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Introduction
In the previous meetings many agreements were made for long PUCCH [1][2][3][4]  including the agreements during the follow up email discussion after the RAN1#90bis.
In this contribution, we discuss our view on the remaining issues of the design of PUCCH Format 3 and 4. 
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On UCI symbols
Modulation of UCI encoded bits
It was agreed the possibility of using pi/2 BPSK instead of QPSK for modulation of the encoded UCI bits in PUCCH format 3 and 4 by configuration. Using pi/2 BPSK effectively doubles the coding rate due to one to one mapping of coded bits to coded symbols but it is claimed to reduce the PAPR. 
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[bookmark: _Ref492946474]Figure 1: BLER vs SNR for long PUCCH with 14 symbols and frequency hopping with 2 DM-RS symbols per hop and a single user at 3km/h. The results compare pi/2 BPSK and QPSK for modulation for different number of UCI bits and TDL-C channel model with various delay spread (i.e. 300ns on left and 1000ns on the right) with sub-carrier spacing of 15 kHz.
We have evaluated the performance of long PUCCH with 14 symbols for different payload sizes and channel conditions assuming QPSK and pi/2 BPSK modulated based on the simulation assumptions selected from Appendix. The results are shown in Figure 1 for 20 to 80 bits UCI. It is important to note that the long PUCCH with 14 symbols is designed to accommodate transmission of 100s of UCI bits. From the simulation results it is clearly obvious that there is only no or minor gain for small payloads by using pi/2 BPSK instead of QPSK. While as the number of UCI bits increases, the performance of the long PUCCH with pi/2 BPSK is severely degrades due to the considerable loss in the coding gain for the moderate. The loss is expected to be larger for large payloads. Therefore, it seems that QPSK is a proper choice for the design of long PUCCH. More investigations are needed to identify the conditions that the introduction of pi/2 PBSK brings some benefit and whether it should be considered or not. Based on the above we propose the following proposal:
Proposal 1:
· When the UE is configured with Pi/2 BPSK modulation for PUCCH Format 3 or 4, the pi/2 BPSK is used if the coding rate of the encoded UCI bits is low enough. Otherwise, QPSK should be used.

Scrambling of UCI encoded bits
From our point of view, the same initialization should be used for NR PUCCH and PUSCH similar to those used for PUSCH as we discussed in our companion contributions [5]. Therefore, we propose the following which also includes the suggestion for initialization of PN generator:
Proposal 2:
· For scrambling of encoded bits in PUCCH Format 3 and Format 4, the same initializing as for PUSCH based on DFT-S-OFDM is used.
On frequency hopping boundary
With respect to the frequency hopping as we discussed in our companion contribution [6] in case of frequency hopping, only one hop is supported for a long PUCCH based on the agreement. However, the location of the hop is not yet agreed. A long PUCCH can be consists of 4 to 14 symbols which implies that a long PUCCH can be consists of even or odd number of symbols. To maximize the benefit from 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.

Proposal 3:
· For a PUCCH Format 3 or 4 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.
On Hopping length with one DMRS (X=4 or 5)
In the previous meeting and the following email discussion [90b-NR-26] the details of the number of DMRS symbols for PUCCH Format 3 and 4 were agreed. One of the remaining issues were the maximum duration of a hop X, that contains only one DMRS. From the agreement, there are two possible options, X=4 and X=5. The number of DMRS due to these values would change for a PUCCH of length 10 or 11 symbols as shown in Figure 1.
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[bookmark: _Ref498753004]Figure 1: Number of DMRS for X=4 and 5
In order to figure out which option to support, simulations assumptions were agreed for further investigations which are summarized in Appendix section 5.1. Extensive simulations are performed and the results for convenience are captured in the Appendix section 5.2. The results show that both have advantageous which in different situation changes in favor of one or the other. However, it seems that X=5 is a better choice since in practical scenarios due to less DMRS overhead. Therefore, we propose the following:
Proposal 4:
· For PUCCH Format 3 or 4, choose the maximum duration of a hop with one DMRS symbol to be X=5.
[bookmark: _Ref495221537]On pre-DFT OCC code of Format 4
In the last meeting it was agreed to multiplex maximum 4 UEs within a PRB in PUCCH Format 4, using the pre-DFT code. In the following we propose the OCC codes that are of length 2 and 4 for PUCCH Format 4.
Proposal 5:
· Adopt the following Orthogonal sequences of length 2 and 4 for PUCCH Format 4:
Orthogonal sequences [image: ] for PUCCH format 4.
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	0
	[1  1]
	[1,1,1,1]

