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1 Introduction
At the RAN1 #90bis meeting and subsequent email discussions following this meeting, the following agreements were reached on the long duration PUCCH for more than 2bits UCI [1]:
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
· 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:
· 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:

· 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 

This contribution discusses the remaining issues of the long duration PUCCH format for more than 2 bits UCI.
2 Discussion 
DMRS design for PUCCH formats 3/4
According to current agreements for DMRS design with or without frequency hopping, we list the number of DMRS symbols for X = 4 and 5 in Table 1. We evaluate the PUCCH BLER performance for a 20bit payload and PUCCH durations of 10, 12 and 14 symbols in Figure 1. The simulation assumptions are described in Table 3 of the appendix. It can be observed that 2 DMRS symbols per hop are required for a UE with frequency hopping and a UE speed of 500km/h since there is an error floor for 1 DMRS per-hop.  Hence, we support X=4 since it gives more flexibility to configure the DMRS overhead for more lengths of long PUCCH. 
Table 1: Number of DMRS symbols for different values of X and PUCCH durations
	
	X=4
	X=5

	
	With FH
	Without FH
	With FH
	Without FH

	
	DMRS per hop
	Total DMRS
	DMRS per hop
	Total DMRS

	4-os(2+2)
	1
	1
	1
	1

	5-os(2+3)
	1 
	2
	1
	1

	6-os(3+3)
	1
	2
	1
	2

	7-os(3+4)
	1
	2
	1
	2

	8-os(4+4)
	1
	2
	1
	2

	9-os(4+5)
	1
	2
	1
	2

	10-os(5+5)
	1 or 2
	2 or 4
	1
	2

	11-os(5+6)
	1 or 2
	2 or 4
	1
	2

	12-os(6+6)
	1 or 2
	2 or 4
	1 or 2
	2 or 4

	13-os(6+7)
	1 or 2
	2 or 4
	1 or 2
	2 or 4

	14-os(7+7)
	1 or 2
	2 or 4
	1 or 2
	2 or 4
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Figure 1: Simulation results for different DMRS overhead, with frequency hopping
Proposal 1: X=4 should be adopted for NR long PUCCH for more than 2 bits UCI.
For a long PUCCH with duration equal to X, the DMRS patterns with and without frequency hopping are different since the total numbers of DMRS are different. For a long PUCCH with duration larger than X, it was agreed that the DMRS locations with frequency hopping disabled are the same as when frequency hopping is enabled. It means there is only one DMRS pattern when PUCCH duration is greater than X and less than or equal to 2X+1 both with and without frequency hopping. Furthermore, there are two DMRS patterns with different numbers of DMRS symbols for each PUCCH duration greater than 2X+1 both with and without frequency hopping. 
By following the current agreements, we prefer to explicitly define the DMRS patterns for all long PUCCH durations as shown in Table 2. Notice that the ‘|’ is assumed as the frequency hopping boundary when frequency hopping is enabled. Notice in Table 2 that there may be multiple candidate DMRS patterns when there is only one DMRS symbol per hop. For instance, for a 7-symbol PUCCH we can have DMRS patterns URU|UURU or URU|URUU. The first one is more suitable without frequency hopping since the two DMRS symbols are well distributed.
Proposal 2: The DMRS patterns in Table 2 should be adopted for long PUCCH for more than 2 bits.
Table 2: DMRS and UCI patterns for long NR-PUCCH

