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Introduction
The following agreements were made for the design purpose of 1-symbol PUCCH [1][2]:
Agreements [1]:
· Working assumption:
· 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.

Agreements [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

With respect to the design of short-PUCCH supporting up to 2 bits, couple of issues are remained to be resolved which are addressed in this contribution.
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Short PUCCH structure
The design of 1-symbol PUCCH for up to 2 bits was agreed as a working assumption to be based on the sequence selection (a.k.a. Option 4). From our point of view, for short-PUCCH design, focusing on the multi-user multiplexing as the design target is not a proper approach. Instead the design should be such that the coverage is improved and the PAPR and CM are kept as low as possible. In our previous contribution [3] we provided an extensive analysis and performance evaluation to show that the sequence selection based design is the best candidate to meet the design targets. Therefore, we are in favor or confirming the working assumption. 
However, in the last meeting concerns were raised on the ambiguity of the working assumption whether the SR should be considered as one of the UCI bits or not. Despite the used wording, the common understanding of the group based on the majority of the contributions was that for the short PUCCH with up to 2 UCI bits, the UCI bits are referred to as the HARQ-ACK feedback bits corresponding to the PDSCH transmissions. In case of SR, its transmission should be as well accommodated using the short PUCCH format. Hence, we propose to confirm the working assumptions with improved wording as the following:
Proposal:
· Confirm the working assumption as the following:
· For short-PUCCH with up to 2 HARQ-ACK bits with/without SR, sequence selection is supported.
Short PUCCH sequence type
The design of short PUCCH is based on sequence selection aiming at improved coverage and low PAPR and CM. CAZAC sequences can be considered due to their low PAPR/CM performances and good cross-correlation properties. The computer-generated-sequences (CGS) of length 12 sequences specified for LTE, can be considered as promising candidates. In the same category, new CGS are proposed in [4] and [5] which show improvement in PAPR and/or CM with comparable cross-correlation properties as compared to the LTE sequences. These new sequences have the same structure as the LTE sequences being based on a based sequence and a cyclic shift. The independent comparison in [6] shows that indeed the new CGS in [5] are to some extent a better option as compared to LTE sequences and the new CGS in [4] expect for 95% cross-correlation properties as shown in Table 1 provided in [6].  It is important to mention that although our preference is to use CAZAC sequences in LTE, we acknowledge the benefit of using new sequences with improved PAPR and CM. 
[bookmark: _Ref492586220]Table 1: Performance comparison assuming 1 PRB of CAZAC sequences [6]
	Metric
	[5]
	[4]
	LTE

