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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 (optimised) network architecture. 
NB-IOT should support 3 different modes of operation: 
1.	‘Standalone 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 NB-LTE proposal for NB-IOT has been described in [2] and [3]. In this contribution, we provide a synchronization signal design for the cell search procedure in NB-LTE that enables support for the three different modes of operation, along with some performance evaluation results for stand-alone and inband operation.
Background
Essential functions of a cell search procedure are to detect a suitable cell to camp on, and for that cell, obtain the symbol timing and synchronize to the carrier frequency. When synchronizing to the carrier frequency, the mobile station needs to correct any erroneous frequency offsets that are present, and perform symbol timing alignment with the frame structure from the base station. In addition, in the presence of multiple cells, the mobile station needs to distinguish a particular cell on the basis of a cell ID. Thus, a typical cell search procedure consists of determining the timing alignment, correcting the frequency offset, obtaining the correct cell ID, and the absolute frame number reference.
This procedure matches the required assumption in [4], sub-clause 5.3.4 which states “Network synchronization is defined as the equivalent of acquisition of FCCH+SCH for GSM”. According to [4], it is further expected that the proponents of a candidate provide “The synchronization time, frequency accuracy and time accuracy after network synchronization”, as done in Section 4 in this contribution. 
LTE Cell Search
Cell search in LTE uses two synchronization sequences, the PSS (Primary Synchronization Sequence) and the SSS (Secondary Synchronization Sequence) in the 7th and 6th OFDM symbols respectively, of the 1st and 6th subframe of every 10 ms frame. This is depicted in Figure 1. Note that this design is for FDD systems only. In systems operating in TDD mode, the PSS and SSS are placed in a different position within the frame.
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[bookmark: _Ref425341896]Figure 1 : Frame structure for PSS and SSS in LTE
In LTE, 504 unique cell identities are supported, and this is further divided into 168 cell identity groups, with three cell identities within each group. As a result, three PSSs are used to provide the cell identity within a cell identity group. For a given cell, the PSS always contains the same information, and hence can be considered to be repeated every 5 ms. This enables the user to determine the timing of the cell within 5 ms and also correct the frequency offset after initiating the cell search. The position of the PSS gives the location of the SSS, which occupies the previous OFDM symbol. The sequences used in the SSS are interleaved in a different manner in the two subframes within a frame to obtain the correct frame timing and determine the particular cell identity group from the 168 possible alternatives.
The three PSSs are length-63 Zadoff-Chu sequences extended with 5 zeros at the edges and mapped to the center 73 subcarriers. The DC subcarrier is not transmitted, therefore, only 62 elements of the Zadoff-Chu sequences are used. The SSS is composed of two length 31 m-sequences interleaved in a specific manner in the two subframes (swapped in the frequency domain) to determine the correct frame timing. Since 31 cyclic shifts of an m-sequence are possible and all of them are orthogonal to one another, the SSS for a cell identity group is composed of two specific cyclic shifts of the two m-sequences.
NB LTE Cell Search
