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1. Introduction
RAN1 made following agreements so far [1]:
	Agreements of RAN1#88bis:
· For long duration NR-PUCCH in a given slot, FFS the detailed NR PUCCH formats. Companies are encouraged to provide the corresponding details. 
· Some examples as a starting point:
· For small UCI payload with 1 or 2 bit(s), LTE PUCCH 1a/1b especially in light of # of symbols available for NR-PUCCH
· FFS: Time domain OCC is applied over allocated multiple symbols.
· For large UCI payload with X bits, LTE PUCCH format 4, or PUSCH
· FFS on applicability of (virtual) frequency domain OCC
· FFS for the value of X
· FFS for medium UCI payload with less than X bits
· Scalability of NR-PUCCH for different number of symbols available for NR-PUCCH
· The set of the number of symbols for long duration NR-PUCCH in a slot includes {4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14}
· FFS whether or not it depends on the slot type, # of symbols per slot, etc.
Agreements of RAN1 NR#89:
· 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.
Agreements of RAN1 NR#2:
· For a PUCCH format for UCI with large payload with no multiplexing capacity within a slot:
· The DMRS and UCI are mapped to different symbols.
· For intra-slot frequency-hopping, one or two DMRS symbol(s) is/are mapped on each frequency-hop of the long-PUCCH.
· Opt.1: one DMRS per frequency-hop
· The location is around the middle of the frequency-hop 
· Opt.2: one or two DMRS per frequency-hop
· FFS: the location of the DMRS symbol(s)
· The DMRS symbol(s) are formed as follows:
· DMRS for a PUCCH is a sequence (e.g. a cyclic shift of a CAZAC or computer generated sequence) in frequency domain.
· Working assumption:
· The symbols carrying UCI are formed as follows:
· The UCI bits are encoded and scrambled, QPSK modulated and DFT pre-coded and mapped to the REs for the symbols carrying UCI of the long PUCCH
Agreements of RAN1#90:
· Long-PUCCH for moderate UCI payload with multiplexing capacity is supported
Agreements of RAN1#90:
· For a PUCCH format for UCI with large payload with no multiplexing capacity within a slot:
· If frequency-hopping is enabled,
· For each frequency-hop with less than X symbols, there is one DMRS symbol.
· X is not smaller than 4.
· For each frequency-hop with equal to or more than X symbols, there are two DMRS symbols.
· For each frequency-hop, at least one DMRS symbol is included.
· FFS: number of DMRS symbols if frequency-hopping is disabled.
· Targeting one value for X.
· FFS: The value of X
· FFS: DMRS structures
· Note:
· Continue discussion on simulation assumptions
Agreements of RAN1#90:
· Simulation assumptions for purpose of identifying the number of DMRS symbols for long PUCCH format without multiplexing capability for more than 2 bits UCI payload
· System bandwidth = 20Mhz
· Subcarrier spacing = {15kHz, 30 kHz}
· TDL-C channel with delay spread = {300nS, 1000nS}
· # UE Tx =1, # gNB Rx =2 ( Optional: # gNB Rx = 4 and 32)
· Payload sizes without CRC: 20bits, 60bits, 100 bits (only for 14 symbols long PUCCH)
· Number of RB = {1 RB} 
· Carrier frequency = 4Ghz
· Number of UEs = {1}
· UE speed: 3km/h, 120km/h, 500km/h at least for 20 bits 
· Polar code with 8+3 CRC and/or TBCC with 8 CRC bits
· Practical channel estimation and ideal noise estimation
Agreements of RAN1#90:
· For the format of long PUCCH supporting multiplexing of users, target to select one from:
· Alt.1: User multiplexing is realized by time-domain OCC.
· Alt.2: User multiplexing is realized by pre-DFT-OCC.
· Alt.3: User multiplexing is realized by FDM within the PRB.
· Alt.4: User multiplexing is realized by pure TDM in the slot.
· Note: Other alternatives are not precluded.
· Note: The following Simulation assumptions are recommended:
· System bandwidth = 20Mhz
· Subcarrier spacing =  {15kHz, 30 kHz}
· TDL-C channel with delay spread = {300nS, 1000nS}
· # UE Tx =1, # gNB Rx =2 ( Optional: # gNB Rx = 4 and 32)
· Payload sizes without CRC: 4bits, 10bits, 20bits, 40bits
· Number of RB = {1} 
· Carrier frequency = 4Ghz
· Number of UEs = {at least 2}
· UE speed: 3km/h, 120km/h, 500 km/h 
· Reed-Muller for 4 and 10 bits
· Polar code with 8+3 CRC and/or TBCC with 8 CRC bits
· Practical channel estimation and ideal noise estimation
· Note: Study of the effect of impairments such as power imbalance, time/frequency errors are not precluded.
Agreements of RAN1#90b:
· For long PUCCH for UCI of more than 2 bits 
· Reuse DMRS sequences of DFT-S-OFDM PUSCH if it occupies more than one PRB
Agreements of RAN1#90b:
· For the case of length-12 sequences, the same set of sequences are used for at least for the following:
· DM-RS for long PUCCH for UCI of up to 2 bits, 
· DM-RS for long PUCCH for UCI of more than 2 bits, 
· DM-RS for long-PUCCH over multiple slots, 
· DM-RS for DFT-S-OFDM PUSCH with modulation order higher than BPSK
· FFS other cases (e.g., short PUCCH for UCI of up to 2 bits, data symbols for long PUCCH, etc.)
Agreements of RAN1#90b:
· For long-PUCCH for UCI of more than 2 bits, the LTE PN sequence generator is used for scrambling of the encoded bits 
· Note: can be revisited if new Gold sequences are introduced