	Mean PAPR [dB]
	2.5019
	3.0717
	3.9775

	Max. PAPR [dB]
	2.6150
	3.0911
	4.1338

	Mean CM [dB]
	0.2817
	0.8831
	0.6975

	Max. CM [dB]
	0.4059
	0.9203
	1.0261

	Cross correlation 95% tile
	0.5317
	0.5026
	0.5271

	Max. Cross correlation
	0.6818
	0.7087
	0.6847



Therefore, we propose the following:
Proposal:
· For PUCCH with up 2 HARQ-ACK bits with/without SR, 30 computer generated CAZAC sequences are adopted.
· The computer generated sequences are selected from one of the following options:
· Option 1: LTE length 12 computer generated CAZAC sequences as in Table 5.5.1.2-2 in TS 36.211 (also shown in Appendix)
· Option 2: New length 12 computer generated sequences as in Table 5 in R1-1711188 (also shown in Appendix)
Short PUCCH sequence length and PRB mapping
In the previous meeting, it has been agreed that for the short PUCCH, the length 12 sequences which are mapped to consecutive REs in a PRB are supported. The options for using longer sequences of length 24 or 48 were remained for further studies. The longer sequences were claimed to be beneficial for providing more cyclic shifts and hence enabling larger multiplexing capacity. From our perspective, length 12 sequences are sufficient and the introduction of longer sequences is not necessary. If there is a need for increasing the multiplexing capacity, different users can be assigned to different PRBs while keeping the short PUCCH confined within a PRB to avoid introducing unnecessary extra overhead. The increased number of cyclic shifts due to the longer sequences, decreases the robustness of these sequences in time dispersive channels. 
Figure 1 shows the simulation results of short PUCCH performance using sequences of 12, 24 and 48 contiguous REs based on the simulation assumptions given in Appendix- The results clearly show that increasing the sequence length degrades the performance of the short PUCCH.
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[bookmark: _Ref492960558]Figure 1: BLER vs SNR for 1-symbol PUCCH with 2 A/N bits and a single user at 3km/h. The results compare the PUCCH sequence length (i.e. 12, 24 or 48 contiguous REs) for TDL-C channel model with various delay spread (i.e. 300ns and 1000ns) and different sub-carrier spacing (i.e. 15 and 30 kHz).
There has been also proposals to consider non-contiguous REs mapping for the short PUCCH sequences to enable IFDM with SRS using comb structure or CDM with DMRS of short PUCCH for more than 2 bits [7]. It is important to note that firstly, spanning the sequence on a larger number of PRBs with non-contiguous REs not only decreases the robustness to frequency errors, it also increases the overhead with respect to the increased number of PRBs. It is important to keep in mind that the low PAPR and better coverage were the deciding factors for adopting the sequence selection for the short PUCCH. These properties should not be compromised in the process of completion of the design.
Therefore, we propose the following:
Proposal:
· For short-PUCCH with up to 2 HARQ-ACK bits with/without SR
· Only the sequence length of 12 REs with consecutive mapping within a PRB is supported.
Moreover, it was proposed in [7] to consider CDM of short PUCCH for 1-2 bits with long PUCCH of 1-2 bits. From our perspective, this can be beneficial as long as the short and long PUCCH are transmitted by different UEs. In this case, whether a short PUCCH is CDM with a long PUCCH from another UE is transparent to the UE and it is up to the gNB decision for PUCCH resource configurations. The only impact on the design would be to use the same sequences for long PUCCH for up to 2 bits as the short PUCCH discussed here. This design choice has other properties which is discussed in more details in our companion contribution [8].
Short PUCCH sequence assignment for A/N with/without SR
As agreed the number of available cyclic shifts for a base sequence within a PRB is 12. A user can be assigned with some of these cyclic shifts to form the sequences that are used for transmission of HARQ-ACK bits. For example, for one bit HARQ-ACK, 2 cyclic shifts and for 2 bits HARQ-ACK, 4 cyclic shifts among the 12 available ones are needed. 
In the previous meeting, it has been extensively discussed how to assign the cyclic shifts to the UE. 1) One approach was to assign the cyclic shifts such that the distance among them in terms of the number of shifts, is maximized. 2) The other approach was to have an adjustable distance between the different cyclic shifts. 
It was also discussed how to have PUCCH resources for simultaneous transmission of HARQ-ACK and SR. 1) One approach was to use different PRBs whether the SR is present or not and then within each PRB utilize equally distance resources in terms of the cyclic shifts for addressing the HARQ-ACK bits. 2) The other approach was to utilize all the resources in terms of the cyclic shifts within a PRB including bundling of HARQ-ACK bits if necessary. 3) One other approach that was discussed was to switch between short PUCCH for up to two bits and more than 2 bits depending on the absence and presence of the SR.
All the proposed approaches have their corresponding pros and cons. In the following we explain the design principles that are important to be considered for a proper design and propose a solution accordingly.