In order to maximize synergies with the LTE design, NB-LTE relies on a time remapping of the LTE resources as described in [2]. However, a time domain remapping of the PSS and SSS would result in the synchronization sequences spread over multiple subframes. For a low complexity device intended to operate in extended coverage this may not be desirable, and contiguous sequence in the time domain is preferred to simplify receiver processing. Therefore, cell search in NB-LTE follows the same principle as in LTE, but with suitable modifications to the design of the different sequences in order to improve the cell search capability. The structure of the cell synchronization sequences used in NB-LTE is provided in Figure 2 and Figure 3. 
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[bookmark: _Ref425163418]Figure 2 : Proposed frame structure for M-PSS and M-SSS in NB-LTE (lower density option).
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[bookmark: _Ref430857375]Figure 3 : Proposed frame structure for M-PSS and M-SSS in NB-LTE (higher density option).
Depicted in Figure 2 and Figure 3 are the
(a) Primary Synchronization Sequence (M-PSS): One Primary Synchronization sequence is used. The PSS spans 11 OFDM symbols and is used to determine the subframe timing as well as correcting the frequency offset. Note that in this design, the M-PSS can be viewed as a time domain signal, which is contiguous in time. 
(b) Secondary Synchronization Sequence (M-SSS): The Secondary Synchronization Sequence spans 6 OFDM symbols and is used to determine the cell identity and the timing within 80 ms. In order to support the same number of cell identity groups as in LTE, 504 different SSS are designed. 
Two density options for the synchronization signals are provided. The increased density is to facilitate cell search when NB-LTE is being operated with lower transmit power when deployed within a wideband LTE carrier. From the design in Figure 2, it can be seen that the M-PSS and M-SSS are repeated on average every 20 ms (10 ms for the higher density option in Figure 3) and occur 4 times (8 times in Figure 3) within an 80 ms block. In the subframes containing the synchronization sequences, the M-PSS occupies the last 11 OFDM symbols, and the SSS occupies the 6th, 7th, 10th, 11th, 13th and 14th OFDM symbols. The first 3 OFDM symbols are not used in order to support a common synchronization signal design for all the three modes of operation. For example, in in-band operation, the hosting LTE system uses the first 3 OFDM symbols to carry PDCCH and other control signals. For the M-PSS, the corresponding resource elements where CRS is transmitted in the hosting LTE system are punctured to avoid collision. The specific position of the M-PSS/M-SSS in NB-LTE avoids collision with a number of legacy LTE signals such as PDCCH, PCFICH, PHICH and MBSFN. This enables the proposed design to be used for all the three modes of operation.
With respect to LTE, the design of the synchronization sequences in NB-LTE is slightly different. This is done to achieve a compromise between faster synchronization and reduced device complexity and memory consumption at the user terminal. Because of the 4 times (8 times) repetition, a slightly modified design is required for the M-SSS to obtain the 80 ms timing, which we describe in the next section.
Structure of M-PSS and M-SSS
In NB-LTE, the structure of the M-PSS allows for a low complexity design of the timing and frequency offset estimator, and the M-SSS is designed to obtain the 80 ms timing and enable support for 504 unique cell identities. The sampling rate in the transmitter is typically equal to 1.92 MHz, which maps to the sampling rate of a hosting LTE system of a 1.4 MHz bandwidth. The sampling rate in the device receiver is 240 kHz, to facilitate a low complexity implementation.
In case of standalone deployment, transmitter pulse shaping is used in order to have minimal impact on the hosting system, e.g. GSM. 
Primary Synchronization Sequence Design

