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1.	Introduction
This contribution is a revision of R1-1718308.
In RAN plenary #75, WID on new radio (NR) has been approved [1]. The NR work item targets to specify the NR functionalities for both enhanced mobile broadband (eMBB) as well as for ultra-reliable low-latency-communication (URLLC) as defined in TR38.913 [2]. Frequency ranges up to 52.6 GHz are considered under the NR work item.
[bookmark: _GoBack]Long PUCCH design has been discussed in several RAN1 meetings. The Appendix lists the relevant agreements for long PUCCH with more than two bits (PUCCH format 3 and PUCCH format 4). 
In this contribution, we provide our views related to the design of long PUCCH format for a scenario where UCI payload carried via PUCCH consists of more than 2 bits. Our views on the long PUCCH format design for UCI up to 2 bits (PUCCH format 1) are presented in [3]. 
2.	On Remaining aspects of Long PUCCH Format
2.1.  Frequency hopping
Long PUCCH with more than 2 can be multiplexed on the same PRBs with other long PUCCH with up to two bits when they are multiplexed on complimentary frequency hops. This is attractive, as it reduces UL resource fragmentation due to long PUCCH. However, this requires that the symbol boundary on which the frequency hop occurs to be determined the same way for all long PUCCH formats. With this, the PUCCH formats on complimentary frequency hops would hop at the same symbol, hence avoiding collision, as illustrated in Figure 1. Further, in our companion contribution [3] we propose that the frequency hopping boundary is determined such that the number of symbols in the first hop is equal to the floor (Number of PUCCH symbols /2) and that of the second hop is equal to the ceiling (Number of PUCCH symbols /2).
Proposal 1: The frequency hop position in time is determined the same way for all long PUCCH formats. 
Proposal 2: For PUCCH format 3 and format 4, the frequency hopping boundary is determined such that the number of symbols in the first hop is equal to the floor (Number of PUCCH symbols /2) and that of the second hop is equal to the ceiling (Number of PUCCH symbols /2).
  
[image: ]
[bookmark: _Ref498597114]Figure 1. Complimentary frequency hopping of different long PUCCH formats on the same PRBs.
[bookmark: _Hlk490038416]2.2.  DMRS design
In RAN1#90-bis [4], and email discussion [90b-NR-26], the following was agreed regarding the DMRS design of long PUCCH with more than 2 UCI bits:
In case frequency hopping is enabled:
1. Number of DMRS symbols:
a. If number of symbols per hop for either hop is less than or equal to X: 1 DMRS symbol per hop.
b. If number of symbols per hop for both hops is more than X: 1 or 2 DMRS symbols per hop based on RRC configuration.
2. Location of DMRS symbols:
a. In case of 1 DMRS: Near the middle of the hop.
b. In case of 2 DMRS: Second symbol and penultimate symbol of hop.

In case frequency hopping is disabled:
1. Number of DMRS symbols:
a. If number of symbols of long PUCCH is less than or equal to X: 1 DMRS symbol.
b. If number of symbols of long PUCCH is more than X but less than or equal to 2X+1: 2 DMRS symbols
c. If number of symbols of long PUCCH is more than 2X+1: 2 or 4 DMRS symbols based on RRC configuration.
2. Location of DMRS symbols:
a. In case of 1 DMRS: Near the middle of the long PUCCH.
b. In case of 2 or 4 DMRS: Same location as DMRS of PUCCH of same length with frequency hopping enabled.
There are two open points to close:
1. Precise the meaning of near the middle of a hop, or near the middle of long PUCCH.
2. The value of X (4 or 5).

In case of a one DMRS per hop, per long PUCCH, the location of the DMRS can be determined as follows:
· With an odd number of symbols (N), the DMRS is located in symbol index , where (M) is the index of the first symbol of the hop (or long PUCCH). In this case, the DMRS is exactly in the middle.
· With an even number of symbols (N), the DMRS is located in symbol index , where M is the index of the first symbol of the hop (or long PUCCH). In this case, the DMRS is half a symbol closer to the start of the hop (or long PUCCH) then its end.
Proposal 3:
In case of a one DMRS per hop, per long PUCCH, the location of the DMRS can be determined as follows:
· The DMRS is located in symbol index , where M is the index of the first symbol of the hop (or long PUCCH).

