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Introduction
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]In this contribution, we evaluate the link level performance of NB-PUSCH single-tone transmission with 15 kHz and 3.75 kHz subcarrier spacing.
NB-IoT PUSCH evaluations
15 kHz subcarrier spacing
Repetition and cross-subframe channel estimation for single-tone transmission with 15 kHz subcarrier spacing is evaluated in the condition of TU, fD = 1 Hz, and residual frequency offset = 20 Hz or 100 Hz. The further detailed parameters are listed in the Appendix A and detailed simulation results with BLER performance are shown in Appendix B. Repetition is realized by subframe level repetition [1]. For cross-subframe channel estimation, DMRSs of M subframes are combined. For symbol level combining for data, min(R, M) subframes are combined, where R is the number of repetition.
Table 1 and 2 summarizes the required SINR for achieving BLER = 101. The best performance cases with realistic channel estimation are shown with red font.
Table 1	Required SINR for achieving BLER = 101 (20 Hz frequency offset)
	Number of repetitions
	1
	2
	4
	8
	16
	32

	Ideal channel estimation
	0.1 dB
	-3.0 dB
	-5.9 dB
	-9.0 dB
	-12.4 dB
	-

	M=1
	3.4 dB
	1.4 dB
	-0.3 dB
	-2.2 dB
	-4.4 dB
	-

	M=2
	2.3 dB
	0.4 dB
	-1.5 dB
	-3.5 dB
	-5.7 dB
	-

	M=4
	1.5 dB
	-0.5 dB
	-2.5 dB
	-4.6 dB
	-6.8 dB
	-

	M=8
	1.0 dB
	-1.3 dB
	-3.4 dB
	-5.4 dB
	-8.0 dB
	-

	M=16
	1.0 dB
	-1.5 dB
	-3.7 dB
	-6.0 dB
	-8.4 dB
	-10.9 dB

	M=32
	-
	-
	0.6 dB
	-2.5 dB
	-6.6 dB
	-


                                                                                                                                           (-: not evaluated, *: BLER=10-1 is not achieved.)
Table 2	Required SINR for achieving BLER = 101 (100 Hz frequency offset)
	Number of repetitions
	1
	2
	4
	8
	16
	32
	64
	128

	Ideal channel estimation
	0.1 dB
	-3.0 dB
	-5.9 dB
	-9.0 dB
	-12.4 dB
	-
	-
	-

	M=1
	3.4 dB
	1.5 dB
	-0.3 dB
	-2.2 dB
	-4.4 dB
	-
	-
	-

	M=2
	2.5 dB
	0.6 dB
	-1.3 dB
	-3.3 dB
	-5.5 dB
	-
	-
	-

	M=4
	2.5 dB
	0.3 dB
	-1.6 dB
	-3.8 dB
	-5.9 dB
	-6.4 dB
	-9.1 dB
	[bookmark: _GoBack]-14.2 dB

	M=8
	*
	*
	4.1 dB
	0.3 dB
	-2.3 dB
	-
	-
	-

	M=16
	-
	*
	*
	*
	9.4 dB
	-
	-
	-

	M=32
	-
	-
	*
	*
	*
	-
	-
	-


                                                                                                                                                               (-: not evaluated, *: BLER=10-1 is not achieved.)
In small residual frequency offset like 20 Hz, Table 1 shows combing DMRS over 16 subframes provides the best performance. For no repetition case, the performance gap between ideal channel estimation is about 1 dB. The performance gap between ideal channel estimation increases when the number of repetition is larger or the required SNR is lower, i.e. the enhanced and extreme coverage conditions. Based on the MCL calculation in section 2.3, the required SINR for satisfying extreme coverage requirement such as 164 dB MCL is -11.8 dB. Around 32 repetitions is needed to achieve 164 dB MCL assuming M=16 subframe cross-subframe channel estimation.
In larger frequency offset like 100 Hz, Table 2 shows combining large number of DMRS decreases the performance. Combining DMRS over 4 subframes provides the best performance while the gap from the ideal channel estimation is around up to 6.5 dB, which is bigger than that for 20 Hz frequency offset case. Around 128 repetitions is needed to achieve 164 dB MCL assuming M=4 subframe cross-subframe channel estimation in the condition of 100 Hz frequency offset.
Observation 1: When 15 kHz subcarrier spacing is used, assuming small residual frequency offset like 20 Hz, combing DMRS over 16 subframes provides the best performance and 164 dB MCL can be achieved by 32 repetitions.
Observation 2: When 15 kHz subcarrier spacing is used, assuming larger residual frequency offset like 100 Hz, combing DMRS over 4 subframes provides the best performance and 164 dB MCL can be achieved by 128 repetitions.

