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[bookmark: _Ref481749371]Introduction
In this contribution, correlation properties of some proposed sets of CGS for pi/2-BPSK RS are primarily evaluated.
Discussions
Observations on the joint proposal [1]
[bookmark: _Hlk534543202]In RAN1#95, a joint proposal [1] on computer generated sequences (CGS) for time-domain pi/2-BPSK RS was offered for sequence lengths of 12, 18 and 24. These sets of sequences in [1] were obtained from proposed individual company CGS sets by selecting a few sequences from the set of several companies (e.g. from [2,3,4]). The goal was to provide reasonably good auto- and cross-correlations for circular shifts (lags) within the range of -2 to 2 for length-12 sequences, within the range of -3 to 3 for length-18 sequences and within the range of -5 to 5 for length-24 sequences.
In Table 1 to Table 3, correlation properties of the joint proposal CGS sets are compared to the individual set of each company CGS proposals. 
From these tables, it is observed that the auto-correlations of the sequences in [2] are superior to those in the joint proposal [1] (as good as they can be within the considered cyclic shifts), but the sequences suffer of relatively poor cross-correlations for the zero-cyclic shift. 
Furthermore, it is observed that for the length-18 sequences, the proposal in [3] has better overall correlation properties than the joint proposal [1], whereas for length-24 sequences the proposals in both [3] and [4] have better overall correlation properties than the joint proposal [1]. 
Hence, the compromise made to combine sequences to a set in the joint proposal degrades the achievable performance and seem to provide competing overall correlation properties for the length-12 sequences only.
However, as is shown in Figure 1 further below, the auto-correlations (ac) of the WF length-12 sequences are relatively poor with 25% probability of taking the value of 0.33 (cyclic shifts -2, -1, +1, +2).

[bookmark: _Ref534818196]Table 1. Mean | Max correlation values for length-12 CGS proposals.
	Cyclic shift
	Auto-correlation
	Cross-correlation

	
	JP [1]
	[2]
	[3]
	[4]
	JP [1]
	[2]
	[3]
	[4]

	0
-1,1
-2,2
	-
0.07 | 0.33 0.10 | 0.33 
	-
0 | 0
0 | 0 
	-
0.12 | 0.33 0.11 | 0.33 
	-
0.04 | 0.33 0.13 | 0.33 
	0.21 | 0.83 0.22 | 0.83 0.23 | 0.83 
	0.40 | 0.83 0.22 | 0.83 0.20 | 0.67 
	0.22 | 0.67 0.22 | 0.67 0.23 | 0.67 
	0.31 | 0.83 0.19 | 0.83 0.23 | 0.83 



Table 2. Mean | Max correlation values for length-18 CGS proposals.
	Cyclic
shift
	Auto-correlation
	Cross-correlation

	
	JP [1]
	[2]
	[3]
	[4]
	JP [1]
	[2]
	[3]
	[4]

	0
-1,1
-2,2
-3,3
	-
0.02 | 0.22 0.11 | 0.11 0.04 | 0.22
	-
0 | 0
0.11 | 0.11      0 | 0
	-
0 | 0
0.11 | 0.11
 0 | 0
	-
0.01 | 0.22 0.13 | 0.33 0.10 | 0.44
	0.19 | 0.67 0.18 | 0.67 0.19 | 0.67 0.19 | 0.89 
	0.37 | 0.78 0.22 | 0.78 0.20 | 0.78 0.18 | 0.78 
	0.17 | 0.56 0.18 | 0.78 0.18 | 0.67 0.19 | 0.78 
	0.19 | 0.78 0.20 | 0.78 0.19 | 0.78 0.18 | 0.78 




[bookmark: _Ref534818208]Table 3. Mean | Max correlation values for length-24 CGS proposals.
	Cyclic shift
	Auto-correlation
	Cross-correlation

	
	JP [1]
	[2]
	[3]
	[4]
	JP [1]
	[2]
	[3]
	[4]

	0
-1,1
-2,2
-3,3
-4,4
-5,5
	-
0.01 | 0.17   0.04 | 0.33   0.02 | 0.17 0.02 | 0.33 0.02 | 0.17 
	-
0 | 0
0 | 0
0 | 0
0 | 0
0 | 0 
	-
0 | 0    
0.03 | 0.17         0 | 0
0.04 | 0.17      
0 | 0
	-
0 | 0
0 | 0
0 | 0
0.04 | 0.17    0 | 0
	0.17 | 0.67
0.16 | 0.67 0.16 | 0.67 0.15 | 0.67 0.15 | 0.83 0.15 | 0.67 
	0.31 | 0.75 0.21 | 0.67 0.16 | 0.67 0.14 | 0.58 0.16 | 0.58 0.13 | 0.58 
	0.16 | 0.58 0.15 | 0.58 0.15 | 0.67 0.15 | 0.67 0.16 | 0.67 0.16 | 0.67 
	0.16 | 0.67 0.16 | 0.67 0.15 | 0.67 0.15 | 0.67 0.15 | 0.67 0.16 | 0.67    



[image: ]
[bookmark: _Ref534826052]Figure 1. CDFs of correlations of length-12 JP sequences [1], including cyclic shifts from -2 to +2.