A single M-PSS is specified in NB-LTE. In LTE PSS synchronization procedure, a certain number of frequency hypotheses are used for each PSS in order to determine the symbol timing and a coarse estimation of the frequency offset. Adopting the same procedure in NB-LTE would give rise to a higher receiver processing complexity due to the use of multiple frequency hypotheses. In order to cater to this problem, a time domain sequence resembling a differentially encoded Zadoff-Chu sequence is proposed for the M-PSS. We start with a base sequence of length 131, and obtain

The base sequence  is then differentially encoded to give a sequence  as follows 

In order to fulfil the bandwidth requirement, i.e., the useful signal in NB-LTE occupies 180 kHz, the following operations are taken. First, the time domain sequence  is divided into 11 sub-sequences, each of length 12, which corresponds to the number of symbols in the frequency domain of the NB-LTE system. A 12-point FFT is then taken for each of these 11 sub-sequences, and these 12 elements obtained for each sub-sequence are mapped to the 12 resource elements of one OFDM symbol. After a 128 point IFFT, each sub-sequence is oversampled 128/12 times, to match the sampling rate of 1.92 MHz. The end result is that each sub-sequence is mapped to 1 OFDM symbol, and in total 11 OFDM symbols are used for the 11 sub-sequences. The transmitted M-PSS can be viewed as a time domain sequence, which has a bandwidth of 180 kHz and is an oversampled version of the differentially encoded base sequence. The M-PSS generation is given in Figure 4.
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[bookmark: _Ref427056926]Figure 4 : Generation of the M-PSS
The total M-PSS length is equal to (128 + 9)*11 + 1 = 1508 samples, where a cyclic prefix of 9 samples is used for all the symbols except the 5th symbol, which uses a cyclic prefix of 10 samples. 
It should be noted that Figure 4 provides a method for generating the M-PSS, and the actual M-PSS to be used during transmission need not be generated every time using the same complex procedure at the transmitter/receiver. The complex coefficients corresponding to the M-PSS in the subcarrier domain can be generated offline, i.e., , and these can then be stored directly at the transmitter/receiver. Also note that even though the PSS is generated at 1.92 MHz, the occupied bandwidth is 180 kHz. Therefore, at the receiver, we use a sampling rate of 240 kHz to do all the processing that is related to estimation of timing and frequency offsets using the M-PSS. This reduces the receiver complexity for cell search considerably. 
A comparison with LTE reveals that the frequency of occurrence of the M-PSS/M-SSS in NB-LTE gives a slightly larger overhead compared to the PSS/SSS in LTE. Specifically, the synchronization sequences used in LTE occupy 2.86 % of the total transmission resource, and the ones used in NB-LTE occupy approximately 6.07 % (12.14 % for the higher density option) of the total resource. This extra overhead comes with the advantage of reducing the synchronization time as well as the memory consumption, leading to improved battery life and lower device cost. 
Secondary Synchronization Sequence Design

The Secondary Synchronization Sequence (M-SSS) is designed in the frequency domain, and occupies 12 subcarriers in each of the 6 OFDM symbols used for M-SSS. Thus, the number of resource elements dedicated to the M-SSS is equal to 72. The M-SSS is composed of a single length 61 Zadoff Chu sequence padded with 11 zeros at the beginning. The sequence and its cyclic shifts for different roots easily provide support for up to 504 unique cell identities. The reason for using Zadoff-Chu sequences in NB-LTE compared to m-sequences in LTE is to provide improve the false detection performance compared to LTE, where the SSS design results in the presence of a common sequence for two different cell identity groups. 
Since the M-PSS/M-SSS occur 4 times (8 times) within an 80 ms block, the LTE design of the SSS cannot be used to provide the exact timing information within this block. This is because of the special interleaving structure used in LTE that can determine only 2 positions, whereas we need to determine 4 (8) positions. Therefore, a scrambling sequence is used on top of the Zadoff-Chu sequence in order to provide information about the frame timing. 4 (8) scrambling sequences are required to determine the 4 (8) locations within the 80 ms block, which can be leveraged to obtain the correct timing within 80 ms. The M-SSS mapping is provided in Figure 5.
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[bookmark: _Ref427057816]Figure 5 : Generation of the M-SSS
Specifically, the M-SSS is given as , where  denotes the cell identity and  determines the location of the M-SSS, i.e., the number of M-SSS in the 80 ms block that have occurred before the current M-SSS. We have

and




Note that  is a Zadoff Chu sequence and determines the cell identity group.  The root   and the cyclic shift  are used to provide a specific cell identity.  is the scrambling sequence composed of cyclic shifts of a base sequence  and is used to indicate the M-SSS location within 80 ms in order to obtain the correct timing. Note that the cyclic shift  is dependent on . The values of  and  for a specific  are given as  and . For the lower density SSS which occurs 4 times within a subframe, the cyclic shifts used for the scrambling sequences used are 
[bookmark: _Ref429119571]Simulations
Simulation assumptions
[bookmark: _Ref412221147]The simulation assumptions are aligned with the assumptions agreed in [4] 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 both for standalone as well as in-band operation for the three different MCLs of 144 dB, 154 dB and 164 dB.

Table 1: Simulation Parameters
	Parameter
	Value

	Carrier Frequency
	900 MHz

	Channel Model
	TU 1 Hz [4] 

	Subcarrier Spacing
	15 kHz

	SNR
	Standalone : -4.6 dB1, 5.4 dB and 15.4 dB
In-band : -12.6 dB2, -2.6 dB and 7.4 dB

	Sampling Frequency (Fs)
	1.92 MHz (A/D); 240 kHz (PSS detection)

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

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

	Antenna Configuration
	Standalone : 1 Tx, 1 Rx [4]
In-band : 2 Tx, 1 Rx

	Power Boosting for NB-LTE (In-band)
	6 dB

	Frequency Offset
	Initial Cell Search: Randomly generated as one of the values in the set of {-18 kHz, 18 kHz}, which corresponds to a frequency error of 20 ppm.
Non-Initial Cell Search: Randomly generated as one of the values in the set of {-1.8 kHz, 1.8 kHz}, which corresponds to a frequency error of 2 ppm.

