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Introduction
The following agreements were made during the last two meetings for long PUCCH [1][2][3][4]:
	Agreements:
· For a long PUCCH with up to 2 bits UCI:
· 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 with Orthogonal Cover Code (OCC) in time.
· Note: The data symbols are formed as the following:
· The modulated UCI bit(s) is multiplied with a sequence (e.g. a cyclic shift of a CAZAC or computer generated sequence) in frequency domain with Orthogonal Cover Code (OCC) in time.
· BPSK and QPSK modulations for 1 and 2 UCI bits, respectively.
· Note: The usage of OCC for DMRS and UCI symbols is effectively disabled for differentiation of the users that are assigned with the same OCC.
Agreements:
· For a long PUCCH in a slot,
· At most one hop for the long PUCCH is supported.
· FFS: details

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

Working assumption:
· For long-PUCCH for UCI of up to 2 bits, if frequency hopping is enabled, the OCC multiplexing capacity for 7-symbol long PUCCH is 1, and for 11-symbol long PUCCH is 2.
Agreements:
· 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
Agreements:
· OCC multiplexing capacity for each long PUCCH duration for long-PUCCH for UCI of up to 2 bits is given as follows:
	Long-PUCCH duration N
	OCC Multiplexing capacity M

	
	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


Agreements:
· 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
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
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
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



In this contribution, we discuss our view on some of the remaining issues for the design of long PUCCH for up to 2 bits, i.e. PUCCH Format 1.
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On frequency hopping position
As agreed, in case of frequency hopping, only one hop is supported for a long PUCCH. However, the location of the hop is not yet agreed. It was concluded in the previous meeting to focus the study on couple of alternatives. In the following we explain our view about these alternatives of the hopping boundary of a long PUCCH with N symbols.

· Alt 1: Floor(N/2) or Ceil(N/2):
A long PUCCH can be consists of 4 to 14 symbols which implies that a long PUCCH can consist of even or odd number of symbols. To maximize the benefit of frequency hopping irrespective of channel conditions it is reasonable to have a symmetric length on hops as much as possible. This implies that in case of frequency hopping for a long PUCCH with even number of symbols, the hopping should occur in the middle of the PUCCH while for a long PUCCH with odd number of symbols, one hop would be one symbol longer than the other hop. There is not much difference whether the first hop is longer or the second one. However, it is claimed that in case that a long PUCCH is occasionally shorter at the end is suitable for a triggered transmission like SRS. Hence it would be beneficial to have the second hop one symbol shorter.

· Alt 2: N/2-1 where mod(N,4)=2; floor(N/2) otherwise:
Another approach was proposed in [5] which was effectively resulted in the same hopping positions as described above except for the long PUCCH of durations 6, 10 and 14 symbols where the proposal resulted in asymmetric hop lengths such that one of the hops contains two more symbols than the other, as opposed to the symmetric approach described above. The difference between these approaches is shown in Figure 1. Improvement in the channel estimation for all the data symbols was the main motivation behind this proposal. 

[image: ][image: ]
[bookmark: _Ref492847125]Figure 1: Asymmetric and symmetric hopping lengths for 6, 10 and 14 symbols long PUCCH
In order to understand whether the asymmetric hop lengths is beneficial or not, we have evaluated the performance of the long PUCCH of durations of 6, 10 and 14 symbols for asymmetric and symmetric hopping lengths as illustrated in  Figure 1. The details of the simulation assumptions are given in Appendix. Based on the simulation results we have compared the performance of the long PUCCH with respect to the required SNR under different channel conditions as well as sub-carrier spacing as shown in Figure 2. We observe that in general for 10 symbols long PUCCH, there is either none or minor improvements by applying an asymmetric hopping as compared to the symmetric one. The same conclusion can be drawn for 14 symbols long PUCCH. For a 6-symbol long PUCCH, symmetric hops are clearly beneficial at 500 km/h. For channels with large delay spread and UEs at low and moderate speeds, there is an improvement in operating SNR about 0.1 to less than 0.5dB. However, the BLER performance shown in  Figure 3 in the Appendix, hints to a small difference in performance with any of the settings. 
Therefore, considering the limited gain for only a special case, i.e. 6 symbols long PUCCH for low to moderate speed scenarios with large delay spread, and comparable performance or even performance loss in other cases by adopting asymmetric hop lengths, we conclude that adopting a special design for 6 symbols long PUCCH is not well motivated. It is important to note that such a special design for 6 symbols long PUCCH in fact requires additional signaling in order to fall back to the symmetric approach for operations at very high speeds.

