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1 Introduction

In the RAN1 NB-IoT meeting, followings are agreed for UL transmission [1][2]:
	RAN1 NB-IoT adhoc agreements:
· One resource unit schedulable in PUSCH transmission for the data consists of fixed [X] msec at least for FDD

· X(115kHz) is 8 for 15 kHz case with single tone transmission

· X(13.75kHz) is 32 for 3.75 kHz case with single tone transmission

· In case of multiple tones is allocated for one UE, X{m} is smaller than X(115kHz)

· In case of 12 tones is allocated for one UE, X{12} is 1

· UL multi-tone transmission for the data with 12 tones is supported

· UL multi-tone transmission for the data also supports followings of numbers of multiple 

· {3} with 4 msec resource unit size

· {6} with 2 msec resource unit size

· Allow one TB scheduled over more than one resource units in time
· For 15kHz subcarrier spacing, OFDM/SC-FDMA symbol boundary is no change from LTE 

· At least for FDD with the normal CP case,

· For 3.75kHz subcarrier spacing of uplink, 

· Define a 2ms NB-slot, there are 7 symbols. 

· One symbol consists of [FFS] Ts of symbol with CP length of [FFS] Ts assuming Ts=1/1.92MHz. Editor will take care how to capture Ts value in the spec.

· The above symbols are located from the beginning of 2ms period. FFS the usage of the remaining time in the NB-slot if there is the remaining time

· The 2ms NB-slot boundary is aligned with LTE subframe boundary. FFS among odd only or even only or to support both even/odd
· FFS on collision of LTE SRS for in band mode 

· Opt 1: eNB scheduling or implementation

· Opt 2: puncture/rate matching of 3.75kHz transmission to avoid the collision 

· Opt 3: define a GP to avoid potential collision

· Note combination of above options can also be considered. 

· When single-tone is allocated, Pi/4-QPSK and Pi/2-BPSK are supported

· FFS: How rotation is realized

· FFS: Phase rotation for RS(s)

· When multi-tone is allocated, QPSK is supported

· FFS: TPSK, 8-BPSK

· Periodic CSI and dedicated SR is not supported in Rel-13 NB-IoT

· Transmission of ACK and/or NACK corresponding to NB-PDSCH is supported
· Both 3.75 and 15 kHz subcarrier spacing are supported in transmission of ACK and/or NACK
· FFS for the piggy back of SR


	RAN1#84 agreements:
· Adaptive HARQ is supported for uplink.

· The HARQ re-transmissions in the uplink are asynchronous. 

· PHICH is not supported for NB-PUSCH

· Working Assumption:  

· Maximum UL TBS supported for NB-IoT is not greater than 1000 bits (exact value FFS)
· For 3.75kHz subcarrier spacing of uplink with normal CP, 

· One NB-IoT symbol consists of 528Ts of symbol with CP length of 16Ts assuming Ts=1/1.92MHz. 

· Besides the seven symbols located from the beginning of 2ms period, the remaining time (144Ts) is used as a guard period to minimize the collision between NB-IoT symbols and LTE SRS


In this contribution, we discuss on DM-RS design for NPUSCH transmission of NB-IoT.

2 Single-tone DMRS for PUSCH with data
2.1 Cross subframe channel estimation level
In NB-IoT, single tone transmission is adopted to support mainly the extreme coverage UEs. To enhance the channel estimation performance and BLER performance in single tone transmission, we can use the cross subframe (or slot) estimation. A schedulable resource unit in single tone transmission is 16 slots, which has 16 DMRS symbols if the same density to legacy is assumed. Therefore, maximum 16 slots can be used for cross subframe channel estimation for accurate channel estimation.

