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[bookmark: _Ref409106980]Introduction
At GERAN#62, a new feasibility study named Cellular System Support for Ultra Low Complexity and Low Throughput Internet of Things (WI code: FS_IoT_LC)  was approved, see [1]. At GERAN#67, the FS_IoT_LC study item was completed and the TR 45.820 v2.1.0 [3] approved. Among the candidates included in the TR was the NB-LTE candidate solution.
At RAN#70, the narrow band IoT (NB-IoT) work item was revised and approved. Three different operation modes, i.e., standalone, guard-band, and in-band, are supported. Moreover, a unified downlink design with 15 kHz sub-carrier spacing for all three operation modes is defined. For the UL, both single tone and multi-tone operations can be supported.
To be more specific, the following items have been agreed [4].
•	180 kHz UE RF bandwidth for both downlink and uplink
•	OFDMA on the downlink
· 15 kHz sub-carrier spacing for all the modes of operation (with normal or extended CP). 
•	For the uplink: 
· Single tone transmissions are supported. Two numerologies should be configurable by the network for single-tone transmission: 3.75 kHz and 15 kHz. A cyclic prefix is inserted. Frequency domain sinc pulse-shaping in the physical layer description.
· Multi-tone transmissions are supported, based on SC-FDMA with 15 kHz UL subcarrier spacing.
· FFS: Additional mechanisms for PAPR reduction.
· The UE shall indicate the support single-tone and/or multi-tone, details to be discussed by RAN WGs
The UL Demodulation Reference Symbol (DMRS) is needed for the receiver at the eNB to perform coherent demodulation. As NB-IoT supports both single-tone and multi-tone transmissions, the LTE UL DMRS cannot be directly applied to the NB-IoT UL. Therefore, in this contribution, we outline some design considerations about how to design the UL DMRS for the multi-tone UL transmission in NB-IoT systems. 
[bookmark: _Ref440211877]General principles
Two UL subcarrier spacing numerologies, i.e., 3.75 kHz and 15 kHz, are supported by NB-IoT systems, and only 15 kHz UL subcarrier spacing is used for multi-tone transmissions. As agreed in NB-IoT Ad Hoc#2 meeting, when a transmission uses all 12 subcarriers, the LTE UL DMRS design is re-used. 
For the LTE UL DMRS, when 1 or 2 PRBs are allocated to an UE, the UL DMRSs use Computer Generated (CG) QPSK sequences. The desired criteria for LTE UL DMRS are summarized in [2]. These criteria, e.g., low CM, cross-correlations properties, complexity issues, should also be considered in the design of NB-IoT UL DMRS.
Proposal 1: In the design of NB-IoT UL DMRS for multi-tone transmission, similar design criteria as the LTE UL DMRS should be considered.  
In order to minimize the impact of inter-cell interference, the chosen of LTE UL DMRS sequence is initialized based on the cell ID. This is a straightforward way to ensure the pseudo-randomness for the UL DMRS among neighbouring cells, which should also be considered in the design of NB-IoT UL DMRS. Similar method as described in Section 5.5.2 of TS 36.211 [5] can be considered. 
Proposal 2: The chosen NB-IoT UL DMRS sequence should be initialized based on the cell ID to ensure the pseudo-randomness of UL DMRS among neighbouring cells. Similar method as described in Section 5.5.2 of TS 36.211 can be considered.
1 DM-RS for Multi-tone transmissions 
Only 15 kHz sub-carrier spacing is used for multi-tone transmissions. The following is agreed for multi-tone transmission
· UL multi-tone transmission for data with 12 tones is supported
