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Introduction
[bookmark: _Ref421460494]At GERAN#62 a new feasibility study named Cellular System Support for Ultra Low Complexity and Low Throughput Internet of Things (WI code: FS_IoT_LC) was approved [1]. At GERAN#67, the FS_IoT_LC study item was completed and the TR 45.820 v2.1.0 [2] was approved. Among the candidates included in the TR is the NB-LTE candidate solution. NB-LTE is based on re-using the current LTE system but using a 180 KHz bandwidth.
In [3], NB-LTE is developed further to have a unified solution to support different deployment options. Among the different deployment options, the stand-alone option was the focus of the FS_IoT_LC study item. It aims to replace one GSM carrier to deploy CIoT solutions.
In this contribution, following the methodology given in [2], the evaluation results of indoor coverage are presented for the standalone deployment option of NB-LTE. We focus on results for 1 Hz Doppler spread since this is a more challenging case than the case of 25 Hz Doppler spread. The simulation results are collected from multiple companies.
Downlink Performance
Cell Search
The simulation assumptions are aligned with the assumptions agreed in TR45.820 [2], and tabulated in Table 1. Three different scenarios are investigated, corresponding to the presence of 0, 1 or 2 interferers. Sampling time drift is modelled in accordance with the frequency offset. All the interferers are assumed to be transmitting at the same power level. The results are provided for the worst case scenario, i.e., at 164 dB MCL.

[bookmark: _Ref412221147]Table 1: Simulation Parameters
	Parameter
	Value

	Carrier Frequency
	900 MHz

	Channel Model
	TU 1 Hz [2]

	Subcarrier Spacing
	15 kHz

	SNR
	-4.6 dB1

	Sampling Frequency (Fs)
	1.92 MHz (A/D); 192 kHz (M-PSS detection)

	Cyclic Prefix
	10 samples for the 1st and 8th OFDM symbol within a subframe, 9 samples for the rest, as per current LTE design

	Timing offset
	Uniformly distributed between the interval of [0,80) ms in steps of size 1/Fs

	Antenna Configuration
	1 Tx, 1 Rx [2]

	Frequency Offset
	Randomly generated as one of the values in the set {-18 kHz, 18 kHz} for each realization, which corresponds to an initial frequency error of 20 ppm.

	Time Drift
	In accordance with the frequency offset

	Number of realizations
	1000

	Max. 80 ms blocks used for detection
	40

	NOTE1: -4.6 dB corresponds to an MCL of 164 dB.



[bookmark: _Ref419849271]Initial Cell Search: Timing and Frequency Offset Estimation
In the initial cell search no time reference is present and the frequency offset is assumed to be 18 kHz. The device will search through the two possible M-PSS, one for the normal cyclic prefix (CP) and one for the extended CP, at the chosen frequency. In order to limit the search time, a successful detection corresponds to the case where the correlation peak from the M-PSS exceeds the average correlation by a certain threshold. For the detected realizations, the number of false alarms is evaluated as the number of realizations that failed to acquire the correct cell ID. The detection and false alarm probabilities are provided in Table 2 for different MCLs and varying number of interferers. 
[bookmark: _Ref413058550]Table 2 : Detection probability for initial cell search
	Number of Interferers
	Detection Probability
	False Alarm Probability

