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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
At RAN#69 meeting, the NB-IoT WI was approved based on the outcome of the GERAN SI on cellular IoT [1]. 
In this contribution, evaluations of the uplink coverage performance in standalone, guard-band and in-band operation modes based on FDMA are performed following the methodology given in TR45.820 [2]. An additional uplink sub-channel spacing (i.e. 2.5kHz) is introduced in our companion contribution [3] and the evaluations in this contribution take the new spacing into account. The evaluation results for the SC-FDMA based uplink numerology [5][8][9][10] are recaptured for comparison but with consideration of the  possible power back-off which may be needed due to the non-negligible uplink PAPR. 
Uplink performance
Message-based random access physical layer
The link-level random access performance is evaluated according to the methodology and simulation assumptions given in Section 5.7 and Annex C of [2].  In the simulations of false detection rate, thermal noise is applied at the input to the receiver. 
MCS-0 and MCS-1 are evaluated for the random access request transmission, and both Class-1 and Class-2 uplink modulation classes are considered. Refer to Section 7.3 of TR45.820 for details. The code block size (CBS) is set to 40 bits (including 8 bits CRC) which corresponds to the required length for the random access request transmission.
The configurations of the random access request used in the simulations are listed in Table 1. 
[bookmark: _Ref430610617]Table 1. Evaluated configurations for random access request
	Case
	Uplink Class
	Modulation
	Bonding factor
	Repetition factor
	CBS 
(bits)
	Code rate

	1
	Class-1
	GMSK
	2
	8
	40
	0.36

	2
	Class-1
	GMSK
	2
	4
	40
	0.36

	3
	Class-2
	π/2-BPSK
	2
	8
	40
	0.33

	4
	Class-2
	π/2-BPSK
	2
	4
	40
	0.33


The simulation results are shown in Table 2 in terms of false detection rate. It can be seen that the false detection rate for the random access request is very low in all the simulation cases: for all the 4 cases there were no false detections within 1 000 000 realizations.
[bookmark: _Ref430610889]Table 2. 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%

	
	
	
	
	


Observation 1:  Message-based random access at the physical layer can achieve a false detection rate smaller than 0.001%.
Physical uplink data channel
1.1.1 Simulation settings
Evaluation methodology as detailed in section 5.1 of [2] is adopted. Assumptions used in our evaluation are the same as those given in Table C.1 of [2]. The parameters related to link level simulation and MCL calculation are summarized in Table 3. 
Compared to [2], timing accuracy is changed to uniform distribution because it is more realistic assumption. 100 bytes, including CRC, are used for coverage evaluations.
[bookmark: _Ref434305628]Table 3. Assumptions for NB-PUSCH link simulations
	Parameter
	Value

	Frequency band
	900 MHz

	Propagation channel model
	TU

	Doppler spread
	1 Hz

	Antenna configuration
	MS:1T, BS:2R

	Timing uncertainty
	Randomly chosen from { -1/8 symbol, +1/8 symbol}

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

	Residual frequency error (F_est_error)
	Randomly chosen from { -50, +50}

	Frequency drift rate (F_drift_active)
	22.5 Hz/second



1.1.2 Simulation results
In order to meet low cost requirement as described in [3], uplink transmit power back-off could be used for the SC-FDMA based solutions. For example, if the uplink PAPR is 6dB, then the maximum transmission power could be reduced to 17dBm from 23dBm. As a result, the coverage will be reduced by 6 dB correspondingly. For simplification of comparison, an equivalent data rate is introduced which can reflect the feasible data rate at a certain coverage level (e.g. at 164 dB, 154 dB or 144 dB coupling loss). The calculation of the equivalent date rate is according to
Equivalent data rate at 164dB or 154 dB or 144 dB coupling loss = data rate at MCL*10^[(MCL-{164 or 154 or 144}/10]
Base on the equivalent data rate, equivalent spectrum efficiency can be derived according to
Equivalent spectrum efficiency =equivalent data rate/sub-channel spacing
The MCL evaluations for different levels of MCL are summarized in Table 4. The results provided for the SC-FDMA based solutions in [5][8][9][10] are reused but with uplink transmit power back-off due to the non-zero uplink PAPR. The equivalent data rates and equivalent spectrum efficiency at 164 dB, 154 dB and 144 dB coupling losses from different sources are shown in Table 4 also.


[bookmark: _Ref430611410]Table 4. MCL evaluations for uplink data channels
	
	FDMA
	SC-FDMA [5]
	SC-FDMA [8]
	SC-FDMA [9]
	SC-FDMA [10]

	Transmitter
	
	
	
	
	
	
	
	
	
	
	
	
	

	(1) Total Tx power (dBm)
	23
	23
	23
	21.9~22.96
Note1
	20, 21.5
Note 2
	15.3
Note3
	21.9~22.96
Note1
	21.5
Note 4
	19.55
Note5
	21.9~22.96
Note1
	16
Note 6
	16
Note6
	21.9~22.96
Note1

	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)
	3
	3
	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
	0
	0

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

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

	(7) Required SINR (dB)
	-3.5
	4.2
	4.5
	-5.6
	0.7
	0.4
	-5.6
	1.5
	0.7
	-4.0
	-5.8
	4.3
	-5.8

	(8) Receiver sensitivity
= (6) + (7) (dBm)
	-141.8
	-131.1
	-121.7
	-142.6
	-133.3
	-121.6
	-142.6
	-132.5
	-121.3
	-141.0
	-132.0
	-121.9
	-142.8

