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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In 3GPP RAN1 previous meetings, some agreements were made for PUCCH as in Appendix A. In this contribution, the mapping from HARQ-ACK/SR to sequences including sequence selection/sequence hopping, and the multiplexing of PUCCH and other channels are discussed.
[bookmark: OLE_LINK83][bookmark: OLE_LINK84]Remaining details for PUCCH transmission
Mapping from HARQ-ACK/SR to Sequences
Base Sequence Hopping and Cyclic Shift Hopping
In last meeting, base sequence hopping is supported for NR PUCCH format 0 among different slots and the details are FFS. This implies that the parameter  of the sequence is slot-dependent. Further, base sequence hopping between 2 symbols for 2-symbol PUCCH format 0 was agreed in RAN1-NR Adhoc#3 meeting [1]. To unify the base sequence hopping scheme for both 1-symbol and 2-symbol PUCCH format 0, a two-stage slot-level plus symbol-level base sequence hopping scheme is proposed, which can be described as following:
1.	First stage, among the different slots, slot level base sequence hopping can be enabled, which is used to decide the base sequence . The LTE solution for group hopping can be used, where

and is shown as following: 


where   is slot index and the pseudo-random sequence  is defined by section 5.2.1 in [2]. The  is initiated with a configurable ID   with a bitwidth of 10 bits  and = is a sequence shift pattern.
2.	Second stage, within a slot, a symbol-level base sequence hopping scheme is enabled, which is used to decide sequence shift pattern for symbol-level base sequence hopping in the slot.
The sequence hopping within a slot can reuse the slot-level base sequence hopping scheme by introducing the parameter based on “symbol index”. The formula of sequence hopping for the slot-level plus symbol level PUCCH is given by the following:



where  is the symbol index. 
For the cyclic shift hopping, the mechanism of LTE PUCCH format 1 can be reused. The cyclic shift is a function of the slot index  and symbol index , i.e.,  where  is a pseudo-random sequence based on   used in sequence hopping and  is the PUCCH resource index in the slot.
Proposal 1: For the 2-symbol NR PUCCH format 0, a two stage slot-level plus symbol level sequence hopping can be considered:
· The formula of sequence hopping can be:

	 .

where  is the symbol index, is initiated with a configurable ID  with 10 bits and = is a sequence shift pattern.
Proposal 2: For the 2-symbol NR PUCCH format 0, CS hopping mechanism for LTE’s PUCCH format 1 can be reused, the formula of cyclic shift hopping can be:
	  
where  is a pseudo-random sequence based on   used in sequence hopping and  is the PUCCH resource index in the slot.
Sequence Selection within a Resource Block
Sequence selection scheme can be understood as defining M cyclically shifted versions the length-12 Computer Generated Sequence (CGS) in a RB to represent M messages. The UE uses time-domain cyclic shifts {α0, α0+3, α0+6, α0+9} for two bits HARQ-ACK or cyclic shifts {α0, α0+6} for 1 bit HARQ-ACK. where α0 is an initial CS offset. The total CS is then given by:



whereis an CS value determined by HARQ-ACK information.
HARQ-ACK dependent Cyclic Shift Selection
The probability of correct detection of the data channel is typically around 90%, which means that the probability of “ACK sequence” transmission is 90%. The unbalanced distribution of ACK and NACK has been also observed in [3][4]. If a UE misses DL assignment and does not transmit any sequence (DTX), gNB may mistakenly interpret the “ACK sequence” from other UE(s) as the “ACK sequence” of a UE, and if this happens, the “DTX-to-ACK” performance will be degraded, especially if the cyclic shifts corresponding to ACKs would be consecutive (or close) for the different UEs. 
To alleviate the degradation of detection performance, we propose to randomize the correspondence between ACK/NACK information and status specific CS offset αi. This will reduce the occurrence of intra-cell UEs simultaneously transmitting sequences with consecutive cyclic shifts. In [3], randomized  correspondence between ACK/NACK information and status specific CS has been simulated, the simulation results showed about 0.6 dB gain than w/o randomized  correspondence.
A UE-specific pseudo-random correspondence between ACK/NACK information and αi could be specified by UE-specific scrambling on HARQ-ACK bits or UE-specific cyclic shift hopping. 
UE-specific scrambling
[bookmark: _GoBack]Table 1 gives the mapping from HARQ-ACK information to HARQ-ACK bits  for two bits payload case.
Table 1. Mapping from HARQ-ACK to HARQ-ACK bits  for short PUCCH.
	HARQ-ACK
	