For accurate channel estimation, it is important to find the suitable cross subframe channel estimation level in consideration of residual frequency error. Especially in 3.75kHz subcarrier spacing, frequency offset error can significantly affects the channel estimation accuracy when the large number of slots are used for cross subframe channel estimation. According to the simulation results in Section 2.4 higher level of cross subframe estimation shows better BLER performance. In the other hand, in 3.75kHz subcarrier spacing, 2 and 16 slots cross subframe channel estimation degrades channel estimation performance compare to 4 and 8 slots cases. Also 4 slots cross subframe channel estimation performance shows slightly better performance than 8 slots case. However, 8 slots cross subframe channel estimation method is preferred due to the sequence length property which is discussed in Section 2.2.
Proposal 1: Support 16 slots cross subframe channel estimation for 15kHz subcarrier spacing and 8 slots ross subframe channel estimation for 3.75kHz subcarrier spacing .
2.2 Aperiodic cross correlation property and DMRS sequence design
In the legacy LTE system, each cell has its own DM-RS base sequence and sequence group can be generated from the base sequence. One of the important point of DMRS sequence in the legacy LTE system is to have good cross correlation property. It can make to reduce interference from DMRSs transmitted on the same resources in other cell. However, when the single tone transmission is used, the legacy frequency domain DM-RS sequence cannot be used. Instead, DM-RS sequence is allocated to the distributed DM-RS symbol positions in a resource unit.
As we mentioned in section 2.1, cross subframe channel estimation can increase performance of single tone transmission scenario. To find out desired DMRS sequence exactly for cross subframe channel estimation, auto correlation property of DMRS sequence should be guaranteed. Also, good cross correlation properties between different DMRS sequences should be guaranteed to reduce inter cell interference from DMRS transmitted on the same tone and other cells. Unlike DMRS sequence on frequency domain, DMRS sequence on time domain should consider interference from DMRS sequence transmitted on the asynchronous timing transmission. As shown in Figure 1, transmitted resource unit boundary may not be synchronized between different UEs on the same resource in other cells. Therefore, aperiodic cross correlation property is a more proper measure than periodic cross correlation in case of time domain DMRS sequence. 

Proposal 2: DMRS sequences for single tone transmission should have good aperiodic correlation properties.
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Figure 1 Aperiodic correlation property due to the asynchronous transmission timing
Based on the simulation results of Section 2.4, we proposed to use PN-sequence based DM-RS sequence to achieve good aperiodic correlation properties. In our design, length 15 PN-sequence generator is used for length 16 DM-RS sequences. When the transmission starts at slot index n, DM-RS sequence [c(n), c(n+1), … c(n+15)] can be generated by following equations.
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Different DM-RS sequences can be generated by cyclic shift property of PN-sequence. Nc can be used for determining the initial cyclic shift of PN-sequence. n denotes the transmission slot index which can be measured by SFN. Starting point of slot index can determine additional cyclic shift for PN-sequence generator. These cyclic shift methods can make different initial state based on cell ID and transmission timing. Simulation results of Section 2.4 shows that our proposed DM-RS sequence generation method can make good aperiodic cross correlation property. Figure 2 shows the proposed sequence generation method.
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Figure 2 DM-RS sequence generation for uplink single tone transmission
Proposal 3: Use PN-sequence for DMRS sequence for single tone transmission.
2.3 Phase rotation on DMRS symbol
According to the agreement, uplink NB-IoT supports π/2-BPSK and π/4-QPSK to reduce PAPR/CM when single tone is allocated. To support phase rotation, we can consider these options:
· Option 1: Multiplying the unrotated constellation point (as defined in Table 7.1.2-1 of TS 36.211 for QPSK and Table 7.1.1-1 for BPSK) by exp(j*pi/2*mod(m,2)) for pi/2-BPSK case and exp(j*pi/4*mod(m,2)) for pi/4-QPSK respectively 

· m increments from the first symbol of the first slot of a transmission (including repetition). In terms of reset, either m is reset at slot boundary or m is reset at the end of the transmission (i.e., m increments until the last symbol of the transmission)

· Option 2: Multiplying the unrotated constellation point (as defined in Table 7.1.2-1 of TS 36.211 for QPSK and Table 7.1.1-1 for BPSK) by exp(j*m*pi/2) for pi/2-BPSK case and exp(j*m*pi/4) for pi/4-QPSK respectively 

· m increments from the first symbol to the last symbol of the subframe. Reset m at subframe boundary.

· Option 3: Multiplying the unrotated constellation point (as defined in Table 7.1.2-1 of TS 36.211 for QPSK and Table 7.1.1-1 for BPSK) by exp(j*m*pi/2) for pi/2-BPSK case and exp(j*m*pi/4) for pi/4-QPSK respectively 

· m increments from the first symbol of the first subframe to the last symbol of the last subframe transmitted by the UE
If the legacy DMRS symbol position is reused for single tone transmission, sequence property may be changed by phase rotation on DMRS symbols. Especially, aperiodic cross correlation property between different DMRS sequences can be degraded by phase rotation when two DMRS sequences use different modulation method. Simulation results in Section 2.4 shows that raw DMRS sequence performs better than the phase rotated DMRS sequence in terms of aperiodic cross correlation property when two UEs use different modulation method. 
In this point of view, we propose to change DMRS symbol position to preserve the aperiodic cross correlation properties of raw DMRS sequence. With phase rotation method of Alt 1 and Alt 2, 8 symbol spaced DMRS position can preserve raw DMRS sequence properties. According to the simulation result of Section 2.4, proposed method can reduce aperiodic cross correlation value compare to the reusing legacy LTE DMRS position method.
Proposal 4: Use Alt 1 and Alt 2 for phase rotation

Proposal 5: Use 2nd and 10th symbol in a subframe for DM-RS symbols.
2.4 Evaluation
2.4.1 Evaluation for cross subframe channel estimation

In this section, the performance of single-tone PUSCH is evaluated depending on subcarrier spacing and symbol combining level of DMRS. Detailed evaluation assumptions are listed in Table 1 in Annex.

