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Introduction
In RAN1#86, the following agreements were reached on UL DMRS [1]:
Agreement:
· IFDMA Sequence Design for RFP=2, 
· New lengths larger than 36 are supported. The corresponding DMRS sequences are generated by the legacy mechanism by extension of a Zadoff-Chu sequence. 
· FFS: whether new lengths of 6, 18, 30 are supported

In this contribution, we discuss the needs to support new DMRS sequences of lengths 6,18 and 30 as well as design considerations. Some candidate sequences for length 6, 18 and 30 are also provided.
DMRS sequences of length 6,18, and 30
Support of new sequence lengths of 6,18 and 30
It has been agreed in the last meeting that the new DMRS sequences of length greater than 36 will be introduced for scheduling 7 or more odd number of RBs when IFDMA with RPF=2 is configured.  It remains to be decided whether 1RB/3RB/5RB should be supported for RPF=2.  From a scheduling restriction point of view, it seems more important to support 1/3/5 RBs than to support odd number of RBs greater than 5RBs.  From a UE transmit power requirement point of view, it is more important to be able to support scheduling 1RB/3RBs/5RBs. For example, scheduling 2 RBs requires 3dB more Tx power than scheduling 1RB. For power limited cell edge UEs, it seems more important to be able to schedule 1RB.  In general, the required UE transmit power differences between adjacent even and odd number of RBs are larger for smaller number of RBs than for larger number of RBs, so for cell edge UEs it seems more importance to support the scheduling of 1RB/3RBs/5RBs. Therefore, it is desirable to also support DMRS sequences of lengths 6, 18 and 30.
Observation 1: For transmit power limited cell edge UEs, it is more important to support scheduling of 1RB/3RBs/5RBs.
Proposal 1:   lengths of 6,18 and 30 DMRS sequences should be supported for RPF=2.
The desired criteria for LTE UL DMRS are summarized in [4]. These criteria, e.g., low cubic metric (CM), cross-correlations properties as well as complexity issues, should also be considered in the design of the new DMRS sequences of lengths 6, 18 and 30. For computer generated (CG) sequences, such as the ones for 1RB and 2RB in LTE Rel-8, QPSK sequences are desirable due to low storage and less computational complexity.  For UEs scheduled with 1RB/3RBs/5RBs, they are more likely cell edge UEs transmitting at close to their maximum power. Therefore, maintain low cubic metric seems to be more important in this case.  Thus given similar cross correlations, a low cubic metric should be given higher priority.  

Observation 2: UEs scheduled with 1RB/3RBs/5RBs are more likely cell edge UEs close to their maximum Tx power, thus DMSR sequences with low cubic metric is desirable

Proposal 2:  	The same design criteria as in LTE Rel-8 UL DMRS should be considered for the new sequence designs. Low CM should be placed at a higher priority.
 
In order to minimize the impact of inter-cell interference, the UL DMRS sequence is initialized based on cell ID. This is a straightforward way to ensure the pseudo-randomness of DMRS sequences among neighboring cells.  30 sequence groups are defined so far in LTE for each UL DRMS sequence length so that the same sequence is not reused within at least 30 cells to avoid sequence collision and thus inter-cell interference. For the new DMRS sequences of lengths 6, 18 and 30, it is desirable to have also 30 base sequence groups for each sequence length. 

Proposal 3: 30 groups of base sequences should be defined for the new sequences of lengths 6,18 and 30. 
Length 6 sequences
For length 6 sequences, one option is to reuse the 14 length 6 sequences defined in NB-IOT [3][4], which means only 14 base sequence groups each with one base sequence are available.  This is a deviation from the existing LTE operation with 30 sequence groups.   An alternative option is to generate 30 new length 6 sequences. One set of such sequences are shown in Table 4 in the Appendix.  The cubic metric and cross correlation properties are shown in Table 1 below. The 14 sequences defined for NB-IOT are also included for comparison.   It can be seen that the new 30 sequences have the same maximum cross correlation as the sequences defined in NB-IOT but a slightly higher mean (0.3715 vs. 0.3374) and median (0.3333 vs. 0.2845) cross correlation. However, the new 30 sequences have much lower CMs, both maximum and mean, than the sequences defined in NB-IOT.  For reference purpose, the property of the Rel-8 length 12 sequences is also shown in the table. 
[bookmark: _Ref461398224]Table 1: Cross correlation and cubic metric properties of length 6 sequences: the new 30 sequences defined in in Table 4 vs.  the ones defined in NB-IOT 
	 
