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[bookmark: _Ref490170658]Introduction
In RAN1 NR Ad-Hoc#2 Meeting [1], it was agreed that for 1-symbol PUCCH with 1 or 2 bit(s) UCI payload size “sequence selection with low PAPR” to be supported. In this contribution, we evaluate different low PAPR sequence options for Short PUCCH for 1-2 bit symbols. In our companion contribution [2], we discuss the resource allocation for the sequence-based short PUCCH.
Sequence Consideration for Short PUCCH
It has been agreed that sequence-based design will be adopted for Short PUCCH for 1-2 bits. For this design, constant amplitude (i.e., unimodular) sequences which leads to low PAPR is highly desirable to increase coverage range and robust detection. Unimodular sequences are particularly suitable for a sequence-based Short PUCCH since circular time shifts of a signal generated through a unimodular sequence are orthogonal to each other [3]. For example, let  be a unimodular sequence, i.e., ,  for, , be mapped to RBs. Then

where

for  is the circular shift in time. By choosing maximally apart shifts for ACK and NACK sequences, i.e.,  for ACK and  for NACK, it is possible to increase the separation between ACK and NACK symbols in multipath channel, which will also increase the detection performance.
Observation 1: Circular time shifts of a signal generated through a unimodular sequence are orthogonal to each other. 
Proposal 1: Unimodular sequence should be adopted in NR to achieve robust detection of ACK and NACK. 
In this paper, we discuss several unimodular sequence options for Short PUCCH, i.e., Zadd-off Chu (ZC) sequences and computer generated sequences (CGSs). All of these sequence can be constructed under the condition of being unimodular. We will particularly focus on the PAPR constraints of the Short PUCCH.
Zadd-off Chu Sequence with Cyclic Expansion or Truncation
Although the length of ZC sequences are prime numbers, one may expand or truncate the ZC sequences to achieve ACK and NACK sequences for Short PUCCH for 1-2 bits with integer multiple of 12. However, to begin with, ZC sequences are suboptimal in terms of PAPR when  where is IDFT size and  is the sequence length. Truncating and padding also destroy the properties of ZC sequences. In our previous contribution [4], we show that the PAPR for 6 best ZC sequences can be as large as 2.9 and 4.3 dB for 1 RB and 2 RB cases. When 2 dis-contiguous RBs are considered, the PAPR can increase to 5.8 dB. 
Observation 2: ZC sequences causes high PAPR and limit the coverage range for Short PUCCH.

Computer Generated Sequences
A unimodular sequence which leads to a low PAPR may be generated with an algorithm below for short PUCCH. In order to decrease the PAPR of sequences, the following algorithm may be used:
Step 1: 
Choose an initial sequence  of length , 
Set iterationIndex=0, 
Set numberOfIterations = M
Step 2: Map  to the subcarriers 
Step 3: Calculate the inverse -point DFT of the mapped sequence and generate 
Step 4: Scale the th elements of ,  such that , where  is a constant
Step 5: Calculate the -point DFT of the scaled sequence and generate 
Step 6: Puncture  (i.e., get only  elements of ) and generate 
Step 7: Scale the th elements of , i.e.,  such that  where  is a constant
Step 9: Set iterationIndex := iterationIndex + 1
Step 10: Assign  to 
Step 11: If iterationIndex <  and go Step 2 else go Step 12
Step 12: Set  as final sequence
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Figure 1 CGS generation methodology
After the sequence is generated, the elements of the sequence may be quantized based on a PSK constellation. In this contribution, we investigate the sequences for 1 RB and 2 RBs with 16PSK. 
In our previous contribution [4] and this contribution, we show that this method yields sequences around 2 dB PAPR. Note that this method generates one sequence at a time. One may generate multiple sequences and discard or accept the sequences by looking at the correlation of the sequences (and including their cyclic shifts.). 

