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1 Introduction
NR supports transmission of uplink control information (UCI) using both short and long duration PUCCH formats. At the RAN1 Ad-Hoc #3 meeting [1] the following agreements were made for the short PUCCH format carrying up to 2 UCI bits:
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.

Agreements:
· For two-symbol short-PUCCH with up to 2 UCI bits, sequence hopping between the two symbols is supported.

· FFS: The details of sequence hopping. 

Agreements:

· NR studies a new set of sequences for short PUCCH and long PUCCH for UCI bits up to 2

· For a fair comparison of at least length 12 NR CGS designs for PUCCH, the companies are encouraged to provide/re-evaluate their proposed sequences based on the following all or a subset of performance metrics

· Maximum PAPR/CM, minimum PAPR/CM, mean PAPR/CM (assuming at least 8x oversampling)  

· Maximum cross-correlation

· Between the base sequences for new NR sequences by applying all CS values

· Between the base sequences for new NR and LTE sequences by applying all CS values (LTE CGS for 1 and 2 PRBs ,and ZC sequences for >2PRBs up to 100MHz bandwidth) considering all partial overlapping

· Other examples for metrics can be but not limited to

· Statistics of cross-correlation (mean/max/std dev/95% tile)

· with both Method 1 (with NFFT=12*32) and Method 5 (Based on R1-163437)

· Note: Timing miss-alignment with other values for oversampling can also be realized with Method 5.

· And/or with aperiodic cross-correlation for different timing arrivals

· Modulation type, EVM

· Receiver complexity

· LTE CGS are used as the reference for performance comparison

In this contribution, we discuss the outstanding design aspects of the short PUCCH format with 1 or 2 UCI bits.
2 Discussion
Sequence length 
A sequence-based transmission scheme shall be used for the 1-symbol PUCCH format for up to 2 UCI bits. At the last RAN1 meeting, it was agreed to support a sequence length of 12 REs, whereas other candidate lengths of 24 REs and 48 REs are for further study. 
Increasing the length of the sequence by using more PRBs, could improve the cross-correlation performance. But longer sequence also suffers from frequency selectivity of the channel. Apart from using up more resources, the coverage may also be reduced with increasing number of PRBs for the same transmit power. Therefore, the performance tradeoff between reduced coverage versus improved cross-correlation when employing longer sequences needs to be further evaluated. 
Observation: there are performance tradeoffs regarding the improved cross-correlation from longer sequences compared to the coverage loss for PUCCH transmission.
Sequence design for NR PUCCH formats
As discussed in last meeting, the evaluation rules are discussed for new CGS of NR. In this section, we propose a new set of 12-length CGSs with lower PAPR than LTE sequence, and similar cross-correlation performance as LTE using both method 1 and method 5 of [3]. The proposed CGS is shown in Table 1. It is noted that NFFT=32*12 for method 1.
· Method 1

· xcorr_coeffs =  NFFT * IFFT(seq1 .* conj(seq2), NFFT) / length(seq1)

· Method 5 

· xcorr_coeffs = abs( sum( (seq1 .* conj(seq2) ) ) / length(seq1)
As shown in Figure 1 and Table 2 for comparison of cross-correlation, the proposed sequence of Table 1 has similar performance with LTE sequence. 
For PAPR/CM metric, the maximum PAPR from Table 1 is no larger than 2.6253dB. More details for comparison with LTE sequence are shown in Table 2. It can be seen that performance of PAPR/CM of the proposed CGS is better than the LTE sequence.

Proposal 1: A new set of CG sequences shown in Table 1 is proposed for consideration as NR length-12 base sequences for up to 2 UCI bits.
Table 1 Proposed CG base sequences

	Sequence index
	
[image: image1.wmf]11

,..,

2

,

1

,

0

),

4

/

)

(

exp(

=

×

×

n

n

x

j

p


	CM(dB)
	PAPR(dB)