First of all, the PUCCH resources including cyclic shitfs and allocated PRBs should be utilized efficiently. This implies that in some scenarios for example with good channel conditions, one can benefit on smaller distance between cyclic shifts and hence supporting more users while in some other scenarios the channel conditions are such that it is more efficient to increase the cyclic shift distance among the assigned sequences. Secondly, the SR by its nature can be present or not. This implies that allocating resources that would be unused if the SR is not present, creates unnecessary overhead. Also, solutions that require changes in PUCCH format depending on the presence or absence of the SR, not only creates additional signaling overhead but also increases the complexity both at the UE and gNB. The choice of the PUCCH format should be based on the UCI information that are expected to be present, i.e. HARQ-ACK and CSI, not SR. 
Considering all these aspects, we propose in the following a design based on LTE with improvements necessary for NR such that that an efficient and flexible operation is ensured.
To address different use cases, a UE can be configured with different cyclic shifts. To limit the corresponding signaling, the configuration includes the starting cyclic shift in a PRB, i.e. n where n=0, ...,11 and the incremental shift between two consecutive sequences within a PRB, denoted by Δ. The UE starts with the first PRB for allocating resources for the HARQ-ACK bits and no SR. It continues with resource allocation with HARQ-ACK bits and the presence of the SR. In that sense, the additional PRBs are used by UE if needed. Also, the gNB starts with detection of HARQ-ACK bits assuming SR is not present. It also enables the gNB to allocate the PRBs efficiently such that the additional PRBs that are potentially shared among UEs are minimized. One can also consider bundling of the HARQ-ACK bits when SR is present to reduce number of sequences. This general frame work provides the flexibility and efficiency that is needed for NR. 
Based on the above discussion we propose the following:
Proposal:
· For short-PUCCH with up to 2 HARQ-ACK bits with/without SR, the cyclic shifts (CS) of the sequences to represents “m” HARQ-ACK bits with/without SR is determined as the following:
· The UE is configured with an initial cyclic shift within a PRB denoted by “n” where n=0,…,11, and an incremental cyclic shift between two consecutive sequences denoted by “Δ” where Δ≤11.
· The UE determines the CS of “k:th” sequence where k=0, …, 2(m+1)-1 denoted by CS(k) and the number of the associated PRB denoted by “p”, as the following:
· CS(k) = mod(n+kΔ,11)
·  p=floor[(n+kΔ)/11)]
· The CS to sequence association starts with HARQ-ACK bits without SR and continues with HARQ-ACK bits with SR.
· FFS on the mapping of HARQ-ACK bits to sequences.
· FFS on the bundling of HARQ-ACK bits when the SR is assumed to be present.
Inter-cell interference randomization
Similar to LTE, sequence hopping can be introduced for 1-symbol PUCCH for up to 2 UCI bits to randomize inter-cell interference where the hopping pattern for the cyclic shift can be determined based on a RRC configured parameter such as the virtual cell ID. Therefore, we propose the following:
Proposal:
· For short-PUCCH with up to 2 HARQ-ACK bits with/without SR, sequence hopping is supported.
· The hopping pattern of the cyclic shift is determined based on a RRC configured parameter, e.g. virtual cell ID.
Conclusion
In this contribution, we discussed the remaining design issue for the short-PUCCH for up to 2 bits. Based on the analysis and performance evaluation we proposed the following:
Proposal:
· Confirm the working assumption as the following:
· For short-PUCCH with up to 2 HARQ-ACK bits with/without SR, sequence selection is supported.
Proposal:
· For PUCCH with up 2 HARQ-ACK bits with/without SR, 30 computer generated CAZAC sequences are adopted.
· The computer generated sequences are selected from one of the following options:
· Option 1: LTE length 12 computer generated CAZAC sequences as in Table 5.5.1.2-2 in TS 36.211 (also shown in Appendix)
· Option 2: New length 12 computer generated sequences as in Table 5 in R1-1711188 (also shown in Appendix)
Proposal:
· For short-PUCCH with up to 2 HARQ-ACK bits with/without SR
· Only the sequence length of 12 REs with consecutive mapping within a PRB is supported.
Proposal:
· For short-PUCCH with up to 2 HARQ-ACK bits with/without SR, the cyclic shifts (CS) of the sequences to represents “m” HARQ-ACK bits with/without SR is determined as the following:
· The UE is configured with an initial cyclic shift within a PRB denoted by “n” where n=0,…,11, and an incremental cyclic shift between two consecutive sequences denoted by “Δ” where Δ≤11.
· The UE determines the CS of “k:th” sequence where k=0, …, 2(m+1)-1 denoted by CS(k) and the number of the associated PRB denoted by “p”, as the following:
· CS(k) = mod(n+kΔ,12)
·  p=floor[(n+kΔ)/12)]
· The CS to sequence association starts with HARQ-ACK bits without SR and continues with HARQ-ACK bits with SR.
· FFS on the mapping of HARQ-ACK bits to sequences
· FFS on the bundling of HARQ-ACK bits when the SR is assumed to be present
Proposal:
· For short-PUCCH with up to 2 HARQ-ACK bits with/without SR, sequence hopping is supported.
· The hopping pattern of the cyclic shift is determined based on a RRC configured parameter, e.g. virtual cell ID.