	Cubic Metric (method 2 in [6])

	
	Mean
	Max
	Median

	NB-IOT (14 sequences)
	2.3703
	3.8134
	2.2589

	New 30 sequences in Table 4
	1.3264
	1.5140
	1.3511

	Rel-8 1RB (length 12)
	0.7105
	1.0967
	0.7445

	 
	Cross Correlation (method 5 in [6])

	 
	Mean
	Max
	Median

	NB-IOT (14 sequences)
	0.3374
	0.7454
	0.2845

	New 30 sequences in Table 4
	0.3715
	0.7454
	0.3333

	Rel-8 1RB (length 12)
	0.2694
	0.6346
	0.2635



Observation 3:  The set of 30 new length 6 sequences in  Table 4  have lower CMs and the same maximum cross correlation as the sequences defined in NB-IOT
Given that cubic metric seems to be more important for scheduling 1RB, we have the following proposal:
Proposal 4:  Consider to use the set of length 6 sequences listed in Table 4 for scheduling 1RB with RPF=2. 
Length 18 sequences
For length 18 sequences, one set of such sequences are shown in Table 5 in the Appendix.  The cross correlation and cubic metric properties are summarized in Table 2 below.  The cross correlation and cubic metric values for the ones proposed in [5] as well as LTE Rel-8 length-12 and length 24 sequences are also included in the table for comparison.  It can be seen that the sequences in Table 5 have the lowest CM among the other sequences.  The cross correlation is also lower than the sequences proposed in [5] and the Rel-8 length 12 sequences, and is comparable to the Rel-8 length 12 sequences.
[bookmark: _Ref461093523]Table 2: Cross correlation and cubic metric properties of the length 18 DMRS sequences in Table 5
	 
	Cubic Metric (method 2 in [6])

	
	Mean
	Max
	Median

	The set of sequences in Table 5
	0.623
	0.7395
	0.3534

	The set of sequences proposed in [5]
	0.9626
	1.1086
	1.0176

	Rel-8 1RB (length 12)
	0.7105
	1.0967
	0.7445

	Rel-8 2RB (length 24)
	0.7971
	1.1354
	0.8293

	 
	Cross Correlation (method 5 in [6])

	 
	Mean
	Max
	Median

	The set of sequences in Table 5
	0.1904
	0.4969
	0.1571

	The set of sequences proposed in [5]
	0.2598
	0.5556
	0.2485

	Rel-8 1RB (length 12)
	0.2694
	0.6346
	0.2635

	Rel-8 2RB (length24)
	0.1829
	0.4751
	0.1717



Observation 4: The set of length-18 DMRS sequences in Table 5 have 
· lowest cubic metric, better than Rel-8 length-24 sequences
· low cross correlation, similar to Rel-8 length-24 sequences
Proposal 5: consider to use the set of length 18 sequences listed in Table 5 for scheduling 3RBs with RPF=2.
Length 30 Sequences
For length 30 sequences, one possible way to generate the 30 sequences is to truncate a length 31 ZC base sequence.  Another way is to use cyclic extension of a length 29 ZC sequence, but it would result in less than 30 sequences. So far in LTE, only cyclic extension of a ZC sequence has been used to generate UL DMRS sequences, use truncation would be an exception of the existing rule, but otherwise it may not be an issue. 
 An alternative way is to use computer generated QPSK sequences. One set of such sequences is shown in Table 6 in the Appendix. The cross correlation and cubic metric properties of these sequences are shown in Table 3 below, where the Rel-8 length 36 sequences are also included for comparison. It can be seen that the computer generated 30 length 30 sequences have lower cubic metric (mean, max and median) and lower mean and median cross correlation than the truncated ZC sequences, but slightly higher maximum cross correlation.  Comparing to the truncated ZC, about 1Kbits of additional memories (1bit per element) are required to store the sequences for the computer generalized sequences. However, such additional small memories should not be a concern. 
[bookmark: _Ref461393086]Table 3: truncated ZC vs. Computer generated length 30 sequences
	 
	Cubic Metric (method 2 in [6])

	
	Mean
	Max
	Median

	Truncated from length 31 ZC 
	1.2102
	2.4371
	1.043

	Computer generated sequences shown in Table 6
	0.8719
	0.9998
	0.9109

	Rel-8 3RB (length 36)
	0.8958
	1.3336
	0.9079

	 
	Cross Correlation (method 5 in [6])