	Number of realizations
	1000

	NOTE1: -4.6 dB corresponds to an MCL of 164 dB for standalone           operation.
NOTE2: -12.6 dB corresponds to an MCL of 164 dB for in-band operation.



Standalone Operation
For the standalone operation, the M-PSS/M-SSS design in Figure 2 is used. A transmit filter consisting of 19    taps is used in order that the NB-LTE signal fulfils the GSM PSD mask. This is essential to reduce the leakage outside the transmission bandwidth, thereby causing minimal interference to other systems, e.g., GSM. 

[bookmark: _Ref419849271]Initial Cell Search: Timing and Frequency Offset Estimation
During initial cell search, no time reference is present and the frequency offset is assumed to be 18 kHz. The device will search for the M-PSS at the chosen frequency. A peak detection algorithm is used in order to determine a successful detection. 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
	144 dB MCL
	154 dB MCL
	164 dB MCL

	
	Detection Probability
	False Alarm Probability
	Detection Probability
	False Alarm Probability
	Detection Probability
	False Alarm Probability

	0
	100 %
	0 % 
	100 %
	0 %
	100 %
	0.3 %

	1
	 100 %
	 0 %
	100 %
	0 %
	100 %
	0 %

	2
	 100 %
	 0 %
	100 %
	0 %
	100 %
	0 %



The CDFs of the synchronization times for timing offset estimation are provided in Figure 6, Figure 7 and Figure 8 for 144 dB MCL, 154 dB MCL and 164 dB MCL, respectively. Since the M-PSS/M-SSS are repeated every 20 ms in standalone operation, the synchronization time is given in terms of multiples of 20 ms. 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. 
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[bookmark: _Ref419713117]Figure 6: CDF of the time required for M-PSS detection at 144 dB MCL. 
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[bookmark: _Ref430866314]Figure 7: CDF of the time required for M-PSS detection at 154 dB MCL.
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[bookmark: _Ref430866316]Figure 8: CDF of the time required 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 blocks (A 20 ms block consists of 20 LTE subframes). The CDFs of the residual timing estimation error are provided in Figure 9, Figure 10 and Figure 11 for 144 dB MCL, 154 dB MCL and 164 dB MCL respectively. We observe that the timing estimation error is within +/- 3 us.
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[bookmark: _Ref419713210]Figure 9: CDF of the timing estimation error after M-PSS detection at 144 dB MCL.
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[bookmark: _Ref430867018]Figure 10: CDF of the timing estimation error after M-PSS detection at 154 dB MCL.
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[bookmark: _Ref430867020]Figure 11: 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 CDFs of the time required for frequency offset estimation are provided in Figure 12, Figure 13 and Figure 14 for 144 dB MCL, 154 dB MCL and 164 dB MCL respectively.
[image: ]
[bookmark: _Ref428171166]Figure 12: CDF of the time required for M-PSS frequency offset estimation at 144 dB MCL.
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[bookmark: _Ref430867165]Figure 13: CDF of the time required for M-PSS frequency offset estimation at 154 dB MCL.
[image: ]
[bookmark: _Ref430867167]Figure 14: CDF of the time required for M-PSS frequency offset estimation at 164 dB MCL.
The CDFs of the residual frequency offset estimation error are provided in Figure 15, Figure 16 and Figure 17 for 144 dB MCL, 154 dB MCL and 164 dB MCL respectively. We observe that the frequency offset estimation error is within +/- 50 Hz. 
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[bookmark: _Ref425325075]Figure 15: CDF of the frequency offset estimation error at 144 dB MCL.
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[bookmark: _Ref430867309]Figure 16: CDF of the frequency offset estimation error at 154 dB MCL.
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[bookmark: _Ref430867314]Figure 17: 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 80 ms timing estimation is performed using the SSS after the subframe timing has been found, and frequency offsets are compensated for. The corresponding CDFs of the synchronization time for cell ID detection are provided in Figure 18, Figure 19 and Figure 20 for 144 dB MCL, 154 dB MCL and 164 dB MCL respectively. A successful detection of the cell ID also results in obtaining the correct timing within 80 ms, because of the inherent design of the M-SSS.
[image: ]
[bookmark: _Ref419713308]Figure 18: CDF of the time required for cell ID detection at 144 dB MCL. 
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[bookmark: _Ref430869521]Figure 19: CDF of the time required for cell ID detection at 154 dB MCL.
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[bookmark: _Ref430869522]Figure 20: 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 the 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 20 ms frame used for signal detection.
[bookmark: _Ref419713384]Table 3: Comparison of network synchronization time (in ms) for initial cell search at different MCLs
	% of Users
	144 dB MCL
	154 dB MCL
	164 dB MCL

