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· 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:
· 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 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
· 
Discussion 

In RAN1_90b, it’s been agreed that sequence based design is used with shift distance 6 and 3 in one PRB for short PUCCH with 1 and 2 UCI bits respectively. In this section, we will discuss the remaining issue for PUCCH format 0 , i.e., short PUCCH with 1 or 2 bits.
Interference Randomization  
With agreed sequence based design, we may multiplex up to 6 UEs each with 1 bit of UCI or 3 UEs each with 2 bits of UCI. When UE are multiplexed together, we may want to randomize the interference that includes inter-cell and intra-cell interference. Inter-cell interference can be randomized by a cell-specific base sequence hopping and cyclic shift hopping. To simplify the design we can reuse LTE group hopping for PUCCH for base sequence hopping. The base sequence hopping has been agreed to be configurable in RRC while cyclic shift hopping may be always enabled. Note that the cyclic shift hopping is only applied to the in the initial cyclic shift. Other cyclic shifts are derived from the initial cyclic shift and the shift distance. 
The detailed hopping pattern is defined as follows:



The group-hopping pattern  is given by





where the pseudo-random sequence  shall be initialized with  at the beginning of each radio frame where the virtual cell ID is for PUCCH is defined as:


-	 if no value for  is configured by higher layers, 

-	 otherwise.


The sequence-shift pattern  for PUCCH is given .



The base sequence in a particular slot should be the same in long and short duration for the same cell. That is the base sequence hopping for long PUCCH and short PUCCH should be hopped in the same way. All PUCCH formats use a cyclic shift, , which varies with the symbol number  and the slot number  according to


We therefore make the following proposal:
Proposal 1: Reuse LTE-like cell-specific group hopping pattern and cyclic shift hopping pattern for base sequence hopping and the initial cyclic shift hopping.
A randomized mapping from ACK/NACK hypothesis to shifts may be adopted to randomize the intra-cell interference so that one hypothesis doesn’t face constant interference from the same hypothesis from another UE. The randomization may be done in two folds. One with different shift scheduling from slot to slot by eNB. For example, a UE is assigned with shifts 0, 3, 6, 9 in one slot, and then 1, 4, 7, 10 in another slot. The other fold is by randomizing the relative mapping orders of the ACK/NACK hypothesis within the assigned shifts. The mapping order may be determined by a pre-determined pattern based on the first shift index, the slot index, and the symbol index. 



Let  denote the length of the sequence, the number of ACK payload size, the shift distance is therefore .   Let  be the first cyclic shift index assigned by eNB to the UE for the symbol number  and the slot number , the UE may derived the ith cyclic shift indices as   

i*,


where i = 1,.., .  should be in the range of  0 to   The total assigned shifts are .  For example, with 2 bits, if , the total assigned shifts are {1, 4, 7, 10}.




For 1 bit ACK/NACK, the NACK hypothesis (0) will be mapped to the th cyclic shifts  randomly according to ,   where  is determined by 









where the pseudo-random sequence  is defined by clause 7.2 in 36.211. The pseudo-random sequence generator shall be initialized with ,where  is either configured by higher layer or set as cell id or function of UE RNTI, and  is the number symbols in short PUCCH region. The ACK hypothesis (1) will be mapped to the other shift index that isth cyclic shifts , where  is determined by 





For 2 bit ACK/NACK, the NACK/NACK hypothesis (00) will be mapped to the th cyclic shifts ,   where  is determined by 








where the pseudo-random sequence  is defined by clause 7.2 in 36.211. The pseudo-random sequence generator shall be initialized with ,where  is either configured by higher layer or set as cell id or function of UE RNTI. The ACK ACK hypothesis (11) will be mapped to shift index with largest shift distance to NACK NACK hypothesis, that is th cyclic shifts , where  is determined by 






The NACK ACK hypothesis (01) will be mapped to one of the remaining two shifts th cyclic shifts , where  is determined by 





The ACK NACK hypothesis (10) will be mapped to the shift index with largest shift distance to NACK ACK hypothesis, that is th cyclic shifts , where  is determined by 


One example is illustrated in the following table where 1 denotes ACK and 0 denotes NACK. As we can see from the example, the same shift is mapped to different ACK/NACK hypothesis in different slots. Therefore, it’s neighbour hypothesis will also be different. The interference it faces in different slots will be randomized. 

Table 1. hypothesis 00, 01, 11, 10 are mapped to different shifts, for l=0
	First shift 
	Slot 0
	Slot 1
	Slot 2
	…