	(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)
	164.8
	154.1
	144.7
	164.5~165.56
	153.3, 154.8
	136.9
	164.5~165.56
	154
	140.85
	162.9~163.94
	148
	137.9
	164.7~165.74

	Data rate above SNDCP (kbps) 
	0.35
	1.7
	13.6
	0.35
	1.8
	28.3
	0.354
	1.8
	18.9
	0.31
	2.36
	18.89
	0.37

	Equivalent data rate at MCL=164/154/144, respectively, (kbps) Note 7
	0.42
	1.74
	15.98
	0.39~0.50
	1.53, 2.16
	5.52
	0.40~0.51 
	1.80 
	9.15 
	0.24~0.30
	0.59
	4.64
	0.43~0.54

	Equivalent spectrum efficiency at MCL=164/154/144, respectively, (bps/Hz)
	0.17
	0.35
	0.40
	0.16~0.20
	0.31, 0.43 
	0.07 
	0.16~0.21
	0.36 
	0.11 
	0.10~0.125
	0.02 
	0.15 
	0.17~0.21 


[bookmark: _Ref129681832]Note1: The PAPR of single tone is in the range of [0.04, 1.1] according to [8].  0.04 dB and 1.1 dB power back-off are assumed.
Note2: The PAPRs of 2 subcarriers of BPSK/QPSK modulation are 1.5/3.0, respectively according to [7] .
Note3: The PAPR of 32 subcarriers with QPSK is 7.7 according to [9].  7.7 dB power back-off is assumed.
Note4: The PAPR of 2 subcarriers TPSK is 1.5 according to [7].  1.5 dB power back-off is assumed.
Note5: The PAPR of 32 subcarriers with QPSK with PAPR reduction is 3.45 according to [9].  3.45 dB power back-off is assumed.
Note6: The PAPR of 8/16 subcarriers with QPSK with PAPR reduction is 6.5/7.5 according to [9], respectively.  7 dB power back-off for 12 subcarriers is assumed.
Note7: Equivalent data rate at corresponding MCL= data rate at MCL*10^[(MCL-{164 or 154 or 144)/10]


From the table, we observe that
Observation 2: Uplink transmit power back-off (as a possible result of uplink PAPR) has non-negligible impact on the coverage performance or equivalently the spectral efficiency.
Observation 3: FDMA with GMSK modulation has a comparable spectral efficiency with SC-FDMA including single-tone transmission at MCL=164/154dB whist higher spectral efficiency at MCL=144dB  when uplink transmit power back-off is applied. 
Conclusions
It has been shown that the target MCL of 164 dB can be met by the uplink data channels based on the FDMA uplink design in [2], which implies a coverage extension of 20 dB compared with legacy GPRS. NB-PUSCH achieves the required throughput of 160 bps at the top of the (equivalent of) SNDCP layer. In addition, a very low false detection rate is ensured for random access requests. We make the following observations:
Observation 1: Message-based random access at the physical layer can achieve a false detection rate smaller than 0.001%.
Observation 2: Uplink transmit power back-off (as a possible result of uplink PAPR) has non-negligible impact on the coverage performance or equivalently the spectral efficiency.
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Observation 3: FDMA with GMSK modulation has a comparable spectral efficiency with SC-FDMA including single-tone transmission at MCL=164/154dB whist higher spectral efficiency at MCL=144dB  when uplink transmit power back-off is applied. 
[bookmark: _Ref409101664][bookmark: _Ref412961601]References
[bookmark: _Ref430599664]RP-151621, “New Work Item: Narrow Band IOT (NB-IOT)”, Qualcomm Incorporated, 3GPP RAN #69. 
[bookmark: _Ref430599675]3GPP TR 45.820 v2.1.0, “Cellular System Support for Ultra Low Complexity and Low Throughput Internet of Things”.
[bookmark: _Ref430869078][bookmark: _Ref430934027]R1-156930, “Uplink FDMA physical layer design updates”, Neul Limited, Huawei Technologies Co., Ltd, HiSilicon Technologies Co. Ltd., 3GPP TSG RAN1 #83.
GPC150519, “pCR 45.820 NB-CIoT – Uplink coverage evaluation”, Huawei Technologies Co., Ltd., HiSilicon Technologies Co., Ltd, Neul Limited, 3GPP GERAN Adhoc#3 on FS_IoT_LC.
[bookmark: _Ref434307791]R1-155966,  “Uplink Coverage Evaluation”, Huawei Technologies Co., Ltd., HiSilicon Technologies Co., Ltd, 3GPP RAN #82bis.
R1-156013, “Coverage analysis standalone”, Ericsson, 3GPP RAN #82bis.
[bookmark: _Ref434240021]R1-155804, “PAPR comparison of uplink modulation schemes for NB-IoT”, LG Electronics, 3GPP RAN #82bis.
[bookmark: _Ref434239960]R1-156012, “NB-LTE – UL Modulation”, Ericsson, 3GPP RAN #82bis.
[bookmark: _Ref434246319]R1-155517, “Narrowband IOT – Performance Evaluations of Uplink Channels”, Samsung, 3GPP RAN #82bis.
[bookmark: _Ref434307800]R1-155895, “Evaluation on PUSCH for SC-FDMA”, MediaTek Inc., 3GPP RAN #82bis.
R1-155982, “Performance Evaluations for Stand-alone Operation”, Nokia Networks, 3GPP RAN #82bis.
