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1 Introduction 
In this contribution, we discuss remaining design details of long PUCCH for 1~2 UCI bits. The following issues are addressed based on the outcomes of the RAN1 NR AH#3 meetings:
· Frequency hopping boundary

· Multiplexing and simultaneous transmission of HARQ-ACK and SR 

· OCC multiplexing capacity

· Computer generated sequence for NR PUCCH. 
2 Frequency hopping boundary
In the RAN1 NR AH#3 meeting, it was concluded to study further frequency hopping boundary for long PUCCH of up to 2 bits with N symbols focusing on the following options:
· Alt. 1: Floor (N/2) 

· Alt. 2: Ceil (N/2) 

· Alt. 3: N/2-1 where mod(N,4)=2; floor(N/2) otherwise

· Alt. 4: Floor(Ceiling (N/2)/2) × 2

· Starting symbol driven frequency hopping boundary

Both Floor(N/2) and Ceil(N/2) results that the first and second frequency-hop segments have the same number of symbols in cases of even N. This equal split allows that the PUCCH transmission power and the amount of UCI/DMRS resources are equally divided between the frequency hop segments. This can maximize effects of the frequency hopping. In case of odd N, Ceil(N/2) leads that the first frequency-hop has one symbol more than the second frequency-hop, and Floor(N/2) causes the second frequency-hop to have one more symbol instead. On the other hand, Alt. 3 and Alt. 4 incurs that the split between the two frequency-hops is disproportionate such that the second frequency-hop has two symbols more than the first frequency-hop. The table below compares Alt. 1~4 and illustrates the number of symbols and DMRS pattern of each frequency-hop for a given PUCCH length. 
	PUCCH length (N)
	Alt. 1 (Floor(N/2))
	Alt. 2 (Ceil(N/2))
	Alt. 3
	Alt. 4

	4
	2 (RU)|(RU)
	2 
	2 
	2 

	5
	2 (RU)|(RUR)
	3 (RUR)|(UR)
	2 
	2 

	6
	3 (RUR)|(URU)
	3
	2 (RU)|(RURU)
	2

	7
	3 (RUR)|(URUR)
	4 (RURU)|(RUR)
	3
	4

	8
	4 (RURU)|(RURU)
	4
	4
	4

	9
	4 (RURU)|(RURUR)
	5 (RURUR)|(URUR)
	4
	4

	10
	5 (RURUR)|(URURU)
	5
	4 (RURU)|(RURURU)
	4

	11
	5 (RURUR)|(URURUR)
	6 (RURURU)|(RURUR)
	5
	6

	12
	6 (RURURU)|(RURURU)
	6
	6
	6

	13
	6 (RURURU)|(RURURUR)
	7 (RURURUR)|(URURUR)
	6
	6

	14
	7 (RURURUR)|(URURURU)
	7
	6 (RURURU)|(RURURURU)
	6


For PUCCH lengths 6, 10 and 14 in the above table, Alt. 1 and Alt. 2 result to the even split between the two frequency-hops, but Alt. 3 and Alt. 4 incur two more symbols in the second frequency-hop to start the frequency-hop with a DMRS symbol. This disproportionate split will result in worse performance than the even split with Alt. 1 and Alt. 2.
Proposal 1 (Frequency hopping location)
· Either Ceil(N/2) or Floor(N/2) is used to determine the frequency hopping boundary for length N of long PUCCH for 1~2 UCI bits. 

