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1 Introduction

In 3GPP RAN1 NR Ad hoc meeting [1], uplink control channel design was discussed and the followings were agreed:
· For a given UCI payload, short-PUCCH is designed such that:

· UE multiplexing capacity can be less than that of long-PUCCH

· Performance including at least the following:

· Frequency-diversity

· Interference-diversity

· PAPR/CM and emission

· RS overhead

· Interference randomization should be enabled

· For more than 2 UCI bits, strive for scalable design with short-PUCCH 

· For 1-symbol PUCCH, consider following options

· Option 1: RS and UCI of one UE are multiplexed by FDM manner in each symbol.

· Already agreed.

· Option 4: Sequence based design without RS only for small (1~2) payload size case

· Information is delivered by which sequence/code is transmitted

· Sequence is mapped over contiguous or non-contiguous REs

· UCI sequence can be CDMed with DMRS sequence of other UEs

· Option 5: Sequence based design with RS only for small (1~2) payload size case

· Information is delivered by which/what sequence/code is transmitted

· RS and UCI are multiplexed by CDM manner

· Option 6: Pre-DFT multiplexing of RS and UCI

· Consider for both small and large UCI payload size cases

· Possibility 1: {CP + Pilot} + {CP + Data} to avoid MPI b/w pilot and data

· Possibility 2: CP + {Pilot + Data} as current DFT-s-OFDM

· Other possibilities are not precluded

· Combination of above options are not precluded

· RAN1 will definitely down select above options in the next meeting

· 
For 2-symbol PUCCH, consider following options

· Option 1: RS and UCI are multiplexed by FDM manner in each symbol.

· Option 2: RS and UCI are multiplexed by TDM manner.

· Option 3: RS and UCI are multiplexed by FDM manner in one symbol and only UCI is carried on another symbol without RS

· Option 4: Sequence based design without RS only for small payload size case

· Option 5: Sequence based design with RS only for small payload size case

· Option 6: Pre-DFT multiplexing in one or both symbol(s)

· Combination of above options are not precluded

· RAN1 will definitely down select above options in the next meeting

Based on the previous agreements, some design principles of 1-symbol PUCCH are approved, while some possible schemes are given also. According to those design principles, this contribution will discuss the potential 1-symbol PUCCH design with small payload sizes. In addition, the contribution will also discuss PUCCH design in 2-symbols duration with small payload sizes.
2 Discussion
2.1 Design criterions for 1-symbol PUCCH with small payload sizes

· Multiplexing Capability

Although UE multiplexing capacity can be less than that of long-PUCCH, multiplexing capability of short PUCCH is still crucial for small payload size transmission to save overhead. Hence keeping the multiplexing capability as more as possible is preferred.

· Low PAPR/CM

Low PAPR/CM can ensure more opportunity to use 1-symbol duration PUCCH transmission scheme with a certain performance requirement. 1-symbol duration PUCCH transmission can provide fast HARQ-ACK and CSI to support fast HARQ and link adaptation without too much impact to the normal DL/UL transmission, hence lack of transmission energy inherently. Low PAPR/CM transmission scheme can improve the performance of short duration transmission. As analyzed in [2], compared to non-low PAPR/CM scheme, a low PAPR/CM scheme will reduce PAPR by about 1.6 dB.  Based on the Hata model used in [3], this 1.6 dB gain will make the coverage distance of short PUCCH improve 10 percent. From the perspective of the coverage area, the coverage area will improve 21 percent. In other words, if users are equally distributed in the whole cell, more than 20 percent users will benefit from the faster HARQ HARQ-ACK and CSI feedback.
2.2 Potential schemes for 1-symbol PUCCH with small payload sizes

Based on the agreements in the last meeting, there are four options can be down-selected for 1-symbol PUCCH, which are shown as following:
· Option 1: RS and UCI of one UE are multiplexed by FDM manner in each symbol

· Option 4: Sequence based design without RS only for small (1~2) payload size case