· Single tone PUSCH transmission with 15kHz subcarrier spacing
For single tone PUSCH transmission with 15kHz subcarrier spacing, four levels of cross subframe channel estimation are simulated. Cross subframe channel estimation using 2, 4, 8, and 16 slots are considered. To obtain BLER performance for target MCLs (164 dB), simulation is performance for three PUSCH repetition numbers (640 repetitions). Simulation results for shown in Figure 3.

As shown in Figure 1, higher level of cross subframe channel estimation makes better performance in terms of BLER . 
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Figure 3 BLER performance for 15kHz subcarrier spacing with cross subframe channel estimation
· Single tone PUSCH transmission with 3.75kHz subcarrier spacing
For single tone PUSCH transmission with 3.75kHz subcarrier spacing, four levels of cross subframe channel estimation are simulated. Cross subframe channel estimation using 2, 4, 8, and 16 slots are considered. To obtain BLER performance for target MCLs (164 dB), simulation is performed for three PUSCH repetition numbers (640 repetitions). Simulation results for shown in Figure 4.

Unlike the 15kHz subcarrier spacing, cross subframe channel estimation with 4 slots shows the best performance than others as shown in Figure 2. In this case, higher level of cross subframe channel estimation cannot guarantee better performance in terms of channel estimation accuracy. However, the performance difference between 4 slots cross subframe channel estimation and 8 slots cross subframe channel estimation seems negligible.
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Figure 4 BLER performance for 3.75kHz subcarrier spacing with cross subframe channel estimation
2.4.2 Evaluation on correlation properties 

In this section, the aperiodic cross correlation performance of single-tone DMRS sequences is evaluated depending on sequence type and sequence length. 

· Aperiodic cross correlation with legacy DMRS position
In Figure 5, we compare proposed DM-RS sequence generation in Section 2.2 to fixed PN-sequence method in terms of aperiodic cross correlation property. DM-RS sequence using fixed PN-sequence method determines its initial state based on cell ID. Unlike proposed method, fixed PN-sequence method did not consider slot index (or timing difference between two sequences) when determining initial state. As shown in Figure 5, proposed DM-RS sequence shows better performance than fixed PN-sequence.
Observation 1: DM-RS sequence based on fixed PN-sequence method has performance loss compare to the proposed DM-RS sequence generation.
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Figure 5 Aperiodic cross correlation performances of proposed sequence generation method and fixed PN-sequence based method
Figure 6 and Figure 7 shows the effect of the sequence length of DMRS sequence and base PN-sequence. Length of base PN sequence is assumed to be 15 in Figure 6 and 7 in Figure 7. In this figures, same modulation means that two sequences use same kind of modulation, and different modulation means that two sequences use different kind of modulation, one uses pi/2 BPSK and the other uses pi/4 QPSK. DM-RS sequence length is the cross subframe channel estimation level. According to the simulation results, length 7 base PN-sequence shows better aperiodic cross correlation property than length 15 base PN-sequence. However, the number of base PN-sequence which can be used for different cell ID is bigger in length 15 base PN-sequence case. 
Observation 2: Length 4 DM-RS sequence has performance loss compare to the longer length DM-RS sequences. 
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Figure 6 Aperiodic cross correlation performance of length 15 base PN-sequence
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Figure 7 Aperiodic cross correlation performance of length 7 base PN-sequence
Simulation results in Figure 8 shows performance of aperiodic cross correlation property of PN-sequence and Gold sequence. In any cases, PN-sequence shows better performance than Gold-sequence. 

