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1 Introduction
This document summarizes the evaluation results that have been presented to RAN1 for NB-IoT. The intention is to use the latest version from each company, so where results presented at RAN1#82bis are updated at RAN1#83, this contribution will use the results only from RAN1#83.
2 Discussion
2.1 UL exception report latency
[Sourcing company names will not be included in the report to RAN#70.

Source 1 = Ericsson

Source 2 = Nokia

Source 3 = Huawei, HiSilicon

Source 4 = China Unicom]
2.1.1 UL exception report standalone
Table 1 : Exception report delivery time.

DL 15 kHz, UL 2.5 kHz SC-FDMA based.
	
	
	90% confidence (ms)
	99% confidence (ms)

	
	Initial Transmission BLER
	144 dB
	154 dB
	164 dB
	144 dB
	154 dB
	164 dB

	Source 1

(R1-157391)
	10%
	1434
	2415
	5473
	1514
	3015
	7373

	
	1%
	
	
	
	
	
	6000

	Source 2

(R1-157243)

Notes: 1
	10%
	-
	5884
	-
	8092

	Source 3

(R1-156467)
	10%
	1524
	2485
	5623
	1604
	3085
	7623


NOTES:
1. Single-tone SC-FDMA.
2. The possible Tx power back-off due to uplink PAPR is not considered by the exception report delivery time evaluations of SC-FDMA based solution. See Section 2.9 for company evaluations of SC-FDMA PAPR.
Table 2: Exception report delivery time.

DL 3.75 kHz, UL FDMA based.
	
	
	90% confidence (ms)
	99% confidence (ms)

	
	Initial Transmission BLER
	144 dB
	154 dB
	164 dB
	144 dB
	154 dB
	164 dB

	Source 1

(R1-157391)

Notes: 1
	10%
	1159
	2229
	6284
	1584
	3724
	

	
	1%
	
	
	
	
	
	6284

	Source 3

(R1-156467, R1-157464)

Notes: 2
	10%
	802
	1162
	3897
	1122
	1802
	6137

	
	1%
	
	
	
	
	
	4537

	Source 4

(R1-157364)

Notes: 1
	10%
	1137
	1372
	4807
	1457
	1692
	7047


NOTES:
1.
UL sub-channel spacing = 5 kHz.
2.
UL sub-channel spacing  = 2.5 kHz
Table 3: Exception report delivery time.

DL 15 kHz, UL FDMA based.
	
	
	90% confidence (ms)
	99% confidence (ms)

	
	Initial Transmission BLER
	144 dB
	154 dB
	164 dB
	144 dB
	154 dB
	164 dB

	Source 3

(R1-156467)

Notes: 1
	10%
	1249
	1602
	4378
	1369
	2082
	

	
	1%
	
	
	
	
	
	6418


NOTES:
1.
UL sub-channel spacing = 2.5 kHz.

2.1.2 UL exception report guard-band

Table 4 : Exception report delivery time.

DL 15 kHz, UL 2.5 kHz SC-FDMA  based.
	
	
	90% confidence (ms)
	99% confidence (ms)

	
	Initial Transmission BLER
	144 dB
	154 dB
	164 dB
	144 dB
	154 dB
	164 dB

	Source 1

(R1-157451)
	10%
	1354
	2607
	7420
	1434
	3207
	9460

	
	1%
	
	
	
	
	
	7797

	Source 2

(R1-157250)
	10%
	-
	8802
	-
	11094

	Source 3
(R1-157466)
	1%
	
	
	
	8762


NOTES:
1. The possible Tx power back-off due to uplink PAPR is not considered by the exception report delivery time evaluations of SC-FDMA based solution. See Section 2.9 for company evaluations of SC-FDMA PAPR.
Table 5 : Exception report delivery time.

DL 15 kHz, UL FDMA  based.
	
	
	90% confidence (ms)
	99% confidence (ms)

	
	Initial Transmission BLER
	144 dB
	154 dB
	164 dB
	144 dB
	154 dB
	164 dB

	Source 3
(R1-157466)
Notes: 1
	10%
	1059
	1643
	5322
	1154
	2118
	7412

	
	1%
	
	
	
	
	
	5962


NOTES:

1.
UL sub-channel spacing = 2.5 kHz.
Table 6: Exception report delivery time.

DL 3.75 kHz, UL FDMA based.
	
	
	90% confidence (ms)
	99% confidence (ms)

	
	Initial Transmission BLER
	144 dB
	154 dB
	164 dB
	144 dB
	154 dB
	164 dB

	Source 3

(R1-156470, R1-157464)

Notes: 1
	10%
	807
	1397
	5397
	1127
	2037
	7957

	
	1%
	
	
	
	
	
	5713


NOTES:

1.
UL sub-channel spacing  = 2.5 kHz.
2.1.3 UL exception report in-band
2.1.3.1 No MBSFN subframes, 6 dB PSD boosting
Table 7 : Exception report delivery time.

DL 15 kHz, UL 2.5 kHz SC-FDMA based.
	
	
	90% confidence (ms)
	99% confidence (ms)

	
	Initial Transmission BLER
	144 dB
	154 dB
	164 dB
	144 dB
	154 dB
	164 dB

	Source 1

(R1-157454)

Notes: 1
	10%
	1555
	2811
	7833
	1635
	3411
	9913

	
	1%
	
	
	
	
	
	8210

	Source 2

(R1-157253)
	
	-
	9162
	-
	11478

	Source 3

(R1-156475)

Notes: 1
	
	
	-
	10119


NOTES:
1. The possible Tx power back-off due to uplink PAPR is not considered by the exception report delivery time evaluations of SC-FDMA based solution. See Section 2.9 for company evaluations of SC-FDMA PAPR.
Table 8 : Exception report delivery time.
DL 15 kHz, UL FDMA based.
	
	
	99% confidence (ms)

	
	Initial Transmission BLER
	144 dB
	154 dB
	164 dB

	Source 3

(R1-156475)

Notes: 1, 2
	1%
	1409
	3072
	8198


NOTES:

1.
UL sub-channel spacing  = 2.5 kHz.

2.
99% confidence calculated using an initial BLER of 1%.

2.1.3.2 With MBSFN subframes, 6 dB PSD boosting
Table 9: Exception report delivery time.
DL 15 kHz, 6 MBSFN subframes.
	
	
	UL modulation
	99% confidence (ms)

	
	Initial Transmission BLER
	
	144 dB
	154 dB
	164 dB

	Source 3

(R1-156475)

Notes: 1, 2
	1%
	FDMA
	2102
	5333
	14510

	
	1%
	SC-FDMA
	-
	16698


NOTES:

1.
UL sub-channel spacing  = 2.5 kHz.

2.
99% confidence calculated using an initial BLER of 1%.

2. The possible Tx power back-off due to uplink PAPR is not considered by the exception report delivery time evaluations of SC-FDMA based solution. See Section 2.9 for company evaluations of SC-FDMA PAPR.
2.1.3.3 With 3 dB PSD boosting, no MBSFN subframes.
Table 10: Exception report delivery time.
DL 15 kHz.
	
	
	UL modulation
	99% confidence (ms)

	
	Initial Transmission BLER
	
	144 dB
	154 dB
	164 dB

	Source 3

(R1-156475)

Notes: 1, 2
	1%
	FDMA
	1871
	3957
	11769

	
	1%
	SC-FDMA
	-
	14515


NOTES:

1.
UL sub-channel spacing  = 2.5 kHz.

2.
99% confidence calculated using an initial BLER of 1%.

3. The possible Tx power back-off due to uplink PAPR is not considered by the exception report delivery time evaluations of SC-FDMA based solution. See Section 2.9 for company evaluations of SC-FDMA PAPR.
2.1.4 UL exception report latency observations
Observations A: Standalone operation

A1. DL 15 kHz with UL 2.5 kHz SC-FDMA meets the UL exception report latency for each target MCL value with 99% confidence.
A2. UL 2.5 kHz FDMA meets the UL exception report latency for each target MCL with 99% confidence, for both DL subcarrier spacings.
A3. UL 2.5 kHz FDMA achieves lower UL exception report latency with DL 3.75 kHz subcarrier spacing than with DL 15 kHz subcarrier spacing, at each target MCL with 90% and 99% confidence.
Observations B: Guard-band operation
B1. DL 15 kHz with UL 2.5 kHz SC-FDMA meets the UL exception report latency for each target MCL value with 90% confidence.
B2.  There is no consensus whether DL 15 kHz with UL 2.5 kHz SC-FDMA meets the UL exception report latency for each target MCL value with 99% confidence.

B3. UL 2.5 kHz FDMA meets the UL exception report latency for each target MCL value with 99% confidence, for both DL subcarrier spacings.
Observations C: In-band operation
C1. DL 15 kHz with UL 2.5 kHz SC-FDMA, 6 dB PSD boosting, and no MBSFN subframes meets the UL exception report latency for each target MCL value with 90% confidence. There is no consensus on if it is met with 99% confidence.