	0
	100 %
	0.7 %

	1
	100 %
	0.4 %

	2
	100 %
	0.6 %



The CDF of the synchronization times for timing offset estimation are provided in Figure 1 for 164 dB MCL. We observe that the performance of synchronization is worst in the presence of no interferers in the system, and is best when equally strong signals from 3 eNBs are simultaneously present. The reason is because in the presence of three cells, the mobile station has an improved chance of getting a good signal from one of the three transmitting cells as opposed to only one cell, resulting in a faster synchronization. 
[image: ]
[bookmark: _Ref419713117]Figure 1 : CDF of the time required (in ms) for M-PSS detection at 164 dB MCL. 
The timing offset is estimated at the time the signal is detected and requires accumulation of the correlation over multiple 20 ms block (A 20 ms block consists of 20 LTE subframes). The CDF of the residual timing estimation error is provided in Figure 2 for 164 dB MCL. We observe that the timing estimation error is within +/- 3 us, i.e. roughly within one sample period at the 192 kHz receiver sampling rate. The smooth curve is due to the effect of sampling time drift. Even though the actual timing offset has a granularity of 1/Fs, the timing offset at the time of detection has drifted by an amount equivalent to the frequency offset. Thus, the timing offset at the time of signal detection is uniformly distributed over [0,20] ms. The estimated timing offset has a granularity of 10/Fs, because the sampling rate is 10 times lower than Fs. The timing error being the difference between the actual and estimated timing values is thus a continuous function. Hence, we have a smooth curve.
[image: ]
[bookmark: _Ref419713210]Figure 2: CDF of the timing estimation error after M-PSS detection at 164 dB MCL. 
After the timing offset has been found, an accumulation over multiple 20 ms blocks is again required for accurate frequency offset estimation. The CDF of the time required for frequency offset estimation is provided in Figure 3 for 164 dB MCL.
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[bookmark: _Ref428171166]Figure 3 : CDF of the time required (in ms) for M-PSS frequency offset estimation at 164 dB MCL.
The CDF of the residual frequency offset estimation error is provided in Figure 4 for 164 dB MCL. We observe that the frequency offset estimation error is within +/- 50 Hz for a majority of the realizations. 
[image: ]
[bookmark: _Ref425325075]Figure 4 : CDF of the frequency offset estimation error at 164 dB MCL.
Initial Cell Search: Cell ID and Frame Timing Detection
The cell ID detection as well as the detection of the starting point of an 80-ms repetition interval is performed using the M-SSS after the subframe timing and frequency offsets are known and compensated for. The corresponding CDFs of the synchronization time for cell ID detection are provided in Figure 5 for 164 dB MCL. Note that a successful detection of the cell ID also results in the correct timing detection, because of the inherent design of the M-SSS.
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[bookmark: _Ref419713308]Figure 5: CDF of the time required for cell ID detection at 164 dB MCL. 
[bookmark: _Ref419818870]Initial Cell Search: Total Synchronization Time
A comparison of the total synchronization time for initial cell search for a desired percentage of the mobile stations is provided in Table 3 for 164 dB MCL. “Network Synchronization time” refers to the total time required for successful signal detection (including detection of frame timing), correction of frequency offset and detection of cell ID. In obtaining the total synchronization time, we assume that the frequency offset estimation procedure is started during the last 20 ms frame used for signal detection.
[bookmark: _Ref419713384]Table 3: Comparison of network synchronization time (in ms) for initial cell search at 164 dB MCL
	Synchronization Time
	Number of Interferers

	
	0
	1
	2

	50 %
	240
	160
	120

	90 %
	960
	460
	400

	99 %
	2780
	1120
	1000

	Average
	397
	219
	184



Non-Initial Cell Search: Timing and Frequency Offset Estimation
During non-initial cell search, the mobile station needs to reconfirm to a particular cell that it was previously connected to. The frequency offset is set to 2 ppm instead of 20 ppm for the non-initial cell search, in agreement with the GERAN assumption [2]. The detection and false alarm probabilities are provided in Table 4 for 164 dB MCL and varying number of interferers.
[bookmark: _Ref425327111]Table 4 : Comparison of the detection probability for non-initial cell search
	Number of Interferers
	Detection Probability
	False Alarm Probability