· Alt 3: Floor(Ceiling (N/2)/2) × 2
This alternative was proposed in [6] with the motivation is defining a “basic unit” constitute of two symbols as the minimum granularity for the hopping boundary. This approach results in asymmetric hop lengths for N=6, 10 and 14 similarly to Alt 2 such that one of the hops contains two more symbols than the other one, as opposed to the symmetric approach described in Alt 1. As we discussed our view for Alt. 2, this approach is not preferred due to the performance degradation. Moreover, it is not clear the benefit of defining yet another parameter as “basic unit” which requires additional signaling.

· Alt 4: Starting symbol driven frequency hopping boundary
Moreover, it was proposed in [7] that the hop position should not depend on the long PUCCH duration but instead on the slot duration and the starting symbol of the long PUCCH.  The motivation behind this proposal is to align the hopping position among the long PUCCH transmissions on the same PRB from different UEs that may have long PUCCH transmission with different durations of starting and/or ending positions. One mentioned example is the case when two UEs are transmitting long PUCCH in the same PRB but one of them uses a shorter long PUCCH to allow a short PUCCH transmission at the end of the slot. From our perspective if that is an issue, it can be resolved by gNB such that the long PUCCH transmissions from different UEs on the same PRBs have the same durations with the same starting and ending symbols. That results in the aligned hopping positions as well providing a gap at the end for short PUCCH transmission for example, if necessary. However, the situation is transparent from the UE perspective and can be addressed by gNB implementation. The solution provided in [7] implicitly assumes that the long PUCCH always lasts until the end of the slots or earliest two symbols before the end of slot which imposes a strong limitation on transmission timing of the PUCCH.
Therefore, based on the above discussion we consider that Alt 1 with a shorter first hop in case of an odd N is the most appropriate one and hence we propose the following:

Proposal 1:
· For a PUCCH Format 1 with a duration of N consecutive symbols within a slot:
· If an intra-slot frequency hopping is enabled, the UE assumes that the number of symbols in the first and second hops are ceil(N/2) and floor(N/2), respectively.
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[bookmark: _Ref492847720]Figure 2: Required SNR in dB to meet the error requirements for long PUCCH for 1 bit UCI and a single user at different speeds, different sub-carrier spacing (i.e. 15 and 30 kHz) and TDL-C channel model with various delay spread (i.e. 300ns, 1000ns). The left and right plots correspond to long PUCH with 6 and 10 symbols, respectively.
On OCC Resources
When frequency hopping is enabled, the multiplexing capacity of PUCCH with 7 and 11 symbols PUCCH has not been agreed yet. The current working assumption is due to the proposal to assign different multiplexing capacity based on cyclic shifts and OCC for DMRS and UCI symbols per hop. Having different cyclic shifts for different symbols increases the required signaling and it is not clear if it results in any performance improvement. However, the resultant multiplexing capacity is based on both OCC and cyclic shifts which remains the same. Therefore, we propose to confirm the working assumption and adopt the OCC multiplexing capacity of 1 and 2 for PUCCH of 7 and 11 symbols, respectively.

Proposal 2:
· Confirm the Working assumption as the following:
· For PUCCH Format 1, if frequency hopping is enabled, the OCC multiplexing capacity for 7-symbol long PUCCH is 1, and for 11-symbol long PUCCH is 2.

Furthermore, it was agreed in the previous meeting that frequency hopping can be disabled for any duration of long PUCCH. This resulted the need for OCC with lengths from 2 to 7. The OCC for lengths 2 to 5 were agreed to be as the ones used in LTE. For OCC length of 6 and 7 we use DFT for generating the codes and propose the following:

[bookmark: _Hlk498551507]Proposal 3:
· The orthogonal sequences of length 6 and 7 are specified as the following two tables for time domain spreading of PUCCH Format 1.


Orthogonal sequences  for OCC of length 6
	Sequence index 
	Orthogonal sequences 

	0
	

	1
	

	2
	

	3
	

	4
	

	5
	


Orthogonal sequences for OCC of length 7
	Sequence index 
	Orthogonal sequences 

	0
	

	1
	

	2
	

	3
	

	4
	

	5
	

	6
	




On frequency domain sequence hopping
Similar to PUCCH Format 0 [8], it was agreed in the previous meeting to enable the base sequence hopping of PUCCH format 1 by cell-specific RRC parameters for PUCCH transmission in different slots. We propose to reuse the LTE procedure for base sequence hopping and propose the following: 
Proposal 4:
· The base sequence hopping for PUCCH Format 0 and 1 is done similarly to LTE.
· The hopping pattern is obtained from the LTE PN sequence generator.
· The initialization of the PN sequence generator is done similarly to the initialization used for the base sequence hopping based on the RRC configured ID at the beginning of each radio frame.
· The hopping pattern depends on the slot index in the radio frame and the RRC configured ID similarly to LTE.

