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[bookmark: _Ref409106980]Introduction
At RAN#69, a new work item named Narrowband IOT (NB-IOT) was approved, see [1]. The 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.
[bookmark: _Ref426290311]Performance of NB-PUSCH
NB-PUSCH configurations based on 15 kHz subcarrier spacing
According to [3], two NB-PUSCH formats are used for 15 kHz subcarrier spacing. Format 1 is exactly the same as LTE PUSCH and is used by NB-IoT UEs with coupling loss 154 dB or lower. Format 2 is designed to preserve UE orthogonality when the timing advance (TA) error far exceeds the CP interval. Format 2 is used by NB-IoT UEs with coupling loss higher than 154 dB.
Examples of NB-PUSCH configuration for 144 dB and 154 dB coupling loss using 15 kHz subcarrier spacing are shown in Figure 1 and Figure 2, respectively. Both MCSs can be mapped to NB-PUSCH Format 1 based on LTE uplink SC-FDMA waveform.
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[bookmark: _Ref433905823]Figure 1: NB-PUSCH configuration for achieving 144 dB MCL. (mapped to NB-PUSCH Format 1)
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[bookmark: _Ref433905899]Figure 2: NB-PUSCH configuration for achieving 154 dB MCL. (mapped to NB-PUSCH Format 1)

Figure 3 shows a configuration for achieving 164 dB MCL using 15 kHz subcarrier spacing based on NB-PUSCH Format 2. After pi/2-BPSK modulation, there are 3840 symbols. Each of these symbols is repeated 6 times according to [2], and with CP and guard time it occupies one entire slot. Thus, 3840 slots are needed. For every 6 slot with data symbols, one slot of DMRS is added. Thus, 640 DMRS slots are added. Overall, it requires 4480 slots, i.e. 2240 subframes.
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[bookmark: _Ref433906146]Figure 3: NB-PUSCH configuration for achieving 164 dB MCL. (mapped to NB-PUSCH Format 2)
NB-PUSCH configurations based on 3.75 kHz subcarrier spacing
3.75 kHz is only considered for single-tone transmissions. Examples of NB-PUSCH configuration using 3.75 kHz subcarrier spacing for 144 dB, 154 dB and 164 dB coupling loss are shown in Figure 4, Figure 5 and Figure 6 respectively.
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[bookmark: _Ref440028038]Figure 4: NB-PUSCH configuration for achieving 144 dB MCL with 3.75 kHz subcarrier spacing
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[bookmark: _Ref440028040]Figure 5: NB-PUSCH configuration for achieving 154 dB MCL with 3.75 kHz subcarrier spacing
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[bookmark: _Ref440028042]Figure 6: NB-PUSCH configuration for achieving 164 dB MCL with 3.75 kHz subcarrier spacing

Simulation results
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] us. (see Section 2)
NB-IOT Extreme format: Randomly distributed between [-31.25, 31.25] us. (see Section 2)
LTE: Randomly distributed between [-3.125, 3.125] us.

	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



The performance of NB-PUSCH based on configurations shown in Figure 1 - Figure 6 is summarized in the link budget table below. Simulations account for the respective TA inaccuracy levels according to M-PRACH TA estimation performance. Thus, for the “Extreme” coverage class using 15 kHz subcarrier spacing, TA errors uniformly distributed within +/- 31.25 s are included in our simulations. Since all configurations involving 3.75 kHz use single-tone transmissions, we assume TA errors uniformly distributed within +/- 31.25 s for those evaluations.







[bookmark: _Ref433907681]Table 2: NB-PUSCH Link budget (based on 776-bit transport block size).
	Subcarrier spacing
	15 kHz
	15 kHz
	15 kHz
	3.75 kHz
	3.75 kHz
	3.75 kHz

	Data rate(kbps) above SNDCP
	0.30
	3.6
	28.3
	0.36
	1.91
	3.82

	Transmitter
	 
	
	
	 
	
	

	(1) Tx power (dBm)
	23
	23
	23
	23
	23
	23

	Receiver
	 
	
	
	 
	
	

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

	(3) Receiver noise figure (dB)
	3
	3
	3
	3
	3
	3

	(4) Interference margin (dB)
	0
	0
	0
	0
	0
	0

	(5) Occupied channel bandwidth (Hz)
	15,000
	30,000
	60,000
	3,750
	3,750
	3,750

	(6) Effective noise power
= (2) + (3) + (4) + 10 log ((5))  (dBm)
	-129.2
	-126.2
	-123.2
	-135.3
	-135.3
	-135.3

	(7) Required SINR (dB)
	-12.0
	-5.1
	0.9
	-6.1
	3.6
	12.8

	(8) Receiver sensitivity = (6) + (7) (dBm)
	-141.2
	-131.1
	-122.3
	-141.4
	-131.7
	-122.5