	NACK, NACK 
	

	NACK, ACK
	

	ACK, NACK
	

	ACK, ACK
	






The HARQ-ACK bits  are scrambled by a Gold code  to obtain the HARQ-ACK bits for sequence selection as , where   is slot number, and i is bit index,  i=0  for 1 bit case, and i=0, 1 for two bit case. The initial phase of Gold code can be determined by C-RNTI and the slot number according to the following formula:

where  is the total number of slots, , and  is a configured ID with 10 bits.
The CS αi, is determined from the scrambled HARQ-ACK information bits b= (b0, b1) or b= (b0) according to Table 2. 
Table 2. Mapping of HARQ-ACK bits to cyclic shift
	2-bitHARQ-ACK b=(b0,b1)
	1-bit HARQ-ACK b=(b0)

	(b0,b1)
	αi
	(b0) 
	αi

	(0,0)
	0
	0
	0

	(0,1)
	3
	
	-

	(1,0)
	6
	1
	6

	(1,1)
	9
	
	-



Another alternative way to achieve the same thing, i.e., to randomize the relationship between HARQ-ACK states and cyclic shifts is to perform cyclic shift hopping.
UE-specific cyclic shift hopping


Four relationships between HARQ-ACK bits and cyclic shifts are defined in the following table. And the selected relationship is dependent on value of , where is from a Gold code. Alternatively, the columns could be associated with the slot index (taken modulo 4), to achieve the randomized mapping.  
Table 3. UE-specific cyclic shift hopping for 2-bit PUCCH.
	
HARQ-ACK
	)
	)
	(
	

	NACK, NACK
	0
	3
	6
	9

	NACK, ACK
	3
	0
	9
	6

	ACK, NACK
	6
	9
	0
	3

	NACK, NACK
	9
	6
	3
	0



Note the HARQ-ACK information of a single CBG case can be regarded as a subset of HARQ-ACK information of the double CBG case by the mapping that NACK is mapped to (NACK, NACK), and ACK is mapped to (ACK, NACK).
It can be noted that PUCCH format 1/1a/1b in LTE are using a form of scrambling (i.e., the sequences in the second slot are multiplied with the complex value j) in order to improve the DTX detection for consecutive cyclic shifts and to equalize the performance between ACK and NACK detection considering the different a priori probabilities [5] [6].
To show the performance gain of randomized correspondence, link level simulations have been performed. 
[image: ]
Figure 1. ACK/NACK detection performance as function of SNR with and without randomizing the mapping from HARQ-ACK states to cyclic shifts of the PUCCH sequence. 
From Figure 1, we can find that randomized correspondence will supply about 0.8 dB gain because consistent strong interference due to unbalanced HARQ-ACK distribution is avoided. Based on the previous analysis and simulation results, we have the following proposal:




Proposal 3: For short PUCCH with up to 2 bits, the HARQ-ACK bits  are scrambled with a Gold sequence, and the cyclic shift is determined by the scrambled bits , such as . The initial phase of Gold code can be determined by C-RNTI and the slot number according to the following formula:


where  is the total number of slots, , and  is a configured ID with 10 bits.
Multiplexing of HARQ-ACK and Scheduling Request
When HARQ-ACK is transmitted together with SR, more resources are needed. At least one SR resource should be semi-statically allocated by higher layer signaling to transmit the SR information when there is only SR to transmit. 

 [image: ]
[bookmark: _Ref490057219]Figure 2. Examples of 1 semi-static SR resource and 8 dynamically allocated resources.