	
	No Interferer
	1 Interferer
	2 Interferers
	No Interferer
	1 Interferer
	2 Interferers
	No Interferer
	1 Interferer
	2 Interferers

	50 %
	40
	40
	40
	40
	40
	40
	140
	100
	100

	90 %
	80
	60
	80
	120
	80
	100
	480
	300
	260

	Average
	49.78
	49.92
	54.48
	63.92
	55.08
	59.72
	259.26
	140.1
	124.02



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 non-initial cell search, in agreement with [4]. Because of the relatively low frequency offset, a partially coherent correlation based approach is used that does not rely on differential decoding. This leads to a performance improvement at lower SNRs because of less noise enhancement compared to differential decoding and coherent correlation. The detection and false alarm probabilities are provided in Table 4 for different MCLs and varying number of interferers.
[bookmark: _Ref425327111]Table 4 : Comparison of the detection probability for non-initial cell search
	Number of Interferers
	144 dB MCL
	154 dB MCL
	164 dB MCL

	
	Detection Probability
	False Alarm Probability
	Detection Probability
	False Alarm Probability
	Detection Probability
	False Alarm Probability

	0
	100 % 
	 0 %
	100 %
	0 %
	100 %
	0.2 %

	1
	 100 %
	 0 %
	100 %
	0 %
	100 %
	0.2 %

	2
	 100 %
	0.1 % 
	100 %
	0 %
	100 %
	0.2 %



The CDFs of the synchronization time for timing offset estimation are provided in Figure 21, Figure 22 and Figure 23 for 144 dB MCL, 154 dB MCL and 164 dB MCL respectively. As before, the synchronization time is given in terms of multiples of 20 ms, which is the repetition interval of the M-PSS. Contradictory to initial cell search, 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.
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[bookmark: _Ref425327867]Figure 21: CDF of the time required for signal detection at 144 dB MCL. 
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[bookmark: _Ref430869678]Figure 22: CDF of the time required for signal detection at 154 dB MCL.
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[bookmark: _Ref430869679]Figure 23: CDF of the time required for signal detection at 164 dB MCL.
The CDFs of the residual timing estimation error are provided in Figure 24, Figure 25 and Figure 26 for 144 dB MCL, 154 dB MCL and 164 dB MCL respectively.
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[bookmark: _Ref428172188][bookmark: _Ref428172183]Figure 24: CDF of the timing estimation error after signal detection at 144 dB MCL. 
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[bookmark: _Ref430869835]Figure 25: CDF of the timing estimation error after signal detection at 154 dB MCL.
[image: ]
[bookmark: _Ref430869836]Figure 26: 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 CDFs of the time required for frequency offset estimation are provided in Figure 27, Figure 28 and Figure 29 for 144 dB MCL, 154 dB MCL and 164 dB MCL respectively. 
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[bookmark: _Ref425327956]Figure 27: CDF of the time required for frequency offset estimation at 144 dB MCL.
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[bookmark: _Ref430870214]Figure 28: CDF of the time required for frequency offset estimation at 154 dB MCL.
[image: ]
