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Introduction
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, see  [1].
The study is open to both a non-legacy based design, and/or a backward compatible evolution of GSM/EDGE.
A non-legacy based solution called Narrowband LTE (NB LTE) has been proposed in [2] in order to maintain synergies with LTE. A cell search mechanism for NB LTE has been proposed in [3]. In this contribution, we provide performance evaluations of the NB LTE cell search procedure for different scenarios of interest.
Background
Cell Search in NB LTE uses two sequences, the PSS (Primary Synchronization Sequence) and the SSS (Secondary Synchronization Sequence), repeated every 15 ms within an M-frame as shown in Figure 1. A detailed description of the design is provided in [3]. 3 PSS and 168 SSS are used giving rise to 504 unique cell identities. Each cell identity belongs to a specific cell identity group determined by the SSS and an identifier within the cell identity group determined by the PSS.
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[bookmark: _Ref425407798]Figure 1 : PSS and SSS in NB LTE.
The structure of the PSS enables a correlation based detector to estimate the subframe timing, the carrier frequency offset and the cell identity within a cell identity group. After the timing has been determined and the frequency offset corrected, the SSS is then used to obtain the M-frame timing and the cell identity group. While the correlation based detector for the PSS operates in the time domain, the one for the SSS does so in the frequency domain.
Simulations
Simulation assumptions
The simulation assumptions are taken from [4] and tabulated in Table 2. Three different scenarios are investigated, corresponding to the presence of 0, 1 or 2 interferers. All the interferers are assumed to be transmitting at the same power level. The results are provided for these scenarios at three different MCLs corresponding to 164 dB, 154 dB and 144 dB.

[bookmark: _Ref412221147]Table 2. Simulation Parameters
	Parameter
	Value

	Carrier Frequency
	900 MHz

	Channel Model
	TU 1 Hz [4]

	Subcarrier Spacing
	15 kHz

	SNR
	-4.6 dB, 5.4 dB and 15.4 dB1

	Sampling Frequency (Fs)
	1.92 MHz

	Cyclic Prefix
	10 samples for the 1st and 7th OFDM symbol within a subframe, 9 samples for the rest

	Timing offset
	Uniformly distributed between [0,15) ms in steps of size 1/Fs

	Antenna Configuration
	1 Tx, 1 Rx [4]

	Frequency Offset
	Randomly generated as one of the values      {-18 kHz, 18 kHz} 

	Number of realizations
	1000

	Max. M-frames 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 for all possible cells at the chosen frequency. In order to limit the search time, a successful detection corresponds to the case where the correlation peak from the PSS exceeds the average correlation by a certain threshold. The detection probabilities are provided in Table 3 for different MCLs and varying number of interferers. Irrespective of the number of interferers, or the investigated coupling loss, the detection probability is 100%.
[bookmark: _Ref413058550]Table 3 : Detection probability for initial cell search
	Number of Interferers
	Detection Probability at different coupling loss

