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[bookmark: _Ref409106980]Introduction
At RAN#69, a new work item named NarrowBand IOT (NB-IOT) was approved, see [1]. The objective is to specify a radio access for cellular internet of things that addresses improved indoor coverage, support for massive number of low throughput devices, low delay sensitivity, ultra-low device cost, low device power consumption and (optimized) network architecture. 
NB-IOT should support 3 different modes of operation: 
1.	“Stand-alone operation” utilizing for example the spectrum currently being used by GERAN systems as a replacement of one or more GSM carriers
2.	“Guard band operation” utilizing the unused resource blocks within a LTE carrier’s guard-band 
3.	“In-band operation” utilizing resource blocks within a normal LTE carrier
Furthermore according to [1], NB-IOT should have a single synchronization signal design for the different modes of operation, including techniques to handle overlap with legacy LTE signals
A narrowband LTE based solution (called NB-LTE) was proposed, and is now under investigation under the NB-IOT work item [1]. The document [3] provided an updated high level description of the random access concept in NB-LTE such as the subcarrier spacing and multiplexing. The contribution [4] provides a more detailed description regarding the random access channel for the SC-FDMA based uplink design in NB-IoT. 
[bookmark: _Ref429119571]In this contribution, we provide PRACH evaluation results for the SC-FDMA based uplink design for NB-IoT in inband deployment. 
This contribution is an update of [10] adding additional simulation results for format 2.
Performance Evaluation
In this section, simulation results are presented to evaluate PRACH design for the SC-FDMA based uplink design in NB-IoT in inband deployment. The simulation assumptions used are based on the ones outlined in [3], and are summarized in Table 1.
[bookmark: _Ref425174722]Table 1: Simulation parameters
	Parameter
	Value

	Channel model
	TU

	Doppler spread
	1 Hz

	Antenna configuration
	1 Tx; 2 Rx

	Cell size
	35 km

	Timing uncertainty
	Randomly drawn from [-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.

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

	Preambles
	Formats 0 and 1: Zadoff-Chu sequences with roots {14, …, 31} and thus N0=N1=18. See Note 3.
Format 2: N2=18.

	Number of channel realizations
	10,000 for detection; 100,000 for false alarm. 
See Note 4.

	Scenario
	Inband Case 1-a, and Case 1-b. See Note 5.

	LTE Interference to noise ratio (INR)
	0 dB, 10 dB, 15 or 20 dB. See Notes 6 and 7.

	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 cell search [5]. 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 cell search [5]. 
Note 3: As shown in [4], these preambles have PAPR less than 1.7 dB.
Note 4: Due to the very long simulation time, only 50,000 realizations were run to test false alarm rates in some cases.
Note 5: Inband Case 1-a: 1 PRB PUSCH on each side of NB-IoT PRB. 
            Inband Case 1-b: 10 PRB PUSCH on each side of NB-IoT PRB.
Note 6: 20 dB INR from adjacent LTE signals to may be pessimistic and can be avoided by scheduling.
Note 7: Results for some INR cases are not available yet.



Table 2 summarizes PRACH coverage performance. We can see the required SINR for Formats 0, 1 and 2 are 0.9 dB, -9.1 dB, -4.0 dB, respectively.
[bookmark: _Ref434329309][bookmark: _Ref434329304]Table 2: PRACH coverage performance
	1)      Tx power (dBm)
	23
	23
	23

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

	3)      Rx noise figure (dB)
	3
	3
	3

	4)      Interference margin (dB)
	0
	0
	0

	5)      BW (Hz)
	80000
	80000
	2500

	6)      Effective noise (dBm)
2)+3)+4)+10*log10(5))
	-121.9691
	-121.9691
	-137.0206

	7)      Required SINR (dB)
	0.9
	-9.1
	-4.0

	8)      Rx sensitivity (dBm)
6)+7)
	-121.0691
	-131.0691
	-141.0206

	9)      Rx processing gain (dB)
	0
	0
	0

	10)    MCL (dB)
1)-8)+9)
	144.0691
	154.0691
	164.0206



Coverage performance
For PRACH preamble detection at the receiver, a threshold is set such that false alarm detection rate is sufficiently low. Different thresholds are chosen based on the coverage classes. 
· For standalone scenario, thermal noise is fed to the receiver to test false alarm rate.
· For guardband and inband scenarios, both thermal noise and adjacent LTE interfering signals are fed to the receiver to test false alarm rate. Note that the adjacent LTE interfering signals are not always present if the LTE system is not fully loaded. Therefore, the false alarm rates simulated for guardband and inband scenarios are pessimistic.

