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Introduction
[bookmark: _Ref178064866]3GPP are as part of the New Study Item on Self Evaluation towards IMT-2020 Submission [1] preparing a link budget calculation for the use cases eMBB, mMTC and URLLC. In this contribution we present preliminary input to the mMTC use case based on link level simulations performed for NB-IoT and for LTE Bandwidth reduced Low complexity (BL) UEs operating in Coverage Enhanced (CE) modes A and B, hereafter referred to as LTE-M. 
Simulated Performance
The IMT-2020 link budget template requires the proponents of a technology to present transmission bit rates and packet error ratios for the data and control channels of the presented technology. In this contribution, we present NB-IoT and LTE-M (N)/(M)PDCCH, (N)PDSCH, (N)PUSCH (F1/2) and PUCCH performance based on the assumptions summarized in Table 1. These assumptions are aligned with the IMT-2020 evaluation methodology [2].
[bookmark: _Ref522481044]Table 1: Urban Macro-mMTC test environment definition.
	Parameters
	Config. A

	Technologies
	NB-IoT FDD

	Physical channels
	NB-IoT: NPDCCH, NPDSCH, NPUSCH F1, NPUSCH F2
LTE-M: MPDCCH, PDSCH, PUSCH, PUCCH

	Carrier frequency for evaluation
	700 MHz

	Device mobility
	3 km/h

	Channel models
	TDL-iii (NLOS), TDL-v (LOS)

	eNB RX/TX
	4/2

	Device RX/TX 
	1/1

	Transmission mode
	TM2 at eNB; TM1 at UE



The simulator was configured to study the maximum coverage achievable at 10% BLER and a physical layer data rate of at least 160 bps on the UL and DL data channels. The control channels were evaluated at a similar coverage as the data channels, but with a 1% BLER target. Table 2 and Table 3 presents the simulated results for NB-IoT and calculates the thereto associated coupling losses when assuming eNB power of 35 dBm/PRB and a device power class of 23 dBm.
[bookmark: _Ref522551864]Table 2: NB-IoT link level results for TDL-v, 2 Hz.
	Physical channel
	NPDSCH
	NPDCCH
	NPUSCH F1
	NPUSCH F2

	Power
	35
	35
	23
	23

	Bandwidth [Hz]
	180000
	180000
	15000
	15000

	TBS [Bits]
	256
	23
	256
	1

	#RU/#SF/Aggregation level
	10
	2
	10
	1

	#Rep
	64
	256
	16
	32

	#TX/#RX
	2TX/1RX
	2TX/1RX
	1TX/4RX
	1TX/4RX

	BLER
	10%
	1%
	10%
	1%

	Phy. data rate [bps]
	360
	89
	180
	15

	SNR [dB]
	-17
	-16.8
	-18.1
	-17.8

	NF
	7
	7
	5
	5

	Resulting coupling loss
	166.4
	166.2
	168.3
	168.0



[bookmark: _Ref522551866]Table 3: NB-IoT link level results for TDL-iii, 2 Hz.
	Physical channel
	NPDSCH
	NPDCCH
	NPUSCH F1
	NPUSCH F2

	Power
	35
	35
	23
	23

	Bandwidth [Hz]
	180000
	180000
	15000
	15000

	TBS [Bits]
	256
	23
	256
	1

	#RU/#SF/Aggregation level
	10
	2
	10
	1

	#Rep
	128
	512
	16
	32

	#TX/#RX
	2TX/1RX
	2TX/1RX
	1TX/4RX
	1TX/4RX

	BLER
	10%
	1%
	10%
	1%

	Phy data rate [bps]
	180
	44
	180
	15

	SNR [dB]
	-17.7
	-16.7
	-16.7
	-15.8

	NF
	7
	7
	5
	5

	Resulting coupling loss
	167.1
	166.1
	166.9
	166.0



Table 4 presents preliminary LTE-M results for TDL-iii. It can be noted that the PUSCH results are based on a conservative channel estimation approach and are re-evaluated using optimized settings. 
TDL-v evaluations are TBD.
[bookmark: _Ref522599730]Table 4: LTE-M link level results for TDL-iii, 2 Hz.
	Physical channel
	PDSCH
	MPDCCH
	PUSCH
	PUCCH