In addition, regardless of the PUCCH length, enable/disable of frequency hopping should be configurable by higher layers. Always enabling frequency hopping for certain lengths of PUCCH transmission is an unnecessary restriction in the NR spec perspective. Depending on the deployment scenarios, resource management, etc., the gNB should be able to decide on the enable/disable of the frequency hopping.
Proposal 2 (Frequency hopping enable/disable)
· Regardless of the PUCCH length, enable/disable of frequency hopping is configured by higher layers. 
3 Multiplexing and simultaneous HARQ-ACK/SR
As agreed in RAN1 NR ad hoc #2 meeting, DMRS for PUCCH with 1~2 UCI bits is a sequence, e.g., with a cyclic shift (CS) of a CAZAC in frequency domain and Orthogonal Cover Code (OCC) in time. PUCCHs from different UEs can be multiplexed by assigning different CS or/and OCC. In the same way, HARQ-ACK and SR can be multiplexed on the same PRB. In doing so, as UCI DFT-s-OFDM symbols for HARQ-ACK PUCCH are modulated by HARQ-ACK BPSK/QPSK symbols, OCC has to be separately applied to DFT-s-OFDM symbols for DMRS and UCI.  
In order to support multiplexing HARQ-ACK and SR on the same PRBs, the OCCs applied to SR have to be aligned with those applied to HARQ-ACK PUCCH. That is, OCCs for SR PUCCH are separately defined and applied on the even and odd index symbols to align with OCCs for DMRS and UCI symbols of HARQ-ACK PUCCH. This guarantees that HARQ-ACK and SR are multiplexed on the same PRB whatever modulation symbols are carried on UCI symbols. In order to randomize interference between the UEs multiplexed on the same PRB due to imperfect orthogonality caused by delay spread and near-far effect, CS hopping per symbol and OCC hopping per frequency-hop can be applied as well. 

Proposal 3 (Multiplexing)
·  PUCCHs for HARQ-ACK or/and SR can be multiplexed on the same PRB using different CS or/and OCC for the same or different UEs.
· OCCs for SR PUCCH are separately applied on the even and odd index symbols to align with OCCs for DMRS and UCI symbols of HARQ-ACK PUCCH.
In cases that a UE has to transmit both HARQ-ACK and positive SR, it is desirable that a single PUCCH is transmitted instead of transmitting both PUCCHs separately for HARQ-ACK and positive SR, in order to reduce PAPR/CM and provide larger coverage. As OCC will be separately applied to the even and odd symbols corresponding to DMRS and UCI, respectively, resource for SR PUCCH can be used to transmit HARQ-ACK by carrying HARQ-ACK modulation symbols on the odd symbols corresponding to UCI. Specifically, in cases of simultaneous positive SR and HARQ-ACK from a UE, resource for SR PUCCH (PRB, CS, OCC) is used instead and DFT-s-OFDM symbols are modulated by the HARQ-ACK symbol. Although specific locations of DMRS and UCI symbols are different from LTE PUCCH, almost the same principle can be applied. 
Proposal 4 (Simultaneous HARQ-ACK and SR)
· In case of positive SR, PUCCH for 1~2 bits HARQ-ACK is transmitted on the SR resource (PRB, CS, OCC).
4 OCC multiplexing capacity
In the RAN NR AH#3 meeting, applying OCC (Orthogonal Cover Code) over DFT-s-OFDM symbols for long PUCCH for 1~2 UCI bits was agreed as captured below:

Agreements:
· For long-PUCCH for UCI up to 2 bits, up to 3 OCC multiplexing capacity are supported with frequency hopping
· FFS: OCC multiplexing capacity values without frequency hopping.
· FFS: whether to have the same multiplexing capacity w/ and w/o frequency hopping for a given duration of long PUCCH.
· OCC multiplexing capacity for each long PUCCH duration (including FFS values) as listed in the following table 

· FFS on OCC length

· Note: It doesn’t imply that the OCC multiplexing capacity for DMRS and UCI are the same.
The OCC multiplexing capacity of a long PUCCH is determined by the shorter OCC length between the ones for DMRS and UCI. We assume that either Alt. 1 or Alt 2 is selected to determine the frequency hopping boundary as proposed in Section 2. In a straightforward manner, the OCC multiplexing capacity becomes Floor(N/4) for long PUCCH length N with frequency hopping and Floor(N/2) without frequency hopping. In the formulation Floor(N/4), the scaling down by 4 reflects the resource split due to frequency hopping (factor 2) and dividing the symbols for DMRS and UCI (factor 2).
	Long-PUCCH duration N
	OCC Multiplexing capacity