	0
	100 %
	0 %

	1
	100 %
	0.1 %

	2
	99.4 %
	0.3 %



The CDF of the synchronization time for timing offset estimation is provided in Figure 6 for 164 dB MCL. 
We observe that the performance of synchronization is worst in the presence of multiple interferers in the system. The reason is because in the presence of three cells, more interference is present from the neighbouring two transmitting cells as opposed to only one cell, resulting in a slower synchronization.
[image: ]
[bookmark: _Ref425327867]Figure 6 : CDF of the time required (in ms) for signal detection at 164 dB MCL. 
The CDF of the residual timing estimation error is provided in Figure 7 for 164 dB MCL.
[image: ]
[bookmark: _Ref428172188][bookmark: _Ref428172183]Figure 7: CDF of the timing estimation error after signal detection at 164 dB MCL. 
After the timing offset has been found, the frequency offset is estimated in a similar fashion as in the initial cell search procedure. The CDF of the time required for frequency offset estimation is provided in Figure 8 for 164 dB MCL. 
[image: ]
[bookmark: _Ref425327956]Figure 8 : CDF of the time required (in ms) for frequency offset estimation at 164 dB MCL.
The CDF of the residual frequency offset estimation error is provided in Figure 9 for 164 dB MCL.
[image: ]
[bookmark: _Ref425328240]Figure 9 : CDF of the frequency offset estimation error at 164 dB MCL.
Non-Initial Cell Search: Cell ID and Frame Timing Detection
The cell ID detection as well as the 80-ms frame timing estimation is performed using the M-SSS after the subframe timing and frequency offsets are known and compensated for. The corresponding CDF of the synchronization time for cell ID detection is provided in Figure 10 for 164 dB MCL. 
[image: ]
[bookmark: _Ref425328471]Figure 10: CDF of the time required for cell ID detection at 164 dB MCL (in ms). 
Non-Initial Cell Search: Total Synchronization Time
A comparison of the total synchronization time for non-initial cell search for a desired percentage of the mobile stations is provided in Table 5 for the 164 dB MCL.
[bookmark: _Ref425328522]Table 5: Comparison of network synchronization time (in ms) for non-initial cell search at 164 dB MCL
	Synchronization Time
	Number of Interferers

	
	0
	1
	2

	50 %
	280
	300
	400

	90 %
	940
	1200
	1460

	99 %
	1760
	2340
	2820

	Average
	400
	500
	597



M-PBCH
In this section, simulation results are presented to evaluate NB-LTE PBCH coverage performance. The simulation assumptions used are based on the ones outlined in [2], and are summarized in Table 6.
[bookmark: _Ref425174722]Table 6: Simulation parameters
	Parameter
	Value

	Channel model
	TU

	Doppler spread
	1 Hz

	Antenna configuration
	1 Tx; 1 Rx

	Cyclic prefix
	Normal

	Timing uncertainty
	Uniformly drawn from the cyclic prefix range (+ and -). See Note 1.

	Frequency error
	-50 Hz, or 50 Hz drawn with equal probability for each realization. See Note 2.

	Number of channel realizations
	5,000

	Note 1: This timing accuracy is achieved in NB-LTE cell search.
Note 2: 99% frequency errors are within 50 Hz in NB-LTE cell search.



[image: C:\local_data\MassiveMTC\Matlab\NB_LTE_RACH\Results\pbch_bler_new_crs_52.png]
[bookmark: _Ref426229162]Figure 11: M-PBCH Block Error Rates Using NB-LTE CRS
Figure 11 shows the NB-LTE M-PBCH block error rate (BLER) performance versus SNR using NB-LTE specific CRS for channel estimation. It can be seen that roughly 4 dB gain is provided by using 2 instead of 1 sub-block. The reason the gain exceeds 3 dB is due to the time diversity achieved when transmitting over 160 ms. Gains between 3-4 dB are also observed for other transmission schemes when doubling the number of code sub-blocks used by the receiver. With one received code sub-block, the required SNR is 3.1 dB for 10% BLER. With a complete received code block (i.e. 8 code sub-blocks); the required SNR is -7.3 dB for 10% BLER. Table 7 summarizes the corresponding coverage performance.
[bookmark: _Ref426230357]Table 7: NB-LTE M-PBCH Coverage Performance Using NB-LTE CRS
	
	Full block
	4 sub-blocks
	1 sub-block

	1)      Tx power (dBm)
	43
	43
	43

	2)      PSD (dBm/Hz)
	-174
	-174
	-174

	3)      Rx noise figure (dB)
	5
	5
	5

	4)      Interference margin (dB)
	0
	0
	0

	5)      BW (Hz)
	180000
	180000
	180000

	6)      Effective noise (dBm)
2)+3)+4)+10*log10(5))
	-116.4473
	-116.4473
	-116.4473