	Power
	36.8
	36.8
	23
	23

	Bandwidth [Hz]
	1080000
	1080000
	180000
	180000

	TBS [Bits]
	208
	23
	256
	1

	#RU/#SF/Aggregation level
	1
	24
	1
	1

	#Rep
	1024
	256
	1024
	64

	#TX/#RX
	2TX/1RX
	2TX/1RX
	1TX/4RX
	1TX/4RX

	BLER
	10%
	1%
	10%
	1%

	Phy data rate [bps]
	182
	70
	250
	15

	SNR [dB]
	-21.9
	-20.8
	-20
	-26.9

	NF
	7
	7
	5
	5

	Resulting coupling loss
	165.3
	164.2
	159.4
	166.3



Link budget template
Table 5 and Table 6 presents the link budget template for NB-IoT and LTE-M. Many of the parameter values are taken from the ITU-R report M.2411-0 [2]. The tables are also complemented with a set of notes explaining parts of the data. Worth to mention is that item “11a Receiver array gain” is not part of the IMT-2020 template but has been added here since its appears to be missing.
Since the Connection Density evaluations have been performed for a 99% Grade of service requirement it is here motivated to assume a cell area reliability of 99%. Based on this requirement a shadow fading margin can be calculated, based on the simplistic assumption of a lognormal distributed shadowing with standard deviation σ and a pie shaped cell with an area πR2/3.



Figure 1: Cell shape assumed in the derivation of shadow fading margin.
First assume that a maximum path loss PLMAX is supported by the studied technology. The outage likelihood due to shadow fading (SF) at a certain distance r from the base station can then be calculated based on the Normal distribution Cumulative distribution function:
)
Here erf corresponds to the Error function, and the path loss PL(r) is defined by the studied channel model.
The total outage can then be calculated by weighting  with the fraction of the cell area associated with a circular arc of length 2πr/3 and thickness dr, and integrating over the full cell radius rϵ[0,R]: 

The cell radius R is given by the channel model and a nominal path loss that equals PLMAX minus the shadow fading margin. Figure 2 illustrates the relation between outage probability and the shadow fading margin for LTE-M and UMA A, LOS conditions.
[image: ]
[bookmark: _Ref522597783]Figure 2: Outage propability versus shadow fading margin.
The shadow fading margin that results in 1% outage is in Table 5 and Table 6 reported to provide 99% Cell area reliability. 
[bookmark: _Ref522538232]Table 5: Urban Macro-mMTC link budget for NB-IoT.
	Channel model
	UMA A/B
	UMA A/B
	UMA A
	UMA A
	UMA B
	UMA B

	LOS/NLOS
	LOS
	LOS
	NLOS
	NLOS
	NLOS
	NLOS

	Link direction
	DL
	UL
	DL
	UL
	DL
	UL

	Carrier frequency (GHz)
	0.7
	0.7
	0.7
	0.7
	0.7
	0.7

	BS antenna heights (m)
	25
	25
	25
	25
	25
	25

	UE antenna heights (m)
	1.5
	1.5
	1.5
	1.5
	1.5
	1.5

	Cell area reliability(1) (%) (Please specify how it is calculated.)
	99%
	99%
	99%
	99%
	99%
	99%

	Transmission bit rate for control channel (bit/s)
	89 A)
	15 A)
	44 A)
	15 A)
	44 A)
	15 A)

	Transmission bit rate for data channel (bit/s)
	360 A)
	180 A)
	180 A)
	180 A)
	180 A)
	180 A)

	Target packet error ratio for the required SNR in item (19a) for control channel
	1%
	1%
	1%
	1%
	1%
	1%

	Target packet error ratio for the required SNR in item (19b) for data channel
	10%
	10%
	10%
	10%
	10%
	10%

	Spectral efficiency(2) (bit/s/Hz)
	0.002 B)
	0.012 B)
	0.001 B)
	0.012 B)
	0.001 B)
	0.012 B)

	Pathloss model(3) (select from LOS, NLOS or O-to-I)
	UMA A/B. LOS
	UMA A/B. LOS
	UMA A. NLOS
	UMA A. NLOS
	UMA B. NLOS
	UMA B. NLOS