	
	with hopping
	without hopping

	4
	1
	2

	5
	1
	2

	6
	1
	3

	7
	1
	3

	8
	2
	4

	9
	2
	4

	10
	2
	5

	11
	2
	5

	12
	3
	6

	13
	3
	6

	14
	3
	7


Proposal 5 (OCC capacity)
· OCC multiplexing capacity (M) of long PUCCH for 1~2 UCI bits with length N is determined as follows:
· With frequency hopping, M = Floor(N/4).
· Without frequency hopping, M = Floor(N/2).
5 PUCCH DMRS - Computer Generated Sequences (CGS)
In this section, we provide several alternatives for 1 PRB PUCCH sequences found by computer search. We used several criteria to optimize the set of NR PUCCH sequences. In particular, we tried to find a set of sequences that is characterized by low PAPR, low CM and low cross-correlation with LTE 1 PRB sequences (XLTE) and finally has low mutual cross-correlation within the generated set of sequences (XNR). There is a performance tradeoff among the metrics (PAPR, CM, XLTE, XNR) in general, and it is possible to optimize one of the metrics at the expense of a loss in other metrics. For an affordable search complexity, we applied different types of constraints including thresholds on max PAPR, max CM, max value of cross-correlation coefficient with LTE sequences (XLTE-MAX) and maximum value of cross-correlation coefficient within the NR set (XNR-MAX).

With relaxing constraints on one of the performance metric it is possible to get improved properties in another metric. For analysis of cross-correlation, we used Method 1 from [4] as it was agreed at the last RAN1 WG meeting (NR Adhoc-3) [3]. The search aimed to come up with a set of sequences that are superior in terms of PAPR, CM and cross-correlation properties than existing LTE sequences. In the computer search, we used 4-PSK(QPSK) and 8-PSK modulated sequences. 

Based on computer generation, we identified several sets of sequences (see Table 1-Table 3) which provides good performance for the considered metrics. 
Table 1. Candidate Set 1 (PAPR < 2.9 dB, CM < 0.8 dB) - 4PSK (exp(j·π·u /4))
	0
	-3
	3
	-3
	-1
	-1
	-1
	-1
	3
	-3
	-1
	-3
	3

