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At RAN#69, a new work item named Narrowband IOT (NB-IOT) was approved, see [1]. One objective is to specify a radio access for cellular internet of things that addresses improved indoor coverage, support for massive number of low throughput devices, low delay sensitivity, ultra-low device cost, low device power consumption and (optimized) network architecture. At RAN#70, a revised work item description was approved, see [2].
NB-IOT should support 3 different modes of operation: 
1.	“Stand-alone operation” utilizing for example the spectrum currently being used by GERAN systems as a replacement of one or more GSM carriers, as well as scattered spectrum for potential IoT deployment.
2.	“Guard band operation” utilizing the unused resource blocks within a LTE carrier’s guard-band 
3.	“In-band operation” utilizing resource blocks within a normal LTE carrier
NB-IoT will support 180 kHz UE RF bandwidth for both downlink and uplink. Furthermore according to [2], 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.
In this contribution, we discuss the performance of NB-PUSCH. The evaluations are based on the agreements reached in RAN1 Ad-Hoc NB-IoT. Specifically, the following NB-PUSCH transmission schemes were agreed.
· UL multi-tone transmission based on 15 kHz subcarrier spacing
· Transmissions based on12 tones are supported with 1 msec resource unit size
· Transmissions based on 6 tones are supported with 2 msec resource unit size
· Transmissions based on 3 tones are supported with 4 msec resource unit size
· UL single-tone transmission based on 15 kHz subcarrier spacing with 8 msec resource unit size
· UL single-tone transmission based on 3.75 kHz subcarrier spacing with 32 msec resource unit size
We discuss how 144 dB, 154 dB, and 164 dB coupling loss can be realized for transport block sizes of 776 and 64 bits, as examples. For single-tone transmissions, coexistence performance with LTE based on 15 kHz and 3.75 kHz numerologies are compared.
Simulation assumptions
Link-level simulation assumptions are listed in Table 1.
[bookmark: _Ref434312069]Table 1: Simulation assumptions for link level evaluations
	Parameter
	Value

	Frequency band
	900 MHz

	Propagation channel model
	TU

	Doppler spread
	1 Hz

	Interference/noise
	Sensitivity

	Antenna configuration
	BS: 2 Rx
MS: 1 Tx

	Timing error
	NB-IOT Basic and Robust formats: Randomly distributed between [-3.125, 3.125] s.
LTE: Randomly distributed between [-3.125, 3.125] s.

	Frequency error
	 
F_offset(t) = F_est_error + (F_drift_active * t). 

	Frequency error  (F_est_error)
	Randomly chosen from the set {-50, 50} Hz

	Frequency drift rate (F_drift_active)
	22.5 Hz/second

	MS transmit power (dBm)
	23 dBm

	Thermal noise density (dBm/Hz)
	-174

	BS Receiver noise figure (dB)
	3

	Receiver processing gain (dB)
	0

	LTE Modulation
	QPSK

	Number of LTE PRBs
	1 and 10

	LTE User SNR
	0 dB, 2 dB, 5 dB, 10 dB, 16 dB



Here, we assume that the timing error is limited to [-3.125, 3.125] s. This assumption is justified by the NB-PRACH performance presented in [3].
[bookmark: _Ref426290311]144 dB coupling loss
For UEs with a coupling loss of 144 dB or lower, it is beneficial to use multi-tone transmissions. Three possible configurations for sending a transport block of 776 bits are illustrated in Figure 1, Figure 2, and Figure 3.
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[bookmark: _Ref441744582]Figure 1: NB-PUSCH configuration for sending a transport block of 776 bits based on a multi-tone transmission. (144 dB coupling loss)
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[bookmark: _Ref441744584]Figure 2: NB-PUSCH configuration for sending a transport block of 776 bits based on a single-tone transmission using the 15 kHz numerology. (144 dB coupling loss)
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[bookmark: _Ref441744586]Figure 3: NB-PUSCH configuration for sending a transport block of 776 bits based on a single-tone transmission using the 3.75 kHz numerology. (144 dB coupling loss)
Table 2 shows the details of the three possible NB-PUSCH configurations for sending a transport block of 776 bits, targeting 144 dB MCL. Observe that multi-tone transmissions gives the shortest required TTI for achieving 144 dB MCL. Also note that the two single-tone configurations use the smallest possible number of resource units suitable for the transport block size of 776 bits since if the number of resource units is reduced by 1 the number of available NB-PUSCH bits is smaller than the number of L1 bits. Observe that in this case, using single-tone with the 3.75 kHz numerology results in excessive link quality for UEs in normal coverage.