	UE speed (km/h)
	3
	3
	3
	3
	3
	3

	Feeder loss (dB)
	2
	2
	2
	2
	2
	2

	Transmitter
	
	
	
	
	
	

	(1) Number of transmit antennas (The number shall be within the indicated range in § 8.4 of Report ITU-R M.2412-0)
	2 C)
	1 C)
	2 C)
	1 C)
	2 C)
	1 C)

	(2) Maximal transmit power per antenna (dBm)
	32.0
	23
	32.0
	23
	32.0
	23

	(3) Total transmit power = function of (1) and (2) (dBm) (The value shall not exceed the indicated value in § 8.4 of Report ITU-R M.2412-0)
	35.0 D)
	23.0
	35.0
	23.0
	35.0
	23.0

	(4) Transmitter antenna gain (dBi)
	8.0
	0
	8.0
	0
	8.0
	0

	(5) Transmitter array gain (depends on transmitter array configurations and technologies such as adaptive beam forming, CDD (Cyclic delay diversity), etc.) (dB)
	9.0 E)
	0
	9.0 E)
	0
	9.0 E)
	0

	(6) Control channel power boosting gain (dB)
	0
	0
	0
	0
	0
	0

	(7) Data channel power loss due to pilot/control boosting (dB)
	0
	0
	0
	0
	0
	0

	(8) Cable, connector, combiner, body losses, etc. (enumerate sources) (dB) (Feeder loss must be included for and only for downlink)
	2
	0
	2
	0
	2
	0

	(9a) Control channel e.i.r.p. = (3) + (4) + (5) + (6) – (8) dBm
	50.0
	23.0
	50.0
	23.0
	50.0
	23.0

	(9b) Data channel e.i.r.p. = (3) + (4) + (5) – (7) – (8) dBm
	50.0
	23.0
	50.0
	23.0
	50.0
	23.0

	Receiver
	
	
	
	
	
	

	(10) Number of receive antennas (The number shall be within the indicated range in § 8.4 of Report ITU-R M.2412-0)
	1
	4 C)
	1
	4 C)
	1
	4 C)

	(11) Receiver antenna gain (dBi)
	0
	8
	0
	8
	0
	8

	(11a) Receiver array gain
	0
	9.0 E)
	0
	9.0 E)
	0
	9.0 E)

	(12) Cable, connector, combiner, body losses, etc. (enumerate sources) (dB) (feeder loss must be included for and only for uplink)
	0
	2
	0
	2
	0
	2

	(13) Receiver noise figure (dB)
	7
	5
	7
	5
	7
	5

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

	(15) Receiver interference density (dBm/Hz)
	-177 F)
	-177 F)
	-177 F)
	-177 F)
	-177 F)
	-177 F)

	(16) Total noise plus interference density = 10 log (10^(((13) + (14))/10) + 10^((15)/10)) dBm/Hz
	-172.24
	-172.24
	-172.24
	-172.24
	-172.24
	-172.24

	(17) Occupied channel bandwidth (for meeting the requirements of the traffic type) (Hz)
	180000 G)
	15000 G)
	180000 G)
	15000 G)
	180000 G)
	15000 G)

	(18) Effective noise power = (16) + 10 log((17)) dBm
	-119.68
	-130.47
	-119.68
	-130.47
	-119.68
	-130.47

	(19a) Required SNR for the control channel (dB)
	-16.8 H)
	-17.8 H)
	-16.7 H)
	-15.8 H)
	-16.7 H)
	-15.8 H)

	(19b) Required SNR for the data channel (dB)
	-17 H)
	-18.1 H)
	-17.7 H)
	-16.7 H)
	-17.7 H)
	-16.7 H)

	(20) Receiver implementation margin (dB)
	2
	2
	2
	2
	2
	2

	(21a) H-ARQ gain for control channel (dB)
	0
	0
	0
	0
	0
	0

	(21b) H-ARQ gain for data channel (dB)
	0
	0
	0
	0
	0
	0

	(22a) Receiver sensitivity for control channel = (18) + (19a) + (20) – (21a) dBm
	-134.48
	-146.27
	-134.38
	-144.27
	-134.38
	-144.27