3.75 kHz subcarrier spacing
Repetition and cross-subframe channel estimation for single-tone transmission with 3.75 kHz subcarrier spacing is evaluated in the condition of TU, fD = 1 Hz, and residual frequency offset = 20 Hz or 100 Hz. The further detailed parameters are listed in the Appendix A and detailed simulation results with BLER performance are shown in Appendix B. Figure 1 shows the frame structure of NB-IoT PUSCH with 3.75 kHz subcarrier spacing assumed in this evaluation. Repetition is realized by NB-slot (2NB-slots) level. For cross-subframe channel estimation, DMRSs of 2M NB-slot are combined. When the number of repetitions is more than 2M, symbol level combining is performed.

[image: ]
Fig.1 Frame structure of NB-IoT PUSCH in the evaluation

Table 3 and 4 summarizes the required SINR for achieving BLER = 101.
Table 3	Required SINR for achieving BLER = 101 (20 Hz frequency offset)
	Number of repetitions
	1
	2
	4
	8

	Ideal channel estimation
	0.1 dB
	-3.2 dB
	-6.4 dB
	-

	M=1
	3.2 dB
	1.1 dB
	-1.1 dB
	-

	M=2
	2.2 dB
	0.2 dB
	-2.0 dB
	-

	M=4
	1.9 dB
	-0.3 dB
	-2.8 dB
	-5.6 dB

	M=8
	6.7 dB
	3.3 dB
	-1.2 dB
	-


                                                                                                                     (-: not evaluated, *: BLER=10-1 is not achieved.)
Table 4	Required SINR for achieving BLER = 101 (100 Hz frequency offset)
	Number of repetitions
	1
	2
	4
	8
	16
	32

	Ideal channel estimation
	0.1 dB
	-3.2 dB
	-6.4 dB
	-
	-
	-

	M=1
	4.2 dB
	2.2 dB
	-0.1 dB
	-2.3 dB
	-4.9 dB
	-7.2 dB

	M=2
	*
	6.2 dB
	3.8 dB
	-
	-
	-

	M=4
	*
	*
	*
	-
	-
	-

	M=8
	*
	*
	-
	-
	-
	-


                                                                                                                                          (-: not evaluated, *: BLER=10-1 is not achieved.)

In small residual frequency offset like 20 Hz, Table 3 shows combing DMRS over 8 NB-slots provides the best performance. 8 NB-slots corresponds to 16 ms Based on the MCL calculation in section 2.3, the required SINR for satisfying extreme coverage requirement such as 164 dB MCL is -5.8 dB when 3.75 kHz subcarrier spacing is used. Around 8 repetitions is needed to achieve 164 dB MCL assuming 8 NB-slot cross-subframe channel estimation.
In larger frequency offset like 100 Hz, Table 4 shows combining large number of DMRS decreases the performance. Around 32 repetitions is needed to achieve 164 dB MCL assuming 2 NB-slot cross-subframe channel estimation in the condition of 100 Hz frequency offset.
Observation 3: When 3.75 kHz subcarrier spacing is used, assuming small residual frequency offset like 20 Hz, combing DMRS over 8 NB-slots provides the best performance and 164 dB MCL can be achieved by 8 repetitions.
Observation 4: When 3.75 kHz subcarrier spacing is used, assuming larger residual frequency offset like 100 Hz, combing DMRS over 2 NB-slots provides the best performance and 164 dB MCL can be achieved by 32 repetitions.

Comparison between 15 kHz and 3.75 kHz subcarrier spacing
Table 5 shows MCL calculation of 15 kHz and 3.75 kHz subcarrier spacing. There is 6.1 dB MCL difference between 15 kHz and 3.75 kHz subcarrier spacing. Using such difference, one can observe that 3.75 kHz subcarrier spacing with X repetitions using cross-subframe channel estimation during Y ms and 15 kHz subcarrier spacing with 4X repetitions using cross-subframe channel estimation during 4Y ms provides almost the same performance. By having CDM with spreading factor 4 for 15 kHz subcarrier spacing, the resource utilization efficiency is also same between 15 kHz and 3.75 kHz subcarrier spacing. Therefore, the network operation not using 3.75 kHz subcarrier spacing should be allowed and CDM is useful functionality. 
Observation 5: 3.75 kHz subcarrier spacing with X repetitions using cross-subframe channel estimation during Y ms and 15 kHz subcarrier spacing with 4X repetitions using cross-subframe channel estimation during 4Y ms provides almost the same performance.