	7)      Required SINR (dB)
	-7.3
	-4.6
	3.1

	8)      Rx sensitivity (dBm)
6)+7)
	-123.7473
	-121.0473
	-113.3473

	9)      Rx processing gain (dB)
	0
	0
	0

	10)    MCL (dB)
1)-8)+9)
	166.7473
	
164.0473
	
156.3473

	
	
	
	



From Table 7, it can be seen that NB-LTE M-PBCH coverage performance can support up to 166.7 dB maximum coupling loss (MCL) at 10 % BLER for standalone deployment. With four received code sub-blocks, NB-LTE can already support up to 164.0 dB MCL at 10% BLER for standalone deployment. As a result, for users in extreme coverage class (164 dB MCL) in NB-LTE, the M-PBCH decoding latency is 320 ms. 
With one received code sub-block, NB-LTE can support up to 156.3 dB MCL at 10% BLER. Thus, for users in robust coverage class (154 dB MCL), the M-PBCH decoding latency is 80 ms.  
For users in basic coverage class (144 dB MCL) in NB-LTE, they do not have to receive all the 8 copies of one code sub-block.  Therefore, their PBHC decoding latency could be potentially smaller than 80 ms.
Table 8 further summarizes NB-LTE PBCH results from multiple sources for standalone deployment. 
· In Result 1, the payload consists of 34 bits and 16-bit CRC. The M-PBCH is transmitted every 10 ms in subframe #0 (using 5 OFDM symbols). The PBCH transmission time interval is 640 ms. Antenna configuration is 1 TX and 1 RX. The channel model is TU. The BLER target is 10%.
· In Result 2, the payload consists of 26 bits and 16-bit CRC. The M-PBCH is transmitted every 10 ms in subframe #0 (using all the 14 OFDM symbols). The PBCH transmission time interval is 160 ms. Antenna configuration is 2 TX and 1 RX. The channel model is ETU. The BLER target is 1%.
· In Result 3, the payload consists of 36 bits and 16-bit CRC. The M-PBCH is transmitted every 10 ms in subframe #0 (using 5 OFDM symbols). The PBCH transmission time interval is 240 ms. Antenna configuration is 1 TX and 1 RX. The channel model is TU. The BLER target is 10%.
· In Result 4, the same configurations as Result 1 are assumed.
Though the configurations are different, it is observed that the M-PBCH can achieve the 164 dB MCL target in all the evaluations.

[bookmark: _Ref429411104]Table 8: M-PBCH coverage evaluation.
	Sources
	1. Ericsson
	2. Nokia
	3. ZTE
	4. Samsung

	Transmitter
	 
	 
	 
	

	Max Tx power (dBm)
	43
	43
	43
	43

	(1) Actual Tx power (dBm)
	43
	43
	43
	43

	Receiver
	
	
	
	

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

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

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

	(5) Occupied channel bandwidth (Hz)
	180,000
	180,000
	180,000
	180,000

	(6) Effective noise power
	-116.4
	-116.4
	-116.4
	-116.4

	= (2) + (3) + (4) + 10 log ((5))  (dBm)
	
	
	
	

	(7) Required SINR (dB)
	-7.3
	-4.8
	-5.6
	-6.8

	(8) Receiver sensitivity = (6) + (7) (dBm)
	-123.7
	-121.2
	-122.0
	-123.2

	(9) Rx processing gain
	0
	0
	0
	0

	(10) MCL  = (1) (8) + (9) (dB)
	166.7
	164.2
	165.0
	166.2





M-PDSCH
The evaluation methodology as detailed in section 5.1 of [2] is fully adopted. The 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 9.

[bookmark: _Ref429150631]Table 9: Assumptions for M-PDSCH link simulations
	Parameter
	Value

	Frequency band
	900 MHz

	Propagation channel model
	TU

	Doppler spread
	1 Hz

	Antenna configuration
	BS:1T, MS:1R

	Frequency error1
	Uniformly drawn from the set {-50 Hz, 50 Hz}

	Number of channel realizations
	5,000



The traffic model assumed is based on network commands of 20-bytes, see E.2.3 of [2]. Overhead for COAP/DTLS/UDP/IP amounts to 65 bytes without IP header compression, see Table E.2-3 of [2]. Furthermore, as required by [2], Gb interference is assumed, which results in additional overheads of 4 bytes from SNDCP, 6 bytes from LLC, 2 bytes from MAC, and 3 bytes CRC. Therefore, overall 800 bits, including CRC, are transmitted on the PHY layer.