· UL multi-tone transmission for data also supports the following numbers of tones 
· {3} with 4 msec resource unit size
· {6} with 2 msec resource unit size
As discussed in Section 2, in the current NB-IoT system the UL DMRS is only defined for the 12-subcarrier case. Therefore, new UL DMRS need to be designed for the 3-tone and 6-tone cases. However, since the slot format is the same for NB-IoT in the multi-tone transmissions as it is in LTE, unless otherwise motivated, the same UL DMRS positions in time should be used in NB-IoT as they are in LTE. 
Proposal 3: Unless otherwise motivated, for multi-tone transmissions, the same UL DMRS positions (i.e, the same OFDM symbol indices within a slot) should be used in NB-IoT as they are in LTE.
In the NB-IoT Ad Hoc#2 meeting, regarding the DM-RS for 3-tone and 6-tone transmissions, the agreements are as follows. 
· DM-RS for multi-tone transmission
· For 3-tone transmission, DM-RS is mapped to 3-tone in the same subcarriers as data
· For 6-tone transmission, DM-RS is mapped to 6-tone in the same subcarriers as data
· New DM-RS base sequences with length 6 are introduced at least for 6-tone transmission
· Working assumption: 16 different base sequences are provided
· DM-RS base sequence is based on QPSK symbols in the frequency domain
· FFS: One new DM-RS base sequence with length 3 is introduced for 3-tone transmission
· FFS: DM-RS base sequence is based on QPSK symbols in the frequency domain
· FFS: 6 cyclic shift values are supported for 6-tone transmission
· FFS: 3 cyclic shift values are supported for 3-tone transmission
· DMRS pattern for single tone NB-PUSCH that conveys data transmission:
· For 15 kHz subcarrier spacing, the 4th symbol of every 7 symbols (i.e. same as LTE).
· For 3.75 kHz subcarrier spacing, the 5th symbol of every 7 symbols in 2ms NB-slot
In general, the DMRS used for 3-tone and 6-tone transmission should have low cross-correlation with other DMRS transmissions in time domain to facilitate good channel estimation, by lowering the inter-cell interference. One possibility to obtain length-3 and length-6 DMRS sequences is by truncating the length-12 CG sequences already available in LTE. However, a brute force truncation of the CG LTE DMRS is less preferable, as it may result in using sequences with poor cross-correlation properties. 
Proposal 4: For 3/6-tone NB-PUSCH, the generation of UL DMRS is based on length-3 and length-6 base sequences that have good cross-correlation properties in time domain to ensure low inter-cell interference.
In LTE, in order to support a sufficiently large number of UEs for uplink data transmission, a large number of DMRS sequences are needed. This is achieved by using base sequences together with cyclic shifts in time domain (i.e., linear phase rotation frequency domain) of a base sequence. The cyclically shifted versions of a base sequence are mutually orthogonal, and therefore can further lower the inter-cell interference. Additionally, they can be used within a cell in case of uplink MU-MIMO configurations in LTE. A set of 30 base sequences in case of length 12 and length 24 are specified explicitly to be used as UL DMRS for the cases that 1 or 2 PRBs are allocated to a UE. The base sequence used by a particular cell is obtained by either taking the modulus of the cell ID with 30, or broadcast as part of cell information. Additionally, a cyclic shift is applied afterwards to allow a sufficiently low inter-cell interference over a wide area. 
An LTE base sequence is given by

