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[bookmark: _Ref471285742]Introduction
The following agreements were made in RAN1 Ad-Hoc #2 meeting regarding the design of 1-symbol short PUCCH with 1~2 bit(s) UCI payload [1]
· Working assumption:
0. For short-PUCCH with UCI of up to 2 bits (with/without SR), option 4 is supported
· No more short-PUCCH format is supported for short-PUCCH in the WID scope.
Further, the following agreements were made in the last RAN1 #90 meeting regarding different aspects of short PUCCH with 1~2 bit(s) UCI payload, based on the working assumption of sequence based design [2]
· 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
In this contribution, we present our view on various design aspects of 1-symbol short PUCCH carrying UCI up to 2 bits based on option 4 (i.e. Sequence based design). This contribution is a revised version of R1-1712576 submitted to RAN1 #90.
Design of sequence based short PUCCH (1~2 UCI bits)
We consider short UL control channel that spans over one symbol within a slot and carries small payload size, e.g. 1 or 2-bit HARQ-ACK feedback and/or scheduling request (SR). As mentioned earlier, sequence selection based structure (option 4) is supported for 1-symbol short PUCCH up to 2 UCI bits. In this scheme, independent resources in the code domain can be assigned to carry 1~2 bit(s) HARQ-ACK and/or SR feedback [3], where independent resources correspond to different cyclic shifted versions of the same base sequence, which are orthogonal in frequency (i.e. zero cross-correlation in ideal channel condition). In this sequence selection based option, gNB performs simple energy detection to detect SR and/or differentiate ACK/NACK and thus leads to reduced receiver complexity. Fig. 1 illustrates a simple example of CDM based resource allocations for sequence selection based structure of 1-symbol short PUCCH carrying 1~2 bit(s) HARQ-ACK feedback. Here, different cyclic shifted versions (shifts 0, 6 for 1-bit information and 0, 3, 6, 9 for 2-bit information) of a base sequence are used to transmit bits {0, 1} for 1-bit HARQ-ACK feedback and {00, 01, 11, 10} for 2-bit HARQ-ACK feedback respectively on the same frequency resource.


Figure 1. Sequence selection based structure for 1-symbol short UL control channel (Option 4)
Various aspects of the aforementioned sequence based structure for 1-symbol short PUCCH, e.g. sequence selection and allocation for HARQ-ACK and SR feedbacks, UE multiplexing capability, handling of simultaneous HARQ-ACK and SR transmission, support of frequency diversity etc. are illustrated in details in the following subsections. 
Sequence selection for 1-symbol short PUCCH with 1~2 UCI bits
The base sequence chosen for sequence based structure of 1-symbol short PUCCH should have the properties of low PAPR/CM and low cross-correlation under fading channel conditions. Similar to LTE, computer generated CAZAC sequence or Zadoff-Chu sequence can be considered as the potential candidate for the root sequence to achieve both low PAPR/CM and low cross-correlation properties. That way, no further standardization effort is required for low PAPR/CM design of sequence based 1-symbol short PUCCH.
Proposal 1:  
Sequence-selection based 1-symbol short PUCCH uses Zadoff-Chu or computer generated CAZAC sequence.
Resource allocation for 1-symbol short PUCCH with 1~2 UCI bits
In sequence-selection based short PUCCH, a set of PUCCH resources can be indicated by a single resource index which can be configured by higher layers via UE specific RRC signalling or dynamic indication using DCI or a combination thereof. The resource index would indicate a set of frequency and code domain resources allocated to a UE, and the UE would select the resource set according to the UCI type carried by PUCCH. While the frequency domain resource will consist of the number of PRBs and their locations within the allocated UL bandwidth, the code domain resources, viz. different cyclic shift values of the root sequence can be indicated either implicitly or explicitly. The details of implicit and explicit indications are furnished in the next sub-section. The same number of independent PUCCH resources () can be configured by higher layers using various combinations of frequency () and code domain () resources. 
                                                                                              
