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Introduction
[bookmark: _Ref178064866]3GPP RAN#81 did as part of the Study Item on Self Evaluation towards IMT-2020 Submission [1] agree link budgets for the use cases eMBB, mMTC and URLLC. In this contribution we present our input to the mMTC use case in TR 37.919 [4] 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. 
This is a resubmission of R1-1811583 submitted to RAN1#94bis. 
Link budget template
In this chapter we present our input to the IMT-2020 mMTC link budget template. Sections 2.1, 2.2, 2.3 and 2.4 presents a discussion around the SNR, Shadow fading margin, HARQ gain and penetration margin parameters. Section 2.5 presents the complete mMTC link budget.
[bookmark: _Ref523399441]SNR and Data rate performance
[bookmark: _GoBack]The IMT-2020 link budget 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. Here we show 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 [3].
[bookmark: _Ref522481044]Table 1: Urban Macro-mMTC test environment definition.
	Parameters
	Config. A

	Technologies
	LTE-M FDD and 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 and 2/2

	Device RX/TX 
	1/1

	Transmission mode
	TM2 at eNB; TM1 at UE



The simulator was configured to study the 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 3 and Table 2 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. The data rate calculations take both the selected TBS and the CRC into account.
RAN#81 agreed to base the mMTC link budget in TR 37.919 on the NB-IoT and LTE-M results presented for 4 receiver antenna ports.
[bookmark: _Ref522551866]Table 2: NB-IoT link level results for TDL-iii, 2 Hz.
	Physical channel
	NPDSCH
	NPDCCH
	NPUSCH F1
	NPUSCH F1
	NPUSCH F2
	NPUSCH F2

	Power
	35
	35
	23
	23
	23
	23

	Bandwidth [Hz]
	180000
	180000
	15000
	15000
	15000
	15000

	TBS [Bits]
	256
	23
	256
	256
	1
	1

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

	#Rep
	128
	512
	16
	16
	64
	32

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

	BLER
	10%
	1%
	10%
	10%
	1%
	1%

	Phy data rate [bps]
	197
	75
	197
	197
	8
	15

	SNR [dB]
	-17.7
	-16.7
	-14
	-16.6
	-14.3
	-16

	NF
	7
	7
	5
	5
	5
	5

	Resulting coupling loss
	167.1
	166.1
	164.2
	166.8
	164.5
	166.2



[bookmark: _Ref522551864]Table 3: NB-IoT link level results for TDL-v, 2 Hz.
	Physical channel
	NPDSCH
	NPDCCH
	NPUSCH F1
	NPUSCH F1
	NPUSCH F2
	NPUSCH F2

	Power
	35
	35
	23
	23
	23
	23

	Bandwidth [Hz]
	180000
	180000
	15000
	15000
	15000
	15000

	TBS [Bits]
	256
	23
	512
	512
	1
	1

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

	#Rep
	64
	256
	16
	16
	32
	32

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

	BLER
	10%
	1%
	10%
	10%
	1%
	1%

	Phy. data rate [bps]
	394
	151
	197
	197
	15
	15

	SNR [dB]
	-16.9
	-17.2
	-15.8
	-17.6
	-15.4
	-17.9

	NF
	7
	7
	5
	5
	5
	5

	Resulting coupling loss
	166.3
	166.6
	166
	167.8
	165.6
	168.1



Table 4 and Table 5 presents LTE-M results for TDL-iii and -v. 
[bookmark: _Ref522599730]Table 4: LTE-M link level results for TDL-iii, 2 Hz.
	Physical channel
	PDSCH
	MPDCCH
	PUSCH
	PUSCH
	PUCCH
	PUCCH

	Power
	36.8
	36.8
	23
	23
	23
	23

	Bandwidth [Hz]
	1080000
	1080000
	180000
	180000
	180000
	180000

	TBS [Bits]
	208
	18
	256
	256
	1
	1

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

	#Rep
	1024
	256
	1536
	768
	128
	64

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

	BLER
	10%
	1%
	5.3%
	4%
	1%
	1%

	Phy data rate [bps]
	204
	131
	173
	350
	8
	15

	SNR [dB]
	-21.9
	-20.8
	-24.6
	-24.6
	-26.3
	-26

	NF
	7
	7
	5
	5
	5
	5

	Resulting coupling loss
	165.3
	164.2
	164
	164
	165.7
	165.4



[bookmark: _Ref523316367]Table 5: LTE-M link level results for TDL-v, 2 Hz.
	Physical channel
	PDSCH
	MPDCCH
	PUSCH
	PUSCH
	PUCCH
	PUCCH

