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Introduction
In general, for the conventional DL/UL multiple access (MA) scheme, three design criteria have been considered in terms of spectral efficiency, energy efficiency and system complexity. In NR (New RAT) design, three use cases are considered as eMBB, mMTC, and URLLC with several KPIs for IMT 2020 RIT submission [1]. Specially, some KPIs such as massive connectivity, spectral efficiency and latency, might be enormously challenging. As the first step toward a non-orthogonal multiple access (NoMA) design in NR, the non-orthogonal spreading sequences for NoMA are discussed, and some analytical results for the non-orthogonal spreading sequences are presented.
Followings are the observations, agreements and conclusion on the multiple access of NR drawn by the previous RAN1 meetings:
Observations:
· Examples non-orthogonal schemes include (but not limited to):
· For UL, Multi-user shared access (MUSA) (e.g., R1-162226)
· Resource spread multiple access (RSMA) (e.g., R1-163510)
· Sparse code multiple access (SCMA) (e.g., R1-162153)
· Pattern defined multiple access (PDMA) (e.g., R1-163383)
· Non-orthogonal coded multiple access (NCMA) (e.g., R1-162517)
· Low code rate spreading (e.g., R1-162385)
· Frequency domain spreading (e.g., R1-162385)
· Non-orthogonal multiple access (NOMA) (e.g., R1-163111)
Agreements:
· Non-orthogonal multiple access should be investigated for diversified NR usage scenarios and use cases
· NR should target to support UL non-orthogonal multiple access, in addition to the orthogonal approach, targeting at least for mMTC
· NR should target to support UL “autonomous/grant-free/contention based” at least for mMTC
Conclusion:
· In RAN1 discussion for MA, grant-free is used to represent “autonomous/grant-free/contention based”

Non-orthogonal Spreading Sequences
The NoMA schemes induce multiuser interference (MUI) inherently. Considering this, spreading sequence design is important for NoMA, since it determines the MUI and system performance. In this contribution, we discuss five non-orthogonal spreading sequences:
· Gaussian Random Sequence
· Each complex coefficient of this sequence is randomly generated by Complex Gaussian distribution with zero mean and unit variance.
· Complex coefficient: , = Complex Gaussian ~ (0, 1)
· Spreading sequence: ,  spreading factor,  is jth spreading sequence.
· QPSK Random Sequence
· Each complex coefficient of this sequence is randomly generated by QPSK constellations. This sequence was used for the symbol scrambling in WCDMA.
· Complex coefficient: ,  the set of QPSK constellation
· Spreading sequence:  ,  spreading factor
· 9-QAM Random Sequence
· Each complex coefficient of this sequence is randomly generated by 9-QAM constellations. This sequence is applied to consider the sparsity based symbol spreading [2]. Here, candidates of complex coefficient are ‘0, 1, 1i, -1, -1i, 1+1i, -1+1i, -1-1i or 1-1i’.
· Complex coefficient: ,  the set of 9-QAM constellation
· Spreading sequence:  ,  spreading factor
· Grassmannian Sequence
· Each complex spreading sequence of this sequence set is generated by Grassmannian line packing problem [3]. Let the Grassmannian sequence set defined by , where N is the spreading factor and K is the superposition factor. Then, the sequence design problem can be posed in terms of maximizing the minimum chordal distance between sequence pairs: , where  is the conjugate sequence of . This sequence was also proposed for the NCMA scheme in RAN1 #84bis [4].
· Spreading sequence set: 
· M-QAM quantized Grassmannian Sequence
· Each complex coefficient of this sequence (which is generated by the Grassmannian sequence) is quantized by M-QAM constellations. Then, the M-QAM quantized Grassmannian sequence set is defined by , where N is the spreading factor and K is the superposition factor.
· Complex coefficient: , the set of M-QAM constellations
· Spreading sequence set: 