For preamble detection at the receiver, a misdetection is counted if either (1) the peak of accumulated detection statistic does not exceed the pre-determined threshold or (2) 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 the transmitted preambles will be higher (and thus detection rate may decrease).
As reference values, LTE specifies that PRACH false alarm rate is 0.1% and PRACH detection rate is 99% [9]. 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, there was no sample realization where the peak of the accumulated detection statistics fell below the predetermined threshold in all the cases, as shown in Table 3 and Table 4. The corresponding preamble detection rates are all high. Therefore, for users in basic coverage, the preamble transmission performance is satisfactory.
[bookmark: _Ref426019122]Table 3: Coverage Performance of PRACH Format 0: Inband Case 1-a
	Resource
	No. of preambles
	SNR (dB)
	MCL (dB)
	INR (dB)
	False alarm rate
	Detection rate

	
4 ms x 80 kHz
	
18
	
0.9
	
144
	0
	0/100,000
	99.65%

	
	
	
	
	10
	0/100,000
	99.55%

	
	
	
	
	20
	0/100,000
	97.95%



[bookmark: _Ref434334857]Table 4: Coverage Performance of PRACH Format 0: Inband Case 1-b
	Resource
	No. of preambles
	SNR (dB)
	MCL (dB)
	INR (dB)
	False alarm rate
	Detection rate

	
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%



Robust Coverage 
[bookmark: _Ref428797705]For users in basic coverage (154 dB MCL), the threshold is set such that the false alarm rate is below 0.1% in as many cases as possible, which achieving satisfactory detection rates. More accurately, all the false alarm rates in Table 5 are below 0.1%, except the Inband Case with 20 dB INR (where the false alarm rate is about 0.15%). The corresponding preamble detection rates are all high. Therefore, for users in robust coverage, the preamble transmission performance is satisfactory.
[bookmark: _Ref434329692]Table 5: Coverage Performance of PRACH Format 1: Inband Case 1-a
	Resource
	No. of preambles
	SNR (dB)
	MCL (dB)
	INR (dB)
	False alarm rate 
	Detection rate

	12 x 4 ms x 80 kHz
	18
	-9.1
	154
	0
	2/100,000
	98.92%

	
	
	
	
	10
	4/100,000
	98.68%

	
	
	
	
	15
	9/50,000
	97.90%

	
	
	
	
	20
	82/100,000
	94.77%



Table 6: Coverage Performance of PRACH Format 1: Inband Case 1-b
	Resource
	No. of preambles
	SNR (dB)
	MCL (dB)
	INR (dB)
	False alarm rate 
	Detection rate

	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%



Extreme Coverage
For users in extreme coverage, they use Format 2 for preamble transmission. Each threshold is chosen to such that the false alarm rate is below 0.1%. The results are shown in Table 7. We can see that the detection rates for the test cases are all high. Therefore, for users in extreme coverage, the preamble transmission performance is satisfactory.
[bookmark: _Ref428865102][bookmark: _Ref428886599]Table 7: Coverage Performance of PRACH Format 2: Inband Case 1-a
	Resource
	No. of preambles (i.e., number of tones)
	SNR (dB)
	MCL (dB)
	INR (dB)
	False alarm rate
	Detection rate

	
160 ms x 2.5 kHz x 18
	
18
	
-4.0
	
164
	0
	25/100,000
	99.04%

	
	
	
	
	10
	4/50,000
	97.63%

	
	
	
	
	15
	50/50,000
	94.07%

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



[bookmark: _Ref434587714]Table 8: Coverage Performance of PRACH Format 2: Inband Case 1-b
	Resource
	No. of preambles (i.e., number of tones)
	SNR (dB)
	MCL (dB)
	INR (dB)
	False alarm rate
	Detection rate

	
160 ms x 2.5 kHz x 18
	
18
	
-4.0
	
164
	0
	44/50,000
	98.86%

	
	
	
	
	10
	6/50,000
	97.31%

	
	
	
	
	15
	40/50,000
	90.47%

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



The following observations can be made from Table 3 to Table 8
Observation 1: The false alarm rates tested for all the formats are below 0.1% with some margins (except one case with 0.15% false alarm rate).
Observation 2: Even with 20 dB INR LTE interference, the preamble detection rates tested for Format 0 exceed 97%.
Observation 3: Even with 20 dB INR LTE interference, the preamble detection rates tested for Format 1 exceed 92%.
Observation 4: Even with 15 dB INR LTE interference, the preamble detection rates tested for Format 2 exceed 90%.
Observation 5: The false alarm rate margins can be traded for even higher detection rates by using higher detection thresholds.  