To determine the value of X, we ran simulation to compare the performance of having X = 4 or X = 5. The simulation results are given in Figure 2. The simulation considered three cases:
· Long PUCCH with 5 symbols, with frequency hopping disabled, and with 1 or 2 DMRS symbols.
· Long PUCCH with 10 symbols, with frequency hopping disabled, and with 2 or 4 DMRS symbols.
· Long PUCCH with 10 symbols, with frequency hopping enabled, and with 1 or 2 DMRS symbols per hop.
Four different speeds were simulated, 3 Km/hr, 100 Km/hr, 300 Km/hr and 500 Km/hr. At low to moderate speeds (3 Km/hr and 100 Km/hr), the number of DMRS symbols has little impact on BLER performance. At high speeds (300 Km/hr and 500 Km/hr), long PUCCH with 10 symbols (5 symbols per hop in case frequency hopping is enabled) shows better performance with 4 DMRS symbols (2 DMRS symbols per hop) than with 2 DMRS symbols (1 DMRS symbol per hop). By having X=4, the network can configure the UE to use 4 DMRS symbols (2 DMRS symbols per hop) with long PUCCH of duration 10 symbols or more (or both hops having at least 5 symbols).
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[bookmark: _Ref498597736]Figure 2: Impact of number of DMRS of long PUCCH on BLER performance for long PUCCH with durations 5 symbols and 10 symbols with and without frequency hopping.

Proposal 4:
For long PUCCH with more than 2 UCI bits, and with frequency hopping enabled, the number of DMRS symbols per hop is configurable by RRC UE-specific signaling if the duration of both hops is more than 4 symbols.

Proposal 5:
For long PUCCH with more than 2 UCI bits, and with frequency hopping disabled, the number of DMRS symbols is configurable by RRC UE-specific signaling if the duration of long PUCCH is more than 9 symbols.

Based on proposals 2 to 5, the location of the frequency hopping boundary and the location of the DMRS symbols for long PUCCH with different durations is as shown in Figure 3 and Figure 4 in case of 1 DMRS per hop and in case of 2 DMRS per hop respectively.


[bookmark: _Ref498355586]Figure 3: DMRS and FH boundary location in case one DMRS is configured per hop.




[bookmark: _Ref498355590]Figure 4: DMRS and FH boundary location in case two DMRS are configured per hop.


[bookmark: _Hlk490047376]2.3.  SR multiplexing on long PUCCH for UCI of more than 2 bits
One of the open issues related to long PUCCH is how to convey scheduling request when SR occurs in the same slot with other UCI information such as HARQ-ACK and CSI transmitted on the long PUCCH. These kinds of scenarios are well known also in LTE. In LTE, when SR occurs in same subframe with UCI using LTE PUCCH Formats 3, 4 or 5, SR bit is appended as one bit to the end of the UCI payload before encoding and modulation.
We see that it’s natural to reuse the LTE solution also with NR PUCCH formats 3 and 4. In other words, SR bit is appended to the end UCI payload before encoding and modulation when SR occurs in same slot with PUCCH formats 3 and 4. 
Proposal 6: 	SR bit is appended to the end of the UCI payload before encoding and modulation when SR occurs in same slot with PUCCH formats 3 and 4.
2.4.	Pi/2-BPSK
In email discussion [90b-NR-27], it was agreed that Pi/2-BPKS can be supported as a user configurable modulation scheme in addition to QPSK. There as a discussion about the DMRS sequences to be used with Pi/2-BPSK but this was not included in the agreement as it was already covered by previous agreements. These agreements are listed here:
Agreements:
· The sequences on slide 4 in R1-1718949 are adopted as the set of length-12 base sequences for short PUCCH for up to 2 bits and DM-RS for long PUCCH for UCI of up to 2 bits

Agreements:
· 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:
· 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
Based on these agreements, and with Pi/2-BPSK modulation:
1. If PUCCH occupies one PRB, the length-12 sequences defined in R1-1718949 are used.
2. If PUCCH occupies more than one PRB, DMRS sequences for DFT-s-OFDM PUSCH are used.

