RS symbol(s) (e.g., front-loaded RS, fixed-location RS)

Agreements: [3]
· For PUCCH in long-duration,
· Long UL-part of a slot can be used for transmission of PUCCH in long-duration.
· i.e., PUCCH in long-duration is supported for both UL-only slot and a slot with the number of uplink symbols greater than X (X >= 2).
· FFS exact value of X
· In addition to simultaneous PUCCH-PUSCH transmission, UCI on PUSCH is supported.
· Intra-slot frequency-hopping is supported

· For further discussion of PUCCH in short-duration, UCI payload of 1 – at least a few tens of bits (or SR) is assumed.
· For further discussion of PUCCH in long-duration, UCI payload of 1 – at least a few hundreds of bits (or SR) is assumed.
· For PUCCH in long-duration, DFT-s-OFDM waveform is supported.
· For PUCCH in long-duration, transmit antenna diversity is supported.
· FFS: PUCCH in short-duration

Agreements: [4]
· For a given UCI payload, long-PUCCH is designed such that:
· FFS: UE multiplexing capacity should be same/similar to LTE PUCCH
· PAPR/CM should be same/similar to LTE PUCCH except for NR CP-OFDM case (if supported)
· Frequency-diversity gain should be same/similar to LTE PUCCH
· Interference randomization should be enabled
· For more than 2 UCI bits, 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

· Both TDM and FDM between short duration PUCCH and long duration PUCCH are supported at least for different UEs in one slot

· For PUCCH in long-duration, it may have variable number of symbols with a minimum of 4 symbols in a given slot
· FFS the set of supported values

· For PUCCH in long duration, 
· At least for 1 or 2 UCI bits, the UCI can be repeated within N slots (N>1)
· The N slots may or may not be adjacent in slots where PUCCH in long duration is allowed
· Details are FFS, including repetition scheme including same or different formats, the possible value(s) N, the mechanism to determine the value of N, etc.
· FFS for >2 UCI bits
· FFS the case of within a slot
· NR supports PUCCH resource allocation for HARQ-ACK transmission with following manner.
· A set of PUCCH resources is configured by high layer signaling
· FFS: other mechanisms
· A PUCCH resource within the configured set is indicated by DCI.


In this contribution we propose long PUCCH design that can cater for small payload sizes and also enables multiplexing of different PUCCH onto the same time-frequency resource.
Discussion
Design
Due to the flexible frame structure of NR the time duration of an UL transmission in an UL slot can vary (e.g.NR defines different slot lengths, UL heavy or UL only slots, extended cyclic prefix), not considering this fact may lead to even more PUCCH formats. We propose to design long PUCCH agnostic w.r.t. to number of UL OFDM symbols. PUCCH should not rely on block-spreading across OFDM symbols for multiplexing but instead on multiplexing per symbol.
LTE supports PUCCH Format 1/1a/1b for payload sizes 1 and 2 bits and PUCCH format 2/2a/2b for payload sizes up to 11 bits. PUCCH Format 1/1a/1b enables multiplexing of up to 36 users while PUCCH Format 2/2a/2b supports multiplexing of up to 12 users. For NR it has been agreed to configure ACK/NACK resources by higher layers and indicate one out of these resources using the DCI; it is doubtful whether an ACK/NACK resource indicator (ARI) would address up to 36 resources. Furthermore, multiplexing of 36 PUCCH Format 1/1a/1b transmissions onto the same time-frequency resource is in practice often limited by interference [5]. We believe it is sufficient to support up to 12 users on one time-frequency resource. 
Since PUCCH Format 1/1a/1b relies on time-domain block-spreading across DFTS-OFDM symbols it is inflexible w.r.t. PUCCH length. On the other hand, PUCCH Format 2/2a/2b multiplexes users per DFTS-OFDM symbol using orthogonal sequences and is PUCCH-length agnostic. We therefore propose to base long PUCCH for small payloads on a design similar to PUCCH format 2/2a/2b.

Proposal 1: For long PUCCH carrying small payloads,
· User multiplexing via block-spreading across OFDM/DFTS-OFDM symbols is not supported.
· Coded symbol of a PUCCH modulates a cyclic shift of a length-12 base sequence for an OFDM/DFTS-OFDM symbol.
· DM-RS for different PUCCHs are different cyclic shifts of a length-12 base DM-RS sequence.

Depending on the exact design details the maximum payload size is in the order of 10 bits (depending on the chosen channel coding scheme) and enables multiplexing of up to 12 users.
Figure 1 shows the baseline design for 14 OFDM symbols. The UCI is encoded (in this paper we assume RM encoding) resulting in 20 coded bits which are pairwise mapped to 10 QPSK symbols. In each frequency-hopping section 5 QPSK symbols are transmitted together with two OFDM symbols carrying DM-RS. DM-RS as well as UCI-carrying sequences are based on CAZAC sequences such as Zadoff-Chu sequences. Different PUCCH can be multiplexed by assigning the same base sequence with different cyclic shifts. To enable interference randomization, the assignment of base sequence and cyclic shift can hop across symbols.
[image: ]
Figure 1: Long PUCCH format for small payloads for a PUCCH length of 14 symbols

For different PUCCH length symbols are punctured. Also DM-RS density and position as well as the frequency-hopping boundary changes. Table 1 schematically lists for the studied PUCCH length frequency hopping boundary and DM-RS position.
Table 1: Frequency-hopping position and DM-RS position for studied PUCCH length.
	PUCCH length
	PUCCH structure

	4
	FH yes
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	FH no
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	7
	FH yes
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	FH no
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	14
	FH yes
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Simulation Assumptions
In the next section PUCCH performance is presented for single and multi-user over the TDL-A channel model [6] with different RMS delay spreads. Different PUCCH length and structures as well as payload sizes are simulated. In multi-user scenarios all user has the same TX power. 
The shown PUCCH performance is the operating SNR required to fulfill NACKACK<1E-3, DTXACK<1E-2, and missed ACK<1E-2. The DTX to ACK error probability for LTE is defined in Section 8.3.1.1 of TS 36.104 and has been reused here:

Table 2: Simulation assumptions
	Parameter
	Value

	Numerology
	15kHz 

	FFT size
	2048

	Cyclic prefix length
	1160 + 6144 samples

	PUCCH length
	4, 7, and 14 symbols

	PUCCH structure
	Table 1. For frequency-hopping, the PRBs are 0 and 99.