	0
	3, -3,  3, -3, -3,  3,  1,  1, -3, -3, -1,  3
	0.3951
	2.5435

	1
	3, -1,  3,  3, -1, -1, -1, -1,  3, -1, -1, -1
	1.0032
	2.6207

	2
	1,  3, -3,  3, -3, -1, -3,  3, -3,  3,  1,  3
	0.3293
	2.4069

	3
	-3, -3,  3,  1, -3, -3, -3, -1,  3, -1,  1,  3
	0.6329
	2.6253

	4
	3,  1,  3,  1,  3, -3, -1,  1,  3,  1, -1, -3
	0.5502
	2.6079

	5
	-3,  3,  1,  1,  3,  1,  3, -1,  3,  3, -3,  1
	0.5278
	2.5196

	6
	-1, -1, -1, -1, -3,  1, -1,  3,  3, -1,  1, -3
	0.4361
	2.4297

	7
	-3,  3, -3,  3,  3, -3, -1, -1,  3,  3,  1, -3
	0.3951
	2.5435

	8
	3,  1, -3,  3, -3,  3,  3,  1,  1,  3, -3, -1
	0.4361
	2.4297

	9
	1, -3,  3, -1,  3, -3, -1, -1, -1, -1, -3, -3
	0.4186
	2.3486

	10
	3, -1,  3, -3, -3,  1,  1, -1, -3, -3, -1, -3
	0.3713
	2.6206

	11
	3, -1, -3,  1,  1, -3, -1,  3,  3,  3,  3,  3
	0.2432
	2.3349

	12
	3,  3, -3,  1,  1, -3,  3,  1, -3, -1, -3, -1
	0.3951
	2.5435

	13
	-3, -1,  1, -1, -3, -1,  1,  3,  1,  3,  1, -1
	1.0032
	2.6207

	14
	-3, -3,  1, -3, -1,  1,  3,  1, -3,  1,  1,  1
	0.7756
	2.4753

	15
	1,  3, -3,  1,  3,  3,  3,  1, -1,  1, -1,  3
	0.6759
	2.6023

	16
	-1, -3,  3,  1,  3, -3, -1,  1,  3,  1,  3,  1
	0.5502
	2.6079

	17
	3,  3,  1, -3, -3,  1,  3, -3,  1, -1,  1, -1
	0.3951
	2.5435

	18
	3, -3,  1,  1, -3,  1, -1, -3, -3, -1, -1, -1
	0.6759
	2.6023

	19
	1,  1, -1, -3, -3, -1,  1,  3, -1,  3,  1, -3
	0.6437
	2.6175

	20
	-3,  1, -1, -3,  3,  3,  3, -3, -3, -1,  3, -3
	0.2307
	2.4072

	21
	-3, -1,  1, -3,  1,  3,  3,  3, -1, -3,  3,  3
	0.6329
	2.6253

	22
	3,  1,  1, -1,  3,  1, -3,  1,  3, -3, -1, -1
	0.2307
	2.4072

	23
	-1,  1,  1, -1,  1,  3,  3, -1, -1, -3,  1, -3
	0.5278
	2.5196

	24
	3, -1, -3,  3, -3,  1, -1, -1,  3, -3, -3, -3
	0.5165
	2.5500

	25
	3,  1, -3,  3, -3, -3, -1,  3, -3,  3,  3,  1
	0.3293
	2.5194

	26
	1,  1,  3,  3, -1, -3,  1,  3, -1, -1, -3, -3
	0.3293
	2.5194

	27
	-1, -1, -1, -1,  1, -3, -1,  3,  3, -1, -3,  1
	0.4361
	2.4297

	28
	1, -1,  3,  1,  1, -1, -1, -1,  1,  3, -3,  1 
	0.2307
	2.4072

	29
	3,  1,  3, -3,  3, -3, -1, -3,  3, -3,  3, 1
	0.3293
	2.4069


Table 2 Comparison CM and PAPR between proposed CGS and LTE CGS for length-12 sequence

	Cross-correlation
	Max. cross-correlation with method 1
	Max. cross-correlation with method 5
	95% tile with method 1
	95% tile with method 5

	Table 1
	0.7780
	0.6872
	0.4986
	0.4925

	LTE
	0.7947
	0.6755
	0.4965
	0.4995

	

	CM
	Min CM
	Max CM
	Mean CM

	Table 1
	0.2307
	1.0032
	0.4882

	LTE
	0.2307
	1.0967
	0.7105

	

	PAPR
	Min PAPR
	Max PAPR
	Mean PAPR

	Table 1
	2.3399
	2.6253
	2.5145

	LTE
	2.3399
	4.0914
	3.2070
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(a) Cross-correlation based on Method 1


(b) Cross-correlation based on Method 5

Figure 1: the CDF of cross-correlation based on Method 1 and Method 5
SR and HARQ-ACK transmission

For sequence selection transmission, a large cyclic shift distance between sequences offers low correlation between the candidate sequences, which improves the performance in frequency selective fading channels. For instance, assume the reference cyclic shift for a given UE is n, which could be informed by RRC signalling or DCI. The set of cyclic shifts for 1-bit UCI transmission could be mod (n + k, 12), k = {0, 6}, whereas for 2-but UCI is can be mod (n + k, 12), k = {0, 3, 6, 9}, where n ϵ {0, 1… 11}. 
When SR is transmitted with HARQ-ACK, the sequence selection scheme is used. There are several options for how to allocate resources for simultaneous transmission of SR and HARQ-ACK. 
For SR + 1bit HARQ-ACK, up to 4 sequences would be needed to report all possible states of positive/negative SR and ACK/NACK. However, the negative SR + NACK state does not need to be reported to the gNB. Therefore, as only 3 sequences are required, the reporting mechanism is simplified since no additional resources would be required on top of the semi-statically configured SR resource and the dynamically indicated resources (sequences) for HARQ-ACK-only transmission. Table 3 shows an example mapping of the feedback states to the indicated sequences. 
Table 3 Mapping of SR + 1 HARQ-ACK bit on short PUCCH

	UCI state
	Used sequence

	ACK + positive SR
	Sequence 1 determined from HARQ-ACK resource 

	ACK + negative SR
	Sequence 2 determined from HARQ-ACK resource

	NACK/DTX + positive SR
	Sequence determined from SR resource

	NACK/DTX + negative SR
	No transmission


Proposal 2: For SR + 1-bit HARQ-ACK transmission, three sequences derived from the signaled HARQ-ACK resource and the configured SR resource are used for sequence based PUCCH transmission.