As shown in Figure 2, for short PUCCH with 2 bits ACK/NACK payload multiplexing with SR, 1 CS is reserved for SR only semi-statically and 8 CSs are dynamically configured for ACK/NACK/SR by PDCCH. When SR is transmitted together with HARQ-ACK, two values of  in same or different RB(s) can be assigned to the UE to convey ACK/NACK+SR. 
The Mapping from HARQ-ACK/SR to CS
For the 2 bits case, if the minimum distance of cyclic shifts for distinguishing different SR status is always 1, or the minimum distance of the cyclic shifts representing a single SR status to another UE’s cyclic shifts is always 1, regardless of HARQ-ACK status, the status of SR may be misinterpreted by the gNB with high probability due to the small distance of code points, e.g. {0, 3, 6, 9} may be easily misinterpreted as {1, 4, 7, 10}. The cyclic shift allocation for HARQ-ACK/SR status other than (DTX, +) avoiding the issue are contained in Table 4 and Table 5. 
[bookmark: _Ref494668202]Table 4.  Mapping from HARQ-ACK/SR to CS for one bit.
	One bit ACK/NACK case

	
	Cyclic Shifts

	
	HARQ-ACK bits: b0=0
	HARQ-ACK bits: b0=1

	Positive SR
	α0+0
	α0’+0

	Negative SR
	α0+6
	α0’+6

	


Note: α0 and α0’ are two CS offsets allocated for a UE, ,  is determined by and an offset of PUCCH resource 


[bookmark: _Ref494668207]Table 5. Mapping from HARQ-ACK/SR to CS for two bits.
	Two bits ACK/NACK case

	
	Cyclic Shifts 

	
	HARQ-ACK bits: b0b1=00
	HARQ-ACK bits: b0b1=10
	HARQ-ACK bits: b0b1=01
	HARQ-ACK bits: b0b1=11

	Positive SR
	α0+0
	α0+3
	α0’+0
	α0’+3

	Negative SR
	α0+6
	α0+9
	α0’+6
	α0’+9

	
Note: α0 and α0’ are two CS offsets allocated for a UE, ,


 is determined by and an offset of PUCCH resource 


Hence, the following proposal is given.
Proposal 4: HARQ-ACK and SR are encoded by the cyclic shifts according to the following:
· For 1 bit HARQ-ACK and SR
	
	Cyclic Shifts

	
	HARQ-ACK bits: b0=0
	HARQ-ACK bits: b0=1

	Positive SR
	α0+0
	α0’+0

	Negative SR
	α0+6
	α0’+6

	
[bookmark: OLE_LINK1]Note: α0 and α0’ are two CS offsets allocated for a UE, 


 is determined by and an offset of PUCCH resource 


· For 2 bits HARQ-ACK and SR
	
	Cyclic Shifts 

	
	HARQ-ACK bits: b0b1=00
	HARQ-ACK bits: b0b1=10
	HARQ-ACK bits: b0b1=01
	HARQ-ACK bits: b0b1=11

	Positive SR
	α0+0
	α0+3
	α0’+0
	α0’+3

	Negative SR
	α0+6
	α0+9
	α0’+6
	α0’+9

	
Note: α0 and α0’ are two CS offsets allocated for a UE, 


 is determined by and an offset of PUCCH resource 


Resource Allocation for HARQ-ACK and SR
Two sets of CS as in Table 5 may be allocated to convey HARQ-ACK/SR for the case of 2 bits HARQ-ACK by allocation initial CS, e.g.,  is allocated by DCI/PDCCH or RRC, and  is determined as a function of  and an offset. 
Table 6. Resources for HARQ-ACK/SR with 2 bits.
	