3.	On PUCCH format for moderate payloads
In RAN1-90b [4], it was agreed that long PUCCH format with moderate UCI payload and some multiplexing capacity (PUCCH format 4) is based on pre-DFT OCC, and that it supports multiplexing capacity with 2 and 4 users. Furthermore, as agreed during email discussion [90b-30-NR], PUCCH format 4 occupies 1 PRB (12 sub-carriers).
For OCC multiplexing capacity of 2, we propose to reuse the OCC sequences defined for LTE PUCCH format 5. This scheme is further extended to a multiplexing capacity of 4 as described below:
Let the block of complex-valued modulation symbols to be transmitted on PUCCH format 4 be represented by:


PUCCH spreading can be applied according to:



Where,  can be 2 or 4




[bookmark: _Ref498358307]Table 1:  for  and 
	

	
 = 2
	
 = 4

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

	1
	[1 1 1 1 1 1 -1 -1 -1 -1 -1 -1]
	[1 1 1 i i i -1 -1 -1 -i -i -i]

	2
	-
	[1 1 1 1 1 1 -1 -1 -1 -1 -1 -1]

	3
	-
	[1 1 1 -i -i -i -1 -1 -1 i i i]







In [5], it was shown that for pre-DFT OCC, , and using the orthogonal sequences in Table 1, that post DFT spreading, the user is mapped to even or odd sub-carriers depending on the value of. We can similarly show that with the sequences of Table 1, and , that post DFT spreading each user is mapped to sub-carriers , where .
Each sequence  can be represented as:
, 
Let the signal pre-OCC spreading be represented by , where . Post DFT, the signal is:





This proves that every 4th subcarrier is non-zero depending on the value of n.

Proposal 7:
For PUCCH format 4, the pre-DFT OCC is applied according to the following:
Let the block of complex-valued modulation symbols to be transmitted on PUCCH format 4 be represented by:


PUCCH spreading can be applied according to:



Where,  can be 2 or 4
Where,  is as given by Table 1.
[bookmark: _Hlk492890268]4.	PRB allocation size and UCI dropping
For long PUCCH with more than two UC bits and no multiplexing capacity (PUCCH format 3), the payload size can be upto a few hunderds of bits [10], furthermore, the duration of long PUCCH can be as small as four symbols [11]. Therefore, it is possible to have more than one PRB allocated to PUCCH format 3.
In RAN1#90bis [4], it was agreed that in addition to RRC configuration, the number of PRBs can be additionally determined based on the following: as a function of UCI payload size and dynamic indication via DCI. In email discussion [90b-NR-37] it was agreed that a configurable maximum coding rate is used for a UE to determine how to feedback UCI on PUCCH.  
We see that both the dynamic indication and implicit payload size based determination can be supported for the determining the number of allocated PRBs:
· The number of PRBs is separately configured for each PUCCH resource in the set of PUCCH resources that can be dynamically indicated.
· The PUCCH resource configuration also indicates whether the number of PRBs is semi-static or flexible. 
· In the semi-static option, the number of PRBs is dynamically indicated as part of PUCCH resource indication.
· In the flexible option, the configured number of PRBs represents the maximum size of PUCCH resource. The number PRBs is implicitly determined based on the UCI payload size and maximum coding rate: 

Proposal 8:  The number of PRBs is separately configured for each PUCCH resource in the set of PUCCH resources. PUCCH resource configuration also indicates whether the number of PRBs is semi-static or flexible. 
Proposal 9: 	In the flexible option, the configured number of PRBs represents the maximum size of PUCCH resource. The number PRBs is implicitly determined based on the UCI payload size and maximum coding rate, bounded by the configured number of PRBs.
Furthermore, as described in [12], when the configurable number of PRBs is insufficient for a given UCI payload and configurable maximum coding rate, the UCI payload is reduced using HARQ-ACK bundling and/or CSI/L1-RSPR report dropping mechanism.
Proposal 10: When the configured number of PRBs is insufficient for a given UCI payload and configured maximum coding rate, the UCI payload is reduced using HARQ-ACK bundling and/or CSI/L1-RSPR report dropping mechanism.
5.	Conclusions 
In this contribution, we have considered the design of long PUCCH formats for UCI payloads more than 2 bits. Based on the discussion, we make the following proposals and observations:
[bookmark: _Hlk490234358].
Proposal 1: The frequency hop position in time is the same for all long PUCCH formats.
Proposal 2: For PUCCH format 2 and format 3, the frequency hopping boundary is determined such that the number of symbols in the first hop is equal to the floor (Number of PUCCH symbols /2) and that of the second hop is equal to the ceiling (Number of PUCCH symbols /2).
Proposal 3:
In case of a one DMRS per hop, per long PUCCH, the location of the DMRS can be determined as follows:
· The DMRS is located in symbol index , where M is the index of the first symbol of the hop (or long PUCCH).
Proposal 4:
For long PUCCH with more than 2 UCI bits, and with frequency hopping enabled, the number of DMRS symbols per hop is configurable by RRC UE-specific signaling if the duration of both hops is more than 4 symbols.