For channel estimation, real cross-subframe/multi-subframe estimation method is applied to suppress noise sufficiently, e.g., for extreme coverage, the method is applied on more than 6 subframes.

Coverage evaluation based on link simulation results from multiple sources is summarized in Table 10.
[bookmark: _Ref429150835]Table 10: M-PDSCH coverage evaluation.
	Sources
	Ericsson
	Nokia
	ZTE
	Samsung

	Data Rate (kbps)1
	3.1
	4.4
	3.1
	3.6172

	Transmitter
	 
	 
	 
	

	Max Tx power (dBm)
	43
	43
	43
	43

	(1) Actual Tx power (dBm)
	43
	43
	43
	43

	Receiver
	
	
	
	

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

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

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

	(5) Occupied channel bandwidth (Hz)
	180,000
	180,000
	180,000
	180,000

	(6) Effective noise power
	-116.4
	-116.4
	-116.4
	-116.4

	= (2) + (3) + (4) + 10 log ((5))  (dBm)
	
	
	
	

	(7) Required SINR (dB)
	-4.7
	-5.7
	-4.7
	-4.7

	(8) Receiver sensitivity = (6) + (7) (dBm)
	-121.1
	-122.1
	-121.1
	-121.1

	(9) Rx processing gain
	0
	0
	0
	0

	(10) MCL  = (1) (8) + (9) (dB)
	164.1
	165.1
	164.1
	164.1

	NOTE1: Approach 1 in subclause 5.6 of [2] has been used to estimate message data rate, targeting an initial message BLER of 10% at the MCL.
NOTE2: For this result it is assumed that also the first 2 OFDM symbols are used for data transmission, which leads to a somewhat higher data rate.



M-EPDCCH
The simulation assumptions used for M-EPDCCH evaluation are the same as those for M-PDSCH.
A 10% BLER is targeted at the MCL, as agreed in [2].
Coverage evaluation based on link simulation results from multiple sources is summarized in Table 11.
[bookmark: _Ref429151280]Table 11: M-EPDCCH coverage evaluation.
	Sources
	Ericsson
	Nokia
	ZTE
	Samsung

	Transmitter
	 
	 
	 
	

	Max Tx power (dBm)
	43
	43
	43
	43

	(1) Actual Tx power (dBm)
	43
	43
	43
	43

	Receiver
	
	
	
	

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

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

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

	(5) Occupied channel bandwidth (Hz)
	180,000
	180,000
	180,000
	180,000

	(6) Effective noise power
	-116.4
	-116.4
	-116.4
	-116.4

	= (2) + (3) + (4) + 10 log ((5))  (dBm)
	
	
	
	

	(7) Required SINR (dB)
	-6.0
	-4.6
	-7.1
	-6.4

	(8) Receiver sensitivity = (6) + (7) (dBm)
	-122.4
	-121.0
	-123.5
	-122.8

	(9) Rx processing gain
	0
	0
	0
	0

	(10) MCL  = (1) (8) + (9) (dB)
	165.4
	164.0
	166.5
	165.8





Uplink performance
M-PRACH
In this section, simulation results are presented to evaluate NB-LTE M-PRACH design as described in [3]. The simulation assumptions used are based on the ones outlined in [2], and are summarized in Table 12.
[bookmark: _Ref429152218]Table 12: M-PRACH Simulation parameters
	Parameter
	Value

	Channel model
	TU

	Doppler spread
	1 Hz

	Antenna configuration
	1 Tx; 2 Rx

	Cell size
	35 km

	Timing uncertainty
	Uniformly randomly drawn from the interval [-5.2 us, 233.3+5.2 us]. See Note 1.

	Frequency error
	Uniformly drawn from the set {-50 Hz, 50 Hz}. See Note 2, 3.