C2. DL 15 kHz with UL 2.5 kHz FDMA, 6 dB PSD boosting, and no MBSFN subframes meets the UL exception report latency for each target MCL with 99% confidence.
C3. With 3 dB PSD boosting, and no MBSFN subframes, the UL exception report latency target is not met with 99% confidence for 164 dB MCL for either UL modulation. It is met by UL 2.5 kHz FDMA for 144 dB and 154 dB MCL.
C4. With 6 MBSFN subframes, and 6 dB PSD boosting, the UL exception report latency target is not met with 99% confidence for 164 dB MCL for either UL modulation. It is met by UL 2.5 kHz FDMA for 144 dB and 154 dB MCL.
2.2 Capacity
[Sourcing company names will not be included in the report to RAN#70.

Source 1 = Ericsson

Source 2 = Nokia

Source 3 = Huawei, HiSilicon

Source 4 = ZTE

]
2.2.1 Standalone
2.2.1.1 Uplink

	
	


Table 2.2-1: Comparison of Uplink Capacity Performance
NOTE: These results use a 2.5 kHz UL subcarrier spacing except where noted.
	Uplink Capacity (devices/cell)

	　
	Source 1 (R1-157398)
	 Source 3 (R1-156468)

	Standalone
	SC-FDMA
	207k
	152k

	
	FDMA
	106k(*)
	182k


(*) This result uses a 5 kHz subcarrier spacing.
Note 1: QPSK in addition to GMSK is used by Source 3

Note 2: Possible Tx power back-off due to UL PAPR is not considered by Source 1. See Section 2.9 for company evaluations of SC-FDMA PAPR.
2.2.1.2 Downlink

	
	


Table 2.2-2: Comparison of Downlink Capacity Performance
	Downlink Capacity (devices/cell)

	Standalone
	
	Source 1 (R1-157398)
	Source 3 (R1-157338)

	
	15k
	~230k
	case1: 190k
case2: 120k

	
	3.75k
	
	case1: 230k
case2: 135k


Notes 1: the results with “~” are read from the figures.

2.2.2 Guard-band
2.2.2.1 Uplink

	
	
	


Table 2.2-3: Comparison of Uplink Capacity Performance
NOTE: These results use a 2.5 kHz UL subcarrier spacing except where noted.
	Uplink Capacity (devices/cell)

	　
	Source 1 (R1-157408)
	Source 3 (R1-156471)
	Source 4 (R1-156623)

	Guardband
	SC-FDMA
	207k
	128k
	~50k

	
	FDMA
	106k(*)
	168k
	~40k(*)


(*) This result uses a 5 kHz subcarrier spacing.
Note 1: the results with “~” are read from the figures.

Note 2: QPSK in addition to GMSK is used by Source 3

Note 3: Possible Tx power back-off due to UL PAPR is not considered by Source 1 and Source  4. See Section 2.9 for company evaluations of SC-FDMA PAPR.
2.2.2.2 Downlink

	
	


Table 2.2-4: Comparison of Downlink Capacity Performance
	Downlink Capacity (devices/cell)

	
	
	Source 1 (R1-157408)
	Source 3 (R1-157337)
	Source 4 (R1-156623)

	Guardband
	15k
	210k
	case1:155k
case2:80k
	~48k

	
	3.75k
	　
	case1:200k
case2:115k
	~42k


Note: the results with “~” are read from the figures.

2.2.3 In-band

2.2.3.1 Uplink

	
	
	


Table 2.2-5: Comparison of Uplink Capacity Performance
NOTE: These results use a 2.5 kHz UL subcarrier spacing except where noted
	Uplink Capacity (devices/cell)

	　
	Source 1 (R1-157417)
	Source 2 (R1-157248)
	Source 3 (R1-156476)
	Source 4 (R1-156624)

	Inband
	SC-FDMA
	180k　
	>71k(#)
	139k
	~50k

	
	FDMA
	　~100k(*)
	　
	162k
	~35k(*)


(*) This result uses a 5 kHz subcarrier spacing.
(#) This results uses a 15 kHz subcarrier spacing.
Note 1: the results with “~” are read from the figures.

Note 2: QPSK in addition to GMSK is used by Source 3

Note 3: Possible Tx power back-off due to UL PAPR is not considered by Source 1, Source 2 and Source 4. See Section 2.9 for company evaluations of SC-FDMA PAPR.
2.2.3.2 Downlink
Table 2.2-6: Comparison of Downlink Capacity Performance
	Downlink Capacity (devices/cell)

	
	Source 1 (R1-157417)
	Source 4 (R1-156624)

	Inband
	15k
	no MBMS:180k

60% MBMS:72k　
	~40k

	
	3.75k
	　
	~30k


Note: the results with “~” are read from the figures.
2.2.4 Observations

Observations A: Standalone operation

A1. UL 2.5 kHz SC-FDMA and UL 2.5 kHz FDMA both meet the UL capacity target.

A2. DL 15 kHz and DL 3.75 kHz both meet the capacity target.

A3. DL 3.75 kHz achieves higher downlink capacity than DL 15 kHz.
A4. UL FDMA 2.5 kHz achieves higher uplink capacity than UL FDMA 5 kHz.

Observations B: Guard-band operation
B1. UL 2.5 kHz SC-FDMA and UL 2.5 kHz FDMA both meet the UL capacity target.

B2. DL 15 kHz and DL 3.75 kHz both meet the capacity target.

B3. DL 3.75 kHz achieves higher downlink capacity than DL 15 kHz.

B4. UL FDMA 2.5 kHz achieves higher uplink capacity than UL FDMA 5 kHz.

Observations C: In-band operation
C1. UL 2.5 kHz SC-FDMA and UL 2.5 kHz FDMA both meet the UL capacity target.

C2. DL 15 kHz meets the capacity target.

C3. UL FDMA 2.5 kHz achieves higher uplink capacity than UL FDMA 5 kHz.
2.3 Coverage
2.3.1 Standalone
[Sourcing company names will not be included in the report to RAN#70.

Source 1 = Ericsson

Source 2 = Nokia

Source 3 = Huawei, HiSilicon

Source 4 = Intel

]
2.3.1.1 Random access

Source 1 (R1-157388):

Table 2.3-1: Coverage Performance of NB-PRACH from Source 1
	PRACH format
	Resource
	No. of preambles
	SNR (dB)
	MCL (dB)
	False alarm rate
	Detection rate
	ToA estimation

	Format 0
	4 ms x 80 kHz
	18
	0.9
	144
	0/100,000
	99.70%
	within 8 us with very high probability

	Format 1
	12 x 4 ms x 80 kHz
	18
	-9.1
	154
	6/100,000
	98.99%
	within 8 us with very high probability

	Format 2
	160 ms x 2.5 kHz x 18
	18
	-4.0
	164
	53/100,000
	98.88%
	90% of timing estimations are within cyclic prefix range (that has at least 28.2 us long).


Source 3 (R1-156466)

Table 2.3-2: False detection rate for random access request via message-based random access
	Case
	1
	2
	3
	4

	False detection rate
	Smaller than 0.001%
	Smaller than 0.001%
	Smaller than 0.001%
	Smaller than 0.001%


Table 2.3-3: MCL evaluations for uplink data channels

	
	Source 1
	Source 2 
	Source 3
	Source 4

	UL Numerology
	SC-FDMA (R1-157389)
	FDMA (R1-157392)
	SC-FDMA (R1-157246)
	FDMA(R1-156466)
	SC-FDMA(R1-156525)

	Transmitter
	
	
	
	
	

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

	Receiver
	
	
	
	
	
	
	
	
	
	
	

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

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

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

	(5) Occupied channel bandwidth (Hz)
	2,500
	5000
	80,000
	3750
	2500
	1875
	3750
	30,000
	2500
	5000
	80,000

	(6) Effective noise power
= (2) + (3) + (4) + 10 log((5)) (dBm)
	-137.0
	-134.0
	-122.0
	-135.3
	-137.0
	-138.3
	-135.3
	-126.2
	-137.0
	-134.0
	-122.0

	(7) Required SINR (dB)
	-5.8
	-0.6
	0.8
	-6.4
	-5.8
	-3.5
	4.2
	4.5
	-5.2
	1.18
	1.0

	(8) Receiver sensitivity
= (6) + (7) (dBm)
	-142.8
	-134.6
	-122.4
	-141.7
	-142.8
	-141.8
	-131.1
	-121.7
	-142.2
	-132.8
	-121

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

	Maximum coupling loss
	
	
	
	
	
	
	
	
	
	
	

	(10) MCL = (1) – (8) + (9) (dB)
	165.8
	157.6
	145.4
	164.7
	165.8
	164.8
	154.1
	144.7
	165.2
	155.8
	144

	Data rate above SNDCP (kbps) 
	0.354
	1.77
	18.9
	0.246
	0.31
	0.35
	1.7
	13.6
	0.35
	1.8
	28.3

	NOTES:
	(1)
	(1)
	(1)
	
	(1)
	
	
	
	(1)
	(1)
	(1)


Notes

1: The possible Tx power back-off due to uplink PAPR is not considered by the coverage evaluations of SC-FDMA based solution. See Section 2.9 for company evaluations of SC-FDMA PAPR.
2.3.1.2 Downlink

[Sourcing company names will not be included in the report to RAN#70.