	1
	-3
	1
	3
	-1
	-1
	-3
	-3
	-1
	-1
	3
	1
	-3

	2
	-3
	-1
	-1
	-3
	-1
	1
	1
	-3
	-3
	3
	-1
	3

	3
	-3
	-3
	1
	1
	-1
	3
	-1
	-3
	-1
	-3
	-3
	-1

	4
	-3
	1
	-3
	-1
	3
	1
	-1
	-1
	-1
	3
	3
	-3

	5
	-3
	3
	-1
	3
	1
	1
	1
	1
	3
	-3
	1
	3

	6
	-3
	-3
	-3
	3
	1
	1
	3
	-3
	3
	-1
	3
	-3

	7
	-3
	1
	-3
	1
	-1
	-1
	3
	3
	-3
	-3
	3
	3

	8
	-3
	-1
	-1
	1
	3
	1
	1
	-1
	1
	-1
	-3
	1

	9
	-3
	1
	-1
	3
	-3
	1
	1
	-1
	-1
	-1
	-1
	1

	10
	-3
	3
	-3
	-3
	3
	-3
	1
	-3
	-1
	-1
	3
	3

	11
	-3
	1
	1
	3
	-1
	-1
	-3
	3
	3
	-3
	3
	-3

	12
	-3
	-1
	1
	-3
	3
	-1
	1
	-3
	3
	3
	3
	1

	13
	-3
	-3
	1
	3
	-3
	1
	-3
	1
	-1
	3
	3
	3

	14
	-3
	3
	3
	-3
	3
	1
	-1
	1
	-3
	3
	-1
	1

	15
	-3
	3
	3
	1
	-3
	3
	-1
	1
	3
	-3
	3
	-3

	16
	-3
	-1
	-3
	3
	-1
	3
	3
	1
	-1
	1
	3
	3

	17
	-3
	3
	-3
	-1
	3
	-1
	-1
	1
	3
	1
	-1
	-1

	18
	-3
	3
	1
	-3
	1
	3
	-1
	-1
	1
	3
	3
	3

	19
	-3
	3
	-3
	3
	-3
	-3
	3
	-1
	-1
	1
	3
	-3

	20
	-3
	3
	1
	-1
	3
	3
	-3
	1
	-1
	1
	-1
	1

	21
	-3
	3
	-3
	3
	3
	1
	-1
	-3
	1
	3
	-3
	-1

	22
	-3
	3
	1
	3
	1
	-3
	-1
	1
	-1
	-1
	1
	3

	23
	-3
	1
	-3
	-3
	1
	-1
	-1
	-1
	3
	-3
	-3
	-3

	24
	-3
	-1
	-1
	-1
	-3
	3
	-1
	-3
	1
	3
	-1
	1

	25
	-3
	-3
	1
	1
	3
	1
	-3
	-3
	1
	-3
	-1
	-3

	26
	-3
	3
	3
	1
	-3
	1
	1
	-3
	1
	3
	3
	-3

	27
	-3
	3
	3
	3
	3
	-3
	-1
	-1
	3
	3
	-1
	3

	28
	-3
	1
	-3
	-3
	1
	1
	3
	-3
	-3
	-3
	-3
	3

	29
	-3
	-3
	-1
	1
	-3
	-1
	-3
	3
	-1
	3
	1
	1


Table 2. Candidate Set 2 (PAPR < 2.7dB, CM < 0.8 dB) - 4PSK (exp(j·π·u /4))
	0
	-3
	-3
	-1
	-1
	3
	3
	1
	1
	-3
	1
	-3
	1