Observation 3: PN sequence based DM-RS sequences outperforms Gold sequence based DM-RS sequences.
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Figure 8 Aperiodic cross correlation performance of PN-sequence and Gold sequence
· Aperiodic cross correlation with proposed DMRS position
In this section we compare aperiodic cross correlation property of proposed DM-RS position and phase rotation method to legacy DM-RS position method. We use phase rotation method of Option 1 and Option 2 for proposed DMRS position method and Option 3 for legacy DMRS position method in Section 2.3. In this simulation we assume that phase rotation of two sequences are different, one uses pi/2-BPSK and the other uses pi/4-QPSK. According to the simulation result in Figure 9, proposed DMRS symbol position method outperforms the legacy DMRS symbol position method. 
Observation 4: Combination of phase rotation method and proposed DMRS symbol position can improve aperiodic cross correlation performance in some cases.
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Figure 9 Aperiodic cross correlation performance of proposed DMRS position and legacy DMRS position
3 Multi-tone DMRS for PUSCH with data

3.1 DMRS tones for PUSCH transmission

In terms of frequency resource of multi-tone DMRS for PUSCH, we can consider following options. 

· Option 1: the same number of tones for DMRS and PUSCH

· Option 2: 12 tones DMRS for 3/6/12 tones PUSCH

· Option 3: 6 tones DMRS for 3/6 tones PUSCH and 12 tones DMRS for 12 tones PUSCH

In Option 1, similar to legacy PUSCH transmission, DMRS is transmitted in subcarriers for PUSCH transmission. Therefore, if PUSCH is allocated in 3 subcarriers, DMRS is also transmitted in the same 3 subcarriers. However, this option requires new DMRS sequence design for 3 tones and 6 tones respectively considering PAPR issue.

On the other hand, DMRS can be transmitted in wider subcarriers than PUSCH subcarrier resource. Therefore, in Option 2 as shown in Figure 10-(a), DMRS is transmitted using 12 subcarriers regardless of the number of PUSCH subcarriers. If multiple PUSCHs are transmitted in a PRB pair, DMRS for PUSCH can be multiplexed using CDM. It has a benefit that it can reuse legacy DMRS sequence for 1 PRB. However, since DMRS is always transmitted using 1 PRB pair, there can be multiplexing issue with single-tone transmission within the same PRB pair. Also, according to the simulation results in Section 3.2, 12 tones DMRS degrades channel estimation performance compared to 3/6 tones DMRS because of reduced DMRS power per subcarrier and channel fluctuation in frequency domain.

Considering above aspects, we propose to adopt DMRS transmission using 6 tones for 3 or 6 PUSCH subcarriers and 12 tones DMRS transmission for 12 PUSCH subcarriers as illustrated in Figure 10-(b). It solves multiplexing issue with single-tone transmission, and acquires almost same performance with Option 1 as shown in Section 3.2.

Proposal 6: Adopt 6 tones DMRS for 3/6 PUSCH subcarriers and 12 tones DMRS for 12 PUSCH subcarriers.
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Figure 10. Examples of PUSCH DMRS in Option 2

3.2 Evaluation of multi-tone PUSCH DMRS

In this section, the performance of multi-tone PUSCH is evaluated depending on frequency resource of PUSCH and DMRS. Detailed evaluation assumptions are listed in Table 2 in Annex.

· 3 tones PUSCH transmission

For 3 tones PUSCH transmission, four cases of PUSCH and DMRS frequency resource illustrated in Figure 11 are simulated. DMRS transmission using 3, 6, and 12 tones are considered. For PUSCH transmission with 12 tones DMRS, two PUSCH frequency locations within DMRS subcarriers (Location A and B) are considered. To obtain BLER performance for various target MCLs (144, 154, and 164 dB MCL), simulation is performance for three PUSCH repetition numbers (4, 64, and 640 repetitions). Simulation results for 3 tones PUSCH are shown in Figure 12.
Because of less accurate channel estimation, 12 tones DMRS degrades PUSCH BLER performance compared to 3 tones DMRS transmission. The amount of performance loss compared to 3 tones DMRS transmission depends on PUSCH location within 12 DMRS subcarriers. PUSCH allocation in edge of DMRS subcarriers (Location A) shows up to 2.5 dB performance loss whereas there is about 0.5dB performance loss for PUSCH allocation in center of DMRS subcarriers (Location B).

However, the performance difference between 3 tone DMRS and 6 tones DMRS seems negligible since channel status within 6 subcarriers is almost flat.

Observation 5: For 3 tones PUSCH transmission, 12 tones DMRS has performance loss compared to 3 tones DMRS, but the amount of performance loss depends on PUSCH location within DMRS subcarriers and SNR range.