	Power
	36.8
	36.8
	23
	23
	23
	23

	Bandwidth [Hz]
	1080000
	1080000
	180000
	180000
	180000
	180000

	TBS [Bits]
	208
	23
	256
	256
	1
	1

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

	#Rep
	1024
	256
	1024
	512
	32
	16

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

	BLER
	10%
	1%
	7.7%
	8.7%
	1%
	1%

	Phy data rate [bps]
	204
	131
	252
	499
	31
	62

	SNR [dB]
	-24.1
	-21
	-24.6
	-24.6
	-25.6
	-25.6

	NF
	7
	7
	5
	5
	5
	5

	Resulting coupling loss
	167.5
	164.4
	164
	164
	165
	165


[bookmark: _Ref523399274]Link budget template: Cell area reliability and Shadow fading margin
Since the Connection Density evaluations have been performed for a 99% Grade of service requirement it is in the link budget motivated to assume a ‘Cell area reliability’ of 99%. Based on this requirement a ‘Shadow fading margin’ can be calculated, using an 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 probability versus shadow fading margin.
The shadow fading margin that results in 1% outage is used in the attached link budgets to provide 99% Cell area reliability. 
[bookmark: _Ref523399275]Link budget template: HARQ gain
The link budget template requires a ‘HARQ gain’ to be established. Figure 3 and Figure 4 therefore presents for TDL-iii and TDL-v (assuming an eNB configured with 4 RX branches):
· The BLER performance of the NPUSCH F1 reference case (1 sub-carrier, 10 RUs, 16 repetition) presented in Table 2 and Table 3. 
· The initial and residual BLER performance of an 8-repetition NPUSCH F1 transmission using a single HARQ retransmission.
It can be observed that for TDL-iii there is a negligible 0.2 dB coverage gain by using 8 repetitions, and 1 HARQ retransmission compared to the 16 repetitions, no HARQ reference case. The gain can be attributed to the added time diversity due to the scheduling gap inserted between the first and second HARQ transmission.
For TDL-v there is no time diversity coverage gain. This is due to the limited diversity offered by this LOS type of channel.
Similar conclusions with regards to the HARQ cell edge coverage gain can be made for the NB-IoT DL (see link results presented in the Annex), as well as for LTE-M UL and DL. The HARQ gain for the data transmission is therefore reported as 0 dB in Table 7 and Table 8. The mMTC link budget in TR 37.919 also follows this observation.
For both NB-IoT and LTE-M there is however an important data rate gain thanks to HARQ retransmissions that deserves to be highlighted. Table 6 presents the average (N)PUSCH PHY cell edge data rate with and without HARQ. These improvements in data rates are for simplicity not considered in the attached link budgets. The data rate calculations include the CRC overhead.
Note that the simulations for LTE-M focused on achieving maximum data rate for the given coverage of 164 dB. For NB-IoT the focus was to maximize coverage given a data rate requirement of 160 bps. At the same coupling loss level, the performance is expected to be similar for the two technologies. 
[bookmark: _Ref523400080]Table 6: Average (N)PUSCH cell edge PHY data rates for NB-IoT and LTE-M. 
	Technology
	Channel
	Coupling loss
	Ref: No HARQ 
	HARQ

	NB-IoT
	TDL-iii
	166.8 dB
	197 bps
	300 bps

	NB-IoT
	TDL-v
	167.8 dB
	197 bps
	219 bps

	LTE-M
	TDL-iii
	164 dB
	350 bps
	766 bps

	LTE-M
	TDL-v
	164 dB
	499 bps
	766 bps



[image: ]
[bookmark: _Ref523392465]Figure 3: Assessment of NB-IoT NPUSCH F1 cell edge HARQ performance for TDL-iii.

[image: ]
[bookmark: _Ref523392472]Figure 4: Assessment of NB-IoT NPUSCH F1 cell edge HARQ performance for TDL-v.
[bookmark: _Ref523492389]Link budget template: Penetration margin
For the ‘Penetration margin’ parameter we are making a close to worst case assumption. This is motivated since the link budget is exploring the maximum range supported by mMTC.
For UMA A the penetration loss (PL) is calculated as [5]:
PLUMAA = PLtw + PLin
With the PLtw equal to the external wall loss, and PLin equal to the indoor loss:
PLtw = 20 dB
PLin = 0.5d2D-in, with d2D-in ~ U(0, 25m)
With d2D-in = 25 m we get a pessimistic assessment of the penetration loss:
 PLUMAA = PLtw + PLin = 20 + 12.5 = 32.5 dB
For UMA B the high loss model [5] gives a penetration loss (PL) calculated as:
PLUMAB = PLtw + PLin + N(0, σP2)
With:
PLtw =, for LIRRglass = 23+0.3f, Lconcrete = 5+4f 
PLin = 0.5d2D-in, with d2D-in = min(A,B), for A and B~ U(0, 25m)
σP = 6.5 dB
With a frequency f = 0.7 GHz,  d2D-in = 25 m and under the assumption that the N(0, σP2) delivers a value of 2 times σP (to cover ~95% of the N(0, σP2) distribution), i.e. 13 dB we get a pessimistic assessment of the penetration loss that equals:
 PLUMAB = PLtw + PLin + N(0, σP2) = 17.74 + 12.5 + 13 = 43.2 dB
These two values for UMA A and UMA B are used as ‘Penetration margin’ in the attached link budget table when calculating the indoor scenario link budget.
[bookmark: _Ref523399277]Link budget template: Proposal
The attached .xls document contains the link budget for the test environments LOS, NLOS and NLOS for indoor users. Results are presented for TDL-iii and TDL-v link level models, and for the eNB configured with 2 or 4 RX antennas. 
Many of the parameter values declared in the link budget tables are taken from the ITU-R report M.2411-0 [3]. 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 and has been added since its appears to be missing in the ITU-R template.
Conclusions
In this contribution, we have presented our input to the IMT-2020 mMTC link budget based on NB-IoT and LTE-M link level performance. Parts of the results, including the link level simulation results, were agreed at RAN#81 to be include in TR 37.919 Study on Self Evaluation towards IMT-2020 Submission and used as basis for the LS to ITU-R on IMT-2020.
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Annex: NPDSCH HARQ performance

[image: ]
Figure 5: Assessment of NB-IoT NPDSCH cell edge HARQ performance for TDL-iii.

[image: ]
Figure 6: Assessment of NB-IoT NPDSCH cell edge HARQ performance for TDL-v.
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