· Option 5: Sequence based design with RS only for small (1~2) payload size case

· Option 6: Pre-DFT multiplexing of RS and UCI
Considering the small payload size particularly up to 2 bits, regardless of coherent vs. non-coherent, FDM vs. CDM, sequences design should be considered to multiplex multiple UEs. The sequence design should consider the multiplexing capability, low PAPR and frequency diversity at the same time. In the remaining part of the contribution, we will discuss potential schemes based on the structure of candidates respectively. 
2.2.1 Sequence based design without RS
For the option 4, when one UE needs to transmit 2 bits HARQ A/N, 4 orthogonal sequences will be occupied, which causes multiplexing capability to be limited. Usually, only 6 cyclic shifts can be used for a 12-length computer generated sequence (CG sequence). 4 orthogonal sequences reserved for one UE means 12-length sequence can only support one UE’s transmission, and the remaining two cyclic shifts are wasted. Moreover, caused by the multipath interference, increasing length of sequence cannot increase available number of cyclic shift directly. So Sequence based design without RS should not be considered for small (1~2) payload size case.
2.2.2 Sequence based design with RS multiplexed by CDM manner
As our company’s contribution [4] mentioned in the last meeting, we proposed a sequence based design with RS to support small, which is shown as following:
In this scheme, two signals occupy the same frequency resources. The first signal is generated by symmetric duplicating structure and the second signal is generated by asymmetric duplicating structure. Wherein, each signal may be generated based on low PAPR sequences.
Although the proposed scheme could perform low PAPR/CM property, it cannot supply a good interference randomization. When a UE transmits signal based on this scheme, information on some subcarriers may be zero, which is resulted by the addition of UCI and RS. When UE of the neighbour cell transmits a similar signal simultaneously, the interference will not spread onto all subcarriers.
2.2.3 Pre-DFT multiplexing of RS and UCI

For the option 6, as analysis in [5], some guard period need to be inserted to avoid multi-path interference (MPI). The inserted GP will shorten the sequences length, which will limit the multiplexing capability. This scheme is more suitable for carrying large payload, since the RS overhead can be adjusted.
2.2.4 RS and UCI multiplexed by FDM manner
Compared to the CDM scheme, FDM scheme can supply same multiplexing capability and better performance on interference randomization. Since PAPR/CM is agreed as a significance performance to evaluate the short PUCCH scheme, it will be the bottleneck of the normal FDM scheme.

If any optimization could keep FDM scheme with low PAPR/CM property, the FDM scheme will be the best choice. In the RAN1-NR Adhoc, [6] supplied a feasible research direction to achieve this goal: Using the even/odd part of 12-length CGS sequence to carry UCI information, the other part is used as RS, which is shown as Figure 1.
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Figure 1. Carrying modulation symbol on even part
In addition, after carrying different modulation symbols, the set of CGS sequences must comply some limitations:
1. The transmission signal must keep the low PAPR/CM property (The CM value of one sequence means the maximum value of all cyclic shifted version);
2. Any cyclic shifted versions of a given sequence must be of low cross-correlation with any cyclic shifted versions of other sequences (The cross-correlation value of two sequences means the maximum value of combination with all cyclic shifted version);
3. Keep multiplexing capability. 
Based on these two limitations, we have tested 12-length sequences in LTE R8. After carrying modulation symbols, the appendix shows the CM value of every sequence. From the results we can find that maximum CM value is 3.78208 dB and near 77% CM values is more than 2dB. The results showed that the LTE sequences cannot meet the requirements.  
So we tried to find if there is any other sequence is available. When the modulation symbols are (+1, -1, +j, -j), we have searched 5 sequences can meet the requirement, which can find in the Table 1:
Table 1. New available 12-length CGS sequences
	Sequence index
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	CM (dB)
	PAPR (dB)