	2-bit HARQ-ACK with SR

	
	α0
	{α0, α0+3, α0+6, α0+9}

	Set 1
	0
	{0, 3, 6, 9}

	Set 2
	1
	{1, 4, 7, 10}

	Set 3
	2
	{2, 5, 8, 11}



As for the case of 1 bit payload size of HARQ-ACK, a CS subset of Set 1 and a CS subset of Set 2 may be allocated to convey HARQ-ACK and SR. For the subset of Set 1, either α0 or α0+3 of initial CS can be allocated to determine the CS subset of Set 1. For the subset of Set 2, either  or  of initial CS can be allocated to determine the CS subset of Set 2. We propose the subset of Set 2 is determined by the subset of Set 1 in order to have CS distance of at least 2. The CS subset of Set 1 and the CS subset of Set 2 are both from {0 2 4 6 8 10} or both from {1 3 5 7 9 11}, e.g., if the CS subset of Set 1 is {0 6}, the CS subset of Set 2 only can be even number also, which is {4, 10}.
Proposal 5: When HARQ-ACK and SR are simultaneously transmitted, the CS for 1 bit HARQ-ACK is a subset of the CS for 2 bits HARQ-ACK, and the CS for 1 bit HARQ-ACK is either from {0, 2, 4, 6, 8, 10} or from {1, 3, 5, 7, 9, 11}.

Multiplexing with other channels
Multiplexing with SRS
In NR, the multiplexing of short PUCCH and SRS has been discussed [7]. Based on the agreement in [7] , symbol level TDM between SRS and short PUCCH is agreed, and FDM or CDM between SRS and PUCCH for UCI up to 2 bits is for further discussion.
Figure 3(a) shows the FDM method between short PUCCH and SRS. SRS and short PUCCH occupy different PRB(s) on the same symbol. Since SRS may occupy multiple symbols in one slot, FDM between SRS and short PUCCH can result in more symbols for PUSCH without puncturing or rate-matching.
Figure 3(b) shows the CDM method between short PUCCH and SRS. Since each SRS occupies multiples of 4 PRBs [8], the bandwidth of short PUCCH should also be at least 4 PRBs, assuming that a short PUCCH is code-division multiplexed with SRS in the same PRBs by assigning different CS of the same root sequence.


	                                 
[bookmark: _Ref465414718]						(a)									(b)
Figure 3.  SRS multiplexed with short PUCCH using FDM or CDM.
Proposal 6: FDM between SRS and short PUCCH for UCI of up to 2 bits should be supported.
Multiplexing with long PUCCH
In NR, long PUCCH for UCI up to 2 bits uses sequences on each symbol. For one PRB, 12 shifted versions of a root sequence can be adopted for transmission, and time-domain OCC can be applied to boost the multiplexing capacity. To multiplex short PUCCH with long PUCCH in CDM manner, it can be done by allocating different shift. However, carrying 1 or 2 bits ACK/NACK in short PUCCH, 2 or 4 shifted versions are needed, which are not available for the long PUCCH of other UE’s. By using 2 times OCC, these two or four sequences could support 4 or 8 UEs’ ACK/NACK feedback in long PUCCH.  Hence, it may impact the long PUCCH capacity significantly and, if supported, it should be under the control of the gNB (e.g., by configuration or PUCCH resource allocation). 
Observation 1: CDM between short PUCCH for UCI of up to 2 bits and long PUCCH may impact the long PUCCH capacity. 

Conclusion
Based on above discussions, the following proposals are given: 
Proposal 1: For the 2-symbol NR PUCCH format 0, a two stage slot-level plus symbol level sequence hopping can be considered:
· The formula of sequence hopping can be:

	 .

where  is the symbol index, is initiated with a configurable ID  with 10 bits and = is a sequence shift pattern.
Proposal 2: For the 2-symbol NR PUCCH format 0, CS hopping mechanism for LTE’s PUCCH format 1 can be reused, the formula of cyclic shift hopping can be:
	  
where  is a pseudo-random sequence based on   used in sequence hopping and  is the PUCCH resource index in the slot.




Proposal 3: For short PUCCH with up to 2 bits, the HARQ-ACK bits  are scrambled with a Gold sequence, and the cyclic shift is determined by the scrambled bits , such as . The initial phase of Gold code can be determined by C-RNTI and the slot number according to the following formula:

where  is the total number of slots, , and  is a configured ID with 10 bits.
Proposal 4: HARQ-ACK and SR are encoded by the cyclic shifts according to the following:
· For 1 bit HARQ-ACK and SR
	