	 
	Mean
	Max
	Median

	Truncated from length 31 ZC 
	0.1809
	0.2172
	0.1768

	Computer generated sequences shown in Table 6
	0.1568
	0.359
	0.1491

	Rel-8 3RB (length 36)
	0.1842
	0.2591
	0.1854



Observation 5: The set of 30 computers generated length 30 sequences have 
· Lower CMs, both mean and maximum, than the truncated ZC sequences
· Lower mean and median cross correlation but slightly higher maximum cross correlation
Given that the lower cubic metric and cross correlations, we have the following proposal:
Proposal 6: consider to use the set of length 30 sequences listed in Table 6 for scheduling 5RBs with RPF=2.
Conclusion
In this contribution, we have discussed the support of new DMRS sequences with lengths 6,18 and 30 and a number of candidate sequence designs. Based on the above discussions, we have the following observations and proposals:

Observation 1: For transmit power limited cell edge UEs, it is more important to support the scheduling of 1RB/3RBs/5RBs.
Observation 2:  UEs scheduled with 1RB/3RBs/5RBs are more likely cell edge UEs close to their maximum Tx power, thus DMSR sequences with low cubic metric is desirable
Observation 3: The set of 30 new length 6 sequences in  Table 4  have lower CMs and the same maximum cross correlation as the sequences defined in NB-IOT
Observation 4:  The set of length-18 DMRS sequences in  Table 5  have 
· lowest cubic metric, better than Rel-8 length-24 sequences
· low cross correlation, similar to Rel-8 length-24 sequences
Observation 5:  The set of 30 computer generated length 30 sequences in Table 6 have 
· Lower CMs, both mean and maximum, than the truncated ZC sequences
· Lower mean and median cross correlation but slightly higher maximum cross correlation
Proposal 1:  Lengths of 6,18 and 30 sequences should be supported for RPF=2.
Proposal 2:  The same design criteria in LTE Rel-8 UL DMRS should be considered for the new sequence designs.
Proposal 3: 30 groups of base sequences should be defined for the new sequences of lengths 6,18 and 30. 
Proposal 4:  Consider to use the set of length 6 sequences listed in Table 4 for scheduling 1RB with RPF=2. 
Proposal 5: Consider to use the set of length 18 sequences listed in Table 5 for scheduling 3RBs with RPF=2.
Proposal 6: Consider to use the set of length 30 sequences listed in Table 6 for scheduling 5RBs with RPF=2.
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Appendix

[bookmark: _Ref461439164]Table 4: New length-6 base sequences, 
	u
	φ(0), φ(1),…, φ(5)

	[bookmark: RANGE!B5:H34]0
	-1
	-3
	3
	-3
	3
	-3

	1
	-1
	3
	-1
	1
	1
	1

	2
	3
	-1
	-3
	-3
	1
	3

	3
	3
	-1
	-1
	1
	-1
	-1

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

	5
	1
	3
	-3
	-1
	-3
	3

	6
	-3
	3
	-1
	-1
	1
	-3

	7
	-1
	-3
	-3
	1
	3
	3

	8
	3
	-1
	-1
	3
	1
	3

	9
	3
	-3
	3
	1
	-1
	1

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

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

	12
	3
	-3
	1
	-1
	-3
	-3

	13
	3
	-3
	3
	-1
	-1
	-3

	14
	3
	-1
	1
	3
	3
	1

	15
	-1
	1
	-1
	-3
	1
	1

	16
	-3
	-1
	-3
	-1
	3
	3

	17
	1
	-1
	3
	-3
	3
	3

	18
	1
	3
	1
	1
	-3
	3

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

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

	21
	3
	1
	3
	-3
	-3
	1

	22
	1
	3
	-1
	-1
	1
	-1

	23
	-3
	1
	-3
	3
	3
	3

	24
	1
	3
	-3
	3
	-3
	3

	25
	-1
	-1
	1
	-3
	1
	-1

	26
	1
	-3
	-1
	-1
	3
	1

	27
	-3
	-1
	-1
	3
	1
	1

	28
	-1
	3
	-3
	-3
	-3
	3

	29
	3
	1
	-1
	1
	3
	1








[bookmark: _Ref461093460]Table 5: Length 18 DMRS base sequences, 
	u
	φ(0), φ(1),…, φ(17)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



[bookmark: _Ref461392990]Table 6: Length-30 computer generated base sequences, 
	u
	φ(0), φ(1),…, φ(15)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

	28
	1
	-3
	3
	-1
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