Agreements of RAN1#90b:
· Support Pre-DFT-OCC as the UCI structure for long PUCCH for UCI of more than 2 bits with moderate payload 
· FFS:  DMRS structure between CDM and IFDM
· Considering the impact on channel estimation and power imbalance among UEs
· It will be denoted as a new format 
· Support multiplexing capacity of 2 and 4 users for long PUCCH for UCI of more than 2 bits with moderate payload using one PRB in Rel-15
· FFS design of OCC
· No RRC signalling is necessary 
Agreements of RAN1#90b:
· For long PUCCH for UCI of more than 2 bits
· If frequency hopping is enabled, the number of DMRS symbols (between 1-2 symbol) per hop for long PUCCH duration per hop > X is configurable by RRC UE-specifically
· RRC Bit-width is 1 bit
· X is fixed in the spec w/o RRC impact
· FFS the value X
· The location of DMRS is pre-defined within long PUCCH in each hop based on number of DMRS per hop and duration of the hop.
Agreements of RAN1#90b email discussion:
· For long PUCCH for UCI of more than 2 bits with enabled frequency hopping,
· the number of DMRS symbols per hop is 1 for long PUCCH with duration of at least one hop<= X symbols
· the number of DMRS symbols (between 1-2 symbol) per hop for long PUCCH with duration of both hops > X symbols is configurable by RRC UE-specific signaling
· Down select between X=4 and 5
Agreements of RAN1#90b email discussion:
· For long PUCCH for UCI of more than 2 bits
· Confirm the working assumption
· The symbols carrying UCI are formed as follows:
· The UCI bits are encoded and scrambled, QPSK modulated and DFT pre-coded and mapped to the REs for the symbols carrying UCI of the long PUCCH
· Pi/2 BPSK can be supported in addition to QPSK as a user-specific configurable modulation scheme for UCI
· FFS whether other factors need to be considered in applying Pi/2 BPSK in addition to the configuration


In this contribution, we discuss design of long-PUCCH for UCI of more than 2 bits. The detail design of long-PUCCH for UCI of up to 2 bits is discussed in our companion contribution [2].