	1
	[1 -1]
	[1, -j,-1,j]

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

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



On Determination of Utilized PRB for PUCCH Format 3
It is agreed to configure the number of PRBs as well as the index of the staring PRB for PUCCH Format 3. As we discussed in our companion contribution [7], we would like to have sets for different payload sizes where the UE can determine the set based on the number of UCI bits. In this way, the number of PRBs in each PUCCH resource would be configured properly. In this manner the UE utilizes all the available PRBs for transmission of UCI bits in an efficient way.
Proposal 6:
· All the configured PRBs are used for transmission of the UCI with PUCCH Format 3.

On simultaneous transmission of different UCI types
Since PUCCH Format 3 and 4 support more than 2 UCI bits, it can easily be used for simultaneous transmission of HARQ-ACK bits and other types of UCI bits including SR and CSI report similar to PUCCH Format 2 as we discussed in our companion contribution [7]. However, it is important that the UE and gNB have the same assumption on the number of UCI bits.
Proposal 7:
· Simultaneous transmission of HARQ-ACK bits with/without SR and CSI feedback with PUCCH Format 3 or 4 is supported by RRC configuration.

Simultaneous transmission of HARQ-ACK and SR
If the transmission of HARQ-ACK bits using PUCCH Format 3/4 coincides with a semi-static configured SR opportunity, the HARQ-ACK bits should be appended with one bit representing the status of the configured SR configuration. This bit can take the value 0 or 1 depending if the SR is negative or positive. 
Proposal 8:
· When the transmission of HARQ-ACK bits with PUCCH Format 3 or 4 coincides with a semi-static configured SR opportunity, a bit presenting the state of the SR being absent or present, is appended to the HARQ-ACK bits.  
Simultaneous CSI and HARQ-ACK/SR
Assuming that the simultaneous transmission of HARQ-ACK and CSI is enabled by configuration, when CSI reporting using PUCCH format 3/4 and HARQ-ACK reporting with or without SR coincides, three following cases can occur:
· Case 1: The PUCCH format for HARQ-ACK with or without SR is PUCCH Format 0, 1, 2 or 4.
· Case 2: The PUCCH format for HARQ-ACK with or without SR is the same as the PUCCH Format for CSI, and it is PUCCH Format 3.
In case 1 above, the simultaneous CSI and HARQ-ACK/SR bits can be transmitted on the PUCCH Format 3/4 and the PUCCH resources are determined by those given for CSI reporting. In case 2, it is expected that usually a larger number of PRBs are configured for a PUCCH resource for CSI reporting. However, it is preferred to ensure that among the two PUCCH Format resources for CSI and HARQ-ACK, the one with a larger number of configured PRBs is chosen for simultaneous transmission of CSI and HARQ-ACK. 
When the CSI reports are transmitted on a PUCCH Format 3 or 4, it may include multiple reports. Each report contains Part I and Part II. Part I and Part II CSI are separately encoded. The information in Part I determines the size of Part II CSI and it also includes the RI which requires higher protection. For the simultaneous transmission of CSI feedback and HARQ-ACK bits (with or without SR) using PUCCH Format 3 or 4, one can consider joint encoding of the CSI Part 1 and HARQ-ACK as a simple extension of the CSI feedback procedure on the PUCCH format 3/4. 
However, in order to enable a reliable transmission for HARQ-ACK bits, we suggest not to encode the HARQ-ACK bits with a rate higher than configured maximum code rate. This implies that for a CSI report, can be added to HARQ-ACK bits only when the encoding rate of the joint encoder does not exceed the maximum code rate. Since the gNB is aware of size HARQ-ACK bits and Part I of the CSI reports, the first encoder tries to multiplex as many as Part I from the CSI report as possible using the configured maximum code rate for PUCCH Format 3/4 taking into account that the UCI bits (including HARQ-ACK, SR if present and Part I of CSI reports) are appended by CRC bits. After this step the remaining REs are used for the encoding of the Part II of the CSI repots if possible.
Therefore, based on the above discussion we propose the following:
Proposal 9:
· When the UE is configured with simultaneous transmission of HARQ-ACK and CSI with PUCCH Format 3 or 4, if the occasion of CSI reporting with PUCCH Format 3 or 4 concurs with HARQ-ACK reporting and
· If the PUCCH format for HARQ-ACK is 0 or 1 or 2 or 4, the UE simultaneously transmits HARQ-ACK and CSI reporting using the PUCCH Format 3 or 4 resources intended for CSI.
· If the PUCCH format for HARQ-ACK is 3, the UE simultaneously transmits HARQ-ACK and CSI reporting using the PUCCH Format 3 resources with a larger number of configured PRBs.
Proposal 10:
· For simultaneous transmission of HARQ-ACK/SR and one or multiple CSI reports with PUCCH Format 3 or 4
· The HARQ-ACK/SR and Part I of CSI reports are jointly encoded with the configured maximum code rate of the PUCCH Format 3 or 4.
· The remaining resources are used for encoding of the Part II of the CSI reports.
· Note that the number of Part I reports and Part II reports are not necessary equal.
Conclusion
In this contribution based on the analysis and performance evaluation we proposed the followings for the remaining design aspects of a long PUCCH signal carrying more than 2 UCI bits.
Proposal 1:
· When the UE is configured with Pi/2 BPSK modulation for PUCCH Format 3 or 4, the pi/2 BPSK is used if the coding rate of the encoded UCI bits is low enough. Otherwise, QPSK should be used.