[bookmark: _Ref441752837]Table 2: Three possible NB-PUSCH configurations for sending a transport block of 776 bits, targeting 144 dB MCL.
	Transport block size
	776
	776
	776

	CRC bits
	24
	24
	24

	total L1 bits
	800
	800
	800

	number of encoded bits per repetition
	1728
	960
	960

	coding rate per repetition
	0.46
	0.83
	0.83

	modulation
	/4-QPSK
	/4-QPSK
	/4-QPSK

	number of subcarriers
	3
	1
	1

	subcarrier spacing (kHz)
	15
	15
	3.75

	number of resource units per repetition
	6
	5
	5

	number of repetition
	1
	1
	1

	number of resource units total
	6
	5
	5

	total transmission time interval
	24
	40
	160

	maximum coupling loss
	144.3
	144.3
	150.2



Configurations that may be used for delivering a transport block of 64 bits are illustrated in Figure 4 - Figure 6, and the detailed modulation and coding formats are shown in Table 3. Note that only one schedule unit is used in all these configurations. As seen in Table 3 however, using the minimum TTI allowed (i.e. one schedule unit) results in excessive link quality for normal coverage UEs. In particular, with 3.75 kHz single-tone transmission, using one schedule unit achieves 154.4 dB coupling loss.
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[bookmark: _Ref441753331]Figure 4: NB-PUSCH configuration for sending a transport block of 64 bits based on a multi-tone transmission. (144 dB coupling loss)
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[bookmark: _Ref441759456]Figure 5: NB-PUSCH configuration for sending a transport block of 64 bits based on a single-tone transmission using the 15 kHz numerology. (144 dB coupling loss)
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[bookmark: _Ref441753333]Figure 6: NB-PUSCH configuration for sending a transport block of 64 bits based on a single-tone transmission using the 3.75 kHz numerology. (144 dB coupling loss)
[bookmark: _Ref441754610]Table 3: Three possible NB-PUSCH configurations for sending a transport block of 64 bits, targeting 144 dB MCL.
	Transport block size
	64
	64
	64

	CRC bits
	24
	24
	24

	total L1 bits
	88
	88
	88

	number of encoded bits per repetition
	288
	192
	192

	coding rate per repetition
	0.31
	0.46
	0.46

	modulation
	/4-QPSK
	/4-QPSK
	/4-QPSK

	number of subcarriers
	3
	1
	1

	subcarrier spacing (kHz)
	15
	15
	3.75

	number of resource units per repetition
	1
	1
	1

	number of repetition
	1
	1
	1

	number of resource units total
	1
	1
	1

	total transmission time interval
	4
	8
	32

	maximum coupling loss
	145.3
	148.3
	154.4



Observation 1: Multiple-tone transmissions result in lower total transmission time for UEs in normal coverage.
Observation 2: For single-tone transmissions, using the 15 kHz numerology gives lower total transmission time for UEs in normal coverage than using the 3.75 kHz numerology.
Observation 3: Single-tone transmission using the 3.75 kHz numerology is likely to result in excessive link quality for UE in normal coverage.
Observation 4: Single-tone transmission using the 3.75 kHz numerology and one schedule unit (32 ms) results in significantly excessive link quality for UE in normal coverage when the transport block size is lower than 64 bits.
154 dB coupling loss
For UEs with a coupling loss between 144 dB and 154 dB, using multi-tone transmissions do not result in a short transmission time. Thus, only single-tone transmissions are evaluated. The two possible configurations based on the two different numerologies are shown in Figure 7 and Figure 8 for delivering a transport block of 776 bits.
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[bookmark: _Ref441761239]Figure 7: NB-PUSCH configuration for sending a transport block of 776 bits based on a single-tone transmission using the 15 kHz numerology. (154 dB coupling loss)
[image: ]
[bookmark: _Ref441761241]Figure 8: NB-PUSCH configuration for sending a transport block of 776 bits based on a single-tone transmission using the 3.75 kHz numerology. (154 dB coupling loss)
Table 2 shows the details of the three possible NB-PUSCH configurations for sending a transport block of 776 bits, targeting 154 dB MCL. Observe that using the 15 kHz numerology gives a shorter required TTI for achieving 154 dB MCL. 