In conclusion, the length-12 set of CGS in the joint proposal [1] suffers in relatively poor auto-correlations and for length-18 and length-24 sequences, better correlation properties than seen by the [1] had been obtained by selecting company proposals, e.g. by selecting the CGS set of [3] for length-18 and the CGS set of [4] for length-24. 
Taking out sequences from company proposals into a compromise set will most likely lead to worse performance as the selection of sequences with overall good correlation properties is an integral part of the computer search.
For each sequence length, selecting a CGS set from one company only is superior to ensure that cross-correlation properties between sequences in the whole set is computer optimized 
In the selection of CGS, the goal should be to have sequences with auto-correlations as in [2] and with cross-correlations as in e.g. [3].  One example of CGS sets that fulfill such design are those proposed in [5] for length-12, length-18 and length-24 sequences.
Observations on proposed CGS set for sequence length-6 in [2]  
It was proposed in [2] to introduce time-domain 8-PSK for the case of one RB (length-6) and spectrum shaped PUSCH/PUCCH allocations with pi/2-BPSK. The incentive for promoting a special DMRS symbol constellation for that case was the lack of sufficiently many time-domain pi/2-BPSK DMRS sequences for obtaining good or reasonable (cross-) correlation properties.
By carefully selecting the phase transitions within an 8-PSK symbol constellation, it will indeed be possible to obtain sequences with low PAPR as shown in Appendix 4.2 (largest PAPR is 2.2 dB for the length-6 CGS proposal in [2]). Although that low PAPR sequences can be designed for spectrum shaped DFT-spread 8-PSK, introducing a special DMRS for this case will evidently increase the implementation complexity and may not be worth the effort.
The upper part of Figure 2 shows the CDFs of the auto- and cross correlations for the proposed length-6 sequences [2], where the CDFs here includes correlation values for cyclic shifts in the range of -1 to +1. It is observed from this figure that the auto-correlations are limited to 0.24 (60%) and that the maximum cross-correlation value is less than one. The lower part of Figure 2 shows for a certain CGS sequence the number of sequences it will have cross-correlation value above 0.7. For example, the sequence indexed by 13 will have cross-correlation values above 0.7 toward fourteen other sequences within the CGS set, whereas the sequence indexed by 4 will have cross-correlation values above 0.7 toward only three other sequences within the CGS set.
Figure 3 shows the corresponding correlation statistics for pi/2-BPSK DMRS based on the set of sequences in Table 4 (Appendix). These sequences, designed to have zero auto-correlations for the cyclic shifts -1 and +1, result in cross-correlation values of 1. Although this undesirable property, the lower part of Figure 3 indicates that cross-correlations across sequences with values above 0.7 are limited to at most 5 sequences, so with UE-specific sequence hopping the impact of the undesirable unity cross-correlation may not need to be that bad as it may first appear.
[image: ]
[bookmark: _Ref534896434]Figure 2. Correlation statistics for the 8-PSK DMRS set in [2]. 
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[bookmark: _Ref534899654]Figure 3. Correlation statistics for pi/2-BPSK DMRS based on Table 4.
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Appendix
Length-6 CGS for pi/2-BPSK
A possible set of length-6 binary sequences for time-domain pi/2-BPSK DMRS is shown in Table 4.

[bookmark: _Ref534901270]Table 4. Binary CGS of length-6 for pi/2-BPSK DMRS.
	0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
	    '0  1  1  1  0  0'
    '1  1  1  1  1  0'
    '0  0  1  0  1  0'
    '0  0  0  0  0  1'
    '1  0  1  0  1  1'
    '1  0  0  0  1  1'
    '0  1  0  0  0  0'
    '1  1  1  0  0  0'
    '0  1  0  1  0  0'
    '1  1  0  0  0  1'
    '0  0  0  1  1  1'
    '0  1  1  0  1  1'
    '1  0  1  0  0  0'
    '1  1  0  1  0  1'
    '1  0  0  1  0  0'
	15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
	    '1  0  1  1  1  0'
    '0  1  1  1  0  1'
    '0  0  0  1  0  0'
    '1  1  1  0  1  1'
    '0  0  1  1  1  0'
    '0  1  0  0  1  0'
    '0  0  1  0  0  1'
    '1  0  1  1  1  1'
    '0  1  0  1  1  1'
    '1  1  1  0  1  0'
    '1  0  1  1  0  1'
    '0  1  0  0  0  1'
    '1  0  0  0  1  0'
    '0  0  0  1  0  1'
    '1  1  0  1  1  0'




[bookmark: _Ref534983808]PAPR of length-6 sequences based on pi/2-BPSK, QPSK and 8-PSK 
Figure 4 depicts PAPR histograms of DFT-spread pi/2-BPSK, QPSK and 8-PSK in conjunction with frequency domain spectrum shaping (FDSS). The FDSS is the same as used in [2]. 
[image: ]
[bookmark: _Ref534983510][bookmark: _GoBack]Figure 4. PAPR histograms for length-6 sequences of DFT-S pi/2-BPSK, QPSK and 8-PSK. 
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