Fig. 2 illustrates an example of assigning  PUCCH resources in two different ways, viz.  and. Both the options shown in Figs. 2a and 2b and other settings can be supported by the configuration of the network. Here, we have assumed that 1 PRB is the smallest frequency resource unit. We will explain in a later section that more than 1 PRBs can also be considered as frequency resource unit under certain circumstances, for example, to exploit the benefits of frequency diversity using non-contiguous allocations of 2 PRBs. For brevity, we will assume 1 PRB to be the frequency resource unit throughout the rest of the contribution, though all design aspects discussed without frequency diversity can easily be extended for the case of with frequency diversity, where frequency resource unit > 1 PRB.
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Figure 2.  PUCCH resources in the frequency and code domains for sequence based 1-symbol short PUCCH
2.2.1 HARQ-ACK transmission (1~ 2 bit(s))
For -bit HARQ-ACK transmission () by a single UE,  independent PUCCH resources are required, which can be configured by higher layers using explicit or implicit indication. As mentioned earlier, these resources can be configured by the network using various combinations of  and. For efficient physical resource utilization, all these (i.e. 2 or 4) resources can be assigned in the code domain using  different cyclic shifted versions of the length- root CAZAC sequence. 
It is noteworthy to mention here that N can be different depending on the number of configured PRBs for 1-symbol short PUCCH transmission, e.g. N can be 24 in case of 2 contiguous PRB allocation. However, as discussed in later sections, in case more than 1 PRBs are configured for short PUCCH, say 2 PRBs for example, it is more beneficial to configure non-contiguous allocation of those 2 PRBs keeping  instead of configuring contiguous allocation of 2 PRBs with length-24 sequence. Henceforth, N is assumed to be 12 (unless otherwise mentioned) throughout the rest of the contribution. Since cyclic shifted versions of a root CAZAC sequence are orthogonal in frequency, they can be mapped on the same physical resource in the frequency domain, i.e. . Further,  code domain resources can either be configured explicitly or implicitly by higher layers, as mentioned in the previous section. For explicit indication, all  cyclic shift values are indicated explicitly via higher layer signalling. In case of implicit indication, a base cyclic shift value () and a fixed cyclic shift offset) can be configured (instead of all  values) by higher layer and depending on the UCI payload size, UE can derive all other  cyclic shift values, viz. using and as follows: 

Where,  is the length of the root sequence and. There are a couple of benefits in using implicit indication, or more precisely, a fixed cyclic shift offset: Firstly, it reduces the signalling overhead since only  and  are to be indicated instead of  cyclic shifts. Secondly, a judicious choice of  can ensure maximum separation between  cyclic shift values and hence low cross-correlation between  sequences even under large delay spread. Thirdly, a fixed  leads to a generic resource allocation guideline for sequence based short PUCCH, which can be easily extended from single UE case to the scenario of multiplexing multiple UEs on the same physical resource in the frequency domain. 
The generic approach for 1-symbol short PUCCH resource allocation can be outlined as follows:
· PUCCH resources () can be configured using a single resource index via higher layer signalling, where the resource index will indicate the set of frequency and code domain resources assigned to an UE. Since for a single UE, minimum 2 or 4 independent resources are required to transmit 1 or 2-bit HARQ-ACK, should be an integer multiple of 2 or 4 for simultaneous HARQ-ACK transmission by multiple UEs within the same slot. 
· While the frequency domain resources can be indicated by the number of minimum frequency resource units (or PRBs in case 1 PRB is the minimum frequency resource unit) and their location within assigned UL bandwidth, the code domain resources can be assigned implicitly by a base cyclic shift value  and fixed cyclic shift offset.
·  can be any value within the set   and  
· For -bit HARQ-ACK transmission,  independent resources are to be assigned for a single UE, which can be different cyclic shift values of a length-root sequence, viz.  as explained before.
· Multiple UEs transmitting -bit HARQ-ACK simultaneously can be multiplexed on the same physical resource (or, same PRB, where 1 PRB is the minimum frequency resource unit) by assigning different sets of orthogonal sequences (i.e. cyclic shift values) to each of the UEs. For -bit HARQ-ACK transmission, the UE multiplexing capacity for sequence based 1- symbol short PUCCH structure is , where  is the length of the root sequence. Code domain resource set assigned to  UE can be denoted as , where  