Furthermore, on the need for cyclic shift hopping, we do not see the necessity of enabling the cyclic shift hopping. In NR, as oppose to LTE, the time and frequency allocation for PUCCH transmission can vary for different transmission occasions which by design provides randomization. Hence, introducing additional level of randomization may not be necessary. However, it is agreed to adopt cyclic shift hopping for 2-symbol PUCCH based on Format 0 [9]. Also, interests were expressed to adopt cyclic shift hopping for the long PUCCH, i.e. PUCCH Format 1 for interference randomization.  Therefore, it is preferred to have a unified design for enabling cyclic shift hopping in different formats. In that sense, our preference is to to reuse the LTE cyclic shift hopping pattern with adequate modification for the usage of PUCCH formats in NR. Hence, we propose the following:
Proposal 5:
· For symbol based cyclic shift hopping for PUCCH Format 0 and 1 is done similarly to LTE.
· The hopping pattern is obtained from the LTE PN sequence generator.
· The initialization of the PN sequence generator is done similarly to the initialization used for the base sequence hopping based on the RRC configured ID.
· The hopping pattern depends on the slot index in the radio frame and the symbol index in the slot similarly to LTE.
On UCI symbols frequency domain sequences
In the previous meeting, a new set of length 12 computer generated sequences which show improvement in PAPR and/or CM with comparable cross-correlation properties as compared to the LTE sequences, were adopted for PUCCH Format 0, as well as DMRS for PUCCH Format 1. From our perspective, the same set of sequences should be also used for the UCI symbols in PUCCH Format 1. From the coverage and inter-cell interference perspective, the performance is limited to the DMRS sequences and furthermore, using the same set of sequences simplifies the implementations based on a unified frame work. Therefore, we propose the following:
Proposal 6:
· The same set of lengths 12 sequences for DMRS are used for UCI symbols in PUCCH Format 1.
On Simultaneous transmission of HARQ-ACK and SR
In general, the procedure for transmission of HARQ-ACK with and without SR or SR only using PUCCH Format 1 is similar to LTE PUCCH Format 1a/1b. The UE can be semi-statically configured for transmission of SR using format 1 where a PUCCH resource including the cyclic shift and time domain OCC, is allocated for SR transmission. In this case, the transmission of SR is based on ON/OFF keying similar to LTE in the sense that in case of the PUCCH Format 1 is transmitted with the resource for SR if the SR is positive, otherwise it is not transmitted. Similarly, when the UE is transmitting 1-2 HARQ-ACK bits with PUCCH Format 1, a PUCCH resource including the cyclic shift and time domain OCC is allocated to the UE where the UE modulates the UCI symbols with PBSK or QPSK symbols conveying 1-2 HARQ-ACK bits, respectively. 
When the transmission of positive SR with PUCCH Format 1 coincides with the transmission of HARQ-ACK with PUCCH Format 1, a similar approach as LTE for PUCCH Format 1a/1b s used for simultaneous transmission of HARQ-ACK and SR. That implies that the modulated HARQ-ACK bits (BPSK or QPSK) are transmitted with PUCCH Format 1 that uses the resources for the semi-static configured SR.
Finally, it is important to note that the simultaneous transmission of SR and HARQ-ACK is feasible if both are configured with the same format and with there is no conflict with respect to resource allocation. If this condition fails, the SR should be simply dropped.
Based on the above discussion, we propose the following:
Proposal 7:
· At occasions where semi-static SR is configured with PUCCH Format 1,
· In case of negative SR, the PUCCH Format 1 is not transmitted.
· In case of positive SR, the PUCCH Format 1 is transmitted using resources for SR.
Proposal 8:
· When starting symbol of transmission of HARQ-ACK with PUCCH Format 1 coincides with occasion of the semi-static SR configuration,
· if the SR is not configured with PUCCH Format 1
· the SR is dropped and only HARQ-ACK is transmitted
· Otherwise the SR and HARQ-ACK are simultaneously transmitted.
Proposal 9:
· For simultaneous transmission of the SR and the HARQ-ACK using Format 1 is done similarly to LTE PUCCH Format 1a/1b.
· In case of negative SR, the PUCCH Format 1 is transmitted using resources for HARQ-ACK.
· In case of positive SR, the PUCCH Format 1 is transmitted using resources for SR.
Conclusion
In this contribution, we discussed the remaining issues on the design of long PUCCH for up to 2 bits UCI and proposed the following:
Proposal 1:
· For a PUCCH Format 1 with a duration of N consecutive symbols within a slot:
· If an intra-slot frequency hopping is enabled, the UE assumes that the number of symbols in the first and second hops are ceil(N/2) and floor(N/2), respectively.
Proposal 2:
· Confirm the Working assumption as the following:
· For PUCCH Format 1, if frequency hopping is enabled, the OCC multiplexing capacity for 7-symbol long PUCCH is 1, and for 11-symbol long PUCCH is 2
Proposal 3:
· The orthogonal sequences of length 6 and 7 are specified as the following two tables for time domain spreading of PUCCH Format 1.

