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This is a revised version of R1-1713432 from last meeting RAN1 90. 
In RAN1 89 [1], the following are agreed for long PUCCH. 
· Long duration NR-PUCCH for up to 2 bits in a given slot is composed as the followings:
· HARQ ACK by BPSK or QPSK modulation is repeated in time domain and multiplied with sequence(s)
· FFS: pi/2 BPSK usage
· Two states SR is based on on-off-keying
· Time domain OCC can be applied over multiple UCI/DMRS symbols per frequency hop

· NR supports following long-PUCCH:
· One PUCCH format for UCI with up to 2 bits with high multiplexing capacity
· One PUCCH format for UCI with large payload with no multiplexing capacity
· FFS: One PUCCH format for UCI with moderate payload with some multiplexing capacity
· Note: this could be a variation of one of the former PUCCH formats.

In RAN1 NR Ad-Hoc#2 [2], a few further agreements are agreed for long PUCCH with 1 or 2 bits UCI payload. 

· For a long PUCCH in a slot,
· At most one hop for the long PUCCH is supported.
· FFS: details

In RAN1 90 [3], the following agreement was made for long PUCCH with up to 2 bits UCI payload 
· For a long-PUCCH for UCI of up to 2 bits,
· Confirm the WA:
· DMRS always occurs in every other symbol in the long PUCCH
· FFS: even or odd symbols
· For a long-PUCCH,
· Frequency-hopping is enabled/disabled by RRC signaling.
· FFS: if frequency-hopping is always enabled for a long-PUCCH with larger than a certain duration
In RAN1 90ah [4], the following agreement was also made. 
· Study further frequency hopping boundary for long PUCCH of up to 2 bits with N symbols focusing on the following options:
· Floor (N/2) 
· Ceiling (N/2) 
· N/2-1 where mod(N,4)=2; floor(N/2) otherwise
· Floor(Ceiling (N/2)/2) × 2
· Starting symbol driven frequency hopping boundary
· Companies are encouraged to perform further evaluations and analysis, also considering alignment (if necessary) of PUCCH of different durations

In RAN1 90bis [7], the following agreement was also made. 
· For long-PUCCH for UCI of up to 2 bits, if frequency hopping is disabled, OCC multiplexing capacity of 2,3,4,5,6,7 are supported.
· For each duration of long PUCCH for UCI of up to 2 bits, there is only one OCC multiplexing capacity
· For long PUCCH for up to 2 UCI bits, the base sequence can be hopped for transmission of PUCCH in different slots
· The base sequence hopping can be enabled or disabled by cell-specific RRC parameters via RMSI
· Note this parameter for hopping is the same as the one used for short PUCCH for up to 2 UCI bits
· Hopping pattern is at least based on a configurable ID
· FFS on details of the hopping pattern
· The ID has a bitwidth of [10] bits
· FFS on cyclic shift hopping
· No RRC signaling impact
· 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
· 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 PUCC
With the above agreements, the structure of long PUCCH with 1 or 2 bits UCI is basically in place, except that one important piece is missing. The missing piece is the frequency hopping position, if hopping is enabled by RRC. In this contribution, In this contribution, we share our proposal on this topic, and also the remain issues on long PUCCH with 1 or 2 bits. 
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Once hopping is enabled, one question is on which symbol the hopping occurs. Intuitively, for best PUCCH performance, one principle for deciding the hopping position should be allow floating hopping position depends on the starting and ending symbol location, such that the hopping can occur roughly at the middle of the long PUCCH duration. However, this principle of hopping in the middle of long PUCCH duration may not lead to best PUCCH performance in certain cases. Such cases could be when long PUCCH has N=4M+2 symbols where M = 1, 2, 3, especially when M=1 which leads to long PUCCH with 6 symbols. With a 6-symbols long PUCCH, there are two reasonable choices of hopping position, as shown in Figure 1. With alternative 1, hopping occurs on symbol 3, which leads to equal length of two parts of PUCCH. However, the first part has two DMRS symbols and 1 data symbol. The second part has 1 DMRS symbol with 2 data symbols. Therefore, in each part, the pilot to data ratio is very different from 50%. As we know, for 1 or 2 bits UCI, the optimal pilot ratio should be 50%. Therefore, alternative 1 does not achieve optimal pilot ratio in both parts, which should lead to some performance degradation for PUCCH. On the other hand, with alternative 2, hopping occurs on symbol 2. Both parts can achieve the optimal pilot ratio. Therefore, we expect alternative 2 yields better performance than alternative 1, which is confirmed by simulation results as shown in Figure 2. For 10 symbol long PUCH, the similar observation is observed in Figure 3. The details of simulation assumptions are given in Appendix.  
For long PUCCH with other durations where N=4M, N=4M+1, N=4M+3, the hopping in the middle of long PUCCH duration should work fine. 