	(22b) Receiver sensitivity for data channel = (18) + (19b) + (20) – (21b) dBm
	-134.68
	-146.57
	-135.38
	-145.17
	-135.38
	-145.17

	(23a) Hardware link budget for control channel = (9a) + (11) + (11a) -(22a) dB
	184.52
	186.31
	184.42
	184.31
	184.42
	184.31

	(23b) Hardware link budget for data channel = (9b) + (11) + (11a)- (22b) dB
	184.72
	186.61
	185.42
	185.21
	185.42
	185.21

	Calculation of available pathloss
	
	
	
	
	
	

	(24) Lognormal shadow fading std deviation (dB)
	4
	4
	6
	6
	6
	6

	(25) Shadow fading margin (function of the cell area reliability and (24)) (dB)
	6.3 I)
	6.3 I)
	10.3 I)
	10.3 I)
	10.3 I)
	10.3 I)

	(26) BS selection/macro-diversity gain (dB)
	0
	0
	0
	0
	0
	0

	(27) Penetration margin (dB)
	0
	0
	0
	0
	0
	0

	(28) Other gains (dB) (if any please specify)
	0
	0
	0
	0
	0
	0

	(29a) Available path loss for control channel = (23a) – (25) + (26) – (27) + (28) – (12) dB
	178.22
	178.01
	174.12
	172.01
	174.12
	172.01

	(29b) Available path loss for data channel = (23b) – (25) + (26) – (27) + (28) – (12) dB
	178.42
	178.31
	175.12
	172.91
	175.12
	172.91

	Range/coverage efficiency calculation
	
	
	
	
	
	

	(30a) Maximum range for control channel (based on (29a) and according to the system configuration section of the link budget) (m)
	57466.2
	56747.9
	19535.65
	17243.59
	19535.65
	17243.59

	(30b) Maximum range for data channel (based on (29b) and according to the system configuration section of the link budget) (m)
	58131.6
	57736.4
	20721.07
	18182.50
	20721.07
	18182.50

	(31a) Coverage Area for control channel = (π (30a)2) (m2/site)
	10374659010
	10116946531
	1198961440
	934124583
	1198961440
	934124583

	(31b) Coverage Area for data channel = (π (30b)2) (m2/site)
	10616315902
	10472478014
	1348882060
	1038620060
	1348882060
	1038620060



[bookmark: _Ref522600042]Table 6: Urban Macro-mMTC link budget for LTE-M.
	Channel model
	UMA A/B
	UMA A/B
	UMA A
	UMA A
	UMA B
	UMA B

	LOS/NLOS
	LOS
	LOS
	NLOS
	NLOS
	NLOS
	NLOS

	Link direction
	DL
	UL
	DL
	UL
	DL
	UL

	Carrier frequency (GHz)
	0.7
	0.7
	0.7
	0.7
	0.7
	0.7

	BS antenna heights (m)
	25
	25
	25
	25
	25
	25

	UE antenna heights (m)
	1.5
	1.5
	1.5
	1.5
	1.5
	1.5

	Cell area reliability(1) (%) (Please specify how it is calculated.)
	99%
	99%
	99%
	99%
	99%
	99%

	Transmission bit rate for control channel (bit/s)
	TBD A)
	TBD A)
	70 A)
	15 A)
	70 A)
	15 A)

	Transmission bit rate for data channel (bit/s)
	TBD A)
	TBD A)
	183 A)
	250 A)
	183 A)
	250 A)

	Target packet error ratio for the required SNR in item (19a) for control channel
	1%
	1%
	1%
	1%
	1%
	1%

	Target packet error ratio for the required SNR in item (19b) for data channel
	10%
	10%
	10%
	10%
	10%
	10%

	Spectral efficiency(2) (bit/s/Hz)
	TBD  B)
	TBD  B)
	1.6E-04 B)
	1.4-03 B)
	1.7-04 B)
	1.4E-03 B)

	Pathloss model(3) (select from LOS, NLOS or O-to-I)
	UMA A/B. LOS
	UMA A/B. LOS
	UMA A. NLOS
	UMA A. NLOS
	UMA B. NLOS
	UMA B. NLOS