Source 1 = Nokia

Source 2 = Huawei, HiSilicon

Source 3 = Intel

Source 4 = Samsung

]
Table 2.3-4: MCL evaluations for downlink channels

	
	Source 1
	Source 2
	Source 3
	Source 4

	DL Numerology
	15kHz subcarrier spacing (R1-157246)
	3.75kHz subcarrier spacing(R1-157339)
	15kHz subcarrier spacing (R1-156525)
	15kHz subcarrier spacing (R1-156800)

	DL Channel
	M-PBCH
	M-EPDCCH
	M-PDSCH
	NB-PBCH
	NB-EPDCCH
	NB-PDSCH
	NB-PDCCH
	NB-PDSCH
	N-PBCH
	N-PBCH
	N-PBCH
	N-PDCCH
	N-PDSCH

	Transmitter
	
	
	
	
	
	
	
	
	
	
	
	
	

	(1) Total Tx power (dBm)
	43
	43
	43
	43
	43
	43
	43
	43
	43
	43
	43
	43
	43

	Receiver
	
	
	
	
	
	
	
	
	
	
	
	
	

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

	(3) Receiver noise figure (dB)
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5

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

	(5) Occupied channel bandwidth (kHz)
	180
	180
	180
	180
	180
	180
	180
	180
	180
	180
	180
	90
	180

	(6) Effective noise power
= (2) + (3) + (4) + 10 log((5)) (dBm)
	-116.4
	-116.4
	-116.4
	-116.4
	-116.4
	-116.4
	-116.4
	-116.4
	-116.4
	-116.4
	-116.4
	-119.5
	-116.4

	(7) Required SINR (dB)
	-5.7
	-5.8
	-5.0
	-7.8
	-4.9
	-4.8
	-4.6
	-4.6
	-5.9
	0.9
	4.2
	-5
	-4.8

	(8) Receiver sensitivity
= (6) + (7) (dBm)
	-122.1
	-122.2
	-121.4
	-124.2
	-121.3
	-121.2
	-121
	-121
	-122.3
	-115.5
	-112.2
	-124.5
	-121.2

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

	Maximum coupling loss
	
	
	
	
	
	
	
	
	
	
	
	
	

	(10) MCL = (1) – (8) + (9) (dB)
	165.1
	165.2
	164.4
	167.2
	164.3
	164.2
	164
	164
	165.3
	158.5
	155.2
	164.5
	164.2

	Data rate above SNDCP (kbps) 
	
	
	2.73
	
	
	3.4
	
	2.1
	
	
	
	
	3

	NOTES
	(1)
	(1)
	(1)
	
	
	
	(2)
	(2)
	(2)
	(2)
	(2)
	(2)
	(2)


Notes

1: Applies a 27-tap FIR filter for downlink Tx.

2: Applies a 19-tap FIR filter for downlink Tx
2.3.2 Guard-band
[Sourcing company names will not be included in the report to RAN#70.

Source 1 = Ericsson

Source 2 = Nokia

Source 3 = Huawei, HiSilicon

Source 4 = Intel

]
2.3.2.1 Random access

Source 1 (R1-157400):

 Table 2.3-5: Coverage Performance of PRACH from Source 1
	PRACH format
	Resource
	No. of preambles
	SNR (dB)
	MCL (dB)
	INR (dB)
	False alarm rate
	Detection rate
	ToA estimation

	Format 0
	4 ms x 80 kHz
	18
	0.9
	144
	0
	0/100,000
	99.66%
	within 8 us with very high probability

	
	
	
	
	
	10
	0/100,000
	99.60%
	

	
	
	
	
	
	20
	0/100,000
	98.96%
	

	Format 1
	12 x 4 ms x 80 kHz
	18
	-9.1
	154
	0
	5/100,000
	99.03%
	within 8 us with very high probability

	
	
	
	
	
	10
	6/100,000
	98.97%
	

	
	
	
	
	
	20
	39/100,000
	97.74%
	

	Format 2
	160 ms x 2.5 kHz x 18
	18
	-4.0
	164
	0
	61/100,000
	99.06%
	90% of timing estimations are within cyclic prefix range

	
	
	
	
	
	10
	0/50,000
	97.92%
	

	
	
	
	
	
	15
	4/50,000
	95.54%
	

	Note: Different thresholds are used for different INR values to test false alarm rates. The corresponding thresholds are used to test detection rates.


Source 3 (R156466)

Table 2.3-6: False detection rate for random access request

	Case
	1
	2
	3
	4

	False detection rate
	Smaller than 0.001%
	Smaller than 0.001%
	Smaller than 0.001%
	Smaller than 0.001%


Table 2.3-7: MCL evaluations for uplink data channels

	
	Source 2 
	Source 3
	Source 4

	UL Numerology
	SC-FDMA (R1-157246)
	FDMA(R1-156466)
	SC-FDMA(R1-156526)

	Transmitter
	
	
	
	
	
	

	(1) Total 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)
	2500
	1875
	3750
	30,000
	2500
	80000

	(6) Effective noise power
= (2) + (3) + (4) + 10 log((5)) (dBm)
	-137.0
	-138.3
	-135.3
	-126.2
	-137.0
	-122.0

	(7) Required SINR (dB)
	-5.8
	-3.5
	4.2
	4.5
	-4.55
	1.0

	(8) Receiver sensitivity
= (6) + (7) (dBm)
	-142.8
	-141.8
	-131.1
	-121.7
	-141.5
	-121

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

	Maximum coupling loss
	
	
	
	
	
	

	(10) MCL = (1) – (8) + (9) (dB)
	165.8
	164.8
	154.1
	144.7
	164.5
	144

	Data rate above SNDCP (kbps) 
	0.31
	0.35
	1.7
	13.6
	0.354
	28.3


Notes

1: The possible Tx power back-off due to uplink PAPR is not considered by the coverage evaluations of SC-FDMA based solution. See Section 2.9 for company evaluations of SC-FDMA PAPR.
2: The interference from LTE to NB-IoT is considered by Source 4.
2.3.2.2 Downlink

[Sourcing company names will not be included in the report to RAN#70.

Source 1 = Nokia

Source 2 = Huawei, HiSilicon

Source 3 = Intel

Source 4 = Samsung

Source 5 = MediaTek

]
Table 2.3-8: MCL evaluations for downlink channels

	
	Source 1
	Source 2
	Source 3
	Source 4
	Source 5

	DL Numerology
	15kHz subcarrier spacing (R1-157249)
	3.75kHz subcarrier spacing(R1-157336)
	15kHz subcarrier spacing (R1-156526)
	15kHz subcarrier spacing (R1-156801)
	15kHz subcarrier spacing (R1-156968)

	DL Channel
	M-PBCH
	M-EPDCCH
	M-PDSCH
	NB-PBCH
	NB-EPDCCH
	NB-PDSCH
	NB-PDCCH
	NB-PDSCH
	N-PBCH
	N-PBCH
	N-PDCCH
	N-PDSCH
	M-PBCH
	M-PDCCH
	M-PDSCH

	Transmitter
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	(1) Total Tx power (dBm)
	35
	35
	35
	35
	35
	35
	35
	35
	35
	35
	32
	35
	35
	35
	35

	Receiver
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

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

	(3) Receiver noise figure (dB)
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5

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

	(5) Occupied channel bandwidth (kHz)
	180
	180
	180
	180
	180
	180
	180
	180
	180
	180
	90
	180
	180
	180
	180

	(6) Effective noise power
= (2) + (3) + (4) + 10 log((5)) (dBm)
	-116.4
	-116.4
	-116.4
	-116.4
	-116.4
	-116.4
	-116.4
	-116.4
	-116.4
	-116.4
	-119.5
	-116.4
	-116.4
	-116.4
	-116.4

	(7) Required SINR (dB)
	-12.6
	-12.7
	-13.3
	-12.7
	-13.1
	-13.0
	-12.6
	-12.7
	-11.7
	-4.4
	-13.1
	-13.8
	-12.6
	-12.6
	-12.6

	(8) Receiver sensitivity
= (6) + (7) (dBm)
	-129.0
	-129.1
	-129.7
	-129.1
	-129.5
	-129.4
	-129
	-129.1
	-128.1
	-120.8
	-132.6
	-130.2
	-129.0
	-129.4
	-129.4

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

	Maximum coupling loss
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	(10) MCL = (1) – (8) + (9) (dB)
	164.0
	164.1
	164.7
	164.1
	164.5
	164.4
	164
	164.1
	163.1
	155.8
	164.6
	165.2
	164.0
	164.0
	164.0

	Data rate above SNDCP (kbps) 
	
	
	0.59
	
	
	0.71
	
	0.46
	
	
	
	0.667
	
	
	


Notes

1: Source 1 applies 27-tap FIR filter for downlink Tx.

2:The interference from LTE to NB-IoT is considered by Source 3 and Source 4. 
3: Source 4 applies LTE Tx 151-tap FIR filter.