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 1 shows the distributions of time-of-arrival estimation errors for the PRACH Formats 0 and 1 under 0.9 dB and -9.1 dB, respectively. The results show that the estimation errors are within 8 us with very high probability. In the the SC-FDMA based uplink design for NB-IoT, the shortest CP is 28.2 us (4.7 us LTE CP expanded by 6 times). Therefore, the time-of-arrival estimation errors can be well handled by the CP and thus the time-of-arrival estimation accuracy is satisfactory.
[image: C:\local_data\MassiveMTC\Matlab\NB_LTE_RACH\Results\NewPRACH\ToA_Inband_Case1_Formats01.png]
[bookmark: _Ref425169115]Figure 1: Distribution of time-of-arrival estimation errors. Blue curve: Format 0 at 0.9 dB SNR; red curve: Format 1 at -9.1 dB SNR; 20 dB INR; Case 1-a.
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Figure 2: Distribution of time-of-arrival estimation errors. Blue curve: Format 0 at 0.9 dB SNR; red curve: Format 1 at -9.1 dB SNR; 20 dB INR; Case 1-b.
Observation 6: The Zadoff-Chu sequence based random access preamble designs of Format 0 and Format 1 can achieve very accurate time-of-arrival estimation performance.

Figure 3 shows the distributions of time-of-arrival estimation errors for the PRACH Format 2 under -4 dB. Compared to Formats 0 and 1, Format 2 only uses 2.5 kHz bandwidth, which fundamentally limits the timing estimation accuracy. The results in Figure 3 show that the estimation errors are within [-28.125, 28.125] us at 99%. Further, a biased timing estimator could be used so that 90% of timing estimations are within cyclic prefix range (that has at least 28.2 us long). Though the timing accuracy of Format 2 is not as good as Formats 0 and 1, the degradation is minor since (1) only 10% of users with 164 dB MCL have timing errors outside cyclic prefix range, and (2) they operate at very low SNR and thus their performance is power limited. Further, their impact on users in other coverage classes is also minor since (1) the received power of users with 164 dB MCL is small and (2) they are scheduled on the edge subcarriers. 
[image: C:\local_data\MassiveMTC\Matlab\NB_LTE_RACH\Results\NewPRACH\ToA_Inband_Case1_Format2_15dB.png]
[bookmark: _Ref434331189]Figure 3: Distribution of time-of-arrival estimation errors: Format 2 at -4 dB SNR; 15 dB INR; Case 1-a. 
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Figure 4: Distribution of time-of-arrival estimation errors: Format 2 at -4 dB SNR; 15 dB INR; Case 1-b.
Observation 7: The single-tone random access preamble design of Format 2 can achieve satisfactory time-of-arrival estimation performance.

Conclusions
In this contribution, we have provided PRACH evaluation results for the SC-FDMA based uplink design for NB-IoT in inband deployment. 
Observation 1: The false alarm rates tested for all the formats are below 0.1% with some margins (except one case with 0.15% false alarm rate).
Observation 2: Even with 20 dB INR LTE interference, the preamble detection rates tested for Format 0 exceed 97%.
Observation 3: Even with 20 dB INR LTE interference, the preamble detection rates tested for Format 1 exceed 92%.
Observation 4: Even with 15 dB INR LTE interference, the preamble detection rates tested for Format 2 exceed 90%.
Observation 5: The false alarm rate margins can be traded for even higher detection rates by using higher detection thresholds.  
Observation 6: The Zadoff-Chu sequence based random access preamble designs of Format 0 and Format 1 can achieve very accurate time-of-arrival estimation performance.
Observation 7: The single-tone random access preamble design of Format 2 can achieve satisfactory time-of-arrival estimation performance.
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