Analysis for cross-correlation of non-orthogonal spreading sequences
In this contribution, to discuss the properties of non-orthogonal sequences, we analyze cross-correlation between randomly selected two sequences in a sequence set. Let the number of sequences in a sequence set defined as ‘’ and the sequence set defined as ‘’. Then, the number of non-orthogonal spreading sequence in the sequence set is different according to the manner of generating the sequences as follows:
· The number of sequences in the sequence set (for given N)
· Gaussian Random Sequence: infinite
· QPSK Random Sequence: 
· 9-QAM Random Sequence: 
· Grassmannian Sequence:  
· M-QAM quantized Grassmannian Sequence: 
So, the set of sequences  consists of , and two sequences in the set are randomly selected for calculating the cross-correlation. Then, the cross-correlation between the two sequences can be defined by , , , . Here, the mean and variance of the cross-correlation are defined as E[I] and V[I], respectively.
Figures 1, 2 and 3 represent the comparisons of cross-correlation of the non-orthogonal spreading sequences for spreading factor N = 2, 4 and 8, respectively. These results represent that Grassmannian sequence provides lower E[I] and V[I] than those of other non-orthogonal spreading sequences. In general, it is known that the lower bound of cross-correlation for Grassmannian sequence is  and the variance of the cross-correlation is zero, for the case of . In the case of N = K, E[I] and V[I] are zero, because Grassmannian sequence becomes ‘orthogonal spreading sequence’. E[I] and V[I] are important factor for spreading based NoMA design, since the cross correlation between non-orthogonal spreading sequences produces the MUI. Considering this, Grassmannian sequence can be considered as the non-orthogonal spreading sequence in NR.
Observation: Grassmannian sequence provides lower cross-correlation compared to other non-orthogonal spreading sequences.
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Figure 1. Comparisons of CDF of cross-correlation for N = 2
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Figure 2. Comparisons of CDF of cross-correlation for N = 4
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Figure 3. Comparisons of CDF of cross-correlation for N = 8
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Figure 4. Mean and variance of cross-correlation for Grassmannian Sequence for N = 2
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Figure 5. Mean and variance of cross-correlation for Grassmannian Sequence for N = 4
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Figure 6. Mean and variance of cross-correlation for Grassmannian Sequence for N = 8

Figures 4, 5 and 6 represent the mean and variance of cross-correlation for Grassmannian sequence and M-QAM quantized Grassmannian sequence for N = 2, 4 and 8, respectively. Quantized Grassmannian sequence with M-level is denoted as M-QAM quantized Grassmannian sequence, since each coefficient of M-QAM quantized Grassmaian sequence is one of M-QAM constellation. In each case, E[I] and V[I] of Grassmannian sequence are lower than those of the complex random sequence, although the gap of Grassmannian and complex random sequences is decreased with increasing superposition factor ‘K’. In addition, these results include E[I] and V[I] of M-QAM quantized Grassmannian sequence according to the quantization level. 
Above results represent that Grassmannian sequence provides lower cross-correlation performance compared to other non-orthogonal spreading sequences. Moreover, Grassmannian sequence provides the stable MUI because the variance of cross-correlation is nearly zero. Specially, it can provide the stable design for contention based multiple access, since the MUI is a static value by N and K, regardless of whether any of the sequences are overlapped concurrently. For example, Grassmannian sequence provides that the worst case of MUI is equal to the best case of MUI, under the given number of overlapped sequences in a contention zone. In addition, since the MUI is a static value by N and K, it might be simply implemented to the receiver compared to other non-orthogonal spreading sequences with the varied MUI. For example, in the computation of LLR values for channel coding, assuming small N, interference variances are affected by multiuser channels only, not non-orthogonal spreading sequences. Therefore, we propose that Grassmannian sequence is considered as the non-orthogonal spreading sequence in NR.
Proposal: Quantized Grassmannian sequence is considered for spreading based NoMA schemes.

Summary
In this document, we discussed on non-orthogonal spreading sequences for NoMA in NR. Our suggestions can be summarized as below. 
Observation: Grassmannian sequence provides lower cross-correlation compared to other non-orthogonal spreading sequences.
Proposal: Quantized Grassmannian sequence is considered for spreading based NoMA schemes.
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Appendix
· Examples of 64QAM-quantized Grassmannian Sequence based spreading codebook for minimizing the MUI are represented as follows:
Table I. 64QAM-quantized Grassmannian Sequence based codebook for Spreading Factor: N = 2
	# of codewords
(Max. # of users: K)
	Examples of spreading codebook 

	2
	

	4
	

	6
	

	8
	


NOTE:  is () normalized matrix for the power constraints, . Here, . 

