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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 RAN1 #90bis meeting:
· Frequency hopping boundary
· HARQ-ACK and SR multiplexing and OCC
· Simultaneous HARQ-ACK and SR.
Frequency hopping boundary
In the last RAN1 #90bis meeting, the following agreements were made regarding frequency hopping configurability and location of frequency hopping boundary [1]:
Agreements:
· For long PUCCH for UCI of up to 2 bits and long PUCCH for UCI of more than 2 bits: for duration of 4-14 symbols, frequency-hopping is enabled/disabled by RRC UE-specifically.
Agreements:
· If frequency hopping is enabled for long PUCCH for UCI of up to 2 bits and more than 2 bits, hopping boundary is determined by long PUCCH duration/start symbol of long PUCCH
· No RRC configuration is involved in determining the hopping boundary

Additionally, in the previous RAN1 NR AH#3 meeting, the following agreement was made regarding the DMRS-UCI multiplexing pattern for long PUCCH carrying 1~2 UCI bits [2]:
Agreements:
· For long PUCCH for UCI of up to 2 bits, DM-RS is located in all the even symbols, where the symbol is indexed from the start of the long PUCCH of value 0

Also, 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 [2]:
· 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
· Alt. 5: Starting symbol driven frequency hopping boundary
Both Floor(N/2) and Ceil(N/2) implies 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 the leverage of frequency hopping. In case of odd N, Ceil(N/2) leads to the first frequency-hop with 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 result in disproportionate split between the two frequency-hops in some cases, such that the second frequency-hop has two symbols more than the first frequency-hop for certain lengths of PUCCH. While the main motivation behind Alt. 3 is to ensure ~50% DMRS overhead in each frequency hop of any length-N PUCCH, Alt. 4 ensures the 2nd frequency hop to always start with a DMRS symbol, alike the 1st frequency hop. The table below compares Alt. 1~4 and illustrates the number of symbols and DMRS pattern in each frequency-hop for a given PUCCH length, where “|” denotes the frequency hopping boundary, “R” denotes DMRS symbol and “U” denotes UCI symbol. Note that, Alt. 5 essentially employs either Alt. 1 or Alt. 2 depending on the starting symbol of long PUCCH in a slot and therefore ends up in proportionate split between two frequency-hops like Alts. 1 and 2. For brevity, we didn’t explicitly include Alt. 5 in the following table.
	Length (N)
	Alt. 1 (Floor(N/2))
	Alt. 2 (Ceil(N/2))
	Alt. 3
	Alt. 4