2. FH boundary (time-domain)
2.1. Problem
[bookmark: _Hlk494564819]UL part duration could be different between slots depending on the usage of slots: for example, in case of no DL part in the slot, UL part spans the whole slot; in case DL part is present at the beginning of the slot, UL part duration depends on the durations of DL part and guard period. Long-PUCCH basically spans over the whole UL part of the given slot (at least for slot-based scheduling). Starting position of a long-PUCCH could depend on the number of DL symbols + GP in the slot. In other words, in most cases, it can be assumed that all UEs which are on the same / different PRB(s) have the same starting symbol of long-PUCCH at a certain slot. However, it is possible that short-PUCCH/SRS at the end of the slot is TDMed with the long-PUCCH within the same slot. For such case, the long-PUCCH should be shortened. Considering that short-PUCCH can span {1, 2} symbol(s) and SRS can span {1, 2, 4} consecutive symbol(s), long-PUCCH shortening at least on the last 1-symbol should be taken into account to design the structure of long-PUCCH. 
Figure 1 illustrates an example for the case that FH boundaries of two UEs are not aligned. As illustrated in figure 1, UE#1 has 14-symbol and UE#2 has 13-symbol of which the last 1-symbol is shortened by short-PUCCH/SRS of some UE(s). If FH boundaries is determined by only the duration of long-PUCCH, e.g. FH boundary = floor (N/2) for N-symbol long PUCCH, FH boundary of two UEs of which some of the UEs has different duration are not aligned; some of the resources are segmented and nobody can use these resources. For efficiently resource utilization, FH boundary of different UEs should be aligned as much as possible. 
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Fig. 1.	An example the case that FH boundaries of two UEs are not aligned
(e.g. FH boundary = floor (N/2) for N-symbol long PUCCH).
2.2. FH boundary alignment
Figure 2 illustrates the case that FH boundaries of two UEs are aligned. As shown in figure 2, FH boundaries of UE#1 (14-symbol) and UE#2 (13-symbol) are aligned; the 2nd hop of these long-PUCCH can be allocated to a PRB where another UE used for the 1st hop. FH boundary alignment can improve resource utilization efficiency because there is no segmented resource; the more PRBs can be used for PUSCH transmission compared to the case of figure 1.
In RAN1 #90b meeting, it was agreed for long-PUCCH for UCI of up to 2 bits that the maximum multiplexing capacity of time domain OCC is used for PUCCH format 1, and that FH boundary is determined by long PUCCH duration / start symbol of long PUCCH. According to these agreements, it is not possible to always align FH boundaries of long-PUCCH for any possible combination of duration / starting symbol. However, we would like to ensure at least that FH boundaries of UEs are aligned of which duration is N-symbol and N-1-symbol and the starting symbols of both UEs are the same. 
In addition to above discussion, we believe that FH boundaries for long-PUCCH for UCI of up to 2 bits and long-PUCCH for UCI of more than 2 bits should be also aligned. Hence we propose the same proposals for FH boundary alignment as long-PUCCH for UCI of up to 2 bits discussed in our companion contribution [2].
Proposal 0:
· FH boundaries for both long-PUCCH for UCI of up to 2 bits and long-PUCCH for UCI of more than 2 bits should be aligned
· The same method to determine FH boundary is used for both long-PUCCH for UCI of up to 2 bits and long-PUCCH for UCI of more than 2 bits.
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Fig. 2.	The case that FH boundaries of two UEs are not aligned 
(FH boundaries are determined by the proposals of this contribution).

2.3. Proposal (1)
In proposal (1), FH boundary is determined by following equation: 
· For N symbols long PUCCH for UCI of more than 2 bits, frequency hopping is occurred after
· ceil (N/2) symbols if the starting symbol is even
· floor (N/2) symbols if the starting symbol is odd
· Note: symbol index starts at #0.

Table 1 also shows FH boundary of proposal (1). By adopting proposal (1), FH boundaries of UEs are aligned of which duration is N-symbol and N-1-symbol and the starting symbols of both UEs are the same.
Table 1 FH boundaries of proposal (1)
a) if the starting symbol = even              b) if the starting symbol = oddStarting symbol
duration
FH
Odd
14
7, 7
Odd
13
6, 7
Odd
12
6, 6
Odd
11
5, 6
Odd
10
5, 5
Odd
9
4, 5
Odd
8
4, 4
Odd
7
3, 4
Odd
6
3, 3
Odd
5
2, 3
Odd
4
2, 2

Starting symbol
duration
FH
Even
14
7, 7
Even
13
7, 6
Even
12
6, 6
Even
11
6, 5
Even
10
5, 5
Even
9
5, 4
Even
8
4, 4
Even
7
4, 3
Even
6
3, 3
Even
5
3, 2
Even
4
2, 2














Proposal 1:
· For N symbols long PUCCH for UCI of more than 2 bits, frequency hopping is occurred after
· ceil (N/2) symbols if the starting symbol is even
· floor (N/2) symbols if the starting symbol is odd
· Note: symbol index starts at #0

2.4. Proposal (2)
In proposal (2), FH boundary is determined by table. Table 2 shows FH boundary of proposal (2). By adopting proposal (1), FH boundaries of UEs are aligned of which duration is N-symbol and N-1-symbol and the starting symbols are the same. 
The difference between proposal (1) and proposal (2) is only the case of N = 6 of which the starting symbols is even. As emphasized in figure 4, for 6-symbol long-PUCCH, FH is (3, 3) in proposal (1); however FH is FH is (2, 4) in proposal (2). The advantage of proposal (2) is seen for long-PUCCH for UCI of up to 2 bits that we can keep DMRS density of 50 % for the case of 6-symbol. 
Table 2 FH boundaries of proposal (2)
a) if the starting symbol = even            b) if the starting symbol = oddStarting symbol
duration
FH
Even
14
7, 7
Even
13
7, 6
Even
12
6, 6
Even
11
6, 5
Even
10
5, 5
Even
9
5, 4
Even
8
4, 4
Even
7
4, 3
Even
6
2, 4
Even
5
2, 3
Even
4
2, 2

