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1 Introduction

In RAN1 NR Ad-hoc#3, the following were agreed [1]: 
Agreements:

· For simultaneous transmission of 2-bit HARQ-ACK and SR, short PUCCH for UCI of up to 2 bits is used
· Aim to conclude one solution in the next meeting (e.g., # of sequences, potential resource selection, potential spatial bundling, etc.)

· Confirm the following working assumption:

· For short-PUCCH with UCI of up to 2 bits (with/without SR), option 4 is supported.

· Note: option 4 is sequence selection

Conclusions:

· Study further the following alternatives:
· Alt 1: The same set of sequences is used in short PUCCH and long PUCCH when each is used for transmission of up to 2 UCI bits on one PRB.
· Alt 2: The different set of sequences can be used in short PUCCH and long PUCCH when each is used for transmission of up to 2 UCI bits on one PRB.

This contribution discusses remaining design aspects on 1-symbol short PUCCH for UCI of 1 or 2 bits, including a multiplexing mechanism of 2-bit HARQ-ACK and SR. Throughout this contribution, 1-symbol short PUCCH for UCI of up to 2 bits is referred to as PUCCH format 0.
2 Remaining Design Aspects
PRB size (length of the sequence)
The motivation adopting Option 4 for 1-symbol PUCCH format 0 came from its potential gains such as BLER, PAPR, and multiplexing gain as compared to Option 1. The number of PRBs supported by 1-symbol PUCCH format 0 should be decided with consideration of the link budget. A number of PRBs larger than 1 unnecessarily increases overhead without improving link budget or multiplexing capacity. It was argued that increasing the sequence length is beneficial in terms of other-cell interference randomization. However, interference randomization can be achieved by other methods such as sequence randomization, PRB randomization, and CS index randomization. Therefore, as for the long PUCCH for supporting 1-2 UCI bits (regardless of the number of symbols), 1-symbol PUCCH format 0 should use 1 PRB.
Proposal 1: The number of PRB for NR PUCCH format 0 is fixed to 1 and only length of 12 sequence is supported in NR Phase-I.

Type of sequence
In LTE, a Zadoff-Chu sequence has been used when the number of PRBs is larger than or equal to 3, and a computer generated sequence (CGS) has been used when the number of PRBs is less than 3. These sequences can still provide good PAPR/CM performance and the sequences adopted in LTE may be reused for PUCCH format 0. On the other hand, new sequences have been proposed by other companies for PUCCH format 0 and it was observed in [2] that the new CGS sequences provide better PAPR performance than the sequences used in LTE. So, we can consider adopting CGS sequences different than the LTE ones for PUCCH format 0. However, more thorough analysis and evaluation are needed to introduce new sequences such as cross-correlation between new sequence set and LTE CGS sequences/ZC sequences due to LTE-NR coexistence, aperiodic cross-correlation with different timing arrival of each sequence and so on.
Proposal 2: Consider adopting CGS sequences different than the LTE ones for PUCCH format 0 if the new CGS sequences can provide sufficiently larger gain in various scenarios than LTE CGS sequences.
It was discussed in last RAN1 NR Ad-hoc#3 whether the same set of sequence or different set of sequence is used in long PUCCH and short PUCCH but there was no consensus on it. Even though PUCCH format 0 and PUCCH format 1 (long PUCCH for UCI of 1 or 2 bits) have different structure, e.g., the number of symbols, physical layer processing (sequence selection vs. sequence modulation), their design target is similar in terms of minimizing PAPR/CM and maximizing UE multiplexing capacity on the same PRB. Having said that, we prefer to have the same set of sequence between long PUCCH and short PUCCH.
Proposal 3: The same set of sequence is used in long PUCCH and short PUCCH when UCI payload size is up to 2 bits and transmission bandwidth is one PRB.

Multiplexing with SR

For PUCCH format 0 using 1 PRB, 1-bit HARQ-ACK can be transmitted with two different cyclic shift (CS) values, e.g., {0, 6} and 2-bit HARQ-ACK can be transmitted with four different CS values, e.g., {0, 3, 6, 9}. In case of SR transmission only, similar mechanism to LTE can be used, e.g., a positive SR is transmitted on the SR resource which can be a frequency resource or a cyclic shift value designated for SR transmission, and a negative SR is not transmitted (on/off keying).
Assuming that SR is transmitted in PRB #N and HARQ-ACK is transmitted in PRB #K, for multiplexing of 1- or 2-bit of HARQ-ACK with SR, there could be several alternatives as follows:

· Alt.1: As shown in Figure 1(a), HARQ-ACK is transmitted on PRB #N which is the resource designated for SR transmission (similar to LTE). Alt.1 decreases SR multiplexing capacity on SR resource because gNB does not know whether or not a UE transmits the positive SR and 4 CS values intended for HARQ-ACK transmission (2-bit case) always need to be reserved for the UE irrespective of whether the positive SR occurs. So, maximum 3 UEs can be multiplexed on the SR resource. Alt.1 requires 2 PRBs; one for SR transmission only or HARQ-ACK with a positive SR (PRB #N) and the other for HARQ-ACK only (PRB #K).
· Alt.2: Different from Alt.1, HARQ-ACK is transmitted on PRB #K which is the resource designated for HARQ-ACK transmission as shown in Figure 1(b). Similar to Alt.1, gNB does not know whether or not a UE transmits the positive SR and 8 CS values always need to be reserved for the UE irrespective of whether the positive SR occurs. So, HARQ-ACK multiplexing capacity on HARQ-ACK resource decreases. Alt.1 requires 2 PRBs; one for SR transmission only (PRB #N) and the other for HARQ-ACK only or HARQ-ACK with a positive SR (PRB #K).
· Alt.3: As shown in Figure 1(c), additional PRB (e.g., PRB#L) is used for HARQ-ACK transmission with a positive SR and different from Alt.1, SR multiplexing capacity on SR resource can be maintained. However, 3 PRBs (assuming that 1 PRB is used for each transmission) should be allocated to a UE and more frequency resource than Alt.1 is needed. However, considering the case of 2-UE multiplexing, the number of required frequency resource for Alt.3 is same as one for Alt.2.
· Alt.4: In last meeting, it was proposed by some companies to have a configurability between Alt.2 and Alt.3 depending on channel environment, i.e., if channel delay spread is small, then gNB can configure CS values as the resources for positive SR transmission (Alt.2). Otherwise, gNB can configure an additional PRB as the resource for positive SR transmission  (Alt.3). However, as shown in the Appendix, BLER performance of Alt.3 is always better or equal to one of Alt2 and Alt.2 has several drawbacks as mentioned earlier. So, there is no strong motivation to support the configurability between Alt.2 and Alt.3.
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Figure 1: Possible alternatives for multiplexing of HARQ-ACK and SR
Proposal 4: Support Alt. 3 for multiplexing of HARQ-ACK and SR in 1-symbol PUCCH format 0, e.g., additional frequency resource is allocated for simultaneous transmission of HARQ-ACK and positive SR.
3 Conclusion
This contribution has discussed remaining design aspects on 1-symbol PUCCH for UCI of 1 or 2 bits including a multiplexing scheme of 2-bit HARQ-ACK and SR, and we have proposed the following:

Proposal 1: The number of PRB for NR PUCCH format 0 is fixed to 1 and only length of 12 sequence is supported in NR Phase-I.
Proposal 2: Consider adopting CGS sequences different than the LTE ones for PUCCH format 0 if the new CGS sequences can provide sufficiently larger gain in various scenarios than LTE CGS sequences.

Proposal 3: The same set of sequence is used in long PUCCH and short PUCCH when UCI payload size is up to 2 bits and transmission bandwidth is one PRB.

Proposal 4: Support Alt. 3 for multiplexing of HARQ-ACK and SR in 1-symbol PUCCH format 0, e.g., additional frequency resource is allocated for simultaneous transmission of HARQ-ACK and positive SR.
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Appendix: Performance Evaluation
Evaluation assumptions
2-bit UCI payload size and one PRB are evaluated over TDL-C channel model with different RMS delay spread, e.g., 30ns and 300ns. 15 kHz and 60 kHz SCSs are evaluated. Other evaluation parameters are shown in Table 1 in the end of the Appendix.
Evaluation results
Figure 2 shows the error rate of PUCCH format 0 using 15 kHz SCS for the TDL-C with 30ns and 300ns RMS delay spread. It is observed that Alt.2 and Alt.3 have same performance.
[image: image4.emf]     [image: image5.emf]
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Figure 2: Error rate for PUCCH format 0 using 15 kHz SCS

Figure 3 shows the error rate of PUCCH format 0 using 60 kHz SCS for the TDL-C with 30ns and 300ns RMS delay spread. For 30 ns RMS delay spread, Alt.2 and Alt.3 have same performance as shown in Figure 3(a) but for 300 ns RMS delay spread, Alt.3 has better performance than Alt.2 for the error cases of ACK-to-NACK and NACK-to-ACK.
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Figure 3: Error rate for PUCCH format 0 using 60 kHz SCS

Observation: The BLER of Alt.3 is always better than or equal to one of Alt.2.
Table 1: Evaluation parameters

	Parameters
	Values

	PUCCH resources
	One PRB

	UCI payload size
	2 bits

	Mobility
	3 km/h

	Carrier frequency
	4 GHz

	Subcarrier spacing
	15 kHz, 60 kHz

	FFT size
	2048 for 15 kHz SCS and 512 for 60 kHz SCS

	CP length
	144∙TS for 15 kHz SCS and 36∙TS for 60 kHz SCS

	Antenna Configuration
	1 Tx – 2 Rx
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