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

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

	6
	3|3 (RUR)|(URU)
	3|3
	2|4 (RU)|(RURU)
	2|4

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

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

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

	10
	5|5 (RURUR)|(URURU)
	5|5
	4|6 (RURU)|(RURURU)
	4|6

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

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

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

	14
	7|7 (RURURUR)|(URURURU)
	7|7
	6|8 (RURURU)|(RURURURU)
	6|8



Table 1: Frequency hopping boundary, number of symbols and DMRS pattern in each hop for Alts. 1-4
From Table 1, it is evident that Alt. 3 and 4 end up with a frequency hopping boundary similar to Alt. 1 or Alt. 2 (i.e. proportionate split of symbols between two frequency-hops) except for the lengths 6, 10 and 14, where both Alts. 3 and 4 suggests two symbols more in the 2nd frequency hop compared to the 1st frequency hop (i.e. disproportionate split between two frequency-hops, as mentioned earlier). Since all these three candidate lengths of PUCCH are even (6, 10 and 14), Alts. 1 and 2 essentially suggest the identical split of PUCCH symbols in two hops and the comparison between proportionate versus disproportionate split between two-frequency hops simplifies to that between Alt. 1 and Alt. 3 for these three lengths. To this end, we compare the performance of Alt. 1/2 with Alt. 3/4 for lengths 6, 8 and 10 of long PUCCH carrying 1~2 UCI bits under various simulation conditions, the details of which are furnished in Table 2 in the Appendix. Without loss of generality, we will refer Alt. 1/2 as Alt. 1 and Alt. 3/4 and Alt. 3 in the rest of the contribution.
Fig.1 shows the performance of Alt. 3 and Alt. 1 in terms of BER for length-6 long PUCCH carrying 1~2 UCI bits, i.e. PUCCH format 1. From Figs. 1a and 1b, we observe that for this length-6 PUCCH case, Alt. 3 can potentially offer up to ~ 0.5-1.0 dB SNR gain compared to Alt. 1 when the UE speed is low (3km/h). With increase in UE speed to 120 km/h, however, the gap between Alt. 1 and Alt. 3 reduces to less than 0.5 dB, Alt. 3 still being better in performance than Alt. 1. With increase in subcarrier spacing from 15 KHz to 30 KHz, the relative merit of Alt. 3 over Alt. 1 remains similar at low UE speed of 3km/h, as seen in Figs. 1c and 1d. With increase in UE speed to 120km/h, however, the performance gain of Alt. 3 over Alt. 1 remains almost the same as it is at low UE speed of 3km/h for higher subcarrier spacing of 30 KHz, unlike the previous case of 15 KHz where the gap between the two curves reduces with increase in UE speed.
From the evaluation results of length-6 PUCCH format 1 with Alt. 3 and Alt. 1, the following observations can be made:
· Alt. 3 may potentially offer 0.5-1.0 dB performance gain compared to Alt. 1 for length-6 long PUCCH carrying 1~2 UCI bits, i.e. PUCCH format 1.
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Fig. 1 BER versus SNR for length-6 PUCCH format 1 with Alt. 1 and Alt. 3 as frequency hopping boundaries
Fig.2 shows the performance of Alt. 3 and Alt. 1 in terms of BER for length-10 long PUCCH carrying 1~2 UCI bits. As can be seen from the four subfigures, the performance of Alt. 3 is similar to Alt. 1. From the trends of the curves for length-10 in Fig. 2, it can be predicted that Alt. 3 won’t offer any meaningful benefit over Alt. 1 for length-14 and most likely the performance would be at par with Alt. 1. In order to avoid repetitive plots, results for length-14 PUCCH format 1 with Alts. 3 and 1 are not included in this contribution.
From the evaluation results of length-10 PUCCH format 1 with Alt. 3 and Alt. 1, the following observations can be made:
· Alt. 3 offers similar performance as Alt. 1 for length-10 long PUCCH carrying 1~2 UCI bits, i.e., PUCCH format 1.

Therefore, from the above analysis, we confer that except for length-6 PUCCH format 1, Alt. 3 or 4 doesn’t offer any significant performance benefit over Alt. 1 or 2. Besides, aligning frequency hopping boundaries between long PUCCH formats for 1~2 UCI bits (i.e. PUCCH format 1) and more than 2 UCI bits (i.e. PUCCH format 3) makes efficient multiplexing between long PUCCHs of same length but different formats in frequency domain, since  resource fragmentation can be avoided with such alignments. Hence, if Alt. 3 is considered for PUCCH format 1, it would be imperative to look into its performance for the same length-6 PUCCH for format 3 as well.
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Fig. 2 BER versus SNR for length-10 PUCCH format 1 with Alt. 1 and Alt. 3 as frequency hopping boundaries
Fig. 3 in the Appendix illustrates the BLER performance of Alt. 3 and Alt. 1 in case of length-6 PUCCH format 3, i.e. length-6 long PUCCH carrying more than 2 UCI bits. The simulation parameters can be found in Table 2 in the Appendix and further details of DMRS pattern and number of DMRS symbols in each frequency hop are penned down in our companion contribution on long PUCCH for more than 2 UCI bits [3].  The four subfigures of Fig. 3 reveal that, for PUCCH format 3 Alt. 1 always performs better than Alt. 3, irrespective of other system parameters like UCI payload size, subcarrier spacing, UE mobility, operating SNR for required BLER (typically <10-2) etc. Therefore, the advantage of Alt. 3 is only confined to PUCCH format 1 and length-6, as can be seen from the link level evaluations. Hence, for commonality of frequency hopping boundary between different PUCCH formats and also, for having a unified hopping boundary location that would be applicable to all PUCCH lengths, Alt. 1 or 2 seems a more reasonable design choice for long PUCCH carrying 1~2 UCI bits (PUCCH format 1) as well as for more than 2 UCI bits (PUCCH format 3).  
Proposal 1 (Frequency hopping boundary)
· The number of symbols in the 1st frequency hop is determined by either Ceil(N/2) or Floor(N/2) for N-symbol PUCCH.