	
	164 dB
	154 dB
	144 dB

	0
	100 %
	100 %
	100 %

	1
	100 %
	100 %
	100 %

	2
	100 %
	100 %
	100 %



The CDF of the synchronization times for timing offset estimation are provided in Figure 2, Figure 3 and Figure 4 for 164 dB, 154 dB and 144 dB MCL respectively. Note that the synchronization time is given in terms of multiples of 15 ms intervals, which is the repetition interval of the PSS. We observe that at higher coupling loss (lower SNR), the performance of synchronization is worst in the presence of no interferers in the system, and is best when equally strong signals from 3 BSs 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. On moving to lower MCL (higher SNR), this effect is somewhat reduced because the gains due to macro diversity are offset due to the presence of interfering signals from other cells.
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[bookmark: _Ref419713117]Figure 2 : CDF of the time required for signal detection at 164 dB MCL. 
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[bookmark: _Ref425324030]Figure 3 : CDF of the time required for signal detection at 154 dB MCL.
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[bookmark: _Ref425324033]Figure 4 : CDF of the time required for signal detection at 144 dB MCL.
The timing offset is estimated at the time the signal is detected and requires accumulation of the correlation over multiple 15 ms frames (A 15 ms frame consists of 15 subframes). The CDFs of the residual timing estimation error are provided in Figure 8, Figure 9 and Figure 10 for the three MCLs of 164 dB, 154 dB and 144 dB respectively. We observe that the timing estimation error is within the length of the cyclic prefix for all the realizations. 
[image: ]
[bookmark: _Ref419713210]Figure 8: CDF of the timing estimation error after signal detection at 164 dB MCL. 
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[bookmark: _Ref425325070]Figure 9 : CDF of the timing estimation error after signal detection at 154 dB MCL.
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[bookmark: _Ref425325071]Figure 10 : CDF of the timing estimation error after signal detection at 144 dB MCL.
After the timing offset has been found, an accumulation over multiple 15 ms frames is again required for accurate frequency offset estimation. The CDFs of the time required for frequency offset estimation are provided in Figure 5, Figure 6 and Figure 7  for MCLs of 164 dB, 154 dB and 144 dB respectively. 
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Figure 5 : CDF of the time required for frequency offset estimation at 164 dB MCL.
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Figure 6 : CDF of the time required for frequency offset estimation at 154 dB MCL.
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Figure 7 : CDF of the time required for frequency offset estimation at 144 dB MCL.
The CDFs for the residual frequency offset estimation error are provided in Figure 11, Figure 12 and Figure 13 for the different MCLs. We observe that the frequency offset estimation error is within +/- 50 Hz for 99 % of the realizations. 
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[bookmark: _Ref425325075]Figure 11 : CDF of the frequency offset estimation error at 164 dB MCL.
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[bookmark: _Ref425325076]Figure 12 : CDF of the frequency offset estimation error at 154 dB MCL.
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[bookmark: _Ref425325080]Figure 13 : CDF of the frequency offset estimation error at 144 dB MCL.

Initial Cell Search: Cell ID and Frame Timing Detection
The cell ID detection as well as the M-frame timing is performed using the 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 14, Figure 15 and Figure 16 for the three different MCLs of 164 dB, 154 dB and 144 dB respectively. Note that a successful detection of the cell ID also results in the correct M-frame timing, because of the inherent design of the SSS.
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[bookmark: _Ref419713308]Figure 14: CDF of the time required for cell ID detection at 164 dB MCL. 
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[bookmark: _Ref425328346]Figure 15 : CDF of the time required for cell ID detection at 154 dB MCL.
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[bookmark: _Ref425328347]Figure 16 : CDF of the time required for cell ID detection at 144 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 4, Table 5 and Table 6 for the three different MCLs. “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 15 ms frame used for signal detection, and the cell ID detection procedure is started in the last 15 ms frame the frequency offset is correctly estimated.
[bookmark: _Ref419713384]Table 4: Comparison of network synchronization time (in ms) for initial cell search at 164 dB MCL
	Synchronization Time
	Number of Interferers

	
	0
	1
	2

	50 %
	135
	90
	75

	90 %
	570
	390
	390

	99 %
	1245
	1470
	1110

	Average
	236.57
	167.48
	153.92



[bookmark: _Ref425326357]Table 5 : Comparison of network synchronization time (in ms) for initial cell search at 154 dB MCL
	Synchronization Time
	Number of Interferers

	
	0
	1
	2

	50 %
	30
	30
	30

	90 %
	120
	105
	120

	99 %
	465
	795
	1035

	Average
	53.23
	61.08
	71.46



[bookmark: _Ref425326359]Table 6 : Comparison of network synchronization time (in ms) for initial cell search at 144 dB MCL
	Synchronization Time
	Number of Interferers

	
	0
	1
	2

	50 %
	15
	15
	30

	90 %
	30
	75
	90

	99 %
	75
	405
	630

	Average
	19.28
	41.49
	57.84



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 current GERAN assumption [4]. The detection probabilities are provided in Table 7 for different MCLs and varying number of interferers.
[bookmark: _Ref425327111]Table 7 : Comparison of the detection probability for non-initial cell search
	Number of Interferers
	Detection Probability 