Numerical Results
In this section, we compare the PAPR results for ZC sequences and CGS. We consider three different scenarios: 1Rb, 2 contiguous RBs, and 2 discontinuous RBs.
As clearly seen from Figure 2, the peak sample poser with ZC sequences is 4 dB higher than the mean power with %1 probability. Especially, if frequency diversity is introduced by using 2 discontinuous RBs, it reaches to 5 dB at %1 probability. On the other hand, computer generates sequences (CGSs) achieve significantly improved PAPR performance. With CGSs, the peak sample power is only 2 dB higher than the mean power at %1 probability for both 1 RB and 1 contiguous RBs cases.
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[bookmark: _Ref485369589][bookmark: _Ref490179432]Figure 2 PAPR performance for the Short PUCCH methods

[bookmark: _Ref485372605][bookmark: _Ref485372584]Observation 7: CGSs with 16PSK alphabet can achieve 2 dB PAPR for 1 RB and 2 continuous RBs allocations and 2.7 dB for 2 RB discontinuous RBs allocation with %1 probability.  

[bookmark: _Ref490180290]Table 1. PAPR of CGSs and Best ZC sequences (IDFT size is 2048)
	Scenario
	PAPR (dB)

	1 RB - 12 CGSs (16PSK)    
	1.9666    2.0708    1.9737    2.0639    2.1116    2.0287    2.2577    1.8872    1.9803    2.0936    2.0588    2.2577

	1 RB - 12 ZC-based Sequences  
	2.7884    4.0573    4.5272    2.9325    5.0150    2.8510    2.8510    5.0150    2.9326    4.5271    4.0573    2.7884

	2 cont. RBs - 12 CGSs (16PSK)
	2.0989    2.0888    2.0304    2.0294    2.0902    1.9606    2.1212    2.0773    2.0574    1.9949    2.1282    2.0423    2.0552    2.0374    2.1051    2.0228    2.0528    1.8843    2.0200    2.0513    2.0844    2.0024    2.0760    1.7729

	2 cont. RBs - 24 ZC-based Sequences
	2.9918    5.1104    5.4450    4.6463    4.3395    4.4070    3.6146    4.8443    4.9788    3.5995    3.4016    4.5001    4.5686    2.9429    2.9426    4.5681    4.4998    3.4016    3.5994    4.9788    4.8443    3.6149    4.4068    4.3394

	2 dis. cont. RBs - 24 CGSs (16PSK) – 50 RBs separation  
	2.9371    2.9874    2.8296    2.9622    2.7664    2.9204    2.9724    2.9990    2.9558    2.9667    2.9746    2.9143    2.9867    2.9532    2.9788    2.9444    2.9426    2.9759    2.9725    2.9940    2.9978    2.9521    2.9809    2.9538

	2 dis. cont. RBs - 24 ZC-based Sequences
	3.5367    5.7084    5.5491    4.9903    4.4258    5.3766    5.8153    7.0385    5.7786    5.5372    4.6652    7.9023    4.5615    5.8573    5.7736    4.4844    7.7914    4.5908    5.4859    5.9216    6.9571    5.8362    5.3572    4.3932



In Table 1, we tabulated the PAPR for each sequences. While CGSs achieve low PAPR results (2 dB), ZC sequence generally do not perform well in terms of PAPR.
Proposal 2: NR should investigate computer-generated sequences for Short PUCCH for 1-2 bits. 

Conclusions
In this contribution, we have the following observations on the sequences for Short PUCCH for 1-2 bits:
Observation 1: Circular time shifts of a signal generated through a unimodular sequence are orthogonal to each other.
Observation 2: ZC sequences causes high PAPR and limit the coverage range for Short PUCCH.
Observation 3: CGSs with 16PSK alphabet can achieve 2 dB PAPR for 1 RB and 2 continuous RBs allocations and 2.7 dB for 2 RB discontinuous RBs allocation with %1 probability.  

We propose the following items for Short PUCCH for 1-2 bits:

Proposal 1: Unimodular sequence should be adopted in NR to achieve robust detection of ACK and NACK. 
Proposal 2: NR should investigate computer-generated sequences for Short PUCCH for 1-2 bits. 
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