References
[bookmark: _Ref489286821][bookmark: _Ref485284785][bookmark: _Ref481194071]Chairman Note’s 3GPP RAN WG1 NR Ad-Hoc Meeting#2
[bookmark: _Ref492578982]Chairman Note’s 3GPP RAN WG1 Meeting#90
[bookmark: _Ref492579005]R1-1714419		On the Design of 1-Symbol PUCCH with 1-2 bits UCI; Ericsson
[bookmark: _Ref492586108][bookmark: _Ref485284896]R1-1706950		Structure of 1-symbol PUCCH for up to 2 bits; Huawei, HiSilicon
[bookmark: _Ref492586095]R1-1711188		Channelization of 1-symbol short PUCCH with 1 or 2 bits payload; Qualcomm Incorporated
[bookmark: _Ref492586132]R1-1713624		Short PUCCH for UCI of 1 or 2 Bits; Samsung
[bookmark: _Ref492590957]R1-1715111		WF on 1-symbol short-PUCCH for UCI of up to 2 bits; LG Electronics, Lenovo, Motorola Mobility, vivo, ETRI
[bookmark: _Ref492914307]R1-1716586		On the Design of Long PUCCH for up to 2 bits; Ericsson
Appendix
Proposed options for CGSs of length 12


Option 1: Table 5.5.1.2-1 in TS 36.211: Definition of  for 
	

	


	0
	-1
	1
	3
	-3
	3
	3
	1
	1
	3
	1
	-3
	3

	1
	1
	1
	3
	3
	3
	-1
	1
	-3
	-3
	1
	-3
	3

	2
	1
	1
	-3
	-3
	-3
	-1
	-3
	-3
	1
	-3
	1
	-1

	3
	-1
	1
	1
	1
	1
	-1
	-3
	-3
	1
	-3
	3
	-1

	4
	-1
	3
	1
	-1
	1
	-1
	-3
	-1
	1
	-1
	1
	3

	5
	1
	-3
	3
	-1
	-1
	1
	1
	-1
	-1
	3
	-3
	1

	6
	-1
	3
	-3
	-3
	-3
	3
	1
	-1
	3
	3
	-3
	1

	7
	-3
	-1
	-1
	-1
	1
	-3
	3
	-1
	1
	-3
	3
	1

	8
	1
	-3
	3
	1
	-1
	-1
	-1
	1
	1
	3
	-1
	1

	9
	1
	-3
	-1
	3
	3
	-1
	-3
	1
	1
	1
	1
	1

	10
	-1
	3
	-1
	1
	1
	-3
	-3
	-1
	-3
	-3
	3
	-1

	11
	3
	1
	-1
	-1
	3
	3
	-3
	1
	3
	1
	3
	3

	12
	1
	-3
	1
	1
	-3
	1
	1
	1
	-3
	-3
	-3
	1

	13
	3
	3
	-3
	3
	-3
	1
	1
	3
	-1
	-3
	3
	3

	14
	-3
	1
	-1
	-3
	-1
	3
	1
	3
	3
	3
	-1
	1

	15
	3
	-1
	1
	-3
	-1
	-1
	1
	1
	3
	1
	-1
	-3

	16
	1
	3
	1
	-1
	1
	3
	3
	3
	-1
	-1
	3
	-1

	17
	-3
	1
	1
	3
	-3
	3
	-3
	-3
	3
	1
	3
	-1

	18
	-3
	3
	1
	1
	-3
	1
	-3
	-3
	-1
	-1
	1
	-3

	19
	-1
	3
	1
	3
	1
	-1
	-1
	3
	-3
	-1
	-3
	-1

	20
	-1
	-3
	1
	1
	1
	1
	3
	1
	-1
	1
	-3
	-1

	21
	-1
	3
	-1
	1
	-3
	-3
	-3
	-3
	-3
	1
	-1
	-3

	22
	1
	1
	-3
	-3
	-3
	-3
	-1
	3
	-3
	1
	-3
	3

	23
	1
	1
	-1
	-3
	-1
	-3
	1
	-1
	1
	3
	-1
	1

	24
	1
	1
	3
	1
	3
	3
	-1
	1
	-1
	-3
	-3
	1

	25
	1
	-3
	3
	3
	1
	3
	3
	1
	-3
	-1
	-1
	3

	26
	1
	3
	-3
	-3
	3
	-3
	1
	-1
	-1
	3
	-1
	-3

	27
	-3
	-1
	-3
	-1
	-3
	3
	1
	-1
	1
	3
	-3
	-3

	28
	-1
	3
	-3
	3
	-1
	3
	3
	-3
	3
	3
	-1
	-1

	29
	3
	-3
	-3
	-1
	-1
	-3
	-1
	3
	-3
	3
	1
	-1



Option 2: New 30 CGS sequences as in Table 5 in [5]
	Sequence index
	

	PAPR (dB)