	0
	6     9     0     3
	0     9     6     3
	0     3     6     9
	…

	1 
	7    10     1     4
	1    10     7     4
	4     7    10     1
	…

	2
	11     2     5     8
	2    11     8     5
	5     8    11     2
	…



We therefore make the following proposal:
Proposal 2: Support randomized mapping from assigned shifts to ACK/NACK hypothesis based on the first shift index, the slot index and the symbol index as described in Section 2.1.
Simultaneous transmission of ACK and SR
A UE may need to transmit 2bit ACK together with SR.in 1 symbol short PUCCH. The simultaneous transmission of ACK and SR may happen often when we have constant DL traffic. Therefore a good design is desired. Since both ACK and SR are high priority channels, it’s desirable to have the design of ACK + SR with as large coverage as possible. Since sequence based design has better coverage than FDM based design, we want to extend option 4 to 2 bit ACK + SR as well. There are different options to do so. We now discuss the pros and cons of different options. 
Option A: different shifts for the 2 bit ACK+SR
A straight forward extension for the sequence based design is to use total 8 shifts for the combined UCI. With 1RB, the minimum shift distance of the hypothesis will be limited to 1, which is insufficient in fading channel with moderate or high delay spread. A better option may be transmitted in two RBs and then we will have minimum shifts distance 3. The shift sets of 2 bits ACK for SR=0 and SR=1 may be interlaced as illustrated in Figure 1. 
[image: ]
Figure 1 option A with different shifts for 2 bit ACK+SR
When the UE misses the grant, it will only transmit SR on the original SR resource. So if positive SR is detected in the original SR resource when gNB is expecting ACK + SR on ACK resource, the receiver may declare DTX for ACK channel. When no sequence detected in both original SR resource and ACK resource, the gNB receiver may declare DTX for ACK and negative SR. So considering the original SR resource, we in total needs 9 resources for option A: 1 sequence in 1 RB for original SR, and 8 sequences in 2 RBs for 2bit ACK + SR. 
The problem with option A are in two folds:
1) First, Option A requires two extra RBs apart from the original SR resource in order to have acceptable shift distance. 
2) Second, even with 2RBs, the Euclidian distance between different hypothesis is smaller than the ensuing option B due to power split between the 2 RBs. Option B requires comparable number of resources but gives larger Euclidian distance and hence we expect better performance than option A. 

Option B 2RBs with RB selection based on SR value
With 2 RBs, we may transmit the 2bit ACK on one RB with negative SR and on the other RB with positive SR. For positive SR, the RB may be the same as original SR RB as illustrated in Figure 2a as option B1, or different from the original SR RB as illustrated in Figure 2b as option B2. 
[image: ]

Figure 2a. option B1 with total 8 resources for 2bit ACK and SR

[image: ]
Figure 2b. option B2 with total 9 resources for 2bit ACK and SR

For option B1, we need one less resource than option B2 because the shift for original SR may be reused for simultaneous transmission. However, in doing so, we will not be able to detect DTX for positive SR. Furthermore, in order to support option B2, at least the shift opposite to the original SR shift can’t be assigned to other UEs for SR transmission even when the desired UE transmits SR by itself. So it requires at least two resources for SR only transmission.
For option B2, we need 2 extra RBs apart from the original SR RB. So the total number of resources required for simultaneous transmission of 2bit ACK and SR is 9. However, we will be able to do DTX detection for positive SR and the original SR resource requires one resource only for SR only transmission. 
The following table compares the minimum Euclidian distance and normalized minimum shift distance between option A and option B with the same total transmit power within the 1 symbol. Please note that in the Euclidian distance analysis, we didn’t include the original SR resource. The first Euclidian distance including DTX will determine ACK to DTX error, or miss SR error. The second Euclidian distance excluding DTX will determine NACK to ACK error, and ACK to NACK error. We can see that the two options have the same Euclidian distance in both cases, so they will have comparable performance in AWGN channel. However, option A has smaller normalized minimum shift distance. The normalized minimum shift distance is defined by minimum shift distance/number of RBs, which will determine the performance in frequency selective channels. Option A with 2 RB allocation has half of the normalized minimum shift distance as option B. Therefore, we may see better performance with option B in channels with high delay spread with comparable required number of resources. Option A with 1 RB requires half of the resources as option B. However, the normalized minimum shift distance of option A in 1 RB will only be 1, which makes it impractical for deployment in real channel with any frequency selectivity. 

Table 2. minimum distance comparison of option A and option B
	
	Option A
	Option B

	Minimum Euclidian distance including DTX as hypothesis
	Sqrt (12)
	Sqrt(12)

	Minimum Euclidian distance excluding DTX as hypothesis
	Sqrt (24)
	Sqrt(24)

	Normalized minimum shift distance
	3 
	1 with 1 RB allocation
1.5 in 2 RB allocation



 Observation: Option B has at least twice normalized minimum shift distance as option A.
Option C: parallel transmission in adjacent RBs
Another option to support simultaneous transmission of 2bit ACK and SR is to treat the two channels as individual channel and transmit them in parallel in adjacent RBs as illustrated in Figure 5. With adjacent RBs we may reduce both MPR and PAPR of the concatenated sequences. Option C offers simple TX and RX implementation and only requires 1 RB with 4 resources to transmit ACK. However, the performance may be worse than option B due to power split between the two channels. Please note that the power split only happens for positive SR. when SR is negative, the UE may use all power on ACK transmission. 

[image: ]
Figure 3.  Option C with parallel transmission in adjacent RBs
The following table compares the different options.
Table 3. comparison of different options
	Options 
	Pros 
	Cons 

	Option A
	Possibly better channel estimation with 2 RBs
	Worse performance than option B 

	Option B
	Better performance expected than option A and option C
May be slightly worse than option D
	Requires almost double additional resources than option C

	Option C
	Simple channel design
Requires least resources
	Possible PAPR increase
Reduced coverage due to power split



Based on the above comparison, we think option B and option D may be good candidates due to best coverage. We therefore make the following proposal:
Proposal 3:  Support the following options for simultaneous transmission of 2bit ACK and SR:
· Option B: 2 RB with RB selection based on SR values

Conclusions
In this contribution, we considered different aspects of 1 or 2 bit UCI in 1 symbol short PUCCH.
We make the following proposals: 
Proposal 1: Reuse LTE-like cell-specific group hopping pattern and cyclic shift hopping pattern for base sequence hopping and the initial cyclic shift hopping.
Proposal 2: Support randomized mapping from assigned shifts to ACK/NACK hypothesis based on the first shift index, the slot index and the symbol index as described in Section 2.1.
Proposal 3:  Support the following options for simultaneous transmission of 2bit ACK and SR:
· Option B: 2 RB with RB selection based on SR values
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