Table 5	MCL calculation
	
	15 kHz subcarrier spacing
	3.75 kHz subcarrier spacing

	Transmitter
	
	

	(1) Tx power (dBm)
	23
	23

	Receiver
	
	

	(2) Thermal noise density (dBm/Hz)
	-174
	-174

	(3) Receiver noise figure (dB)
	3
	3

	(4) Interference margin (dB)
	0
	0

	(5) Occupied channel bandwidth (Hz)
	15000
	3750

	(6) Effective noise power
= (2) + (3) + (4) + 10 log ((5))  (dBm)
	-129.2
	-135.2

	(7) Required SINR (dB)
	x :Obtained from BLER performance
	x: Obtained from BLER performance

	(8) Receiver sensitivity = (6) + (7) (dBm)
	-129.2 + x
	-135.3 + x

	(9) Rx processing gain
	0
	0

	(10) MCL  = (1) (8) + (9) (dB)
	152.2 - x
	158.3 – x



Conclusion
In this contribution, we provided some simulation results on NB-PUSCH. Based on the evaluation results, we provided following observations.
Observation 1: When 15 kHz subcarrier spacing is used, assuming small residual frequency offset like 20 Hz, combing DMRS over 16 subframes provides the best performance and 164 dB MCL can be achieved by 32 repetitions.
Observation 2: When 15 kHz subcarrier spacing is used, assuming larger residual frequency offset like 100 Hz, combing DMRS over 4 subframes provides the best performance and 164 dB MCL can be achieved by 128 repetitions.
Observation 3: When 3.75 kHz subcarrier spacing is used, assuming small residual frequency offset like 20 Hz, combing DMRS over 8 NB-slots provides the best performance and 164 dB MCL can be achieved by 8 repetitions.
Observation 4: When 3.75 kHz subcarrier spacing is used, assuming larger residual frequency offset like 100 Hz, combing DMRS over 2 NB-slots provides the best performance and 164 dB MCL can be achieved by 32 repetitions.
Observation 5: 3.75 kHz subcarrier spacing with X repetitions using cross-subframe channel estimation during Y ms and 15 kHz subcarrier spacing with 4X repetitions using cross-subframe channel estimation during 4Y ms provides almost the same performance.
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Appendix A: Simulation parameters
	Parameters
	Value

	Subcarrier spacing
	15 kHz, 3.75 kHz

	Frame format 
(Rate-matched block size)
	Single-tone
 (2 resource units)

	Channel coding
	Turbo

	Modulation scheme
	BPSK

	TBS
	56 bits

	CRC
	24 bits

	Number of antennas
	1×2 with low correlation

	Carrier frequency
	900 MHz

	Channel model
	TU (Doppler frequency, fD=1Hz)

	Timing error
	Ideal

	Residual frequency offset
	20Hz, 100 Hz

	Channel estimation
	Ideal, Realistic

	Equalization
	MMSE-FDE


Appendix B: BLER performance
B.1	15 kHz subcarrier spacing, 20 Hz frequency offset
Figure 2 plots the BLER performance of NB-PUSCH single-tone performance with 15 kHz subcarrier spacing in the condition of 20 Hz frequency offset. 
[image: ]   [image: ]
(a) Number of repetition = 1                                       (b) Number of repetition = 2
[image: ]   [image: ]
(c) Number of repetition = 4                                       (d) Number of repetition = 8
[image: ]   [image: ]
(e) Number of repetition = 16                                       (f) Number of repetition = 32
Fig. 2 NB-PUSCH single-tone performance with 15 kHz subcarrier spacing in the condition of 20 Hz frequency offset

B.2	15 kHz subcarrier spacing, 100 Hz frequency offset
Figure 3 plots the BLER performance of NB-PUSCH single-tone performance with 15 kHz subcarrier spacing in the condition of 100 Hz frequency offset. 
[image: ]    [image: ]
(a) Number of repetition = 1                                       (b) Number of repetition = 2
[image: ]   [image: ]
(c) Number of repetition = 4                                       (d) Number of repetition = 8
[image: ]   [image: ]
(e) Number of repetition = 16                                       (f) Number of repetition = 32
[image: ]   [image: ]
(g) Number of repetition = 64                                       (h) Number of repetition = 128
Fig. 3 NB-PUSCH single-tone performance with 15 kHz subcarrier spacing in the condition of 100 Hz frequency offset

B.3	3.75 kHz subcarrier spacing, 20 Hz frequency offset
Figure 4 plots the BLER performance of NB-PUSCH single-tone performance with 3.75 kHz subcarrier spacing in the condition of 20 Hz frequency offset. 
[image: ]    [image: ]
(a) Number of repetition = 1                                       (b) Number of repetition = 2
[image: ]   [image: ]
(c) Number of repetition = 4                                       (d) Number of repetition = 8
Fig. 4 NB-PUSCH single-tone performance with 3.75 kHz subcarrier spacing in the condition of 20 Hz frequency offset

B.4	3.75 kHz subcarrier spacing, 100 Hz frequency offset
Figure 5 plots the BLER performance of NB-PUSCH single-tone performance with 3.75 kHz subcarrier spacing in the condition of 100 Hz frequency offset. 
[image: ]    [image: ]
(a) Number of repetition = 1                                       (b) Number of repetition = 2
[image: ]   [image: ]
(c) Number of repetition = 4                                       (d) Number of repetition = 8
[image: ]   [image: ]
(e) Number of repetition = 16                                       (f) Number of repetition = 32
Fig. 5 NB-PUSCH single-tone performance with 3.75 kHz subcarrier spacing in the condition of 100 Hz frequency offset
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