	(9) Rx processing gain
	0
	0
	0
	0
	0
	0

	(10) MCL  = (1) (8) + (9) (dB)
	164.2
	154.1
	145.3
	164.4
	154.7
	145.5



It can be seen that with 15 kHz as well as 3.75 kHz subcarrier spacing, SC-FDMA can meet the coverage target of 164 dB MCL.
We further verify that for 15 kHz subcarrier spacing, NB-PUSCH Format 2 performs well in the presence of strong interferers using NB-PUSCH Format 1. As described in [3], the design of NB-PUSCH Format 2 preserves orthogonality against interferers using regular LTE PUSCH format even when the UE using NB-PUSCH Format 2 has a large TA error. Our simulation assumptions further include a frequency error of +/- 50 Hz. Such coexistence performance is illustrated in Figure 7. Here, one of the 12 uplink subcarriers is allocated to NB-PUSCH Format 2, and all the other subcarriers use NB-PUSCH Format 1. Furthermore, strong NB-PUSCH Format 1 interference is assumed. The interfering NB-PUSCH Format 1 UEs in our evaluation have 5 dB SNR. As shown NB-PUSCH Format 2 performance is only mildly degraded in such a scenario.
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[bookmark: _Ref433907528]Figure 7: NB-PUSCH Format 2 performance with 50 Hz frequency error and 31.25 s timing error, and in the presence of strong interference from NB-PUSCH Format 1. (red line: no interference; blue line: with strong interference from NB-PUSCH Format 1)
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 1 and Figure 4), the edge subcarriers are used. For UEs who need coverage extension using the 154 dB and 164 dB configurations (see Figure 2, Figure 3, Figure 5 and Figure 6), 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.
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. 
[bookmark: _GoBack]Degradation due to LTE interference on NB-IoT UEs of 144 dB coverage class for the different subcarrier spacings is summarized in Table 3 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 is more than 5 dB. The performance of 3.75 kHz single-tone transmission when scheduled in the middle of the PRB is also shown in Table 3. 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 3: 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
	3.3 dB
	0.3 dB

	2 dB
	0 dB
	4.2 dB
	0.3 dB

	5 dB
	0 dB
	5.8 dB
	0.4 dB

	10 dB
	0.1 dB
	> 9 dB
	0.8 dB

	16 dB
	0.5 dB
	> 9 dB
	2.4 dB



Observation 1: Single-tone transmissions using 15 kHz subcarrier spacing meets the 164 dB MCL target even when the TA error is as large as 31.25 s
Observation 2: 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 with 15 kHz subcarrier spacing is presented. It is shown that single-tone transmission using 15 kHz subcarrier spacing meets the 164 dB MCL target even when the TA error is as large as 31.25 s. Furthermore, it is shown that with 15 kHz subcarrier spacing, NB-PUSCH co-existence performance with LTE PUSCH in neighboring PRBs is excellent.
Observation 1: Single-tone transmissions using 15 kHz subcarrier spacing meets the 164 dB MCL target even when the TA error is as large as 31.25 s
Observation 2: With 15 kHz subcarrier spacing, NB-PUSCH co-existence performance with LTE PUSCH in neighboring PRBs is excellent
References
[bookmark: _Ref397674406][bookmark: _Ref403069021][bookmark: _Ref384735847]RP-151621, “New Work Item: Narrowband IOT (NB-IOT),” Qualcomm, Sept. 2015, Phoenix, AZ, USA.
RP-152284, “New Work Item: Narrowband IOT (NB-IOT),” source Huawei and HiSilicon, RAN #70, Dec. 2015, Sitges, Spain.
R1-160085, “NB-IoT - NB-PUSCH design,” source Ericsson, 3GPPRAN1-NB-IOT, Jan. 2016, Budapest, Hungary.
1(6)
[bookmark: _Toc458939174]3(6)
image2.emf
Subframe

2 SCs

1 subframe has 24 symbols

(with 2 subcarriers)

Subframe

…

192 subframes

24-bit

CRC

channel coding &

rate matching

QPSK

Modulator

776 information

bits

1536

symbols

3072 coded bits

800 

bits

3X

repetition

4608

symbols


image3.emf
2240 subframes

Subframe

1 SC

24-bit

CRC

channel coding &

rate matching

each symbol mapped to

1 slot using special symbol

repetition pattern

776 information

bits

3840

symbols

3840 coded bits

Subframe

…

800 

bits

pi/2-BPSK

Modulator

26880 data symbols

Plus 4480 DMRS


image4.png
34 M-subframes =136 ms.

776 information 816 coded bits

bits svmbols

—
1 M-subframe has 12 symbols
(with 1 subcarrier)




image5.png
68 M-subframes

776 information 800 1632 coded bits 816

bits bits symbols 9
—

1 M-subframe has 12 symbols
(with 1 subcarrier)




image6.png
360 M-subframes = 1.44 s

776 information 4320 coded bits

bits svmbols

—
1 M-subframe has 12 symbols
(with 1 subcarrier)




image7.emf

image1.emf
Subframe

e.g

.,

4

SCs

1 subframe has 48 symbols

(with 4 subcarriers)

24-bit

CRC

channel coding &

rate matching

QPSK

Modulator

776 information

bits

2304 coded bits

Subframe

…

24 subframes

800 

bits

1152

symbols