where  is the number of subcarriers that   is mapped, and the values of φ(n) are given in Table 5.5.1.2-1 and Table 5.5.1.2-2 in [5]. For NB-IoT transmission, it is desirable to use QPSK-based sequences as well due to their constant amplitude and low CM property. Therefore, the task here is to find φ(n) that can generate desired property of the RS which can be used by NB-IoT uplink transmission. We discuss the generation of length-3 and length-6 base sequences in the rest of this paper.
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For 3-tone transmission, as QPSK symbols are used, each element of a DMRS base sequence takes the value of one out of four possible QPSK symbols. Therefore, the total number of possible length-3 base sequences is 4^3 = 64. Of these, half of the base sequences are phase-rotated versions of other base sequences. Therefore, there are only 32 unique base sequences. 
As mentioned before, the set of length-3 base sequences should have low pair-wise cross-correlations in order to minimize the inter-cell interference. Certainly there is a trade-off between the number of available sequences and the cross-correlation statistics between sequence pairs. The lower the cross-correlation value required, the fewer is number of sequences that can be found from the complete set of 32 base sequences.
In Table 1, we summarize the number of available base sequences with corresponding pair-wise maximum (normalized) time domain cross-correlation values for length-3 DMRS sequences. 

[bookmark: _Ref447202122]Table 1 Number of available length-3 DM-RS base sequences vs maximum pair-wise cross-correlation
	Normalized maximum  pair-wise cross-correlation threshold
	0.7
	0.75
	0.8
	0.9
	0.95
	1

	Number of available base sequences
	0
	2
	2
	2
	4
	32



According to the working assumption, 16 different base sequences should be provided. From computer search, we found that it is not possible to find 16 different base sequences that have normalized maximum pair-wise cross-correlation less than 1. Notice, a normalized maximum pair-wise cross-correlation equalling 1 means the two sequences are fully correlated in the time domain, which is not a preferable situation. In Table 3, we give three sets of DMRS base sequences with a normalized maximum pair-wise cross-correlation less than 0.75 which have the lowest average CM. In Table 4, we give three sets of DMRS base sequences with a normalized maximum pair-wise cross-correlation less than 0.95 which have the lowest average CM. We will consider those DMRS base sequences in the next section as parts of selection criteria. 
Instead of computer search, another way of generating the length-3 DMRS base sequences is to truncate the length-6 DMRS base sequences that are discussed in the next section in detail. If this is the case, then the length-6 DMRS base sequences that have a lower pair-wise cross correlations and CM after truncation to length-3 should be considered. However, these results in length-3 base sequences set with normalized maximum pair-wise cross-correlation equals 1. Therefore, if it is required to have 16 different base sequences, we need to sacrifice the pair-wise cross-correlation. 
UL-DMRS of length 6
For 6-tone transmission, following the same reasoning as that for length-3 base sequences, there are in total 2048 base sequences that can be used. Therefore, there is more flexibility in determining a good set of sequences.  In Table 2, we summarize the number of available base sequences with corresponding pair-wise maximum (normalized) time domain cross-correlation values. 



[bookmark: _Ref447202208][bookmark: _Ref445891320]Table 2 Number of available length-6 DM-RS base sequences vs maximum pair-wise cross-correlation
	Normalized maximum  pair-wise cross-correlation threshold
	0.5
	0.6
	0.65
	0.7
	0.75
	0.8
	0.85
	0.9

	Number of available base sequences
	0
	4
	4
	8
	16
	16
	16
	64
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We observe that length-6 base sequences allow lower pair-wise cross-correlation value (e.g., 0.75) than the length-3 sequences. Since it is expected that 6-tone transmission is used by UEs in fairly good coverage, they might transmit at lower power and therefore the CM is of less concern. However, if multiple sets of length-6 DM-RS sequences are available that has similar cross-correlations, and then CM can be used for down selection.  In the following paragraph, we analyse how to choose a preferred sequence set. 
As mentioned before, length-6 DMRS base sequences can be truncated to generate length-3 DMRS base sequences. In this case, the length-6 DMRS base sequences with lower pair-wise cross-correlations and CM after truncation should be considered. Following the studies in [6], in order to evaluate the cross-correlation, the two scenarios shown in Figure 1 should be evaluated. In our evaluations, the first parts of the length-6 sequences are used to generate the length-3 sequence, i.e., the first 3 elements of the length-6 sequence are taken as length-3 sequence base sequences. (Note that similar cross-correlation properties are observed if the second parts of the length-6 sequences are used to generate the length-3 sequences).  Also, as suggested in [6], an up-sampled version of the signal is used, as well as the cross-correlation for all lags are calculated.  The sets of 16 length-6 DM-RS sequences demonstrate two different cross-correlation properties, i.e., case 1 and case 2 shown on Figure 2. Note that in this figure, both cases correspond to the same allowed maximum pair-wise cross-correlation value, but the distribution (cdf) of cross-correlation values is different. In general, case 1 is preferred, as the average cross-correlation is lower. 
There are multiple sets of 16 length-6 DM-RS base sequences that give the same cdf of the cross-correlation as case 1. We suggest a set of 16 length-6 DMRS base sequences in Table 5. The suggested DM-RS base sequences contains the first length-3 sequence set given in Table 4 after truncation (marked as bold in Table 4), as well as it has the average lowest CM among all the sets of sequences that contains the length-3 sequence given in Table 4 after truncation. Also, after truncation, all the length-3 base sequences are unique, and hence it gives 16 unique length-3 base sequences. Also, it allows the system to configure length-3 DMRS base sequences with lower cross-correlation among neighbouring cells. 