Proposal 2:
· For scrambling of encoded bits in PUCCH Format 3 and Format 4, the same initializing as for PUSCH based on DFT-S-OFDM is used.
Proposal 3:
· For a PUCCH Format 3 or 4 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 4:
· For PUCCH Format 3 or 4, choose the maximum duration of a hop with one DMRS symbol to be X=5.
Proposal 5:
· Adopt the following Orthogonal sequences of length 2 and 4 for PUCCH Format 4:
Orthogonal sequences [image: ] for PUCCH format 4.
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	0
	[1  1]
	[1,1,1,1]

	1
	[1 -1]
	[1, -j,-1,j]

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

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



Proposal 6:
· All the configured PRBs are used for transmission of the UCI with PUCCH Format 3.
Proposal 7:
· Simultaneous transmission of HARQ-ACK bits with/without SR and CSI feedback with PUCCH Format 3 or 4 is supported by RRC configuration.

Proposal 8:
· When the transmission of HARQ-ACK bits with PUCCH Format 3 or 4 coincides with a semi-static configured SR opportunity, a bit presenting the state of the SR being absent or present, is appended to the HARQ-ACK bits.  
Proposal 9:
· When the UE is configured with simultaneous transmission of HARQ-ACK and CSI with PUCCH Format 3 or 4, if the occasion of CSI reporting with PUCCH Format 3 or 4 concurs with HARQ-ACK reporting and
· If the PUCCH format for HARQ-ACK is 0 or 1 or 2 or 4, the UE simultaneously transmits HARQ-ACK and CSI reporting using the PUCCH Format 3 or 4 resources intended for CSI.
· If the PUCCH format for HARQ-ACK is 3, the UE simultaneously transmits HARQ-ACK and CSI reporting using the PUCCH Format 3 resources with a larger number of configured PRBs.
Proposal 10:
· For simultaneous transmission of HARQ-ACK/SR and one or multiple CSI reports with PUCCH Format 3 or 4
· The HARQ-ACK/SR and Part I of CSI reports are jointly encoded with the configured maximum code rate of the PUCCH Format 3 or 4.
· The remaining resources are used for encoding of the Part II of the CSI reports.
· Note that the number of Part I reports and Part II reports are not necessary equal.
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	Parameter
	Value

	Size of UEs
	1 or 2 or 4

	Number of ACK/NACK bits
	20, 40, 60, 80, 100

	Size of PUCCH
	10, 12 and 14 symbols with frequency hopping
5 and 7 without frequency hopping

	Channel coding
	RM encoder for UCI up to 11 bits
TBCC encoder for larger UCI with 8 CRC

	Modulation
	QPSK if not stated otherwise

	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



[bookmark: _Ref492953536]Extensive simulation results for number of DMRS symbols
Long PUCCH with 10, 12, 14 symbols with FH, low speeds, SC= 15kHz
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Long PUCCH with 10, 12, 14 symbols with FH, low speeds, SC= 30kHz
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Long PUCCH with 10, 12, 14 symbols with FH, high speeds, SC=15kHz
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Long PUCCH with 10, 12, 14 symbols with FH, high speeds, SC=30kHz
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Long PUCCH with 11 symbols with FH, high speeds, SC=15kHz, 20, 40, 60, 100 bits
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