Proposal 5:
For long PUCCH with more than 2 UCI bits, and with frequency hopping disabled, the number of DMRS symbols is configurable by RRC UE-specific signaling if the duration of long PUCCH is more than 9 symbols.

Proposal 6: SR bit is appended to the end of the UCI payload before encoding and modulation when SR occurs in same slot with PUCCH formats 3 and 4.
Proposal 7:
For PUCCH format 4, the pre-DFT OCC is applied according to the following:
Let the block of complex-valued modulation symbols to be transmitted on PUCCH format 4 be represented by:


PUCCH spreading can be applied according to:



Where,  can be 2 or 4
Where,  is as given below.
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 = 4

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

	1
	[1 1 1 1 1 1 -1 -1 -1 -1 -1 -1]
	[1 1 1 i i i -1 -1 -1 -i -i -i]

	2
	-
	[1 1 1 1 1 1 -1 -1 -1 -1 -1 -1]

	3
	-
	[1 1 1 -i -i -i -1 -1 -1 i i i]


i = sqrt(-1)
Proposal 8:  The number of PRBs is separately configured for each PUCCH resource in the set of PUCCH resources. PUCCH resource configuration also indicates whether the number of PRBs is semi-static or flexible. 
Proposal 9: 	In the flexible option, the configured number of PRBs represents the maximum size of PUCCH resource. The number PRBs is implicitly determined based on the UCI payload size and maximum coding rate, bounded by the configured number of PRBs.
Proposal 10: When the configured number of PRBs is insufficient for a given UCI payload and configured maximum coding rate, the UCI payload is reduced using HARQ-ACK bundling and/or CSI/L1-RSPR report dropping mechanism.
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Appendix: Previous meetings Agreements
following agreements in relation to long PUCCH for UCI more than 2 bits were made [6], [7], [8] and [9]:
Agreements [6]: 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 [7]: For a long PUCCH in a slot,
· At most one hop for the long PUCCH is supported.
· FFS: details
Agreements [7]: 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 [8]:
· Long-PUCCH for moderate UCI payload with multiplexing capacity is supported

Agreements [8]:
· 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 [8]:
· 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.

Conclusion [9]:
· For long PUCCH moderate payload size with multiplexing capability, aim to downselection between Alt 2 and Alt 3 next meeting – companies are encouraged to perform additional evaluations and analysis especially considering power imbalance

Agreements from [4] and email discussion following the meeting:
Agreements:
· 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:
· 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:
· 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:
· 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:
· 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.

Email approval on the disabled frequency hopping case related to the above agreements till 10/27 – Hua (Huawei)
Update after email approval:
Agreements:
For long PUCCH for UCI of more than 2 bits, if frequency hopping is disabled,
· The number of DMRS symbols is  1 for long PUCCH duration <= X
· The number of DMRS symbols is 2 for long PUCCH duration >X  and <= 2X+1
· The number of DMRS symbols (either 2 or 4 symbols)  for the long PUCCH with a duration  >2X+1  is configurable by RRC UE-specific signaling
· RRC Bit-width is 1 bit (reuse the same RRC for long PUCCH with enabled frequency hopping)
· X is fixed in the spec w/o RRC impact and is the same as specified for long PUCCH with enabled frequency hopping
· Note: As agreed, if frequency hopping is enabled, the number of DMRS symbols (between 1-2 symbol) per hop for long PUCCH with duration per hop > X symbols is configurable by RRC UE-specific signaling
Agreements:
For long PUCCH for UCI of more than 2 bits
· For a long PUCCH with duration > X,  the DMRS location within the long PUCCH with frequency hopping disabled, is the same as the DMRS location within long PUCCH (of the same duration) with frequency hopping enabled. 
· For a long PUCCH with duration <=X,  the DMRS location within the long PUCCH with frequency hopping disabled is located in (near) the middle of the long PUCCH. 
· FFS exact locations
· For a long PUCCH with frequency hopping enabled,
· If there is 1 DMRS symbol in a hop, the DMRS symbol is located in (near) the middle of the hop.
· FFS exact locations
· If there is 2 DMRS symbols in a hop, the first DMRS is in the second symbol of the hop and the second DMRS symbol is in the penultimate symbol of the hop
Agreements:
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 


WF on pi/2 BPSK based long PUCCH carrying more than 2 UCI bits        
For long duration PUCCH carrying more than 2 bits:
· Use pi/2 BPSK modulation, spectrum shaping can be used similar to pi/2 BPSK PUSCH
Email discussion/approval of the above till 10/27 – Hua (Huawei)
Update after email approval:
Agreements:
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
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