	MS frequency drift
	Uniformly drawn from the set {-22.5 Hz/s, 22.5 Hz/s}.

	Preambles
	Zadoff-Chu sequences with roots 1,…, 64.

	Number of channel realizations
	5,000

	Note 1: 233.3 us is the maximum round-trip delay in the cell of size 35 km. The additional +- 5.2 us accounts for the residual timing errors in NB-LTE cell search The timing uncertainty is drawn based on uniform user location in a hexagonal cell of size 35 km.
Note 2: 99% frequency errors are within 50 Hz in NB-LTE cell search. 
Note 3: Used as candidate specific frequency offset (F_est_error) in drift model in table C.1 in [2]



Note that the concurrent preamble transmissions of users in different coverage class may lead to potential near-far problems. To mitigate this problem, the preamble transmissions of users in different coverage class are time multiplexed in NB-LTE. Further, to avoid potential persistent inter-cell interference, it may be preferred that the preamble transmissions of users in adjacent cells are also separated in time domain. Figure 12 shows an example random access resource configuration that meets both time multiplexing requirements. In Figure 12, the periods of random access resource for Format 0, 1 and 2 are 240 ms, 240 ms, and 60 ms, respectively.  In the 480 ms time window shown in Figure 12, two M-PRACH slots are configured for Format 0, two M-PRACH slots are configured for Format 1, and eight M-PRACH slots are configured for Format 2. To sum up, 30% uplink resources are configured for random access in Figure 12. The system can configure less random access resource if the load is lower.
 [image: ]
[bookmark: _Ref428187207][bookmark: _Ref428865539]Figure 12: Example Random Access Resource Configuration

M-PRACH Coverage performance
For M-PRACH preamble detection at the receiver, a threshold is set such that false alarm detection rate is sufficiently low when thermal noise is fed to the receiver. Different thresholds are chosen based on coverage classes. Simulations have been run with 100,000 realizations to test false alarm rates. 
The detail design of M-PRACH is given in [3]. When repetitions are used (M-PRACH formats 1 and 2), detection statistics of each three M-PRACH segments that are in the same M-PRACH slot are coherently combined, and detection statistics are non-coherently combined across M-PRACH slots and receive antennas. 
For M-PRACH preamble detection at the receiver, when a preamble is transmitted, a missed detection is counted if: 
· The peak of accumulated detection statistic does not exceed the pre-determined threshold, or, 
· The detected preamble index is incorrect when the peak of accumulated detection statistic exceeds the threshold.
Note that there is a tradeoff between false alarm rate and detection rate when setting the threshold. If the threshold is high, the false alarm rate will be lower but the probability that the BS misses detecting transmitted preambles will be higher (and thus detection rate may decrease).
As reference values, LTE specifies that M-PRACH false alarm rate is 0.1% and M-PRACH detection rate is 99% [1][4]. Also, though no agreements have been made, there has been ongoing discussion about relaxing the detection rate to 90% for 15 dB coverage extension in LTE eMTC work.
Basic Coverage
For users in basic coverage (144 dB MCL), the threshold is set such that the false alarm rate is below 0.1%. More accurately, the false alarm rate is 0.073%, as shown in Table 13. The corresponding preamble detection rate is 99.9%. Therefore, for users in basic coverage, the preamble transmission performance in NB-LTE is very good, exceeding normal LTE requirements.
[bookmark: _Ref426019122]Table 13: Coverage Performance of M-PRACH Format 0
	No. of M-PRACH segments
	No. of preambles
	SNR (dB)
	MCL (dB)
	False alarm rate (%)
	Detection rate (%)

	1
	64
	-2.1
	144
	0.073
	99.9



Robust Coverage
For users in robust coverage (154 dB MCL), the threshold is set such that the false alarm rate is below 0.1%. More accurately, the false alarm rate is 0.062%, as shown in Table 14. The corresponding preamble detection rate is 98.12%. Therefore, for users in basic coverage, the LTE false alarm rate requirement is maintained, while detection rate is decreased by 0.88%. The slightly decreased detection rate is reasonable considering that only 6 repetitions are used for users in robust coverage (vs. users in basic coverage).
[bookmark: _Ref428797705]Table 14: Coverage Performance of M-PRACH Format 1
	No. of M-PRACH segments
	No. of preambles
	SNR (dB)
	MCL (dB)
	False alarm rate (%)
	Detection rate (%)