	1
	-3
	-3
	-1
	-1
	-1
	-3
	3
	-1
	3
	-1
	1
	-3

	2
	-3
	-1
	-1
	1
	-3
	-1
	3
	-1
	-3
	3
	1
	1

	3
	-3
	3
	1
	-1
	-1
	1
	1
	3
	1
	3
	-1
	1

	4
	-3
	1
	-3
	-3
	-3
	3
	-3
	-1
	1
	1
	1
	-3

	5
	-3
	3
	1
	3
	-3
	1
	1
	1
	1
	3
	-3
	3

	6
	-3
	3
	-3
	-1
	-1
	-1
	-1
	3
	-3
	-1
	-3
	3

	7
	-3
	1
	3
	-1
	-1
	-3
	-3
	-1
	-1
	3
	1
	-3

	8
	-3
	-1
	-1
	-3
	-1
	1
	1
	-3
	-3
	3
	-1
	3

	9
	-3
	-3
	1
	1
	-1
	3
	-1
	-3
	-1
	-3
	-3
	-1

	10
	-3
	1
	1
	-3
	3
	3
	3
	1
	3
	1
	-3
	-1

	11
	-3
	3
	3
	3
	-1
	-3
	-3
	-1
	-3
	1
	3
	-3

	12
	-3
	1
	3
	-3
	3
	-1
	1
	1
	-3
	3
	3
	3

	13
	-3
	-3
	1
	1
	-3
	-3
	-3
	-3
	-3
	1
	-3
	1

	14
	-3
	-3
	3
	-3
	3
	1
	-3
	1
	3
	3
	-3
	-1

	15
	-3
	1
	-3
	-1
	3
	1
	-1
	-1
	-1
	3
	3
	-3

	16
	-3
	3
	1
	-1
	1
	3
	-3
	-1
	1
	-1
	1
	-1

	17
	-3
	3
	-3
	3
	-3
	-1
	1
	3
	-3
	3
	1
	-1

	18
	-3
	-3
	3
	3
	3
	-3
	-1
	1
	-3
	3
	1
	-3

	19
	-3
	-3
	-3
	3
	-1
	-1
	3
	-3
	-1
	3
	1
	3

	20
	-3
	3
	-1
	3
	-3
	3
	1
	1
	3
	-3
	-3
	-3

	21
	-3
	-1
	1
	3
	3
	1
	3
	1
	-3
	3
	3
	1

	22
	-3
	1
	-3
	1
	-1
	-1
	3
	3
	-3
	-3
	3
	3

	23
	-3
	3
	3
	3
	-1
	-1
	1
	1
	-3
	1
	3
	-1

	24
	-3
	-1
	-1
	1
	3
	1
	1
	-1
	1
	-1
	-3
	1

	25
	-3
	-1
	1
	-3
	-1
	-3
	3
	-3
	-3
	-3
	1
	-1

	26
	-3
	3
	-3
	-3
	3
	-3
	1
	-3
	-1
	-1
	3
	3

	27
	-3
	1
	1
	3
	-1
	-1
	-3
	3
	3
	-3
	3
	-3

	28
	-3
	3
	1
	-3
	-1
	3
	1
	-3
	-1
	-1
	-1
	1

	29
	-3
	-1
	1
	-3
	3
	-1
	1
	-3
	3
	3
	3
	1


Table 3. Candidate Set 3 (PAPR < 2.5dB, CM < 0.8 dB) - 8PSK Sequence Set (exp(j·π·u /4))