	Cyclic Shifts

	
	HARQ-ACK bits: b0=0
	HARQ-ACK bits: b0=1

	Positive SR
	
	α0’+0

	Negative SR
	
	α0’+6

	
Note: α0 and α0’ are two CS offsets allocated for a UE, 


 is determined by and an offset of PUCCH resource


· For 2 bits HARQ-ACK and SR
	
	Cyclic Shifts 

	
	HARQ-ACK bits: b0b1=00
	HARQ-ACK bits: b0b1=10
	HARQ-ACK bits: b0b1=01
	HARQ-ACK bits: b0b1=11

	Positive SR
	α0+0
	α0+3
	α0’+0
	α0’+3

	Negative SR
	α0+6
	α0+9
	α0’+6
	α0’+9

	
Note: α0 and α0’ are two CS offsets allocated for a UE, 


 is determined by and an offset of PUCCH resource



Proposal 5: When HARQ-ACK and SR are simultaneously transmitted, the CS for 1 bit HARQ-ACK is a subset of the CS for 2 bits HARQ-ACK, and the CS for 1 bit HARQ-ACK is either from {0, 2, 4, 6, 8, 10} or from {1, 3, 5, 7, 9, 11}.
Proposal 6: FDM between SRS and short PUCCH for UCI of up to 2 bits should be supported.
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Appendix A Simulation Assumptions
Table 7. Simulation parameters
	[bookmark: OLE_LINK122][bookmark: OLE_LINK123][bookmark: OLE_LINK124]BW
	20 MHz

	SCS
	15 kHz

	UE speed
	3 km/h

	Channel model
	TDL_C
{300 ns}

	Numbers of UEs
	3

	Number of RB
	1 RB

	Payload size
	2 bits

	Tx * Rx
	1*2

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

	ACK/NACK Probability
	ACK 90%, NACK 10%



Appendix B Agreements at Previous Meetings
RAN1 #90bis Meeting
Agreements:
· In Rel-15, only length 12 sequences are supported for short PUCCH for up to 2 bits (PUCCH format 0) and long PUCCH for up to 2 bits

Agreements:
· For HARQ-ACK transmission using short PUCCH for up to 2 bits
· In case of 1-bit HARQ-ACK only: 
· The distance between the two cyclic shifts within a PRB is 6
· In case of 2-bit HARQ-ACK only
· The distance between any two adjacent cyclic shifts within a PRB is 3 
· In case of 1-bit HARQ-ACK & SR (positive or negative)
· FFS
· In case of 2-bit HARQ-ACK & SR (positive or negative)
· FFS
Agreements:
· In case of SR due at the same time with other UCI, the physical layer can only transmit one SR at any given time
· If multiple SR are triggered prioritization of which SR should be transmitted is decided by RAN2

Agreements:
· In addition to the already agreed short PUCCH resources in the last and second last symbols, additional short PUCCH resources can be configured in other symbols of a slot 
· FFS whether or not such a configuration is conditioned on non-slot based operation 

Agreements:
· For short 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.
· 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

RAN1 #90 meeting:
Agreements:
· For 1-symbol short-PUCCH for UCI of up to 2 bits,
· The sequence length of 12 REs with consecutive mapping within a PRB is at least supported.
· Further study 24 or 48 REs.
· Further study for multiplexing b/w sequence-based short-PUCCH and other sequences using CDM or FDM (DMRS for PUSCH/PUCCH, SRS, long-PUCCH).
· Including comb-structure
· For the sequence length of 12 REs,
· The supported number of base sequences is 30
· The number of cyclic shifts available for one base sequence is 12
· For collision avoidance between short PUCCH and SRS, from a UE perspective, NR supports at least the following two options on a given carrier
· Collision is defined whenever SRS and PUCCH are transmitted in the same symbol, regardless of whether there are overlapped REs or not
· Option 1-1: symbol level TDM
· (Working assumption) Option 2: Prioritize SRS or short PUCCH transmission, i.e., drop SRS or short PUCCH in case of collision
· FFS whether to have one prioritization rule, or configurable prioritization
· Examples of prioritization rules
· Example 1
· Always prioritize PUCCH over SRS
· Example 2
· If PUCCH contains ACK/NACK, prioritize PUCCH
· Otherwise prioritize SRS
· FFS the case of FDM SRS and short PUCCH
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