	UE speed (km/h)
	3
	3
	3
	3
	3
	3

	Feeder loss (dB)
	2
	2
	2
	2
	2
	2

	Transmitter
	
	
	
	
	
	

	(1) Number of transmit antennas (The number shall be within the indicated range in § 8.4 of Report ITU-R M.2412-0)
	2 C)
	1
	2 C)
	1
	2 C)
	1

	(2) Maximal transmit power per antenna (dBm)
	32.0
	23
	33.8
	23
	33.8
	23

	(3) Total transmit power = function of (1) and (2) (dBm) (The value shall not exceed the indicated value in § 8.4 of Report ITU-R M.2412-0)
	36.8 D)
	23.0
	36.8 D)
	23.0
	36.8 D)
	23.0

	(4) Transmitter antenna gain (dBi)
	8.0
	0
	8.0
	0
	8.0
	0

	(5) Transmitter array gain (depends on transmitter array configurations and technologies such as adaptive beam forming, CDD (Cyclic delay diversity), etc.) (dB)
	9.0 E)
	0
	9.0 E)
	0
	9.0 E)
	0

	(6) Control channel power boosting gain (dB)
	0
	0
	0
	0
	0
	0

	(7) Data channel power loss due to pilot/control boosting (dB)
	0
	0
	0
	0
	0
	0

	(8) Cable, connector, combiner, body losses, etc. (enumerate sources) (dB) (Feeder loss must be included for and only for downlink)
	2
	0
	2
	0
	2
	0

	(9a) Control channel e.i.r.p. = (3) + (4) + (5) + (6) – (8) dBm
	51.8
	23.0
	51.8
	23.0
	51.8
	23.0

	(9b) Data channel e.i.r.p. = (3) + (4) + (5) – (7) – (8) dBm
	51.8
	23.0
	51.8
	23.0
	51.8
	23.0

	Receiver
	
	
	
	
	
	

	(10) Number of receive antennas (The number shall be within the indicated range in § 8.4 of Report ITU-R M.2412-0)
	1
	4 C)
	1
	4 C)
	1
	4 C)

	(11) Receiver antenna gain (dBi)
	0
	8
	0
	8
	0
	8

	(11a) Receiver array gain
	0
	9.0 E)
	0
	9.0 E)
	0
	9.0 E)

	(12) Cable, connector, combiner, body losses, etc. (enumerate sources) (dB) (feeder loss must be included for and only for uplink)
	0
	2
	0
	2
	0
	2

	(13) Receiver noise figure (dB)
	7
	5
	7
	5
	7
	5

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

	(15) Receiver interference density (dBm/Hz)
	-177 F)
	-177 F)
	-177 F)
	-177 F)
	-177 F)
	-177 F)

	(16) Total noise plus interference density = 10 log (10^(((13) + (14))/10) + 10^((15)/10)) dBm/Hz
	-172.24
	-172.24
	-172.24
	-172.24
	-172.24
	-172.24

	(17) Occupied channel bandwidth (for meeting the requirements of the traffic type) (Hz)
	1080000 G)
	180000 G)
	1080000 G)
	180000 G)
	1080000 G)
	180000 G)

	(18) Effective noise power = (16) + 10 log((17)) dBm
	-111.90
	-119.68
	-111.90
	-119.68
	-111.90
	-119.68

	(19a) Required SNR for the control channel (dB)
	TBD H)
	TBD H)
	-20.8 H)
	-26.9 H)
	-20.8 H)
	-26.9 H)

	(19b) Required SNR for the data channel (dB)
	TBD H)
	TBD H)
	-21.9 H)
	-20 H)
	-21.9 H)
	-20 H)

	(20) Receiver implementation margin (dB)
	2
	2
	2
	2
	2
	2

	(21a) H-ARQ gain for control channel (dB)
	0
	0
	0
	0
	0
	0

	(21b) H-ARQ gain for data channel (dB)
	0
	0
	0
	0
	0
	0

	(22a) Receiver sensitivity for control channel = (18) + (19a) + (20) – (21a) dBm
	TBD
	TBD
	-130.70
	-143.98
	-130.70
	-143.98

	(22b) Receiver sensitivity for data channel = (18) + (19b) + (20) – (21b) dBm
	TBD
	TBD
	-131.80
	-137.68
	-131.80
	-137.68