	0
	-3
	3
	2
	2
	3
	0
	3
	4
	-2
	0
	-2
	2

	1
	-3
	-2
	-3
	-1
	2
	-2
	-1
	-3
	3
	-1
	3
	2

	2
	-3
	3
	0
	2
	0
	-3
	0
	2
	-3
	3
	4
	-2

	3
	-3
	-1
	-3
	-2
	-2
	0
	3
	2
	0
	-2
	-2
	2

	4
	-3
	3
	2
	1
	3
	-1
	2
	-3
	-1
	-1
	2
	0

	5
	-3
	-2
	1
	-2
	-2
	1
	-1
	2
	-2
	-3
	-3
	3

	6
	-3
	-2
	2
	3
	1
	3
	1
	4
	1
	0
	4
	3

	7
	-3
	3
	3
	1
	2
	4
	1
	4
	4
	-1
	-1
	2

	8
	-3
	-2
	-2
	2
	0
	-2
	-3
	-3
	-1
	3
	-2
	2

	9
	-3
	3
	4
	-2
	-1
	1
	0
	-2
	-3
	-1
	3
	-1

	10
	-3
	-2
	-2
	-3
	-3
	2
	-2
	1
	-1
	3
	3
	-1

	11
	-3
	3
	-2
	2
	-3
	4
	2
	0
	-1
	0
	1
	4

	12
	-3
	-3
	2
	2
	4
	3
	2
	-2
	3
	-2
	4
	-1

	13
	-3
	3
	-1
	2
	0
	-2
	2
	3
	-1
	1
	1
	1

	14
	-3
	3
	0
	2
	1
	3
	-2
	1
	2
	-3
	3
	3

	15
	-3
	3
	2
	4
	4
	2
	2
	-3
	-1
	-3
	-1
	2

	16
	-3
	3
	-1
	-2
	0
	0
	-3
	-3
	-3
	1
	-3
	-1

	17
	-3
	-1
	-3
	1
	2
	1
	4
	4
	1
	3
	3
	0

	18
	-3
	-2
	-3
	-3
	1
	-1
	-3
	1
	-3
	4
	-2
	1

	19
	-3
	3
	1
	-3
	0
	-1
	-1
	1
	1
	2
	-2
	0

	20
	-3
	3
	1
	3
	-3
	-3
	1
	-3
	1
	3
	-3
	3

	21
	-3
	3
	4
	4
	-2
	1
	3
	0
	-1
	4
	1
	3

	22
	-3
	-2
	4
	-2
	2
	1
	3
	-2
	2
	1
	-3
	4

	23
	-3
	3
	3
	4
	-1
	-2
	4
	-3
	0
	4
	1
	3

	24
	-3
	-2
	-3
	1
	0
	4
	4
	-1
	1
	-2
	0
	-2

	25
	-3
	-2
	1
	1
	0
	-2
	-2
	1
	-1
	4
	0
	4

	26
	-3
	3
	1
	4
	-1
	4
	4
	3
	-2
	0
	1
	1

	27
	-3
	-2
	3
	3
	3
	1
	-3
	4
	1
	-2
	2
	4

	28
	-3
	3
	2
	2
	-1
	1
	3
	2
	-3
	-3
	0
	-3

	29
	-3
	3
	0
	2
	-1
	2
	4
	-2
	4
	3
	-3
	-3


Table 4 provides the properties of the generated QPSK and 8-PSK presented in Table 1 - Table 3. In particular it provides min/max/mean values for PAPR, CM and min/max/95% for Zero Lag, Peak Cyclic Cross-Correlation within a set and with LTE PUCCH sequence set. It is noted that the statistics is presented over the entire set including 12 possible values of cyclic shift values for each of the base sequence presented in Table 1 - Table 3.
Table 4. Properties of computer generated sequences (CGS).
	Set #
	Constraints
	PAPR, dB
	CM, dB
	Zero Lag XCORR
	Peak of Cyclic XCORR
	Cyclic XCORR w/ LTE

	
	
	Min
	Max
	Mean
	Min
	Max
	Mean
	Min
	Max
	95%
	Min
	Max
	95%
	Max

	1
(4-PSK)
	PAPR < 2.9 dB, CM < 0.8 dB
	2.475
	2.886
	2.716
	0.280
	0.796
	0.593
	0
	0.737
	0.499
	0.400
	0.737
	0.702
	0.786

	2

(4-PSK)
	PAPR < 2.7 dB, CM < 0.8 dB
	2.335
	2.664
	2.562
	0.009
	0.776
	0.519
	0
	0.687
	0.500
	0.400
	0.824
	0.726
	0.839

	3

(8-PSK)
	PAPR < 2.5dB, CM < 0.8 dB
	2.240
	2.494
	2.428
	0.084
	0.776
	0.439
	0
	0.684
	0.493
	0.428
	0.687
	0.670
	0.729

	LTE set
	-
	2.335
	4.091
	3.207
	0.231
	1.097
	0.711
	0
	0.676
	0.499
	0.417
	0.795
	0.688
	1
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Figure 1. Statistics of the computer generated sequences (CGS) parameters.
Based on the evaluation results (shown in Figure 1 and summarized in Table 4) we can see that the proposed sets of candidate sequences significantly outperform the set of LTE sequences in terms of PAPR, CM and have similar cross-correlation properties. In addition, the proposed sets of sequences have good cross-correlation properties with the existing LTE sequences. Finally, it is also observed that the 8-PSK modulated sequences (set 3) outperform the 4-PSK modulated sequences for most of the performance metrics. Based on these results, we recommend to use the 8-PSK modulated sequences for PUCCH DMRS.
Proposal 6 (DMRS sequence)
· Adopt the set of base sequences provided in Table 3 for one PRB PUCCH DMRS.
6 Conclusion 

This contribution discussed remaining details of long PUCCH structure for 1~2 UCI bits. Based on the discussions, we propose as follows:

Proposal 1 (Frequency hopping location)
· Either Ceil(N/2) or Floor(N/2) is used to determine the frequency hopping boundary for length N of long PUCCH for 1~2 UCI bits. 
Proposal 2 (Frequency hopping enable/disable)
· Regardless of the PUCCH length, frequency hopping can be enabled or disabled by RRC. 

Proposal 3 (Multiplexing)
·  PUCCHs for HARQ-ACK or/and SR can be multiplexed on the same PRB using different CS or/and OCC for the same or different UEs.
· OCCs for SR PUCCH are separately applied on the even and odd index symbols to align with OCCs for DMRS and UCI symbols of HARQ-ACK PUCCH.
Proposal 4 (Simultaneous HARQ-ACK and SR)
· In case of positive SR, PUCCH for 1~2 bits HARQ-ACK is transmitted on the SR resource (PRB, CS, OCC).
Proposal 5 (OCC capacity)
· OCC multiplexing capacity (M) of long PUCCH for 1~2 UCI bits with length N is determined as follows:
· With frequency hopping, M = Floor(N/4).
· Without frequency hopping, M = Floor(N/2).
Proposal 6 (DMRS sequence)
· Adopt the set of base sequences provided in Table 3 for one PRB PUCCH DMRS.
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