	lengths
	Pattern 1 
	Pattern 2

	4
	URUU
	UR|UR

	5
	UR|URU

	6
	URU|URU

	7
	URU|UURU 

	8
	URUU|UURU 

	9
	UURU|UURUU

	10
	UURUU|UURUU
	URURU|URURU

	11
	UURUU|UUURUU
	URURU|URUURU

	12
	UURUUU|UUURUU 
	URUURU|URUURU

	13
	UUURUU|UUURUUU 
	URUURU|URUUURU

	14
	UUURUUU|UUURUUU
	URUUURU|URUUURU


Frequency hopping design for PUCCH format 3/4
The frequency hopping design for long PUCCH with more than 2bits UCI should be aligned with that of long PUCCH with up to 2bits UCI. The frequency hopping mechanism for PUCCH carrying up to 2 bits is described in [2] . 
Proposal 3: The frequency hopping design for long PUCCH with more than 2 bits UCI should be aligned with that for long PUCCH with up to 2 bits UCI.
Multiplexing design for PUCCH format 4
One open issue for PUCCH format 4 is the DMRS mapping for multiple users. Simulation results comparing CDM DMRS and IFDM DMRS are shown in Figures 2 and 3 for the TDL-C channel with delay spread scaling of 300ns and 1000ns respectively. Simulation assumptions are also described in Table 4 of the appendix. When 4 users are multiplexed in the same PRB, we use a comb spacing of 2 and two different cyclic shifts on the same comb, which the same DMRS multiplexing design used for PUSCH DMRS. From the simulation results we can see that the performance of CDM DMRS and IFDM DMRS are almost the same. Hence, to achieve a unified DMRS structure for PUCCH, we prefer to adopt CDM DMRS.
Proposal 4: CDM DMRS method should be adopted for long PUCCH with moderate multiplexing capacity.
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(a) Equal power                        (b) 3 dB power imbalance                (c) 6 dB power imbalance
Figure 2: Performance comparison of CDM DMRS and IFDM DMRS for TDL-C and DS scaling = 300 ns
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(a) Equal power                       (b) 3 dB power imbalance               (c) 6 dB power imbalance
Figure 3: Performance comparison of CDM DMRS and IFDM DMRS for TDL-C and DS scaling = 1000 ns

To multiplex 4 UEs on a UCI symbol, the LTE length-4 OCC sequences can be reused. Four cyclic shifts can be used for DMRS each corresponding to an OCC sequence. The UCI mapping method after OCC spreading on each UCI symbol should be defined for length of 4 OCC as well. The same mapping principle as in LTE PUCCH format 5 can be used to map 3 QPSK- modulated symbols to a PRB using the length-4 OCC sequence on each UCI SC-FDMA symbol as shown in Figure 4. 

Proposal 5: LTE length-4 OCC sequence can be reused to multiplex 4 users on long PUCCH with multiplexing of 4 UEs. Cyclic shifts of {0, 3, 6, 9} can also be used for DMRS.

Proposal 6: UCI should be mapped on non-contiguous REs with 3 REs interval when length-4 OCC is used.
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Figure 4: RE mapping for length of 4 OCC
Different types of UCI multiplexing

For a UE configured with long PUCCH for more than 2 bits for HARQ-ACK, when HARQ-ACK feedback coincides with an SR occasion, 1 bit SR (positive or negative) can be transmitted together with HARQ-ACK by joint coding similarly to LTE PUCCH format 3. For the collision of P-CSI and HARQ-ACK +SR (if any) when long PUCCH for more than 2 bits is configured for a UE, the UE transmits P-CSI and HARQ-ACK and/or SR according to the value of the high layer configured parameter allowing simultaneous transmission of P-CSI and HARQ-ACK/SR. 
Proposal 7: For a UE configured with long PUCCH for more than 2 bits for HARQ-ACK, support HARQ-ACK+SR transmission by joint coding of HARQ-ACK and 1 bit SR on HARQ-ACK PUCCH resource in SR instances.

Proposal 8: For a UE configured with long PUCCH for more than 2 bits, P-CSI can be transmitted together with HARQ-ACK and/or SR by joint coding when simultaneous transmission of P-CSI and HARQ-ACK/SR is enabled by high layer, otherwise, P-CSI is dropped.