Table 1 illustrates the resource allocation scheme for transmitting 1 or 2-bit HARQ ACK feedback, where 1 PRB is assumed to be the minimum physical resource unit and different cyclic shifted versions of a length-12 sequence (i.e.) are used to transmit 1 or 2-bit HARQ-ACK for a single UE as well as multiplexing multiple UEs on the same PRB for simultaneous 1 or 2-bit HARQ-ACK transmissions.

	No. of HARQ bits ()
	Maximum UE multiplexing capacity 
	Total no. of sequences assigned  per UE ()
	Cyclic shift offset  

	Sets of cyclic shift values derived from  and  


	1
	6
	2
	6
	{0,6}; {1,7};{2,8};{3,9};{4,10};{5,11}

	2
	3
	4
	3
	{0,3,6,9};{1,4,7,10};{2,5,8,11}



Table 1: Example of UE multiplexing on the same PRB for simultaneous HARQ-ACK transmission

Proposal 2:  
For HARQ-ACK transmission 
· m-bit HARQ-ACK is transmitted using  equally-spaced cyclic shifts of a CAZAC sequence. 

· The distance between consecutive cyclic shifts is  for sequence length N.

· Multiple UEs can be multiplexed on the same PRB by assigning different cyclic shifts.
2.2.2 Scheduling Request (SR) transmission
For sequence based design of 1-symbol short PUCCH, SR can be transmitted using on-off keying, where a length- sequence is transmitted for positive SR and no transmission occurs for negative SR. By simple energy detection at the receiver, gNB detects the presence (i.e. positive SR) or absence (i.e. negative SR) of SR. Low PAPR/CM CAZAC sequence similar to sequence based HARQ transmission can be used for SR transmission as well. 
Multiple UEs transmitting SRs simultaneously within the same slot can be multiplexed on one PRB (or minimum physical resource unit) by assigning different cyclic shifts of the length- root sequence (Zadoff-Chu or computer generated CAZAC) to different UEs. Assuming one SR process per UE within a slot, the maximum UE multiplexing capacity for SR transmission is  for length- sequence. The UE multiplexing capacity, however, will be reduced if HARQ-ACK is transmitted along with SR within the same slot. The design approach for simultaneous HARQ-ACK and SR transmission is discussed in the following subsection.

Proposal 3:  
For SR transmission
· A configured CAZAC sequence is transmitted in case of positive SR. 

· Multiple UEs can be multiplexed on the same PRB by assigning different cyclic shifts. 
2.2.3 Simultaneous HARQ-ACK and SR transmissions
Similar to LTE, provision of simultaneous HARQ-ACK and SR transmission within the same slot by a single UE or multiple UEs should be supported in NR. For sequence based design of 1-symbol short PUCCH, the resource allocation approach for simultaneous HARQ-ACK and SR transmissions within the same slot by both a single UE and multiple UEs is explained as follows:
In general, for simultaneous -bit HARQ-ACK ( and SR transmissions by a single UE within a slot,  independent PUCCH resources can be assigned in frequency and/or code domain, i.e. . Hence, for multi-user multiplexing,  should be an integer multiple of, the integer being the desired UE multiplexing capacity. Below, we will elaborate in details the resource allocation schemes for 1-bit HARQ-ACK + SR and 2-bit HARQ-ACK + SR cases separately
Case1: Simultaneous 1-bit HARQ-ACK and SR transmissions by a single UE or multiple UEs within one slot 
For simultaneous 1-bit HARQ-ACK and SR transmissions by a single UE within a slot,  independent PUCCH resources are to be assigned in the frequency and/code domain. These  independent resources can be configured for 1-bit HARQ-ACK+SR transmission by a single UE as follows:
· Resource 1 can be reserved for 1- bit HARQ-ACK + negative SR transmission 
· Resource 2 can be assigned for 1-bit HARQ-NACK + negative SR transmission
· Resource 3 can be allocated for 1-bit HARQ-ACK + positive SR transmission
· Resource 4 can be configured for 1-bit HARQ-NACK (or DTX) + positive SR transmission. 