For SR + 2-bit HARQ-ACK, more resources would be needed for sequence based transmission.  Two options may be considered with different overhead.
· Option 1: The SR resource and HARQ-ACK resource are configured to the same PRB.

· Option 1-1: There are 8 resources (cyclic shifts) to report 2 SR states and 4 HARQ-ACK feedback states. This option is resource-intensive and cannot support UE multiplexing in one RB. In addition, the minimum distance between sequences of 1 cyclic shift may result in performance degradation even in channels with moderate delay spread.
· Option 1-2: Use bundling indication for SR with 2bits HARQ-ACK. When SR is transmitted with 2bits HARQ-ACK, the 2bit HARQ-ACK is bundled as 1 bit. In this way, the resource overhead is the same as SR with 1bit HARQ-ACK transmission at the expense of some DL throughput loss due to HARQ-ACK bundling. This option was proposed to support UL coverage-limited UEs. However, the UL coverage issue was the reason to introduce long PUCCH formats with DFT-S-OFDM waveform and a second solution is not necessary.
· Option 2: The SR resource and HARQ-ACK resources are configured to two PRBs. As described in e.g. [4], a UE may be signaled 2 PRBs, denoted here as X and Y, for potential SR+HARQ-ACK transmission. When positive SR is transmitted, the HARQ-ACK is transmitted on SR resource in RB #X. RB #X could also be configured for SR only transmission. When negative SR occurs, the HARQ-ACK is transmitted in HARQ-ACK resource, RB #Y, which could also be used for HARQ-ACK only transmission. For a given UE, although it totally needs the same number of reserved resources as Option 1-1, there are 4 reserved resources in each PRB and each may support user multiplexing.
One example of resource allocation for Option 2 is shown in Table 4. 
Table 4: An example of mapping from cyclic shifts to UCI states for SR + 2-bit HARQ-ACK
	SR+2 bit HARQ-ACK
	Reference cyclic shift n is UE-specific and configured by RRC signaling or DCI,[image: image5.png]11)





	Cyclic shift in RB#X
	Positive SR + {ACK,ACK}
	Positive SR + {ACK, NACK }
	Positive SR + {NACK,NACK }
	Positive SR + {NACK,ACK}

	
	Mod(n1 ,12)
	Mod(n1+3,12)
	Mod(n1+6,12)
	Mod(n1+9,12)

	Cyclic shift in RB#Y
	Negative SR + {ACK,ACK}
	Negative SR + {ACK, NACK }
	Negative SR +{NACK,NACK}
	Negative SR + {NACK,ACK }

	
	Mod(n2 ,12)
	Mod(n2+3,12)
	Mod(n2+6,12)
	Mod(n2+9,12)


Proposal 3: Bundling of 2-bit HARQ-ACK for joint transmission with SR is not supported for the short PUCCH format.
Proposal 4: For SR + 2-bit HARQ-ACK, a set of SR resources and a set of HARQ-ACK resources are configured or signaled in different PRBs respectively. HARQ-ACK is transmitted on the SR resources for positive SR whereas HARQ-ACK is transmitted on the HARQ-ACK resources for negative SR.
3 Conclusions
In this contribution we mainly discuss the remaining aspects for the short PUCCH with up to two bits payload. We have the following observation and proposals:
Observation: there are performance tradeoffs regarding the improved cross-correlation from longer sequences compared to the coverage loss for PUCCH transmission.
Proposal 1: A new set of CG sequences shown in Table 1 is proposed for consideration as NR length-12 base sequences for up to 2 UCI bits.
Proposal 2: For SR + 1-bit HARQ-ACK transmission, three sequences derived from the signaled HARQ-ACK resource and the configured SR resource are used for sequence based PUCCH transmission.

Proposal 3: Bundling of 2-bit HARQ-ACK for joint transmission with SR is not supported for the short PUCCH format.
Proposal 4: For SR + 2-bit HARQ-ACK, a set of SR resources and a set of HARQ-ACK resources are configured or signaled in different PRBs respectively. HARQ-ACK is transmitted on the SR resources for positive SR whereas HARQ-ACK is transmitted on the HARQ-ACK resources for negative SR.
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