4: The target BLERs for M-PDSCH, M-PBCH and M-PDCCH are 10%, 1% and 1% respectively by Source 5.

2.3.3 In-band
[Sourcing company names will not be included in the report to RAN#70.

Source 1 = Ericsson

Source 2 = Nokia

Source 3 = Huawei, HiSilicon

]
2.3.3.1 Random access

Source 1 (R1-157409):

Table 2.3-9: Coverage Performance of PRACH from Source 1
	PRACH format
	Resource
	No. of preambles
	SNR (dB)
	MCL (dB)
	INR (dB)
	False alarm rate
	Detection rate
	ToA estimation

	Format 0: in-band case 1-a
	4 ms x 80 kHz
	18
	0.9
	144
	0
	0/100,000
	99.65%
	within 8 us with very high probability

	
	
	
	
	
	10
	0/100,000
	99.55%
	

	
	
	
	
	
	20
	0/100,000
	97.95%
	

	Format 0: in-band case 1-b
	4 ms x 80 kHz
	18
	0.9
	144
	0
	0/100,000
	99.66%
	

	
	
	
	
	
	10
	0/100,000
	99.55%
	

	
	
	
	
	
	20
	0/100,000
	97.28%
	

	Format 1: in-band case 1-a
	12 x 4 ms x 80 kHz
	18
	-9.1
	154
	0
	2/100,000
	98.92%
	within 8 us with very high probability

	
	
	
	
	
	10
	4/100,000
	98.68%
	

	
	
	
	
	
	15
	9/50,000
	97.90%
	

	
	
	
	
	
	20
	82/100,000
	94.77%
	

	Format 1: in-band case 1-b
	12 x 4 ms x 80 kHz
	18
	-9.1
	154
	0
	1/100,000
	98.87%
	

	
	
	
	
	
	10
	1/50,000.
	98.64%
	

	
	
	
	
	
	15
	14/50,000
	97.65%
	

	
	
	
	
	
	20
	151/100,000
	92.75%
	

	Format 2: in-band case 1-a
	160 ms x 2.5 kHz x 18
	18
	-4.0
	164
	0
	25/100,000
	99.04%
	90% of timing estimations are within cyclic prefix range

	
	
	
	
	
	10
	4/50,000
	97.63%
	

	Format 2: in-band case 1-b
	160 ms x 2.5 kHz x 18
	18
	-4.0
	164
	0
	44/50,000
	98.86%
	

	Note: Different thresholds are used for different INR values to test false alarm rates. The corresponding thresholds are used to test detection rates.


Source 3 (R156466)

Table 2.3-10: False detection rate for random access request

	Case
	1
	2
	3
	4

	False detection rate
	Smaller than 0.001%
	Smaller than 0.001%
	Smaller than 0.001%
	Smaller than 0.001%


Table 2.3-11: MCL evaluations for uplink data channels

	
	Source 2 
	Source 3

	UL Numerology
	SC-FDMA (R1-157252)
	FDMA(R1-156466)

	Transmitter
	
	
	
	

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

	Receiver
	
	
	
	

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

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

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

	(5) Occupied channel bandwidth (Hz)
	2500
	1875
	3750
	30,000

	(6) Effective noise power
= (2) + (3) + (4) + 10 log((5)) (dBm)
	-137.0
	-138.3
	-135.3
	-126.2

	(7) Required SINR (dB)
	-5.8
	-3.5
	4.2
	4.5

	(8) Receiver sensitivity
= (6) + (7) (dBm)
	-142.8
	-141.8
	-131.1
	-121.7

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

	Maximum coupling loss
	
	
	
	

	(10) MCL = (1) – (8) + (9) (dB)
	165.8
	164.8
	154.1
	144.7

	Data rate above SNDCP (kbps) 
	0.31
	0.35
	1.7
	13.6


Notes

1: The possible Tx power back-off due to uplink PAPR is not considered by the coverage evaluations of SC-FDMA based solution. See Section 2.9 for company evaluations of SC-FDMA PAPR.

2.3.3.2 Downlink

[Sourcing company names will not be included in the report to RAN#70.

Source 1 = Nokia

Source 2 = Intel

Source 3 = Samsung

Source 4 = MediaTek

]
Table 2.3-12: MCL evaluations for downlink channels

	
	Source 1
	Source 2
	Source 3
	Source 4

	DL Numerology
	15kHz subcarrier spacing (R1-157252)
	15kHz subcarrier spacing (R1-156527)
	15kHz subcarrier spacing (R1-156802)
	15kHz subcarrier spacing (R1-156971)

	DL Channel
	M-PBCH
	M-EPDCCH
	M-PDSCH
	NB-PDCCH
	N-PBCH
	N-PBCH
	N-PDCCH
	N-PDSCH
	M-PBCH
	M-PDCCH
	M-PDSCH

	Transmitter
	
	
	
	
	
	
	
	
	
	
	

	(1) Total Tx power (dBm)
	35
	35
	35
	35
	35
	35
	32
	35
	35
	35
	35

	Receiver
	
	
	
	
	
	
	
	
	
	
	

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

	(3) Receiver noise figure (dB)
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5

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

	(5) Occupied channel bandwidth (kHz)
	180
	180
	180
	180
	180
	180
	90
	180
	180
	180
	180

	(6) Effective noise power
= (2) + (3) + (4) + 10 log((5)) (dBm)
	-116.4
	-116.4
	-116.4
	-116.4
	-116.4
	-116.4
	-119.5
	-116.4
	-116.4
	-116.4
	-116.4

	(7) Required SINR (dB)
	-12.6
	-13.0
	-13.7
	-12.6
	-11.7
	-4.4
	-12.8
	-12.7
	-12.6
	-12.6
	-12.6

	(8) Receiver sensitivity
= (6) + (7) (dBm)
	-129.0
	-129.4
	-130.71
	-129
	-128.1
	-120.8
	-132.3
	-129.1
	-129.0
	-129.4
	-129.4

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

	Maximum coupling loss
	
	
	
	
	
	
	
	
	
	
	

	(10) MCL = (1) – (8) + (9) (dB)
	164.0
	164.4
	165.8
	164
	163.1
	155.8
	164.3
	164.1
	164.0
	164.0
	164.0

	Data rate above SNDCP (kbps) 
	
	
	0.44
	
	
	
	
	0.667
	
	
	


Notes

1:The interference from LTE to NB-IoT is considered by Source 3. 

2: Source 3 applies LTE Tx 90-tap FIR filter.

3: The target BLERs for M-PDSCH, M-PBCH and M-PDCCH are 10%, 1% and 1% respectively by Source 4
2.3.4 Observations
Observations A: Coverage

A1. Both UL single-tone SC-FDMA and UL single sub-channel FDMA meet the extended coverage/data-rate target for UL in all deployment scenarios.

A2. Both DL 15 kHz and DL 3.75 kHz meet the extended coverage/data-rate target for DL in standalone and guard-band deployment. DL 15 kHz also meets the extended coverage/data-rate target for DL in in-band deployment.
A3. SC-FDMA and FDMA UL have comparable UL spectral efficiency when using 2.5 kHz subcarrier spacing.

A4. The impact of UL power back-off due to UL PAPR needs to be considered.

Observations B: Random access

B1. Message-based random access can achieve a false detection rate smaller than 0.001% for each operation  mode and each target MCL.
B2. PRACH-based random access can achieve a false detection rate smaller than 0.001% for each operation mode and each MCL target.
· NOTE: This applies to proposed Formats 0, 1, and 2.
B3. PRACH-based random access can achieve a timing accuracy with 8 us with very high probability for proposed Format 0 and 1; and 90% of timing estimations are within up to 28.2 us for Format 2. 
2.4 UE energy consumption
2.4.1 Standalone
[Sourcing company names will not be included in the report to RAN#70.

Source 1 = Huawei, HiSilicon

Source 2 = Ericsson
Source 3 = Nokia

Source 4 = China Unicom
]
Table 2.4-1: Comparison of battery life at 164dB coupling loss
	Coupling loss
164dB
	Battery life(years)

	
	Source 1 (R1-157465)
	Source 2 (R1-157390)
	Source 3 (R1-157247)
	Source 4 (R1-157366)

	
	2.5kHz ULFDMA+GMSK
3.75kHz DL
	2.5kHz ULFDMA+GMSK
15kHz DL
	UL(SC-FDMA)
 15kHz DL
	UL(SC-FDMA)
 15kHz DL
	3.75kHz UL(FDMA+GMSK)
3.75kHz DL

	Packet size,
reporting interval
	Integrated PA
	external PA
	Integrated PA
	external PA
	　
	　
	Integrated PA
	external PA

	50 bytes, 2hours
	3.5
	3.7
	3.3
	3.6
	3.1 
	2.6 
	3.4 
	3.6 

	200 bytes, 2 hours
	1.9
	2.0
	1.9
	2.0
	1.9 
	1.2 
	1.9 
	2.0 

	50 bytes, 1 day
	20.8
	21.4
	20.4
	21.0
	19.5 
	18.0 
	20.6 
	21.2 

	200 bytes, 1day
	14.7
	15.4
	14.5
	15.2
	14.5 
	11.0 
	14.5 
	15.2 


Note:

1: The impact of uplink PAPR is not considered by the battery life evaluations of SC-FDMA based solution. See Section 2.9 for company evaluations of SC-FDMA PAPR.
Table 2.4-2: Comparison of battery life at 154dB coupling loss
	Coupling loss
154dB
	Battery life(years)

	
	Source 1 (R1-157465)
	Source 2 (R1-157390)
	Source 4 (R1-157366)

	
	2.5kHz UL(FDMA+GMSK)
3.75kHz DL
	2.5kHz UL(FDMA+GMSK)
15kHz DL
	UL(SC-FDMA)
 15kHz DL
	3.75kHz UL(FDMA+GMSK)
3.75kHz DL

	Packet size,
reporting interval
	Integrated PA
	external PA
	Integrated PA
	external PA
	　
	Integrated PA
	external PA

	50 bytes, 2hours
	14.9
	15.5
	15.0
	15.5
	13.1
	14.3 
	14.8 

	200 bytes, 2 hours
	9.2
	9.8
	9.2
	9.8
	6
	9.2 
	9.7 

	50 bytes, 1 day
	33.7
	33.9
	33.7
	34.0
	32.8
	33.4 
	33.7 

	200 bytes, 1day
	30.2
	30.6
	30.2
	30.7
	26.4
	30.2 
	30.6 


Note:

1: The impact of uplink PAPR is not considered by the battery life evaluations of SC-FDMA based solution. See Section 2.9 for company evaluations of SC-FDMA PAPR.
Table 2.4-3: Comparison of battery life at 144dB coupling loss
	Coupling loss
144dB
	Battery life(years)

	
	Source 1 (R1-157465)
	Source 2 (R1-157390)
	Source 4 (R1-157366)

	
	2.5kHz UL(FDMA+GMSK)
3.75kHz DL
	2.5kHz UL(FDMA+GMSK)
15kHz DL
	UL(SC-FDMA)
 15kHz DL
	3.75kHz UL(FDMA+GMSK)
3.75kHz DL

	Packet size,
reporting interval
	Integrated PA
	external PA
	Integrated PA
	external PA
	　
	Integrated PA
	external PA

	50 bytes, 2hours
	28.2
	28.5
	27.6
	27.9
	26.8
	25.3 
	25.6 

	200 bytes, 2 hours
	24.0
	24.6
	23.6
	24.1
	24.1
	21.9 
	22.4 

	50 bytes, 1 day
	37.0
	37.0
	36.9
	36.9
	36.8
	36.5 
	36.6 

	200 bytes, 1day
	36.3
	36.4
	36.2
	36.3
	36.3
	35.9 
	36.0 


Note:

1: The impact of uplink PAPR is not considered by the battery life evaluations of SC-FDMA based solution. See Section 2.9 for company evaluations of SC-FDMA PAPR.
2.4.2 Guard-band
[Sourcing company names will not be included in the report to RAN#70.

Source 1 = Huawei, HiSilicon

Source 2 = Ericsson
Source 3 = Nokia

]
Table 2.4-4: Comparison of battery life at 164dB coupling loss
	Coupling loss
164dB
	Battery life(years)

	
	Source 1 (R1-157467)
	Source 2 (R1-157402)
	Source 3 (R1-157251)

	
	2.5kHz UL(FDMA+GMSK)
3.75kHz DL
	UL(SC-FDMA)
 15kHz DL
	UL(SC-FDMA)
 15kHz DL

	Packet size,
reporting interval
	Integrated PA
	external PA
	　
	　

	50 bytes, 2hours
	3.5
	3.7
	2.9 
	2.4 

	200 bytes, 2 hours
	1.9
	2.0
	1.8 
	1.2 

	50 bytes, 1 day
	20.8
	21.4
	18.8 
	17.0 

	200 bytes, 1day
	14.7
	15.4
	14.1 
	10.6 


Note:

1: The impact of uplink PAPR is not considered by the battery life evaluations of SC-FDMA based solution. See Section 2.9 for company evaluations of SC-FDMA PAPR.
Table 2.4-5: Comparison of battery life at 154dB coupling loss
	Coupling loss
154dB
	Battery life(years)

	
	Source 1 (R1-157467)
	Source 2 (R1-157402)

	
	2.5kHz UL(FDMA+GMSK)
3.75kHz DL
	UL(SC-FDMA)
 15kHz DL

	Packet size,
reporting interval
	Integrated PA
	external PA
	　

	50 bytes, 2hours
	14.9
	15.5
	12.3

	200 bytes, 2 hours
	9.2
	9.8
	5.9

	50 bytes, 1 day
	33.7
	33.9
	32.4

	200 bytes, 1day
	30.2
	30.6
	26.1


Note:

1: The impact of uplink PAPR is not considered by the battery life evaluations of SC-FDMA based solution. See Section 2.9 for company evaluations of SC-FDMA PAPR.
Table 2.4-6: Comparison of battery life at 144dB coupling loss
	Coupling loss
144dB
	Battery life(years)

	
	Source 1 (R1-157467)
	Source 2 (R1-157402)

	
	2.5kHz UL(FDMA+GMSK)
3.75kHz DL
	UL(SC-FDMA)
 15kHz DL

	Packet size,
reporting interval
	Integrated PA
	external PA
	　

	50 bytes, 2hours
	28.2
	28.5
	27.0 

	200 bytes, 2 hours
	24.0
	24.6
	24.3 

	50 bytes, 1 day
	37.0
	37
	36.8 

	200 bytes, 1day
	36.3
	36.4
	36.3 


Note:

1: The impact of uplink PAPR is not considered by the battery life evaluations of SC-FDMA based solution. See Section 2.9 for company evaluations of SC-FDMA PAPR.
2.4.3 In-band
[Sourcing company names will not be included in the report to RAN#70.

Source 1 = Huawei, HiSilicon

Source 2 = Ericsson
Source 3 = Nokia

]
Table 2.4-7: Comparison of battery life at 164dB coupling loss
	Coupling loss
164dB
	Battery life(years)

	
	Source 1 (R1-157468)
	Source 2 (R1-157411)
	Source 3 (R1-157251)

	
	2.5kHz UL(FDMA+GMSK)
3.75kHz DL
	UL(SC-FDMA)
 15kHz DL
	UL(SC-FDMA)
 15kHz DL

	Packet size,
reporting interval
	Integrated PA
	external PA
	　
	　

	50 bytes, 2hours
	3.1
	3.3
	2.8 
	2.4 

	200 bytes, 2 hours
	1.8
	1.9
	1.7 
	1.2 

	50 bytes, 1 day
	19.8
	20.3
	18.5 
	16.8 

	200 bytes, 1day
	14.2
	14.8
	13.9 
	10.5 


Note:

1: The impact of uplink PAPR is not considered by the battery life evaluations of SC-FDMA based solution. See Section 2.9 for company evaluations of SC-FDMA PAPR.
Table 2.4-8: Comparison of battery life at 154dB coupling loss
	Coupling loss
154dB
	Battery life(years)

	
	Source 1 (R1-157468)
	Source 2 (R1-157411)

	
	2.5kHz UL(FDMA+GMSK)
3.75kHz DL
	UL(SC-FDMA)
 15kHz DL

	Packet size,
reporting interval
	Integrated PA
	external PA
	　

	50 bytes, 2hours
	13.8
	14.3
	12.2

	200 bytes, 2 hours
	8.8
	9.3
	5.8

	50 bytes, 1 day
	33.2
	33.4
	32.3

	200 bytes, 1day
	29.8
	30.2
	26.1


Note:

1: The impact of uplink PAPR is not considered by the battery life evaluations of SC-FDMA based solution. See Section 2.9 for company evaluations of SC-FDMA PAPR.
Table 2.4-9: Comparison of battery life at 144dB coupling loss
	Coupling loss
144dB
	Battery life(years)

	
	Source 1 (R1-157468)
	Source 2 (R1-157411)

	
	2.5kHz UL(FDMA+GMSK)
3.75kHz DL
	UL(SC-FDMA)
 15kHz DL

	Packet size,
reporting interval
	Integrated PA
	external PA
	　

	50 bytes, 2hours
	26.3
	26.6
	27.0 

	200 bytes, 2 hours
	22.7
	23.1
	24.2 

	50 bytes, 1 day
	36.7
	36.7
	36.8 

	200 bytes, 1day
	36.0
	36.1
	36.3 


Note:

1: The impact of uplink PAPR is not considered by the battery life evaluations of SC-FDMA based solution. See Section 2.9 for company evaluations of SC-FDMA PAPR.
2.4.4 Observations
Four {packet size, reporting interval} traffic models were considered. (a) 50 bytes per 2 hours; (b) 200 bytes per 2 hours; (c) 50 bytes per 1 day; and (d) 200 bytes per 1 day.

1. UL 2.5 kHz FDMA and UL 2.5 kHz SC-FDMA both meet the 10-year battery life target for all the traffic models at MCL 144 dB. At 154 dB MCL, both UL modulations meet the target except for 200 bytes per 2 hours traffic. At 164 dB MCL, both UL modulations meet the target only for 50 bytes or 200 bytes per day.