	[bookmark: _Hlk481486282]0
	-3    -3    -3    -3     1     1    -3    -3     1    -3     1    -3
	    2.1494

	1
	 -3     1    -3     1    -3    -3     1     1    -3    -3    -3    -3
	    2.1494

	2
	-3     1    -1     3     3    -1     1    -3    -3    -3    -3    -3
	    2.3349

	3
	-3     1     3    -1    -1     3     1    -3    -3    -3    -3    -3
	    2.3349

	4
	-3    -3    -3    -3    -3     1    -1     3     3    -1     1    -3
	    2.3349

	5
	-3    -3    -3    -3    -3     1     3    -1    -1     3     1    -3
	    2.3349

	6
	 -3     1     3    -3    -1    -1    -1    -3    -3     3    -1    -3
	    2.4072

	7
	 -3     3    -1    -3    -3     3     3     3    -3    -1     1    -3
	    2.4072

	8
	 -3    -1     3    -3    -3    -1    -1    -1    -3     3     1    -3
	    2.4072

	9
	 -3     1    -1    -3     3     3     3    -3    -3    -1     3    -3
	    2.4072

	10
	 -3     1     1     1     3    -3    -1    -3    -3    -3     1    -3
	    2.4753

	11
	 -3     1    -3    -3    -3     3    -3    -1     1     1     1    -3
	    2.4753

	12
	 -3     1    -3    -3    -3    -1    -3     3     1     1     1    -3
	    2.4753

	13
	-3     1     1     1    -1    -3     3    -3    -3    -3     1    -3
	    2.4753

	14
	-3     1    -1     3     3    -3    -3     3     3    -1     1    -3
	    2.5194

	15
	-3     1     3    -1    -1    -3    -3    -1    -1     3     1    -3
	    2.5194

	16
	-3     1    -1    -1     3     1     1     3    -1    -1     1    -3
	    2.5194

	17
	 -3     1     3     3    -1     1     1    -1     3     3     1    -3
	    2.5194

	18
	-3     3     1    -3    -1    -3    -1    -1    -1     3    -3    -3
	    2.5196

	19
	 -3    -1     1    -3     3    -3     3     3     3    -1    -3    -3
	    2.5196

	20
	-3    -3     3    -1    -1    -1    -3    -1    -3     1     3    -3
	    2.5196

	21
	 -3    -3    -1     3     3     3    -3     3    -3     1    -1    -3
	    2.5196

	22
	 -3     1    -1    -1     3     3    -3    -1    -1    -3    -1    -3
	    2.5435

	23
	 -3    -1    -3    -1    -1    -3     3     3    -1    -1     1    -3
	    2.5435

	24
	 -3     3    -3     3     3    -3    -1    -1     3     3     1    -3
	    2.5435

	25
	 -3     1     3     3    -1    -1    -3     3     3    -3     3    -3
	    2.5435

	26
	 -3    -1     1    -3     3    -3    -3     3    -1    -1    -1    -3
	    2.5500

	27
	-3    -1    -1    -1     3    -3    -3     3    -3     1    -1    -3
	    2.5500

	28
	-3     3     3     3    -1    -3    -3    -1    -3     1     3    -3
	    2.5500

	29
	-3     3     1    -3    -1    -3    -3    -1     3     3     3    -3
	    2.5500



[bookmark: _Ref485292586]Simulation assumptions

[bookmark: _Ref481608911]Table 2: Link level simulation parameters
	Parameter
	Value

	Carrier frequency
	4 GHz

	System bandwidth
	20 MHz

	Channel model
	TDL-C 300ns, TDL-C 1000ns,

	Number of PRBs
	1

	UE speed
	3 km/h

	Subcarrier spacing
	15 kHz, 60 kHz

	BS antenna configuration
	2 RX, uncorrelated

	UE antenna configuration
	1 TX

	Disturbance
	AWGN (no inter-cell interference)

	Channel estimation
	Realistic

	Noise estimation
	Ideal

	Number of UEs
	1
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