Table II. 64QAM-quantized Grassmannian Sequence based codebook for Spreading Factor: N = 4
	# of codewords
(Max. # of users: K)
	Examples of spreading codebook 

	4
	

	6
	

	8
	



NOTE:  is () normalized matrix for the power constraints, . Here, . 
image2.png
CDF

16

09

08

07

06

04

03

Gaussian, E[I[-0.4574, VII[=0.0412
— == OPSK, E[lJF0.4303, V{I]F0.0543

——-3-0AM, E[IF0.4518, V]| 0456

—6— Grass, K=4, E[I[=0, V[I}=0
—5—Grass, 2505, V]
—B—Grass, E[I]=0.3288, V]I}=t
—#—Grass, 3590, V]
—#—Grass, 3890, V]

04 05 06 07 08 09
Cross Correlation





image3.png
CDF

08

08

07

06

05

04

03

02

01

Gaussian, E[I[=0 3183, V[||=0.0236

———QPSK, E[I|=0.3132, V[I|=0.0273
— = -5-QAM, E[l]=0.3185, V[[|=0.0248
—e— Grass, K=8, E[I|=0, V[I-D

—&—Grass, 1258, VIII=0
—+— Grass, 1732, VIII=0
—*— Grass, 1998, V]I}=0

—+— Grass, K=12, E[I|=0.2200, V[I|=0
—— Grass, K=13, E[I|=0.2344, V[I|=0

—+— Grass, K=14, E[I|=0.2452, V[0
—— Grass, K=15, E[I|=0.2550, V[0
—+— Grass, K=16, E[I|=0.2620, V[I|=0

03

04 05 06 07 08 09
Cross Correlation





image4.png
Mean of Cross Correlation

06

01

——— Gaussian, N=2, E[[]=0 6664

—6— Grass, N=2, Unquantized
-+ Grass, N=2, 1B-quantized
> Grass, N=2, B4-quantized
*  Grass, N=2, 256-quantized

1

3

]

10 12 14

Maximurm # of user for Grassmannian Sequence (K)

16




image5.png
Variance of Cross Correlation

007

008

005

004

0m

002

0m

Unguantized
1B-quantized
6d-quantized
256-quantized

[ [} 10 12 14 18
Maximumm # of user for Grassmannian Sequence (K)




image6.png
05

045

04

035

025

Mean of Cross Correlation

005

——— Gaussian, N=4, E[[]=0.4574
—©— Grass, N=4, Unquartized

-+ Grass, N=, 1B-quantized
> Grass, N=4, B4-quantized
*  Grass, N=d, 256-quantized

]

10

12

4 18 18w 2

Maximumn # of user for Grassmannian Sequence (K)

24




image7.png
Variance of Cross Correlation

0.045

004

0035

0m

0025

002

0015

0m

0005

——— Gaussian, N=4, V[[[=0.0412

—6— Grass, N=4, Unquantized
-+ Grass, N=, 1B-quantized
> Grass, N=4, B4-quantized
*  Grass, N=d, 256-quantized

~O=C L
10 12 14 16 18 20 2 24
Maximum # of user for Grassmannian Sequence (K)




image8.png
035

03

025

Mean of Cross Correlation

005

H ——— Gaussian, N=8, E[[]=0.3183
a —©— Grass, N=8, Unquantized

o G Grass, N=8, 16-quantized

> Grass, N=8, B4-quantized
*  Grass, N=8, 256-quantized

10 15 Eil E3 Ell 3
Maximurm # of user for Grassmannian Sequence (K)





image9.png
Variance of Cross Correlation

0025

002

0015

0m

0005

—6— Grass, N=8, Unquantized
-+ Grass, N=8, 16-quantized
> Grass, N=8, B4-quantized
*  Grass, N=8, 256-quantized

——— Gaussian, N=3, V[[|=0.0235

a
i
9 ogpogfo

o

-
0 15 Bl % 0
Maximurm # of user for Grassmannian Sequence (K)

E3




image1.png
CDF

09

08

07

06

04

03

02

01

16 &

Gaussian, E[I[-0.6664, V[I[=0.0556
— —— QPSK, ElI=0.6024, V[1}=0.1356
——-3-QAM, E[IF0.5409, V{I}=0 0634
—6— Grass, K=2, E[I[=0, V]
—5— Grass, K=3, E[[[=05, VD
—B— Grass, K=4, E[I[F0.5774, V[I|F0

02 03 04 05 0B
Cross Correlation

07

08

05 1