[bookmark: _Ref430870216]Figure 29: CDF of the time required for frequency offset estimation at 164 dB MCL.
The CDFs of the residual frequency offset estimation error are provided in Figure 30, Figure 31 and Figure 32 for 144 dB MCL, 154 dB MCL and 164 dB MCL respectively.
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[bookmark: _Ref425328240]Figure 30: CDF of the frequency offset estimation error at 144 dB MCL.
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[bookmark: _Ref430873105]Figure 31: CDF of the frequency offset estimation error at 154 dB MCL.
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[bookmark: _Ref430873106]Figure 32: 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 phase in the non-initial cell search corresponds to only obtaining the correct 80 ms timing, because the cell ID is known in advance. The corresponding CDF of the synchronization time for cell ID detection is provided in Figure 33, Figure 34 and Figure 35 for 144 dB MCL, 154 dB MCL and 164 dB MCL respectively. 
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[bookmark: _Ref425328471]Figure 33: CDF of the time required for cell ID detection at 144 dB MCL. 
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[bookmark: _Ref430873871]Figure 34: CDF of the time required for cell ID detection at 154 dB MCL.
[image: ]
[bookmark: _Ref430873872]Figure 35: CDF of the time required for cell ID detection at 164 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 5 for the different MCLs.
[bookmark: _Ref425328522]Table 5: Comparison of network synchronization time (in ms) for non-initial cell search
	% of Users
	144 dB MCL
	154 dB MCL
	164 dB MCL

	
	No Interferer
	1 Interferer
	2 Interferers
	No Interferer
	1 Interferer
	2 Interferers
	No Interferer
	1 Interferer
	2 Interferers

	50 %
	40
	40 
	60
	40
	40
	60
	80
	100
	120

	90 %
	80
	260
	340
	100
	280
	340
	340
	420
	520

	Average
	70.66
	102.02
	141.96
	74
	108.5
	148.04
	148.2
	176.3
	215.15


In-band Operation
For the in-band operation, the M-PSS/M-SSS design in Figure 3 is used. The adjacent two PRBs of the NB-LTE PRB are occupied by LTE signals on both sides. The M-PSS/M-SSS transmissions from the two antennas are provided in Figure 36. It can be seen that the sign M-PSS/M-SSS is reversed after every 10 ms block. This can be viewed as a form of precoding to enable transmit diversity, since the receiver sees two independent channels for the M-PSS/M-SSS that alternate every 10 ms.
[image: ]
[bookmark: _Ref430942808][bookmark: _Ref430942789]Figure 36: Transmission scheme for M-PSS/M-SSS in in-band operation
Initial Cell Search: Timing and Frequency Offset Estimation
The initial cell search procedure for in-band operation is same as that for the standalone operation, except that the accumulation is now done over 10 ms blocks. The detection and false alarm probabilities are provided in Table 6 for different MCLs and varying number of interferers. 
[bookmark: _Ref430877255]Table 6 : Detection probability for initial cell search
	Number of Interferers
	144 dB MCL
	154 dB MCL
	164 dB MCL

	
	Detection Probability
	False Alarm Probability
	Detection Probability
	False Alarm Probability
	Detection Probability
	False Alarm Probability