	6
	64
	-12.1
	154
	0.062
	98.12



Extreme Coverage
For users in extreme coverage, they use Format 2 for preamble transmission. However, different preambles are used by users with coupling loss range (154 dB, 159 dB] and users with coupling loss range (159 dB, 164 dB]. The results are summarized in Table 15.
For users in extreme coverage with coupling loss range (154 dB, 159 dB], the threshold is set such that the false alarm rate is below 0.1%. More accurately, the false alarm rate is 0.083%, as shown in Table 15. The corresponding preamble detection rate is 99.17%. Therefore, for these users, the preamble transmission performance in NB-LTE is very good, exceeding normal LTE requirements.
For users in extreme coverage with coupling loss range (159 dB, 164 dB], we find it very challenging to maintain reasonable detection rate (about 90%) while achieving 0.1% false alarm rate. Therefore, the threshold is set to achieve good detection rate but false alarm rate is relaxed. The preamble detection rate is 90.30%, as shown in Table 15. The corresponding false alarm rate is 2.14%.
· Though the false alarm rate is high, the issue is resolved in the following random access steps, see [5]. Specifically, if there are no extreme coverage users with coupling losses in the range (159 dB, 164 dB] transmitting preambles, the BS will “detect” one and send a response and assign 1 subcarrier in Step 2. However, the BS will not receive any responses in Step 3 (The BS will try to decode the message but will fail in CRC check), and will not proceed to Step 4. 
· The impact of the 2.14% false alarm rate for these users on overall system resource efficiency is minimal. The costs are the wasted M-PRACH transmission, the unnecessary BS response in Step 2 and the unused uplink assignment of one 2.5 kHz subcarrier. Take the configuration in Figure 12 for example, where the period of sending Format 2 is 1.2 second (20 M-PRACH slots x 60 ms period). With 2.14% false alarm rate, false alarm occurs once every 56 second (assuming the worst case where no real preamble transmission occurs in the 56 second period). The BS response in Step 2 takes 48 ms in the downlink, while one 2.5 kHz subcarrier is reserved for 1.92 second in Step 3. In summary, the downlink overhead is 0.048 second/56 second = 0.086%, and the uplink overhead is 1.92 second/(56 second x72 subcarriers) = 0.048%. Therefore, the impact on resource efficiency is minimal.
[bookmark: _Ref428865102][bookmark: _Ref428886599]Table 15: Coverage Performance of M-PRACH Format 2
	
	No. of M-PRACH segments
	No. of preambles
	SNR (dB)
	MCL (dB)
	False alarm rate (%)
	Detection rate (%)

	2-A
	60
	60
	-17.1
	159
	0.083
	99.17

	2-B
	60
	4
	-22.1
	164
	2.14
	90.30



Based on the false alarm and detection rates performance, Table 16 summarizes NB-LTE M-PRACH coverage performance. 
[bookmark: _Ref425168276]Table 16: M-PRACH coverage performance
	Format
	0
	1
	2-A
	2-B

	No. of repetitions
	1
	6
	60
	60

	1)      Tx power (dBm)
	23
	23
	23
	23

	2)      PSD (dBm/Hz)
	-174
	-174
	-174
	-174

	3)      Rx noise figure (dB)
	3
	3
	3
	3

	4)      Interference margin (dB)
	0
	0
	0
	0

	5)      BW (Hz)
	160000
	160000
	160000
	160000

	6)      Effective noise (dBm)
2)+3)+4)+10*log10(5))
	-118.9588
	-118.9588
	-118.9588
	-118.9588