Observation 6: For 3 tones PUSCH transmission, 6 tones DMRS shows almost same performance compared to 3 tones DMRS.
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Figure 11. Cases on frequency resource of PUSCH and DMRS for 3 tones PUSCH
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Figure 12. BLER performance for 3 tones PUSCH transmission
· 6 tones PUSCH transmission

Three cases of PUSCH and DMRS frequency location shown in Figure 13 are evaluated for 6 tones PUSCH transmission. Performance results for three repetition numbers (8, 128, and 1280 repetitions) targeting three MCL values (144, 154, and 164 dB) are shown in Figure 14.
Similar to 3 tones PUSCH case, the performance loss of 6 tones PUSCH with 12 tones DMRS compared to 6 tones DMRS depends on PUSCH location within 12 DMRS subcarriers. PUSCH allocation in edge of DMRS subcarriers (Location A) degrades performance up to 1 dB performance loss, but PUSCH allocation in center of DMRS subcarriers (Location B) shows similar performance compared to 6 tones DMRS.

Observation 7: For 6 tones PUSCH transmission, 12 tones DMRS has performance loss compared to 6 tones DMRS, but the amount of performance loss depends on PUSCH location within DMRS subcarriers and SNR range.
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Figure 13. Options on frequency resource of PUSCH and DMRS for 6 tones PUSCH

[image: image23.png]BLER

1.00E:00

100E01

100E02

Rep: 1280 (2560 msec]

Rep: 128 (256 msec]

Rep: 8 (16 msec)

SNR

—e— PUSCH: 6 tones, DVRS:

tones.
—+—PUSCH: 6 tones(A), DMRS: 12 tones

< PUSCH: 6 tones(8), DMRS: 12 tones




Figure 14. BLER performance for 6 tones PUSCH transmission
4 Conclusion 

This contribution discusses a few aspects related to uplink design for NB-IoT. The following capture our proposals and observations.
Proposal 1: Support 16 slots cross subframe channel estimation for 15kHz subcarrier spacing and 8 slots cross subframe channel estimation for 3.75kHz subcarrier spacing.
Proposal 2: DMRS sequences for single tone transmission should have good aperiodic correlation properties.

Proposal 3: Use PN-sequence for DMRS sequence for single tone transmission.

Proposal 4: Use Option 1 and Option 2 for phase rotation

Proposal 5: Use 2nd and 10th symbol in a subframe for DM-RS symbols.
Proposal 6: Adopt 6 tones DMRS for 3/6 PUSCH subcarriers and 12 tones DMRS for 12 PUSCH subcarriers.
Observation 1: DM-RS sequence based on fixed PN-sequence method has performance loss compare to the proposed DM-RS sequence generation.

Observation 2: Length 4 DM-RS sequence has performance loss compare to the longer length DM-RS sequences. 

Observation 3: PN sequence based DM-RS sequences outperforms Gold sequence based DM-RS sequences.

Observation 4: Combination of phase rotation method and proposed DMRS symbol position can improve aperiodic cross correlation performance in some cases.

Observation 5: For 3 tones PUSCH transmission, 12 tones DMRS has performance loss compared to 3 tones DMRS, but the amount of performance loss depends on PUSCH location within DMRS subcarriers and SNR range.

Observation 6: For 3 tones PUSCH transmission, 6 tones DMRS shows almost same performance compared to 3 tones DMRS.

Observation 7: For 6 tones PUSCH transmission, 12 tones DMRS has performance loss compared to 6 tones DMRS, but the amount of performance loss depends on PUSCH location within DMRS subcarriers and SNR range.
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Annex

Table 1. Evaluation assumptions on single-tone DMRS for PUSCH transmission

	Parameter
	Value

	System bandwidth
	10 MHz (in-band)

	Carrier frequency
	900MHz

	Antenna configuration
	1x2

	Channel model, Doppler spread
	TU 1Hz

	Frequency offset error
	-50Hz ~50Hz

	TB size
	40 bits (excluding 24 bits CRC)

	Modulation order
	QPSK

	Coding scheme
	Turbo code

	PUSCH subcarriers
	1 tones (15kHz / 3.75kHz subcarrier spacing)

	Cross subframe channel estimation
	ON

	Cyclic Prefix
	Normal CP

	Performance target
	10% BLER


Table 2. Evaluation assumptions on multi-tone DMRS for PUSCH transmission
	Parameter
	value

	System bandwidth
	10 MHz (in-band)

	Carrier frequency
	900MHz

	Antenna configuration
	1x2

	Channel model, Doppler spread
	TU 1Hz

	TB size
	176 bits (excluding 24 bits CRC)

	Modulation order
	16QAM

	Coding scheme
	Turbo code

	PUSCH subcarriers
	3 tones (4msec resource unit)
6 tones (2msec resource unit)

	Cross subframe channel estimation
	ON

	Cyclic Prefix
	Normal CP

	Performance target
	10% BLER
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