	0
	 100 %
	 0.2 %
	100 %
	0.1 %
	96.2 %
	4.9 %

	1
	 100 %
	 0 %
	100 %
	0.3 %
	100 %
	5.7 %

	2
	 100 %
	0 % 
	100 %
	0 %
	99.9 %
	4.9 %



The CDFs of the synchronization times for timing offset estimation are provided in Figure 37, Figure 38 and Figure 39 for 144 dB MCL, 154 dB MCL and 164 dB MCL respectively. Since the M-PSS/M-SSS are repeated every 10 ms in in-band operation, the synchronization time is now given in terms of multiples of 10 ms. 
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[bookmark: _Ref430877302]Figure 37: CDF of the time required for M-PSS detection at 144 dB MCL. 
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[bookmark: _Ref430877304]Figure 38: CDF of the time required for M-PSS detection at 154 dB MCL.
[image: ]
[bookmark: _Ref430877306]Figure 39: CDF of the time required for M-PSS detection at 164 dB MCL.
The CDFs of the residual timing estimation error are provided in Figure 40, Figure 41 and Figure 42  for 144 dB MCL, 154 dB MCL and 164 dB MCL respectively. We observe that the timing estimation error is within +/- 3 us.
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[bookmark: _Ref430877423]Figure 40: CDF of the timing estimation error after M-PSS detection at 144 dB MCL.
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[bookmark: _Ref430877425]Figure 41: CDF of the timing estimation error after M-PSS detection at 154 dB MCL.
[image: ]
[bookmark: _Ref430877426]Figure 42: CDF of the timing estimation error after M-PSS detection at 164 dB MCL.
The CDFs of the time required for frequency offset estimation are provided in Figure 43, Figure 44 and Figure 45 for 144 dB MCL, 154 dB MCL and 164 dB MCL respectively.
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[bookmark: _Ref430877992]Figure 43: CDF of the time required for M-PSS frequency offset estimation at 144 dB MCL.
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[bookmark: _Ref430877994]Figure 44: CDF of the time required for M-PSS frequency offset estimation at 154 dB MCL.
[image: ]
[bookmark: _Ref430877995]Figure 45: CDF of the time required for M-PSS frequency offset estimation at 164 dB MCL.
The CDFs of the residual frequency offset estimation error are provided in Figure 46, Figure 47 and Figure 48 for 144 dB MCL, 154 dB MCL and 164 dB MCL respectively. We observe that the frequency offset estimation error is within +/- 50 Hz. 
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[bookmark: _Ref430878061]Figure 46: CDF of the frequency offset estimation error at 144 dB MCL.
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[bookmark: _Ref430878062]Figure 47: CDF of the frequency offset estimation error at 154 dB MCL.
[image: ]
[bookmark: _Ref430878063]Figure 48: CDF of the frequency offset estimation error at 164 dB MCL.
Initial Cell Search: Cell ID and Frame Timing Detection
The CDFs of the synchronization time for cell ID detection are provided in Figure 49, Figure 50 and Figure 51 for 144 dB MCL, 154 dB MCL and 164 dB MCL respectively. 
[image: ]
[bookmark: _Ref430878120]Figure 49: CDF of the time required for cell ID detection at 144 dB MCL. 
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[bookmark: _Ref430878122]Figure 50: CDF of the time required for cell ID detection at 154 dB MCL.
[image: ]
[bookmark: _Ref430878124]Figure 51: CDF of the time required for cell ID detection at 164 dB MCL.
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 7 for the different MCLs. In obtaining the total synchronization time, we assume that the frequency offset estimation procedure is started during the last 10 ms frame used for signal detection. 
[bookmark: _Ref430878343]Table 7: Comparison of network synchronization time (in ms) for initial cell search at different MCLs
	% of Users
	144 dB MCL
	154 dB MCL
	164 dB MCL

	
	No Interferer
	1 Interferer
	2 Interferers
	No Interferer
	1 Interferer
	2 Interferers
	No Interferer
	1 Interferer
	2 Interferers

	50 %
	20
	20
	30
	60
	40
	50
	1600
	890
	540

	90 %
	90
	60
	60
	350
	160
	140
	7080
	3850
	2330

	Average
	40
	34.91
	37.72
	139.41
	74.37
	67.18
	1965
	1215
	772.9



Non-Initial Cell Search: Timing and Frequency Offset Estimation
The detection and false alarm probabilities are provided in Table 8 for different MCLs and varying number of interferers.
[bookmark: _Ref430878421]Table 8 : Comparison of the detection probability for non-initial cell search
	Number of Interferers
	144 dB MCL
	154 dB MCL
	164 dB MCL

	
	Detection Probability
	False Alarm Probability
	Detection Probability
	False Alarm Probability
	Detection Probability
	False Alarm Probability