Table 4: Two NB-PUSCH configurations for sending a transport block of 776 bits, targeting 154 dB MCL.
	Transport block size
	776
	776

	CRC bits
	24
	24

	total L1 bits
	800
	800

	number of encoded bits per repetition
	2304
	1536

	coding rate per repetition
	0.35
	0.52

	modulation
	/4-QPSK
	/4-QPSK

	number of subcarriers
	1
	1

	subcarrier spacing (kHz)
	15
	3.75

	number of resource units per repetition
	12
	8

	number of repetition
	2
	1

	number of resource units total
	24
	8

	total transmission time interval
	192
	256

	maximum coupling loss
	154.0
	154.6



Configurations that may be used for delivering a transport block of 64 bits are illustrated in Figure 9 and Figure 10, and the detailed modulation and coding formats are shown in Table 5. Note that in this case, both numerologies have similar performance.
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[bookmark: _Ref441762310]Figure 9: NB-PUSCH configuration for sending a transport block of 64 bits based on a single-tone transmission using the 15 kHz numerology. (154 dB coupling loss)
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[bookmark: _Ref441762312]Figure 10: NB-PUSCH configuration for sending a transport block of 64 bits based on a single-tone transmission using the 3.75 kHz numerology. (154 dB coupling loss)
[bookmark: _Ref441762337]Table 5: Two NB-PUSCH configurations for sending a transport block of 64 bits, targeting 154 dB MCL.
	Transport block size
	64
	64

	CRC bits
	24
	24

	total L1 bits
	88
	88

	number of encoded bits per repetition
	384
	192

	coding rate per repetition
	0.23
	0.46

	modulation
	/4-QPSK
	/4-QPSK

	number of subcarriers
	1
	1

	subcarrier spacing (kHz)
	15
	3.75

	number of resource units per repetition
	2
	1

	number of repetition
	2
	1

	number of resource units total
	4
	1

	total transmission time interval
	32
	32

	maximum coupling loss
	155.2
	154.4



Observation 5: For 154 dB coupling loss and large transport block sizes (e.g. 776 bits), using a 15 kHz single-tone transmission has shorter transmission time than using the 3.75 kHz numerology.
Observation 6: For 154 dB coupling loss and short transport block sizes (e.g. 64 bits), both single-tone numerologies achieve similar performance.
164 dB coupling loss
For UEs with a coupling loss between 154 dB and 164 dB, single-tone transmissions are preferred. The two possible configurations based on the two different numerologies are shown in Figure 7 and Figure 8 for delivering a transport block of 776 bits.
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Figure 11: NB-PUSCH configuration for sending a transport block of 776 bits based on a single-tone transmission using the 15 kHz numerology. (164 dB coupling loss)
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Figure 12: NB-PUSCH configuration for sending a transport block of 776 bits based on a single-tone transmission using the 3.75 kHz numerology. (164 dB coupling loss)
Table 2 shows the details of the three possible NB-PUSCH configurations for sending a transport block of 776 bits, targeting 164 dB MCL. Observe that both configurations give similar performance.

[bookmark: _Ref441764784]Table 6: Two NB-PUSCH configurations for sending a transport block of 776 bits, targeting 164 dB MCL.
	Transport block size
	776
	776

	CRC bits
	24
	24

	total L1 bits
	800
	800

	number of encoded bits per repetition
	2400
	2112

	coding rate per repetition
	0.33
	0.38

	modulation
	/2-BPSK
	/2-BPSK

	number of subcarriers
	1
	1

	subcarrier spacing (kHz)
	15
	3.75

	number of resource units per repetition
	25
	22

	number of repetition
	7
	2

	number of resource units total
	175
	44

	total transmission time interval
	1400
	1408

	maximum coupling loss
	165.0
	164.5



Configurations that may be used for delivering a transport block of 64 bits are illustrated in Figure 13 and Figure 14, and the detailed modulation and coding formats are shown in Table 7. Note that in this case, both numerologies have similar performance.
Observation 7: For 164 dB coupling loss, both single-tone numerologies achieve similar performance.
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[bookmark: _Ref441775534]Figure 13: NB-PUSCH configuration for sending a transport block of 64 bits based on a single-tone transmission using the 15 kHz numerology. (164 dB coupling loss)
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[bookmark: _Ref441775537]Figure 14: NB-PUSCH configuration for sending a transport block of 64 bits based on a single-tone transmission using the 3.75 kHz numerology. (164 dB coupling loss)



[bookmark: _Ref441775587]Table 7: Two NB-PUSCH configurations for sending a transport block of 64 bits, targeting 164 dB MCL.
	Transport block size
	64
	64