	1
	x(n) = 3,  3, -3, -1,  3, -1,  3, -1, -3,  3,  3,  3
	0.85694
	3.0102

	2
	x(n) = 1, -1,  1, -3, -3, -1,  1,  3,  1,  1, -3,  3
	0.85694
	3.0100

	3
	x(n) = -3, -1,  1,  1,  1, -1, -3,  3,  1, -3,  1,  3
	0.85694
	3.0102

	4
	x(n) = -3, -1,  3, -1, -3,  3, -3,  3,  3,  3, -3, -1
	0.85694
	3.0100

	5
	x(n) = 3,  1, -1, -3, -1, -3,  3, -3,  1,  3,  3, -3
	1.06897
	3.0029


Table 2. Cross-correlation of the new 12-length CGS sequences

	CM value
	Index 1
	Index 2
	Index 3
	Index 4
	Index 5

	Index 1
	-
	-
	-
	-
	-

	Index 2
	0.5858
	-
	-
	-
	-

	Index 3
	0.5858
	0.7292
	-
	-
	-

	Index 4
	0.7292
	0.5858
	0.5858
	-
	-

	Index 5
	0.5337
	0.6214
	0.5491
	0.6325
	-


As shown in the Table 1 & Table 2, we can find the maximum CM value of all new sequences are less than 1.1 dB and the maximum cross-correlation value are all less than 0.73. The performance is good enough to enhance coverage and reduce neighbor cell interference. In addition, for all of these sequences, cyclic shift 0, 4 and 8 can used to support multiplexing 3 users.

But only 5 sequences are not enough for the NR short PUCCH design, if we want to control the neighbor cell interference into the similar level to LTE, about 30 sequences are needed. So, we should strive for finding more sequences to meet these requirement.
2.2.5 Summary for 1-symbol PUCCH with small payload size
By the previous analysis, we can summarize the advantage and disadvantages of all candidates in the following Table 3.
Table 3. Summary for the candidates of 1-symbol PUCCH with small payload size
	
	Multiplexing capability
	Low PAPR/CM
	Interference Randomization

	Option 4
	X
	O
	O

	Option 5
	O
	O
	X

	Option 6
	X
	O
	O

	Option 1 with CP-OFDM
	O
	X
	O

	Option 1 with low PAPR
	O
	O
	O


Based on the above summary of candidates for 1-symbol PUCCH with small payload size, we have the following proposals:   

Proposal 1: For 1-symbol PUCCH with small payload sizes, FDM multiplexing scheme should be selected.

Proposal 2: To keep low PAPR/CM property and low cross-correlation after carrying different modulation symbols, some new 12-length sequences should be studied.
2.3 2-symbol duration PUCCH with small payload sizes  

To enable frequency diversity for 2-symbol PUCCH, based on this structure as shown in Figure 7(a) for Option 1, 4, 5 and 6, frequency hopping in two symbols can be supported to get the frequency diversity gain. Or, if the gNB want to enhance the multiplexing capability among different UEs, disabling frequency hopping and enabling orthogonal code on each symbol can double the multiplexing capability, which is shown in Figure 7(b).  Further, for 2-symbol duration PUCCH used to carry small payload sizes, reusing FDM scheme of 1-symbol duration PUCCH (option 1) will be better according to the analysis in section 2.2. Option 2 and 3 cannot support frequency hopping in these two adjacent OFDM symbols, which do not satisfy the design principle agreed in the RAN1#88 meeting.
We have the following proposal:
Proposal 3: For 2-symbol PUCCH with small payload sizes, reusing FDM scheme of 1-symbol PUCCH should be supported.
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Figure 2. 2-symbol duration PUCCH reuse 1-symbol PUCCH structure

3 Conclusion
In this contribution, one OFDM symbol PUCCH design is given. Based on above discussions, following observations and proposals are given. 
Proposal 1: For 1-symbol PUCCH with small payload sizes, FDM multiplexing scheme should be selected.

Proposal 2: To keep low PAPR/CM property and low cross-correlation after carrying different modulation symbols, some new 12-length sequences should be studied.

Proposal 3: For 2-symbol PUCCH with small payload sizes, reusing FDM scheme of 1-symbol PUCCH should be supported.
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Appendix
Table 4．CM value based on LTE 12-length sequence
	Sequence Group: u
	CM value
	Sequence Group: u
	CM value
	Sequence Group: u
	CM value

	0
	2.96598
	10
	3.16086
	20
	3.41983

	1
	2.06795
	11
	3.43573
	21
	1.80650

	2
	2.85096
	12
	2.97067
	22
	3.21505

	3
	2.04517
	13
	1.74531
	23
	2.06795

	4
	2.89224
	14
	0.93105
	24
	2.23158

	5
	3.04466
	15
	3.61615
	25
	1.75983

	6
	1.58426
	16
	2.17602
	26
	1.16025

	7
	2.63220
	17
	1.81716
	27
	2.71305

	8
	2.62159
	18
	2.33947
	28
	1.63773

	9
	2.28904
	19
	3.78208
	29
	2.46590
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