	
	164 dB MCL
	154 dB MCL
	144 dB MCL

	0
	100 %
	99.8 %
	98.9 %

	1
	100 %
	99.8 %
	99.2 %

	2
	100 %
	99.8 %
	99.2 %



The CDF of the synchronization times for timing offset estimation are provided in Figure 17, Figure 18 and Figure 19 for 164 dB, 154 dB and 144 dB MCL respectively. As before, the synchronization time is given in terms of multiples 15 ms intervals, which is the repetition interval of the PSS.
In these and subsequent comparisons, the realizations for which there was no detection are excluded. For these excluded realizations, the signal was not detected even after 40 M-frames (see Table 7  for the percentage of detection). 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 neighboring two transmitting cells as opposed to only one cell, resulting in a slower synchronization.
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[bookmark: _Ref425327867]Figure 17 : CDF of the time required for signal detection at 164 dB MCL. 
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[bookmark: _Ref425327868]Figure 18 : CDF of the time required for signal detection at 154 dB MCL.
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[bookmark: _Ref425327870]Figure 19 : CDF of the time required for signal detection at 144 dB MCL.
The CDFs of the residual timing estimation error are provided in Figure 23, Figure 24 and Figure 25  for the different MCLs.
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Figure 23: CDF of the timing estimation error after signal detection at 164 dB MCL. 
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Figure 24 : CDF of the timing estimation error after signal detection at 154 dB MCL.
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Figure 25 : CDF of the timing estimation error after signal detection at 144 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 CDFs of the time required for frequency offset estimation are provided in Figure 20, Figure 21 and Figure 22  at MCLs of 164 dB, 154 dB and 144 dB respectively. 
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[bookmark: _Ref425327956]Figure 20 : CDF of the time required for frequency offset estimation at 164 dB MCL.
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[bookmark: _Ref425327957]Figure 21 : CDF of the time required for frequency offset estimation at 154 dB MCL.
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[bookmark: _Ref425327958]Figure 22 : CDF of the time required for frequency offset estimation at 144 dB MCL.
The CDFs of the residual frequency offset estimation error are provided in Figure 26, Figure 27 and Figure 28 for the different MCLs.
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[bookmark: _Ref425328240]Figure 26 : CDF of the frequency offset estimation error at 164 dB MCL.
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[bookmark: _Ref425328242]Figure 27 : CDF of the frequency offset estimation error at 154 dB MCL.
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[bookmark: _Ref425328243]Figure 28 : CDF of the frequency offset estimation error at 144 dB MCL.

Non-Initial Cell Search: Cell ID and Frame Timing Detection
The cell ID detection as well as the M-frame timing estimation is performed using the 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 29, Figure 30 and Figure 31 respectively for the three different MCLs considered. 
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[bookmark: _Ref425328471]Figure 29: CDF of the time required for cell ID detection at 164 dB MCL. 
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[bookmark: _Ref425328473]Figure 30 : CDF of the time required for cell ID detection at 154 dB MCL.
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[bookmark: _Ref425328474]Figure 31 : CDF of the time required for cell ID detection at 144 dB MCL.

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 8, Table 9 and Table 10 for the three different MCLs.
[bookmark: _Ref425328522]Table 8: Comparison of network synchronization time (in ms) for initial cell search at 164 dB MCL
	Synchronization Time
	Number of Interferers

	
	0
	1
	2

	50 %
	150
	165
	210

	90 %
	630
	690
	1005

	99 %
	1410
	1815
	2165

	Average
	255.99
	292.42
	392.67



[bookmark: _Ref425328523]Table 9 : Comparison of network synchronization time (in ms) for initial cell search at 154 dB MCL
	Synchronization Time
	Number of Interferers

	
	0
	1
	2

	50 %
	30
	60
	90

	90 %
	120
	420
	540

	99 %
	495
	1335
	1665

	Average
	59.41
	157.19
	215.19



[bookmark: _Ref425328524]Table 10 : Comparison of network synchronization time (in ms) for initial cell search at 144 dB MCL
	Synchronization Time
	Number of Interferers

	
	0
	1
	2

	50 %
	15
	45
	75

	90 %
	30
	315
	495

	99 %
	135
	1275
	1725

	Average
	22.37
	123.67
	195.74



Conclusions
Performance evaluations based on the cell search design in NB LTE has been shown to provide good synchronization performance for initial and non-initial cell search at different MCLs, both in the presence as well as absence of interferers.
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