[bookmark: _Ref447288031]Figure 1 Cross-correlation evaluation cases between length-3 and length-6 DM-RS base sequences
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[bookmark: _Ref447527715]Figure 2 cdf of cross-correlation, truncated length-6 base sequences

Proposal 5: Consider to use the set of length-6 sequences given in Table 5 as base sequences for 3-tone and 6-tone transmission.
Other issues
In order to support a large number of UEs in the system, a larger number of different DMRS sequences are required. In the LTE system, different base sequences are used by different cells, and cyclic shifts (phase rotation) are applied to base sequence on a slot basis in order to randomize the interference. The same mechanism should also be adopted by NB-IoT UL DMRS. Therefore, a relative larger number of DMRS sequences can be obtained. 
Proposal 6: The use of cyclic shifts can be considered to increase the number of available DMRS sequences.
Conclusions
Base on the discussions above, we have the following proposals.
Proposal 1: In the design of NB-IoT UL DMRS for multi-tone transmission, similar design criteria as the LTE UL DMRS should be considered.  
Proposal 2: The chosen NB-IoT UL DMRS sequence should be initialized based on the cell ID to ensure the pseudo-randomness of UL DMRS among neighbouring cells. Similar method as described in Section 5.5.2 of TS 36.211 can be considered.
Proposal 3: Unless otherwise motivated, for multi-tone transmissions, the same UL DMRS positions (i.e, the same OFDM symbol indices within a slot) should be used in NB-IoT as they are in LTE.
Proposal 4: For 3/6-tone NB-PUSCH, the generation of UL DMRS is based on length-3 and length-6 base sequences that have good cross-correlation properties in time domain to ensure low inter-cell interference.
Proposal 5: Consider to use the set of length-6 sequences given in Table 5 as base sequences for 3-tone and 6-tone transmission.
Proposal 6: The use of cyclic shifts can be considered to increase the number of available DMRS sequences.
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[bookmark: _Ref447291176]Table 3 Length-3 DM-RS based sequences with a normalized maximum pair-wise cross-correlation equalling 0.75 that has the lowest average CM. 
	φ(n)

	-3     3    -3 and 1     1     1

	    -3    -1    -3 and  1     1     1

	    -1    -3    -1 and      1     1     1



[bookmark: _Ref447631917]Table 4 Length-3 DM-RS based sequences with a normalized maximum pair-wise cross-correlation equalling 0.95 that has the lowest average CM.
	φ(n)

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

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

	     -1    -3    -1
     1     1     1
     1     1    -1
     1     1     3
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[bookmark: _Ref447543875]Table 5 Length-6 DM-RS base sequences
	Sequence index
	φ(n)

	1
	1	1	1	1	3	-3

	2
	1	1	-1	-3	-3	3

	3
	1	1	3	1	-3	3

	4
	1	-1	-1	-1	1	-3

	5
	1	-1	3	-3	-1	-1

	6
	1	3	1	-1	-1	3

	7
	1	-3	-3	1	3	1

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

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

	10
	3	-1	1	-3	-3	3

	11
	3	-1	3	-3	-1	1

	12
	3	3	-3	-3	-3	-1

	13
	3	-3	3	-1	3	3

	14
	-3	1	3	1	-3	-1

	15
	-3	1	-3	3	-3	-1

	16
	-3	3	-3	1	1	-3
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