2. For standalone deployment, UL FDMA has longer battery life than UL 2.5 kHz SC-FDMA for 144 dB, 154 dB and 164 dB MCL. 

3. For in-band deployment, UL FDMA has longer battery life than UL 2.5 kHz SC-FDMA for 154 dB and 164 dB MCL

4. For in-band deployment, UL 2.5 kHz SC-FDMA has longer battery life (up to 4.5%) than UL FDMA for 144 dB MCL.
5. For FDMA+GMSK UL, using an external PA typically extends the battery life by 0.1 -  0.5 years, for all the deployment scenarios, target MCLs and traffic models.
6. For FDMA 2.5 kHz in standalone deployment, the 3.75 kHz DL has similar battery life as 15 kHz DL, for all target MCLs. 

2.5 BS complexity

[Sourcing company names will not be included in the report to RAN#70.

Source 1 = Ericsson

Source 2 = Samsung
Source 3 = Huawei, HiSilicon]
2.5.1 Standalone

Table 11 : Base station complexity.

DL 15 kHz, UL 2.5 kHz SC-FDMA based.
	
	
	Source 1

(R1-157395)
	Source 2

(R1-156810)
	Source 3

(R1-157463)

	LTE
(R1-157463)

	Transmitter side
	Transmit filter (Mop/s)
	-
	-
	88.3
	706.6

	
	IFFT processing (Mop/s)
	-
	-
	62.7
	716.8

	
	Sum(Mop/s)
	-
	-
	151.0
	1423.4

	Receiver side
	Matched filter (Mop/s)
	28.7
	31.9
	28.7
Notes: 4
	31.9
Notes: 5
	61.2
	985.6

	
	PRACH sequence detection (Mop/s)
	0

Notes: 2
	0

Notes: 2
	0 
Notes: 4
	0
Notes: 5
	73.7
	4005.0

	
	ToA estimation (Mop/s)
	12.5
	24.98
	12.5
Notes: 4
	24.98
Notes: 5
	164.2
	830.0

	
	Frequency offset tracking and compensation (Mop/s)
	3.2

Notes: 3
	3.2

Notes: 3
	3.2
	3.2
	3.2
	143.1

	
	Channel estimation and equalization (Mop/s)
	1.8

Notes: 3
	1.8

Notes: 3
	1.8
	1.8
	1.8
	93.6

	
	Turbo decoding
	
	
	513.0
	513.0
	513.0
	84841.3

	
	Sum(Mop/s)

Notes: 1
	92.4

Notes: 6
	123.8

Notes: 6
	605.4
	636.76
	1121.2
	96955.9

	
	Percentage to LTE Receiver
	
	
	0.62%
	0.66%
	1.16%
	-


NOTES:

1.
Two receiving antennas assumed.
2.
The number of operation is included in ToA estimation.
3.
Re-use numbers of R1-155965.

4.
Re-use numbers of source 1 (R1-157395).

5.
Re-use numbers of source 2 (R1-156810).

6.
Turbo decoding is not taken into account.
Table 12 : Base station complexity.

DL 3.75 kHz, UL FDMA based.
	
	
	Source 3

(R1-157463)


	LTE
(R1-157463)

	Transmitter side
	Transmit filter (Mop/s)
	11.0
	706.6

	
	IFFT processing (Mop/s)
	3.9
	716.8

	
	Sum(Mop/s)
	14.9
	1423.4

	Receiver side
	Matched filter (Mop/s)
	53.6
	985.6

	
	PRACH sequence detection (Mop/s)
	0
	4005.0

	
	ToA estimation (Mop/s)
	9.4
	830.0

	
	Frequency offset tracking and compensation (Mop/s)
	3.3
	143.1

	
	Channel estimation and equalization (Mop/s)
	4.8
	93.6

	
	Turbo decoding
	481.0
	84841.3

	
	Sum(Mop/s)

Notes: 1
	623.2
	96955.9

	
	Percentage to LTE Receiver
	0.6%
	-


NOTES:

1.
Two receiving antennas assumed.
2.5.2 Guard-band and in-band
Table 13 : Base station complexity.

DL 15 kHz, UL 2.5 kHz SC-FDMA based.
	
	
	Source 1

(R1-157395)
	Source 2

(R1-156810)
	Source 3

(R1-157463)
	LTE

(R1-157463)

	Transmitter side
	Transmit filter (Mop/s)
	0
	-
	0
	706.6

	
	IFFT processing (Mop/s)
	0
	-
	0
	716.8

	
	Sum(Mop/s)
	0
	-
	0
	1423.4

	
	
	SC-FDMA
	SC-FDMA
	FDMA
	

	Receiver side
	Narrow band filter (Mop/s)
	
	
	310.6
	310.6
	310.6
	

	
	Matched filter (Mop/s)
	28.7
	31.9
	28.7
Notes: 4
	31.9
Notes: 5
	61.2
	985.6

	
	PRACH sequence detection (Mop/s)
	0

Notes: 2
	0

Notes: 2
	0 
Notes: 4
	0
Notes: 5
	73.7
	4005.0

	
	ToA estimation (Mop/s)
	12.5
	24.98
	12.5
Notes: 4
	24.98
Notes: 5
	164.2
	830.0

	
	Frequency offset tracking and compensation (Mop/s)
	3.2

Notes: 3
	3.2
	3.2
	3.2
	3.2
	143.1

	
	Channel estimation and equalization (Mop/s)
	1.8

Notes: 3
	1.8
	1.8
	1.8
	1.8
	93.6

	
	Turbo decoding
	
	
	513.0
	513.0
	513.0
	84841.3

	
	Sum(Mop/s)

Notes: 1
	92.4

Notes: 6
	123.8

Notes: 6
	1226.6
	1257.96
	1742.4
	96955.9

	
	Percentage to LTE Receiver
	
	
	1.27%
	1.30%
	1.80%
	


NOTES:

1.
Two receiving antennas assumed.
2.
The number of operation is included in ToA estimation.
3.
Re-use numbers of source 3.

4.
Re-use numbers of source 1 (R1-157395).

5.
Re-use numbers of source 2(R1-156810).

6.
Narrow band filter and turbo decoding are not accounted for.
Table 14 : Base station complexity.

DL 3.75 kHz, UL FDMA based.

(Note: Identical to standalone)
	
	
	Source 3

(R1-155965)
	LTE

(R1-157463)

	Transmitter side
	Transmit filter (Mop/s)
	11.0
	706.6

	
	IFFT processing (Mop/s)
	3.9
	716.8

	
	Sum(Mop/s)
	14.9
	1423.4

	Receiver side
	Narrow band filter (Mop/s)
	310.6
	985.6

	
	Matched filter (Mop/s)
	53.6
	4005.0

	
	PRACH sequence detection (Mop/s)
	0
	830.0

	
	ToA estimation (Mop/s)
	9.4
	143.1

	
	Frequency offset tracking and compensation (Mop/s)
	3.3
	93.6

	
	Channel estimation and equalization (Mop/s)
	4.8
	84841.3

	
	Turbo decoding
	481.0
	985.6

	
	Sum(Mop/s)

Notes: 1
	1244.4
	182782.8

	
	Percentage to LTE Receiver
	0.68%
	


NOTES:

1.
Two receiving antennas assumed.
2.5.3 Observations
1. The computational complexity of both UL FDMA and UL SC-FDMA is trivial compared with LTE.
2.6 Device complexity

[Sourcing company names will not be included in the report to RAN#70.

Source 1 = Intel
Source 2 = Neul, Huawei, HiSilicon]
Source 1(R1-156524): OFDMA DL and SC-FDMA uplink
· Baseband complexity

· Cell search

Table 1. Memory requirements for cell search 
	Operation
	Memory

	Total memory for NB-PSS detection 
	17.4 kB

	Memory for NB-SSS 
	7.2 kB

	Estimated Sum
	24.6 kB


Table 2. Computational complexity of cell search 
	Operation
	Complexity 

	NB-PSS effort
	26.04 Mops

	NB-SSS effort
	0.84 Mops

	Estimated Max
	26.04 Mops


· Demodulation

Table 3. Computational complexity demands for NB-PDSCH decoding 
	Operation
	Complexity 

	
	TM1 (Single AP Tx)
	TM2 (2 Tx @ eNodeB)

	FFT (# of operations)
	2352
	2352

	Channel estimation (total # of operations)
	1968
	3936

	Equalization (total # of operations)
	2040
	3100

	Channel decoding (total # of operations)
	36960
	36960

	Complexity demands (assuming a total of 1ms time-budget for all post-buffering reception steps and a DL data rate of 128 kbps)
	43.3 Mops
	46.3 Mops


Table 4. Complexity of most demanding baseband operations – A summary
	Operation
	Max load
(Mops)
	Memory

(kB)

	Cell Search
	26.04
	24.6

	Decode NB-PDSCH (assuming TM2)
	46.3 
	19.6

	Limiting computational complexity and memory requirements
	46.3 
	24.6


Table 6. Complexity of baseband operations for GPRS Reference
	Operation
	Max load
(Mops)
	Memory RAM

(kB)

	FCCH detection
	10.7
	5.7

	Decode SCH
	11.1
	9.2

	Decode PDTCH 
	56.3
	12.2

	Limiting computational complexity and memory requirements
	56.3
	12.2


Source 2 (R1-157340): OFDMA downlink and FDMA uplink
· SoC hardware complexity estimate
Table 1: SoC hardware complexity estimate assuming 65nm process node

	Function
	Gates

(kgates)
	Area

(mm2)
	Comment

	Receiver

	LNA
	-
	0.15
	Including RX pads

	Quadrature mixer and amplifier
	-
	0.05
	

	Analogue baseband  filters
	-
	0.35
	Including both I and Q channels

	ADC
	-
	0.15
	Sigma-delta, including both I and Q channels

	Hardware digital processing
	50
	0.10
	Digital filtering, decimation, resampling, AGC, etc.