	CRC bits
	24
	24

	total L1 bits
	88
	88

	number of encoded bits per repetition
	288
	288

	coding rate per repetition
	0.31
	0.31

	modulation
	/2-BPSK
	/2-BPSK

	number of subcarriers
	1
	1

	subcarrier spacing (kHz)
	15
	3.75

	number of resource units per repetition
	3
	3

	number of repetition
	12
	3

	number of resource units total
	36
	9

	total transmission time interval
	288
	288

	maximum coupling loss
	164.9
	164.9



Co-existence performance with LTE
One main advantage of using 15 kHz subcarrier spacing is to preserve the orthogonality with LTE UEs scheduled in the neighbouring PRBs. Link simulations are used to evaluate such benefits. In our simulations, the frequency error modeling is the same for both LTE and NB-IoT users. For the NB-IoT user using 144 dB configuration (see Figure 2 and Figure 3), the edge subcarriers may be used. For UEs who need coverage extension using the 154 dB and 164 dB configurations, the subcarriers used are located at the center in order to provide robustness to the LTE interferer. Thus, it is expected that subcarrier spacing impacts the 144 dB coverage class the most, due to its location in the frequency domain.
The NB-IoT users using 15 kHz subcarrier spacing of the 144 dB coverage class use a root-raised cosine transmit filter with rolloff 0.1 and bandwidth 240 kHz. For the users using 3.75 kHz subcarrier spacing, a Gaussian filter is assumed to reduce the PAPR. The LTE users typically use a wideband filter in practice. 
Degradation due to LTE interference on NB-IoT UEs of 144 dB coverage class for the different subcarrier spacings is summarized in Table 8 for in-band operation. It can be seen that the degradation due to adjacent LTE interference is much smaller for 15 kHz subcarrier spacing compared to 3.75 kHz subcarrier spacing. For 3.75 kHz subcarrier spacing, a subcarrier scheduled at the edge suffers severe degradation due to interference from LTE users compared to a subcarrier scheduled in the middle. Even for LTE users operating at moderate SNR values, the degradation to the NB-IoT user may be more than 4 dB. The performance of 3.75 kHz single-tone transmission when scheduled in the middle of the PRB is also shown in Table 8. As shown, when scheduled in the middle of the PRB, the impact from LTE is much smaller. However, the degradation due to LTE interference in this case is still larger compared to 15 kHz subcarrier spacing scheduled at the edge of the PRB.








[bookmark: _Ref434574245]Table 8: Degradation due to LTE interference on NB-IoT UE of 144 dB coverage class. (single-tone transmission in inband operations)
	# of PRBs used by LTE UEs
	10
	10
	10
	

	                      Subcarrier spacing  
SNR of LTE UE
	15 kHz
	3.75 kHz
(Edge)
	3.75 kHz
(Middle)

	0 dB
	0 dB
	1.7 dB
	0.3 dB

	2 dB
	0 dB
	2.6 dB
	0.3 dB

	5 dB
	0 dB
	4.2 dB
	0.4 dB

	10 dB
	0.1 dB
	> 7 dB
	0.8 dB

	16 dB
	0.5 dB
	> 7 dB
	2.4 dB



Observation 8: With 15 kHz subcarrier spacing, NB-PUSCH co-existence performance with LTE PUSCH in neighboring PRBs is excellent.
Conclusions
In this contribution, the performance of NB-PUSCH is presented based on the agreements reached in the RAN1 Ad-Hoc NB-IoT in terms of schedule units for various numbers of subcarrier allocations. The results can be summarized by the below observations.
Observation 1: Multiple-tone transmissions result in lower total transmission time for UEs in normal coverage.
Observation 2: For single-tone transmissions, using the 15 kHz numerology gives lower total transmission time for UEs in normal coverage than using the 3.75 kHz numerology.
Observation 3: Single-tone transmission using the 3.75 kHz numerology is likely to result in excessive link quality for UE in normal coverage.
Observation 4: Single-tone transmission using the 3.75 kHz numerology and one schedule unit (32 ms) results in significantly excessive link quality for UE in normal coverage when the transport block size is lower than 64 bits.
Observation 5: For 154 dB coupling loss and large transport block sizes (e.g. 776 bits), using a 15 kHz single-tone transmission has shorter transmission time than using the 3.75 kHz numerology.
Observation 6: For 154 dB coupling loss and short transport block sizes (e.g. 64 bits), both single-tone numerologies achieve similar performance.
Observation 7: For 164 dB coupling loss, both single-tone numerologies achieve similar performance.
Observation 8: With 15 kHz subcarrier spacing, NB-PUSCH co-existence performance with LTE PUSCH in neighboring PRBs is excellent.
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