	7)      Required SINR (dB)
	-2.1
	-12.1
	-17.1
	-22.1

	8)      Rx sensitivity (dBm)
6)+7)
	-121.0588
	-131.0588
	-141.0588
	-141.0588

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

	10)    MCL (dB)
1)-8)+9)
	144.0588
	154.0588
	159.0588
	164.0588



Time of arrival estimation performance
Among others, a main objective of random access is to achieve uplink synchronization, which is important for maintaining the uplink orthogonality in LTE. To this end, the receiver (i.e., base station) estimates the time-of-arrival from the received preamble. Figure 13 shows the distributions of time-of-arrival estimation errors for the M-PRACH formats under -2.1 dB (Format 0), -12.1 dB (Format 1), -17.1 dB (Format 2-A),       -22.1 dB (Format 2-B), SNR, respectively. The results show that the estimation errors are within 3 M-PRACH samples, or equivalently, 18.75 us. In NB-LTE UL, the shortest CP is 28.2 us (4.7 us LTE CP expanded by 6 times). Therefore, the time-of-arrival estimation errors (up to 18.75 us) and additional up to 9.45 us channel dispersion can be handled by the CP and thus the time-of-arrival estimation accuracy is satisfactory.
[bookmark: _GoBack][image: C:\local_data\MassiveMTC\Matlab\NB_LTE_RACH\Results\timing_111.png]
[bookmark: _Ref425169115]Figure 13: Distribution of time-of-arrival estimation errors. Blue curve: Format 0 at -2.1 dB SNR; red curve: Format 1 at -12.1 dB SNR; black curve: Format 2-A at -17.1 dB SNR; green curve: Format 2-B at -22.1 dB SNR. The real time-of-arrival values are generated at 32x higher sampling rate, while the receiver estimates the timing values at 160 kHz sampling rate. 

M-PUSCH
Evaluation methodology as detailed in section 5.1 of [2] is fully 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 17. Independent evaluations are performed by multiple companies.

[bookmark: _Ref429149454]Table 17 Assumptions for M-PUSCH link simulations
	Parameter
	Value

	Frequency band
	900 MHz

	Propagation channel model
	TU

	Doppler spread
	1 Hz

	Antenna configuration
	MS:1T, BS:2R

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

	NB LTE specific frequency error  (F_est_error)
	Uniformly drawn from the set {-50 Hz, 50 Hz} 

	Frequency drift rate (F_drift_active)
	22.5 Hz/second

	Number of channel realizations
	5,000



The traffic model assumed is based on an exception report with an application payload of 20 bytes, see [2]. Overhead for COAP/DTLS/UDP/IP amounts to 65 bytes without IP header compression, see Table E.2-3 of [2]. Furthermore, as required by [2], Gb interference is assumed, which results in additional overheads of 4 bytes from SNDCP, 6 bytes from LLC, 2 bytes from MAC, and 3 bytes CRC. Therefore, overall 800 bits, including CRC, are transmitted on the PHY layer.
For channel estimation, multi-subframe average is employed to suppress noise, e.g., for extreme coverage.



[bookmark: _Ref429149463]Coverage evaluations based on link simulation results from multiple sources are summarized in Table 18.
[bookmark: _Ref429150740]Table 18: M-PUSCH coverage evaluation.
	Sources
	Ericsson
	Nokia
	ZTE

	Data Rate (bps)
	354
	400
	354

	Transmitter
	 
	 
	 

	Max Tx power (dBm)
	23
	23
	23

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

	Receiver
	 
	 
	 

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

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

	(4) Interference margin (dB)
	0
	0
	0

	(5) Occupied channel bandwidth (Hz)
	2,500
	2,500
	2,500

	(6) Effective noise power
	-137.0
	-137.0
	-137.0

	= (2) + (3) + (4) + 10 log ((5))  (dBm)
	
	
	

	(7) Required SINR (dB)
	-5.6
	-5.8
	-6.0

	(8) Receiver sensitivity = (6) + (7) (dBm)
	-142.6
	-142.8
	-143.0

	(9) Rx processing gain
	0
	0
	0

	(10) MCL  = (1) (8) + (9) (dB)
	165.6
	165.8
	166.0




Conclusions
This contribution presents coverage evaluation for the stand-alone deployment of NB-LTE. The evaluation methodology follows all the simulation assumptions detailed in [2]. Results from multiple independent evaluations confirm that all the physical channels and physical procedures of NB-LTE achieve 164 dB MCL. 
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