· Orthogonal sequences  for OCC of length 6
	Sequence index 
	Orthogonal sequences 

	0
	

	1
	

	2
	

	3
	

	4
	

	5
	


· [bookmark: _GoBack]Orthogonal sequences for OCC of length 7
	Sequence index 
	Orthogonal sequences 

	0
	

	1
	

	2
	

	3
	

	4
	

	5
	

	6
	


Proposal 4:
· The base sequence hopping for PUCCH Format 0 and 1 is done similarly to LTE.
· The hopping pattern is obtained from the LTE PN sequence generator.
· The initialization of the PN sequence generator is done similarly to the initialization used for the base sequence hopping based on the RRC configured ID at the beginning of each radio frame.
· The hopping pattern depends on the slot index in the radio frame and the RRC configured ID similarly to LTE.
Proposal 5:
· For symbol based cyclic shift hopping for PUCCH Format 0 and 1 is done similarly to LTE.
· The hopping pattern is obtained from the LTE PN sequence generator.
· The initialization of the PN sequence generator is done similarly to the initialization used for the base sequence hopping based on the RRC configured ID.
· The hopping pattern depends on the slot index in the radio frame and the symbol index in the slot similarly to LTE.
Proposal 6:
· The same set of lengths 12 sequences for DMRS are used for UCI symbols in PUCCH Format 1.

Proposal 7:
· At occasions where semi-static SR is configured with PUCCH Format 1,
· In case of negative SR, the PUCCH Format 1 is not transmitted.
· In case of positive SR, the PUCCH Format 1 is transmitted using resources for SR.
Proposal 8:
· When starting symbol of transmission of HARQ-ACK with PUCCH Format 1 coincides with occasion of the semi-static SR configuration,
· if the SR is not configured with PUCCH Format 1
· the SR is dropped and only HARQ-ACK is transmitted
· Otherwise the SR and HARQ-ACK are simultaneously transmitted.
Proposal 9:
· For simultaneous transmission of the SR and the HARQ-ACK using Format 1 is done similarly to LTE PUCCH Format 1a/1b.
· In case of negative SR, the PUCCH Format 1 is transmitted using resources for HARQ-ACK.
· In case of positive SR, the PUCCH Format 1 is transmitted using resources for SR.
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Appendix
Simulation assumptions
[bookmark: _Ref485411023]Table 1: Link level simulation parameters
	Parameter
	Value

	Performance metric
	NACK-to-ACK error probability ≤ 0.1%
ACK-miss detection probability ≤ 1%
DTX-to-ACK probability ≤ 1%

	Number of users
	1

	Number of UCI bits
	1

	Size of PUCCH
	6 and 10 symbols

	Channel model
	TDL-C 300 ns, TDL-C 1000 ns

	User speed
	3 km/h, 120 km/h, 500 km/h

	Operating Bandwidth
	20 MHz

	Number of PRBs
	1

	Carrier frequency
	4 GHz

	Subcarrier spacing
	15 kHz, 30 kHz

	BS antenna configuration
	2 RX, uncorrelated

	UE antenna configuration
	1 TX

	Disturbance
	AWGN (no inter-cell interference)

	Channel estimation
	Realistic

	Noise estimation
	Ideal



Additional simulation results
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[bookmark: _Ref494480518]Figure 3: BLER vs SNR for long PUCCH with 6 symbols for 1 bit UCI and a single user at 3km/h. The results compare the asymmetric and symmetric hopping for TDL-C channel model with various delay spread (i.e. 300ns on left and 1000ns on the right) and different sub-carrier spacing (i.e. 15 and 30 kHz).

Recommendations
Based on the discussion above, it is clear that the multiplexing capacity depends on the duration of the PUCCH and whether the frequency hopping is enabled or not. However, it is up to gNB which OCC code or cyclic shift should be assigned to a UE. Having said that when long PUCCH transmission of multiple UEs are CDMed within a slot, it is efficient that the all use the same duration of long PUCCH as illustrated in Figure 4. The reason is having unequal duration of PUCCH results in increased and uneven intra-cell and inter-cell interference which deteriorates the system performance and misalignment of the hopping position. This also simplifies resource assignments as well. 
Conclusion:
· It is recommended that the long PUCCH transmissions from different UEs on the same sub-carriers and time within a slot to be configured with the same duration.
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[bookmark: _Ref494727407]Figure 4: Illustrative example of long PUCCH transmissions from two UEs, UE1 in bad coverage (the blue colored) and UE2 in good coverage (yellow colored). 
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