	0
	100 % 
	 0.1 %
	100 %
	0 %
	100 %
	0.3 %

	1
	 100 %
	 0 %
	100 %
	0.1 %
	100 %
	0.4 %

	2
	 99.9 %
	0 % 
	99.9 %
	0 %
	100 %
	0.4 %



The CDFs of the synchronization time for timing offset estimation are provided in Figure 52, Figure 53 and Figure 54 for 144 dB MCL, 154 dB MCL and 164 dB MCL respectively. As before, the synchronization time is given in terms of multiples of 10 ms, which is the repetition interval of the M-PSS. 
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[bookmark: _Ref430878489]Figure 52: CDF of the time required for signal detection at 144 dB MCL. 
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[bookmark: _Ref430878491]Figure 53: CDF of the time required for signal detection at 154 dB MCL.
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[bookmark: _Ref430878492]Figure 54: CDF of the time required for signal detection at 164 dB MCL.
The CDFs of the residual timing estimation error are provided in Figure 55, Figure 56 and Figure 57 for 144 dB MCL, 154 dB MCL and 164 dB MCL respectively.
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[bookmark: _Ref430878494]Figure 55: CDF of the timing estimation error after signal detection at 144 dB MCL. 
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[bookmark: _Ref430878495]Figure 56: CDF of the timing estimation error after signal detection at 154 dB MCL.
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[bookmark: _Ref430878497]Figure 57: CDF of the timing estimation error after signal detection at 164 dB MCL.
The CDFs of the time required for frequency offset estimation are provided in Figure 58, Figure 59 and Figure 60 for 144 dB MCL, 154 dB MCL and 164 dB MCL respectively. 
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[bookmark: _Ref430878498]Figure 58: CDF of the time required for frequency offset estimation at 144 dB MCL.
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[bookmark: _Ref430878499]Figure 59: CDF of the time required for frequency offset estimation at 154 dB MCL.
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[bookmark: _Ref430878500]Figure 60: CDF of the time required for frequency offset estimation at 164 dB MCL.
The CDFs of the residual frequency offset estimation error are provided in Figure 61, Figure 62 and Figure 63 for 144 dB MCL, 154 dB MCL and 164 dB MCL respectively.
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[bookmark: _Ref430878504]Figure 61: CDF of the frequency offset estimation error at 144 dB MCL.
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[bookmark: _Ref430878507]Figure 62: CDF of the frequency offset estimation error at 154 dB MCL.
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[bookmark: _Ref430878509]Figure 63: CDF of the frequency offset estimation error at 164 dB MCL.
Non-Initial Cell Search: Cell ID and Frame Timing Detection
The CDFs of the synchronization time for cell ID detection are provided in Figure 64, Figure 65 and Figure 66 for 144 dB MCL, 154 dB MCL and 164 dB MCL respectively. 
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[bookmark: _Ref430878510]Figure 64: CDF of the time required for cell ID detection at 144 dB MCL. 
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[bookmark: _Ref430878512]Figure 65: CDF of the time required for cell ID detection at 154 dB MCL.
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[bookmark: _Ref430878514]Figure 66: CDF of the time required for cell ID detection at 164 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 9 for the different MCLs.
[bookmark: _Ref430878723]Table 9: Comparison of network synchronization time (in ms) for non-initial cell search
	% of Users
	144 dB MCL
	154 dB MCL
	164 dB MCL

	
	No Interferer
	1 Interferer
	2 Interferers
	No Interferer
	1 Interferer
	2  Interferers
	No Interferer
	1    Interferer
	2  Interferers

	50 %
	20
	30
	30
	30
	40
	60
	300
	310
	310

	90 %
	90
	210
	290
	200
	310
	400
	980
	1100
	1110

	Average
	55.32
	85.37
	112.11
	84.96
	121.07
	146.24
	437.70
	467.29
	469.37


Conclusions
A synchronization signal design for NB-LTE has been proposed. The design is optimized for IoT applications and enables support for all three modes of operation, i.e., standalone, guard-band and in-band.
Evaluations based on the proposed cell search design in NB-LTE has been shown to provide good synchronization performance for initial and non-initial cell search in various scenarios, both for standalone as well as in-band operation modes.
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