HARQ-ACK and SR
As specified in the NR TS 38.213 v1.1.1 [4], PUCCH format 1 can carry HARQ-ACK or SR. The set of new length-12 base sequences were agreed in the RAN1#90bis meeting and reflected in the NR TS 38.211 v1.1.1 [5]. In addition, the following agreements were made regarding OCC for PUCCH format 1 [1]. 
Agreements:
· For long PUCCH, reuse LTE OCC code for OCC length =2,3,4,5
· FFS OCC code for OCC length =6,7
· Note: For long PUCCH for UCI of up to 2 bits,  
· If FH is enabled, support OCC length on DMRS  = number of DMRS symbol in each hop, support OCC length on UCI  = number of UCI symbol in each hop
· If FH is disabled, support OCC length on DMRS  = number of DMRS symbol in the long PUCCH, support OCC length on UCI  = number of UCI symbol in the long PUCCH

For OCC lengths 6 and 7, DFT sequences of the corresponding lengths can be employed as for the cases of lengths 3 and 5. Unlike for base sequence and cyclic shift, details of OCC are yet to be specified in TS 38.211, and mapping of OCC on the PUCCH format 1 for carrying HARQ-ACK and SR, respectively, may as well be clearly decided. 
 PUCCH format 1 from different UEs can be multiplexed on the same PRB by assigning different CS or/and OCC. This applies to the cases that PUCCHs carrying HARQ-ACK and SR are mixed within the same PRB. 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 PUCCHs carrying HARQ-ACK and SR are orthogonal within the PRB whatever modulation symbols are carried on UCI symbols. In order to randomize interference between the PUCCHs on the same PRB, which can be caused by imperfect orthogonality due to delay spread and near-far effect, CS hopping per symbol and OCC hopping per frequency-hop can be applied as well. 
Proposal 2 (Multiplexing and OCC)
·  PUCCHs for HARQ-ACK or/and SR can be multiplexed on the same PRB using different CS or/and OCC.
· 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 two separate PUCCHs for HARQ-ACK and positive SR. This can reduce PAPR/CM and provide larger coverage. If OCCs for SR are separately applied to the even and odd symbols corresponding to DMRS and UCI of HARQ-ACK PUCCH, respectively, the resource configured 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. This applies to the PUCCH duration as well. That is, if the allocated PUCCH durations are different between HARQ-ACK and SR, the PUCCH duration configured for SR is applied. Odd index symbols of the SR PUCCH are modulated by the HARQ-ACK modulation symbol.
Proposal 3 (Simultaneous HARQ-ACK and SR)
· In case of positive SR, PUCCH for HARQ-ACK is transmitted on the SR resource (PRB, CS, OCC, duration).

Conclusion 
This contribution addresses the remaining design details of long PUCCH carrying 1~2 UCI bits, i.e. PUCCH format 1. Based on the discussions, we propose the followings:

Proposal 1 (Frequency hopping boundary)
· The number of symbols in the 1st frequency hop is determined by either Ceil(N/2) or Floor(N/2) for N-symbol PUCCH.

[bookmark: _GoBack]Proposal 2 (Multiplexing and OCC)
· PUCCHs for HARQ-ACK or/and SR can be multiplexed on the same PRB using different CS or/and OCC.
· 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 3 (Simultaneous HARQ-ACK and SR)
· In case of positive SR, PUCCH for HARQ-ACK is transmitted on the SR resource (PRB, CS, OCC, duration).
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Appendix
	Parameters
	Configurations

	Carrier frequency
	4 GHz

	System bandwidth
	20 MHz

	Subcarrier spacing
	15 KHz and 30 KHz

	BS antenna configuration
	2 Rx

	UE antenna configuration
	1 Tx

	Channel model
	TDL-C; delay spread: 300ns 

UE velocity: 3km/h, 120km/h 

	Channel coding
	TBCC with 8 CRC bits for format 3

	Payload size 
	1, 2 bit(s) for format 1; 12, 24 bits for format 3

	Length of PUCCH (N)
	6, 10

	Number of PRBs
	1

	Number of UEs
	1



Table 2. Values of simulation parameters

6.1 BLER plots for length-6 PUCCH format 3 with Alt. 3 and Alt.1   
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Fig. 3 BLER versus SNR for length-6 PUCCH format 3 with Alt. 1 and Alt. 3 as frequency hopping boundaries
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