	Allocated subcarriers
	12 

	Channel estimation
	Practical

	Channel model
	TDL-A 30ns, 300ns, 1000 ns

	Carrier frequency
	4 GHz

	UE speed
	3 km/h

	Channel coding 
	(20, k) RM code 

	TX antennas
	1

	RX antennas
	2

	Performance metric
	NACKACK<1E-3, DTXACK<1E-2, and missed ACK<1E-2 must be fulfilled



Simulation Results
Figure 2, 3 and 4 shows the resulting operating SNR fulfilling the performance metric from link level simulations for TDL-A 30, 100 and 1000 ns. In Figure 2 results are presented for PUCCH length 4 with 1-bit payload for 1, 2 and 4 users with or without frequency hopping. In Figure 3 results are presented for PUCCH length 7 with 1-bit payload for 1 user with or without frequency hopping. In Figure 4 results are presented for PUCCH length 14 for 1 and 8 bits payload for 1, 2 and 4 users with frequency hopping. The results show that frequency hopping gives gains in all compared cases in the range of 1 to 3 dB. 

Proposal 2: For long PUCCH carrying small payloads,
· Frequency hopping is supported.

For the multi user case the losses depend on the operating SNR and delay spread, with the largest loss of around 2 dB for TDL-A 1000 ns case with 8-bit payload and 14 PUCCH symbol length. In the simulations the phase shifts were selected to be evenly spaced between the users. 
[image: ]
Figure 2: PUCCH length of 4 symbols and 1 bit payload for TDL-A channel for different delay spreads, number of users and with or without frequency hopping. Each cluster of bars corresponds to one delay spread.
[image: ]
Figure 3: PUCCH length of 7 symbols and 1 bit payload for TDL-A channel for different delay spreads, for 1 user and with or without frequency hopping. Each cluster of bars corresponds to one delay spread.
[image: ]
Figure 4: PUCCH length of 14 symbols for TDL-A channel for different delay spreads, number of users and with frequency hopping. Each cluster of bars corresponds to one delay spread.

Conclusion
In this contribution we outline a design for long PUCCH for small payload sizes up to around 10 bits. The proposed design enables multiplexing of up 12 PUCCHs onto the same time-frequency resource. The design is flexible w.r.t. to PUCCH length.
Proposals: For long PUCCH carrying small payloads,
· User multiplexing via block-spreading across OFDM/DFTS-OFDM symbols is not supported.
· Coded symbol of a PUCCH modulates a cyclic shift of a length-12 base sequence for an OFDM/DFTS-OFDM symbol.
· DM-RS for different PUCCHs are different cyclic shifts of a length-12 base DM-RS sequence.
· Frequency hopping is supported.
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Appendix
In these appendix performance metric curves are presented for some the operating SNR plots in section 2. 
[image: ]
Figure 5: Performance metrics for TDL-A 30 ns, for 1 user PUCCH length of 4 symbols, 1 PRB, payload size 1 bit and with or without frequency hopping.
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Figure 6: Performance metrics for TDL-A 300 ns, for 1 user PUCCH length of 4 symbols, 1 PRB, payload size 1 bit and with or without frequency hopping.
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Figure 7: Performance metrics for TDL-A 1000 ns, for 1 user PUCCH length of 4 symbols, 1 PRB, payload size 1 bit and with or without frequency hopping.
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Figure 8: Performance metrics for TDL-A 30 ns, for 1 user PUCCH length of 7 symbols, 1 PRB, payload size 1 bit and with or without frequency hopping.
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Figure 9: Performance metrics for TDL-A 300 ns, for 1 user PUCCH length of 7 symbols, 1 PRB, payload size 1 bit and with or without frequency hopping.
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Figure 10: Performance metrics for TDL-A 1000 ns, for 1 user PUCCH length of 7 symbols, 1 PRB, payload size 1 bit and with or without frequency hopping.
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Figure 11: Performance metrics for TDL-A 30 ns, for 1 user PUCCH length of 14 symbols, 1 PRB, payload size 1 bit and with frequency hopping.
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Figure 12: Performance metrics for TDL-A 300 ns, for 1 user PUCCH length of 14 symbols, 1 PRB, payload size 1 bit and with frequency hopping.
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Figure 13: Performance metrics for TDL-A 1000 ns, for 1 user PUCCH length of 14 symbols, 1 PRB, payload size 1 bit and with frequency hopping.
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Figure 14: Performance metrics for TDL-A 30 ns, for 1 user PUCCH length of 14 symbols, 8 PRB, payload size 1 bit and with frequency hopping.
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Figure 15: Performance metrics for TDL-A 300 ns, for 1 user PUCCH length of 14 symbols, 8 PRB, payload size 1 bit and with frequency hopping. Note here the threshold is set based on the NACK to ACK error probability, resulting in a much lower DTX probability.   
[image: ]
Figure 16: Performance metrics for TDL-A 1000 ns, for 1 user PUCCH length of 14 symbols, 8 PRB, payload size 1 bit and with frequency hopping. Note here the threshold is set based on the NACK to ACK error probability, resulting in a much lower DTX probability.
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