	(23a) Hardware link budget for control channel = (9a) + (11) + (11a) -(22a) dB
	TBD
	TBD
	182.53
	184.01
	182.52
	184.01

	(23b) Hardware link budget for data channel = (9b) + (11) + (11a)- (22b) dB
	TBD
	TBD
	183.63
	177.71
	183.62
	177.71

	Calculation of available pathloss
	
	
	
	
	
	

	(24) Lognormal shadow fading std deviation (dB)
	4
	4
	6
	6
	6
	6

	(25) Shadow fading margin (function of the cell area reliability and (24)) (dB)
	TBD
	TBD
	10.3 I)
	10.3 I)
	10.3 I)
	10.3 I)

	(26) BS selection/macro-diversity gain (dB)
	0
	0
	0
	0
	0
	0

	(27) Penetration margin (dB)
	0
	0
	0
	0
	0
	0

	(28) Other gains (dB) (if any please specify)
	0
	0
	0
	0
	0
	0

	(29a) Available path loss for control channel = (23a) – (25) + (26) – (27) + (28) – (12) dB
	TBD
	TBD
	172.23
	171.71
	172.22
	171.71

	(29b) Available path loss for data channel = (23b) – (25) + (26) – (27) + (28) – (12) dB
	TBD
	TBD
	173.33
	165.41
	173.32
	165.41

	Range/coverage efficiency calculation
	
	
	
	
	
	

	(30a) Maximum range for control channel (based on (29a) and according to the system configuration section of the link budget) (m)
	TBD
	TBD
	17477.57
	16949.69
	17466.97
	16949.69

	(30b) Maximum range for data channel (based on (29b) and according to the system configuration section of the link budget) (m)
	TBD
	TBD
	18647.64
	11694.45
	18636.33
	11694.45

	(31a) Coverage Area for control channel = (π (30a)2) (m2/site)
	TBD
	TBD
	959647150
	902553825
	958483280
	902553825

	(31b) Coverage Area for data channel = (π (30b)2) (m2/site)
	TBD
	TBD
	1092439099
	429644668
	1091114179
	429644668


Notes:
A) Transmission bit rate: Simulated physical layer data rate based on selected TBS and target BLER at the reported required SNR.
B) Spectral efficiency: Transmission bit rate divided by the Occupied channel bandwidth.
C) Number of transmit/receive antennas: Each reported antenna contains 8 vertically stacked antenna elements. The two antennas are transmitting in two polarizations.
D) Maximal transmit power: The eNB power is based on an assumed 29 dBm/PRB with an additional 6 dB power boosting for NB-IoT.
E) Transmitter/Receiver array gain: The eNB antenna gain is derived under the assumption of 8 antenna elements as 10log10(8). Note that the Receiver array gain is not part of the original template and was added to the table.
F) Receiver interference density: This factor is dependent on cell deployment and traffic load. As a the coverage of the technology is explored here with a very large cell size, we make the simplistic assumption that the interference is 3 dB below the thermal noise floor.
G) Occupied channel bandwidth: NPDCCH, NPDSCH uses 180 kHz. NPUSCH F1/F2 uses 15 kHz. MPDCCH, PDSCH uses 1.08 MHz. PUSCH and PUCCH uses 180 kHz.
H) Required SNR: Based on link level simulations.
I) Shadow fading margin: Calculated for a single cell, assuming a lognormal distributed shadowing and a cell radius r and area of πr2/3, targeting 99% Cell area reliability.

Conclusions
In this contribution, we have presented initial input to the IMT-2020 mMTC link budget based on NB-IoT and LTE-M link level performance. It is proposed that this input is considered when updating TR 37.919 Study on Self Evaluation towards IMT-2020 Submission and preparing input to ITU-R on IMT-2020.
[bookmark: _Toc510606836][bookmark: _Toc510606858][bookmark: _Toc510606917][bookmark: _Toc510607027][bookmark: _Toc510617352][bookmark: _Toc510624478]Proposal: The herein presented mMTC link budget analysis is considered when updating TR 37.919 Study on Self Evaluation towards IMT-2020 Submission [3] and preparing input on ITU-R on IMT-2020.
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