For resource, UE can reuse the resource allocated for SR only transmission. Similarly for resource 1 and 2, UE can reuse the resources configured 1-bit HARQ only transmission. Therefore, additional  or 1 resource is to be configured for supporting simultaneous 1-bit HARQ-ACK and SR transmission on the same PRB. UE multiplexing capacity for simultaneous 1-bit HARQ-ACK + SR transmissions would be . Therefore, for efficient resource utilization,  should always be configured by higher layers to be an integer multiple of, the multiplying factor being decided by the targeted UE multiplexing capacity.
Case2: Simultaneous 2-bit HARQ-ACK and SR transmissions by a single UE or multiple UEs within one slot 
For simultaneous 2-bit HARQ-ACK and SR transmissions by a single UE within a slot,  independent PUCCH resources are to be assigned in the frequency and/code domain. These  independent resources can be configured for 2-bit HARQ-ACK+SR transmission by a single UE as follows:
· Resources 1-4 can be reserved for 2- bit HARQ-ACK + negative SR transmission 
· Resources 5-7 can be assigned for 2-bit HARQ-ACK + positive SR transmission, where at least one bit is ACK
· Resource 8 can be allocated for 2-bit HARQ-NACK-NACK + positive SR transmission

Similar to the 1-bit HARQ-ACK + SR transmission case, here also for resource  UE can reuse the same PUCCH resource configured for SR only transmission. Likewise, for resources 1-4, UE can reuse the PUCCH resources configured for 2-bit HARQ only transmission. Therefore, additional  or 3 resources are to be configured for supporting simultaneous 2-bit HARQ-ACK and SR transmission on the same PRB. UE multiplexing capacity for simultaneous 2-bit HARQ-ACK + SR transmissions would be . Therefore, for efficient resource utilization,  should always be configured by higher layers to be an integer multiple of, the multiplying factor being decided by the targeted UE multiplexing capacity.
The resource allocation scheme described above is for general  that can be any combination of  and  as explained in section 2.2. In particular, when, i.e. when independent PUCCH resources are different cyclic shift values of a length- sequence, the assignment of cyclic shift values can be performed in a similar way illustrated in section 2.2.1. Using table 1, resource allocation details in the code domain can be evaluated, where in columns 2-5 of table 1, m should be replaced by m+1, since resource consumption for -bit HARQ-ACK + SR transmission is doubled compared to that required for -bit HARQ only transmission for sequence based design of 1-symbol PUCCH.
Proposal 4:  
Additional resource(s) in the frequency and/or code domain can be configured in case of simultaneous HARQ-ACK + SR transmission to support single channel transmission.
Conclusions
[bookmark: _GoBack]In this contribution, we have outlined in details other design aspects of sequence based 1-symbol short PUCCH. Based on the aforementioned discussions and evaluation results, we summarize our views on the design of 1-symbol short PUCCH carrying 1~2 UCI bits follows:

Proposals
Proposal 1:  
Sequence-selection based 1-symbol short PUCCH uses Zadoff-Chu or computer generated CAZAC sequence.
Proposal 2:  
For HARQ-ACK transmission 
· m-bit HARQ-ACK is transmitted using  equally-spaced cyclic shifts of a CAZAC sequence. 

· The distance between consecutive cyclic shifts is  for sequence length N.

· Multiple UEs can be multiplexed on the same PRB by assigning different cyclic shifts.

Proposal 3:  
For SR transmission
· A configured CAZAC sequence is transmitted in case of positive SR. 

· Multiple UEs can be multiplexed on the same PRB by assigning different cyclic shifts. 

Proposal 4:  
Additional resource(s) in the frequency and/or code domain can be configured in case of simultaneous HARQ-ACK + SR transmission to support single channel transmission.
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