[bookmark: _Ref489906375]Figure 1: Two alternative hopping positions for a 6-symbol long PUCCH
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[bookmark: _Ref489907596]Figure 2: Performance comparison of two alternative hopping positions for a 6-symbol long PUCCH
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[bookmark: _Ref492802092]Figure 3: Performance comparison of two alternative hopping positions for a 10-symbol long PUCCH
The rule to decide hopping position is summarized in the following Table 1.
[bookmark: _Ref450903402]Table 1 Hopping positions for N symbols long PUCCH with up to 2 bits payload
	PUCCH duration
(N symbols)
	# symbols in 1st half after hopping
	# symbols in 2nd half after hopping

	4
	2
	2

	5
	2
	3

	6
	2
	4

	7
	3
	4

	8
	4
	4

	9
	4
	5

	10
	4
	6

	11
	5
	6

	12
	6
	6

	13
	6
	7

	14
	6
	8


[bookmark: _Ref465963195][bookmark: _Ref466040522]
As we discussed above, we also propose the following for frequency hopping boundary of long PUCCH.
Proposal 1: For a long PUCCH with N symbols to carry 1 or 2 bits UCI, if hopping is enabled, the hopping boundary is determined as follows
· N/2-1 where mod(N,4)=2; floor(N/2) otherwise

Time Domain OCC for Multiplexing Capacity
In [6], DFT basis are proposed for Pre-DFT OCC for long PUCCH more than 2 bits. Furthermore, for OCC length 5, it is already agreed to use DFT basis. Therefore, for length 6 and 7, DFT basis is preferred to be used as OCC for multiplexing capacity. Table 2 and Table 3 shows the DFT basis OCC which can support multiplexing capacity of 6 and 7 respectively.
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	Sequence Index
	OCC Sequences

	0
	[1, 1, 1, 1, 1, 1]

	1
	[1, exp(j), exp(j), exp(j), exp(j), exp(j)]

	2
	[1, exp(j), exp(j), 1, exp(j), exp(j)]

	3
	[1, -1, 1, -1, 1, -1]

	4
	[1, exp(j), exp(j), 1, exp(j), exp(j)]

	5
	[1, exp(j), exp(j), exp(j), exp(j), exp(j)]
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	Sequence Index
	OCC Sequences

	0
	[1, 1, 1, 1, 1, 1, 1]

	1
	[1, exp(j), exp(j), exp(j), exp(j), exp(j), exp(j)]

	2
	[1, exp(j), exp(j), exp(j), exp(j), exp(j), exp(j)]

	3
	[1, exp(j), exp(j), exp(j), exp(j), exp(j), exp(j)]

	4
	[1, exp(j), exp(j), exp(j), exp(j), exp(j), exp(j)]

	5
	[1, exp(j), exp(j), exp(j), exp(j), exp(j), exp(j)]

	6
	[1, exp(j), exp(j), exp(j), exp(j), exp(j), exp(j)]



Proposal 2: For NR long PUCCH with up to 2 bits, DFT basis in Table 2 and Table 3 are used as time domain OCC for multiplexing capacity of 6 and 7.
Sequences and Frequency Hopping for PUCCH
To randomize inter-cell interference, the sequences and cyclic shifts can be hopped according to a certain pattern. LTE standard already has the hopping pattern for the sequences and cyclic shifts, and it can be reuse for NR. Even though the LTE PUCCH hopping pattern is limited to 3 and 4 OCC cases, it can be naturally extended to OCC codes with different lengths. Similar to LTE, cell specific sequence and CS hopping should be adopted in NR.
Proposal 3: For NR long PUCCH with up to 2 bits, support cyclic shift hopping. The cyclic shift hopping pattern should be cell specific, not UE specific. 
Conclusions
To summarize, we discussed long PUCCH with up to 2 bits UCI payload.  We have the following proposals.
Proposal 1: For a long PUCCH with N symbols to carry 1 or 2 bits UCI, if hopping is enabled, the hopping boundary is determined as follows
· N/2-1 where mod(N,4)=2; floor(N/2) otherwise

Proposal 2: For NR long PUCCH with up to 2 bits, DFT basis in Table 2 and Table 3 are used as time domain OCC for multiplexing capacity of 6 and 7.
Proposal 3: For NR long PUCCH with up to 2 bits, support cyclic shift hopping. The cyclic shift hopping pattern should be cell specific, not UE specific. 
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	Simulation assumptions for Section 2

	Numerology
	30Khz SCS 
(15kHz when it is mentioned)

	Hopping distance
	168 RBs

	Long PUCCH duration
	6 symbols and10 symbols

	# RBs for long PUCCH
	1 RB

	Payload size
	1 bit (2bit when it is mentioned)

	# eNB antenna
	2

	Channel and noise estimation
	MMSE channel estimation and genie noise estimation
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