	Transmitter

	Transmit pre-PA and balun
	-
	0.65
	Including TX pads, dominated by balun area

	Additional circuity for 23 dBm PA
	-
	0.80
	Due to larger devices and support for much higher currents

	Envelope DAC and filter
	-
	0.10
	

	Hardware digital processing
	40
	0.08
	Digital filtering, up-sampling, cordic, resampling, etc.

	Local oscillator

	Fractional-N synthesiser
	-
	0.85
	Including VCO and sigma-delta phase modulation injection

	Processor platform

	32-bit MCU core 
	30
	0.06
	Including glue-logic such as memory arbitration

	32-bit DSP core (dual MAC)
	140
	0.27
	Including glue-logic such as memory arbitration

	System overhead
	20
	0.04
	For example, FLASH controller

	512 kB embedded FLASH
	-
	0.75
	Code memory for MCU and DSP

	192 kB embedded SRAM
	-
	1.00
	Data memory plus copy of code memory for DSP

	Complete SoC

	TOTAL (external PA)
	-
	4.60
	

	TOTAL (integrated PA)
	-
	5.40
	


· Software complexity estimate
Table 3: Software complexity estimate

	Function
	Legacy GPRS reference
	NB-IoT estimate

	
	Code
(kB)
	Data
(kB)
	Code
(kB)
	Data
(kB)

	Layer 1 (DSP)
	128
	64
	32
	32

	Layer 1 (MCU)
	800
	180
	8
	2

	Layer 2 (MCU)
	
	
	24
	16

	Layer 3 (MCU)
	
	
	360
	96

	System overhead
	40
	16
	40
	16

	TOTAL
	968
	260
	464
	162


2.6.1 Observations
A1. SC-FDMA based UL reduces the maximum processing load (Mop/s) by approximately 12% compared to the legacy GPRS reference. It approximately doubles the memory (kBytes) required.

· This observation is based on the most demanding baseband operations.

A2. FDMA based UL reduces code software complexity (kBytes) by approximately 60% and data software complexity by approximately 50% compared to the legacy GPRS reference case.
A3. Using an integrated PA for FDMA based UL could reduce SoC area by approximately 15%, assuming a 65 nm process node.
2.7 Link level co-existence

[Sourcing company names will not be included in the report to RAN#70.

Source 1 = Ericsson

Source 2 = Huawei, HiSilicon
Source 3 = ZTE

Source 4 = MediaTek]
2.7.1 Guard-band

Table 15 Interference between LTE downlink and NB-IoT

	　

　

　

　

　

　
	LTE degradation 
	NB-IoT 3.75 kHz subcarrier spacing degradation

	
	0 kHz separation
	40 kHz separation
	100 kHz separation
	200 kHz separation
	0 kHz separation
	100 kHz separation
	180 kHz separation
	200 kHz separation

	Source 1

(R1-157453, R1-157407)
Notes: 1
　
	QPSK
	0dB power boosting
	
	
	　

　

　

-　

　

　
	
	negligible
	
	negligible
	

	
	
	3dB power boosting
	
	
	
	
	negligible
	
	negligible
	

	
	
	6dB power boosting
	<0.5
	negligible
	
	negligible
	negligible
	
	negligible
	

	
	
	35dBm power (i.e. 10.77 dB PSD boosting)
	2
	negligible
	
	negligible
	
	
	
	

	
	
	38dBm power (i.e. 13.77 dB PSD boosting)
	5
	negligible
	
	negligible
	
	
	
	

	
	16QAM
	6dB power boosting
	>6dB
	0.2
	
	<0.5
	
	
	
	

	
	
	35dBm power (i.e. 10.77 dB PSD boosting)
	Cannot receive
	0.9
	
	<0.5
	
	
	
	

	
	
	38dBm power (i.e. 13.77 dB PSD boosting)
	Cannot receive
	2
	
	<0.5
	
	
	
	

	Source 2

(R1-157335)

Notes: 2, 3
　
	PDSCH

Notes: 4
	Case 1
	0.9%
	
	0.1%
	-
	1% @ 144dB

0.8%@154dB
0.7% @164dB
	0.1%@ 144dB

0.1%@154dB
0% @164dB
	
	　-
　

	
	
	Case 2
	0.5%
	
	0%
	
	1.4%@ 144dB

1.1%@154dB
1.2% @164dB
	0.3%@ 144dB

0.1%@154dB
0% @164dB
	
	

	
	PDCCH
	
	0.03%
	
	0.01%
	
	
	
	
	


Notes:

1.
SINR degradation at 10% BLER.

2.
BLER increment at SINR for 10% BLER without interference

3.
6 dB PSD boosting is assumed.

4.
LTE PDSCH, case 1: 1PRB/16QAM/176TBS; case 2: 10PRB/QPSK/1384

	Table 16 Interference between LTE uplink and NB-IoT

　

　

　
	LTE degradation 
	NB-IoT degradation

	
	0 kHz separation
	100 kHz separation
	200 kHz separation
	0 kHz separation
	100 kHz separation
	200 kHz separation

	Source 1
(R1-157452)
Notes: 1
　
	SC-FDMA
	negligible
	
	

	
	FDMA
	negligible
	
	

	Source 2
(R1-156473)
Notes: 2
	FDMA
	LTE PUCCH 1b
	0.01%@-10dB

0.01%@-5dB

0.02%@0dB

0.07%@5dB

0.1%@10dB

Notes: 3
	0%@-10dB

0%@-5dB

0.01%@0dB

0.02%@5dB

0.04%@10dB

Notes: 3
	0%@-10dB

0%@-5dB

0%@0dB

0%@5dB

0%@10dB

Notes: 3
	0%@144dB

0%@154dB

0.5%@164dB
	0%@144dB

0%@154dB

0%@164dB
	0%@144dB

0%@154dB

0%@164dB

	
	
	LTE PUCCH 2b
	0.01%@-10dB

0.03%@-5dB

0.05%@0dB

0.09%@5dB

0.16%@10dB

Notes: 3
	0%@-10dB

0.01%@-5dB

0.03%@0dB

0.06%@5dB

0.1%@10dB

Notes: 3
	0%@-10dB

0%@-5dB

0%@0dB

0.01%@5dB

0.04%@10dB

Notes: 3
	


Notes:

1.
Impacts on PUCCH 1b, SINR degradation at 10% BLER, assuming received NB-IoT SNR as 5dB.

2.
BLER increment at SINR for 10% BLER without interference

3.
BLER increment at SINR for 10% BLER without interference, at NB-IoT UE received SNR

2.7.2 In-band

	Table 17 Interference between LTE downlink and NB-IoT

　

　

　

　

　

　
	LTE degradation 
	NB-IoT degradation

	
	3.75 kHz subcarrier spacing
	15 kHz subcarrier spacing
	3.75 kHz subcarrier spacing

	Source 1

(R1-157415, R1-157416)
Notes: 1
　
	LTE PDSCH:

QPSK
10PRB

1384bitsTB
	0dB power boosting
	
	
	negligible

	
	
	3dB power boosting
	
	
	negligible

	
	
	6dB power boosting
	<0.5dB
	
	negligible

	
	
	35dBm power (i.e. 10.77 dB PSD boosting)
	<0.5dB
	
	

	
	
	38dBm power (i.e. 13.77 dB PSD boosting)
	<0.5dB
	
	

	
	LTE PDSCH:

16QAM

1PRB

176bitsTB
	6dB power boosting
	3dB
	
	

	
	
	35dBm power (i.e. 10.77 dB PSD boosting)
	>8dB
	
	

	
	
	38dBm power (i.e. 13.77 dB PSD boosting)
	>8dB
	
	

	Source 3
(R1-157138)

Notes: 1, 2
	LTE PDSCH
	LTE 1PRB
	2.5dB
	0dB
	

	
	
	LTE 10PRB
	0dB
	0dB
	

	
	LTE PDCCH
	
	0.8dB
	0dB
	


Notes:

1.
SINR degradation at 10% BLER.

2.
Same power is assumed for LTE sub-carriers and NB-IOT sub-carriers.

Table 18 Interference between LTE uplink and NB-IoT

	　

　