Starting symbol
duration
FH
Odd
14
7, 7
Odd
13
6, 7
Odd
12
6, 6
Odd
11
5, 6
Odd
10
5, 5
Odd
9
4, 5
Odd
8
4, 4
Odd
7
3, 4
Odd
6
3, 3
Odd
5
2, 3
Odd
4
2, 2
























Proposal 2:
· [bookmark: _Hlk492725987]Adopt following table for long-PUCCH for UCI of more than 2 bits when intra-slot FH is enabled
Table 2 FH boundaries of proposal (2)
a) if the starting symbol = even                            b) if the starting symbol = oddStarting symbol
duration
FH
OCC
Odd
14
7, 7
3
Odd
13
6, 7
3
Odd
12
6, 6
3
Odd
11
5, 6
2
Odd
10
5, 5
2
Odd
9
4, 5
2
Odd
8
4, 4
2
Odd
7
3, 4
1
Odd
6
3, 3
1
Odd
5
2, 3
1
Odd
4
2, 2
1

Starting symbol
duration
FH
OCC
Even
14
7, 7
3
Even
13
7, 6
3
Even
12
6, 6
3
Even
11
6, 5
2
Even
10
5, 5
2
Even
9
5, 4
2
Even
8
4, 4
2
Even
7
4, 3
1
Even
6
2, 4
1
Even
5
2, 3
1
Even
4
2, 2
1















3. Frequency-domain structure
3.1. Frequency-hopping bandwidth
For LTE, PUCCH frequency-hopping is symmetric for the center of the carrier, and PUCCH frequency-hops are at the edges of the system bandwidth. However, for NR, UEs may have different bandwidths of the active UL BWP for PUCCH transmission. If the frequency-hopping is for the edges of the UL BWP, spectrum fragmentation or inefficient resource usage is caused (see Fig. 3 (a)). In order to resolve this and to multiplex PUCCHs on different UL BWPs efficiently, it is desirable to make the PUCCH frequency-hopping pattern configurable by the NW in an independent manner from the bandwidth of the UL BWP (see Fig. 3 (b)). For example, by setting the frequency-hopping pattern such that the hopping is limited within a certain bandwidth, spectrum fragmentation can be minimized.

[image: ]
(a) FH bandwidth edges of the access BW.
[image: ]
(b) FH bandwidth configured parts.
Fig. 3.	FH bandwidth for long-PUCCH.
Proposal 3:
· Frequency-hopping bandwidth is configurable and is not derived only from the UL BWP bandwidth.

4. Conclusion
In this contribution, we discussed long-PUCCH for UCI of more than 2 bits and proposed following:
Proposal 0:
· FH boundaries for both long-PUCCH for UCI of up to 2 bits and long-PUCCH for UCI of more than 2 bits should be aligned
· The same method to determine FH boundary is used for both long-PUCCH for UCI of up to 2 bits and long-PUCCH for UCI of more than 2 bits.
Proposal 1:
· For N symbols long PUCCH for UCI of more than 2 bits, frequency hopping is occurred after
· ceil (N/2) symbols if the starting symbol is even
· floor (N/2) symbols if the starting symbol is odd
· Note: symbol index starts at #0
Proposal 2:
· Adopt following table for long-PUCCH for UCI of more than 2 bits when intra-slot FH is enabled
Table 2 FH boundaries of proposal (2)
a) if the starting symbol = even                            b) if the starting symbol = oddStarting symbol
duration
FH
OCC
Odd
14
7, 7
3
Odd
[bookmark: _GoBack]13
6, 7
3
Odd
12
6, 6
3
Odd
11
5, 6
2
Odd
10
5, 5
2
Odd
9
4, 5
2
Odd
8
4, 4
2
Odd
7
3, 4
1
Odd
6
3, 3
1
Odd
5
2, 3
1
Odd
4
2, 2
1

Starting symbol
duration
FH
OCC
Even
14
7, 7
3
Even
13
7, 6
3
Even
12
6, 6
3
Even
11
6, 5
2
Even
10
5, 5
2
Even
9
5, 4
2
Even
8
4, 4
2
Even
7
4, 3
1
Even
6
2, 4
1
Even
5
2, 3
1
Even
4
2, 2
1












Proposal 3:
· Frequency-hopping bandwidth is configurable and is not derived only from the UL BWP bandwidth.
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