· If long PUCCH for more than 2 bits is configured for at least HARQ-ACK, HARQ-ACK PUCCH resource should be used for the simultaneous transmission of P-CSI and HARQ-ACK + SR(if any)

· If long PUCCH for more than 2 bits is configured only for P-CSI, P-CSI PUCCH resource should be used for the simultaneous transmission of P-CSI and HARQ-ACK and/or SR
· When the total number of bits of UCI exceeds the maximum UCI payload size according to the configured coding rate, partial or all P-CSI is dropped.

3 Conclusions
Based on the above discussion, we have the following proposals:
Proposal 1: X=4 should be adopted for NR long PUCCH for more than 2 bits UCI.
Proposal 2: The DMRS patterns in Table 2 should be adopted for long PUCCH for more than 2 bits.
Proposal 3: The frequency hopping design for long PUCCH with more than 2 bits UCI should be aligned with that for long PUCCH with up to 2 bits UCI.
Proposal 4: CDM DMRS method should be adopted for long PUCCH with moderate multiplexing capacity.

Proposal 5: LTE length-4 OCC sequence can be reused to multiplex 4 users on long PUCCH with multiplexing of 4 UEs. Cyclic shifts of {0, 3, 6, 9} can also be used for DMRS.

Proposal 6: UCI should be mapped on non-contiguous REs with 3 REs interval when length-4 OCC is used.

Proposal 7: For a UE configured with long PUCCH for more than 2 bits for HARQ-ACK, support HARQ-ACK+SR transmission by joint coding of HARQ-ACK and 1 bit SR on HARQ-ACK PUCCH resource in SR instances.

Proposal 8: For a UE configured with long PUCCH for more than 2 bits, P-CSI can be transmitted together with HARQ-ACK and/or SR by joint coding when simultaneous transmission of P-CSI and HARQ-ACK/SR is enabled by high layer, otherwise, P-CSI is dropped.

· If long PUCCH for more than 2 bits is configured for at least HARQ-ACK, HARQ-ACK PUCCH resource should be used for the simultaneous transmission of P-CSI and HARQ-ACK + SR(if any)

· If long PUCCH for more than 2 bits is configured only for P-CSI, P-CSI PUCCH resource should be used for the simultaneous transmission of P-CSI and HARQ-ACK and/or SR

· When the total number of bits of UCI exceeds the maximum UCI payload size according to the configured coding rate, partial or all P-CSI is dropped.
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5 Appendix
Table 3: Simulation assumptions for long PUCCH format with no multiplexing capacity
	Parameter
	Value

	Carrier frequency
	4 GHz

	System bandwidth
	20MHz

	Channel model
	TDL-C with 300ns

	BS antenna configuration
	2 Rx

	UE antenna configuration
	1 Tx

	Used PRB
	1

	Coding
	TBCC with 8 bits CRC

	DMRS pattern
	For 1 DMRS per-hop, at the middle of each hop

For 2 DMRS per-hop, at the second and the penultimate symbol of each hop

	Channel estimation
	MMSE

	Performance metrics
	BLER at 10-2

	UE speed (kmph)
	3
	120
	500

	Subcarrier spacing (KHz)
	15
	15
	15

	UCI payload size
	20
	20
	20


Table 4: Simulation assumptions for evaluating CDM and IFDM DMRS multplexing methods
	Parameter
	Value

	Carrier frequency
	4 GHz

	System bandwidth
	20MHz

	Channel model
	TDL-C with 300ns,1000ns

	BS antenna configuration
	2 Rx

	UE antenna configuration
	1 Tx

	Used PRB
	1

	Number of UEs
	4

	Power imbalance
	0, 3, 6 dB for UE multiplexing with the target UE

	Length of long PUCCH
	14 symbols with 1 RS symbol on each hop

	Frequency hopping
	Enable

	Coding
	RM coding

	Channel estimation
	MMSE

	Performance metrics
	BLER at 10-2

	UE speed (kmph)
	3

	Subcarrier spacing (KHz)
	15

	UCI payload size
	4,10
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