　
	LTE degradation 
	NB-IoT degradation

	
	SC-FDMA 2.5kHz subcarrier spacing
	SC-FDMA 15kHz subcarrier spacing
	FDMA
	SC-FDMA 2.5kHz subcarrier spacing
	SC-FDMA 15kHz subcarrier spacing
	FDMA

	Source 1
(R1-157413)
Notes: 1
　
	LTE PUSCH:

1PRB/16QAM
	NB-IoT 5dB received SNR
	Quite small
	negligible
	Quite small
	

	
	
	NB-IoT 15dB received SNR
	1dB
	negligible
	1dB
	

	
	
	NB-IoT 15dB received SNR, with transmit filter
	1dB
	
	

	
	LTE PUSCH:

10PRB/QPSK
	NB-IoT 5dB received SNR
	negligible
	
	negligible
	

	
	
	NB-IoT 15dB received SNR
	
	
	
	

	
	PUCCH 1b
	NB-IoT 5dB received SNR
	Quite small
	
	Quite small
	

	Source 2
(R1-156477)
Notes: 2
	LTE PUSCH:

1PRB

16QAM

176TBS

6dB SNR
	Scenario 1

Notes: 3
	
	
	0%@-4dB

0.3%@-2dB
0.5%@0dB

0.7%@2dB

0.9%@4dB

1.1%@6dB

1.3%@8dB

1.5%@10dB
Notes: 4
	
	
	1%@144dB

1%@154dB

1%@164dB

	
	
	Scenario 2

Notes: 3
	
	
	
	
	
	0%@144dB

0%@154dB

0%@164dB

	
	
	Scenario 3

Notes: 3
	
	
	
	
	
	1%@144dB

1%@154dB

1%@164dB

	
	LTE PUSCH:

10PRB

QPSK

1384TBS

1.7dB SNR
	Scenario 1

Notes: 3
	
	
	0%@-4dB

0%@-2dB
0.2%@0dB

0.3%@2dB

0.5%@4dB

0.7%@6dB

1.1%@8dB

1.4%@10dB
Notes: 4
	
	
	1%@144dB

0.5%@154dB

1%@164dB

	
	
	Scenario 2

Notes: 3
	
	
	
	
	
	0%@144dB

0%@154dB

0%@164dB

	
	
	Scenario 3

Notes: 3
	
	
	
	
	
	1%@144dB

0.5%@154dB

1%@164dB

	
	PUCCH 1b

-4.7dB sNR
	Scenario 1

Notes: 3
	
	
	0.01%@-10dB

0.02%@-5dB
0.06%@0dB

0.12%@5dB

0.19%@10dB

Notes: 4
	
	
	0%@144dB

0%@154dB

0.5%@164dB

	Source 4

(R1-156970)

Notes: 6
	Normal coverage
	0dB IF

Notes: 5
	0.5dB
	
	
	0.2dB
	
	

	
	
	3dB IF

Notes: 5
	1dB
	
	
	0.5dB
	
	

	
	
	6dB IF

Notes: 5
	2.6dB
	
	
	1.4dB
	
	

	
	Extreme coverage
	10dB IF

Notes: 5
	
	
	
	2.5dB
	
	

	
	
	20dB IF

Notes: 5
	
	
	
	Not received
	
	


Notes:

1.
Impacts on PUCCH 1b, SINR degradation at 10% BLER, assuming received NB-IoT SNR as 5dB.

2.
BLER increment at SINR for 10% BLER without interference

3.
For simulation of NB-IoT degradation, in scenario 1 and 3, the desired sub-channel of NB-IoT is placed closest to the LTE interferer, giving the worst-case performance, and in scenario 2, the desired sub-channel of NB-IoT is placed furthest away from LTE. For simulation of LTE degradation, in scenario 1, the NB-IoT is assumed to be placed closest to LTE PUSCH/PUCCH.

4.
BLER increment at SINR for 10% BLER without interference, at NB-IoT UE received SNR.

5.
IF means in-band interference, wherein ‘no IF’ means without in-band interference, and ‘~dB IF’ means with ~dB in-band interference.

6.
SINR degradation at 10% BLER

2.8 Observations
2.8.1 Guard band operation
Uplink

B1. When the received SNR of the adjacent LTE UE is low (e.g. below 5dB), the LTE interference to the NB-IoT uplink is negligible for both the proposed SC-FDMA and FDMA+GMSK design options.

B2. When the received SNR of the adjacent LTE UE is high, the LTE interference to the NB-IoT uplink can be mitigated by scheduling restrictions for SC-FDMA based design option. 
B3. There is a negligible impact of guard band NB-IoT transmission on LTE PUCCH for both the proposed SC-FDMA and FDMA+GMSK design options.

Downlink
B4. The impact of LTE interference to the NB-IoT downlink with 3.75 kHz subcarrier spacing in guard-band operation mode is negligible when NB-IoT DL and LTE DL are separated by 100 kHz from edge to edge.
B5. The impact of NB-IoT downlink with 3.75 kHz subcarrier spacing to LTE downlink in guard-band operation mode is negligible when NB-IoT DL and LTE DL are separated by 100 kHz from edge to edge.
2.8.2 In-band operation

Uplink
1. When the received SNR of the adjacent LTE UE is low (e.g. below 5dB) , the LTE interference to the NB-IoT uplink is negligible for both the proposed SC-FDMA and FDMA+GMSK design options.

2. When the received SNR of the adjacent LTE UE is high, the LTE interference to the NB-IoT uplink can be mitigated by scheduling restriction for SC-FDMA based design option. 
3. There is a negligible impact of guard band NB-IoT transmission on LTE PUCCH and PUSCH for both the proposed SC-FDMA and FDMA+GMSK design options.
Downlink
4. If 15 kHz DL subcarrier spacing is used for NB-IoT system, it does not introduce any interference to LTE system. 

5.  If 3.75 kHz DL subcarrier spacing is used for NB-IoT system, NB-IoT interference to the LTE downlink can be mitigated by scheduling restriction for LTE downlink..
6. The impact of LTE interference to the NB-IoT downlink with 3.75 kHz subcarrier spacing in in-band operation mode is negligible.
2.9 SC-FDMA UL PAPR

[Sourcing company names will not be included in the report to RAN#70.

Source 1 = Ericsson
Source 2 = Nokia
Source 3 = Huawei, HiSilicon
Source 4 = MediaTek

Source 5 = ZTE]
Table 2.8-1:  SC-FDMA UL PAPR (dB)

	Number of subcarriers
	pi/2 BPSK
	pi/4 QPSK
	

	
	Source 1 (R1-157397)
	Source 2 (R1-157276)
	Source 3 (R1-156931)
	Source 4(R1-156975)
	Source 1(R1-157397)
	Source 2(R1-157276)
	Source 3(R1-156931)
	Source 5 (R1-156627)

	1
	0.09 - 1.0
	0.47
	0.1
	0.09-0.42
	0.1 - 1.1
	2.5
	0.1
	

	2
	
	3.28
	0.1
	0.09-0.42
	2.4
	
	3.1
	

	4
	
	2.96
	3.1
	
	5.4
	
	4.7
	

	8-72
	
	2.87
	5.4
	
	6.0-6.6
	
	6.3
	7.5


NOTES: 
1. 99.99% percentile of the PAPR ratio is measured by Source 1 and Source 5.

2. Filters are applied by Source 1, Source 2 and Source 3.

3. 99.9% percentile of the PAPR ratio is measured by Source 2 and Source 3.

4. No phase rotation is applied by Source 4 and Source 5.

5. Windowing is applied by Source 1, Source 2, Source 3 and Source 4.

6. 16 subcarriers are assumed by Source 5
2.9.1 Observations
1. 1: UL PAPR for SC-FDMA can still be up to 0.47dB for single tone BPSK transmission even Tx windowing and filtering are applied.

2. A2: UL PAPR for SC-FDMA can still be up to 2.5dB for single tone QPSK transmission even Tx windowing and filtering are applied.
3. A3: There is larger than 6 dB UL PAPR for SC-FDMA when 8 or more subcarriers are simultaneously transmitted even Tx windowing and filtering are applied.
3 Conclusions
In this paper we have collected together the evaluation results for NB-IoT, and proposed observations that can be made regarding latency, capacity, coverage, BS complexity, device complexity, and link-level performance. Observations to summarize the results are captured in each section respectively.
According to the observations, the two DL numerologies (i.e. 3.75kHz DL subcarrier spacing and 15kHz DL subcarrier spacing) and the two UL numerologies (i.e. FDMA+GMSK UL and SC-FDMA UL) can meet the targets set by TR45.820 and RAN1#82bis in all three operation modes (i.e. standalone, guard-band and in-band) except:

· In guard-band operation, 

· Results from one sourcing company [6] show SC-FDMA UL may not meet the 10s UL exception report latency target.

· In in-band operation, 

· Results from two sourcing companies [9], [10] show SC-FDMA UL may not meet the 10s UL exception report latency target.

· There are cases (e.g. when MBSFN subframes are configured or 3dB DL PSD boosting is used), in which none of the investigated UL numerologies can meet the 10s UL exception report latency target.
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