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1. Introduction
At RAN #69, a new work item named Narrowband Internet of Things (NB-IOT) was approved to specify a radio access for cellular internet of things [1]. NB-IOT should support 3 different modes of operation, i.e., stand-alone operation, guard-band operation, and in-band operation. In this contribution, we consider NB-IOT system with 15 kHz sub-carrier spacing, and present the design principle for synchronization channels for in-band operation. The performance of the design is evaluated through link-level simulation under the configuration defined in [3].
2. Synchronization Design for In-band Operation
In this contribution, we consider OFDMA systems with the same sub-carrier spacing of 15 kHz as LTE, in order to reduce the interference between NB-IOT and LTE by maintaining orthogonality.
When deployed in LTE, any impact from NB-IOT on legacy LTE UEs should be avoided. The physical channels and signals of legacy LTE that need to be protected are as follows: LTE PDCCH, PCFICH, PHICH, CRS, PRS, CSI-RS. In order to protect the legacy LTE signals, two principles, the puncturing and the avoidance, need to be adopted when designing the synchronization channel for NB-IOT. For the protection of LTE PDCCH, PCFICH and PHICH, by following the avoidance principle, synchronization signals can avoid the first three OFDM symbols in a subframe that are reserved for the considering control channels in legacy LTE. The synchronization signals corresponding to the resource elements that carry LTE CRS, PRS and/or CSI-RS can be punctured before transmission to avoid collision with them. The synchronization signals can also avoid the OFDM symbols that carry LTE CRS PRS and/or CSI-RS and can be allocated the other OFDM symbols.
Proposal 1: For N-PSS and N-SSS, it is necessary to avoid the first three OFDM symbols to protect LTE PDCCH, PCFICH and PHICH.

Proposal 2: For N-PSS and N-SSS, the synchronization signals corresponding to the resource elements that carry LTE CRS, PRS and/or CSI-RS can be punctured before transmission.

Proposal 3: For N-PSS and N-SSS, OFDM symbols that carry LTE CRS, PRS and/or CSI-RS can be avoided when allocating the synchronization signals.
For downlink synchronization in NB-IOT, we present two special signals, N-PSS (Narrow band Primary Synchronization Sequence) and N-SSS (Narrow band Secondary Synchronization Sequence) to provide time/frequency synchronization and cell identification. The examples for the recourse mapping of N-PSS and N-SSS are illustrated in Figure 1 for the case of a normal cyclic prefix, where N-PSS and N-SSS are composed of 9 contiguous OFDM symbols and 6 non-contiguous OFDM symbols, respectively. Both N-PSS and N-SSS occupy 12 subcarriers resulting in 180 kHz bandwidth. Accordingly, N-PSS and N-SSS occupy 108 and 72 resource elements, respectively. Note in the figure that for N-PSS its symbols corresponding to LTE CRS are punctured so as to keep the LTE CRS intact. The detailed signal design and signal generation methodology for N-PSS and N-SSS can be found in [4].
As shown in the figure, N-PSS is designed by following the puncturing principle to construct a contiguous sequence in the time domain. If N-PSS follows the avoidance principle, the resulting sequence in the time domain becomes non-contiguous, which can suffer more from frequency offset ant timing drift than the contiguous sequence, and, therefore, can make receiver processing to be complex. In the Figure 1, N-SSS follows the avoidance principle. The reason is to avoid potential degradation in performance by the punctured resource elements when designed by the puncturing principle.
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Figure 1: Resource mapping of N-PSS and N-SSS for the case of normal cyclic prefix (CP)
The allocation of N-PSS and N-SSS is depicted in Figure 2. N-PSS and N-SSS are repeated at 10ms and 20ms, respectively. Difference in the number of occupied OFDM symbols and periodicity of N-PSS and N-SSS is due to provide reliable cell search performance for in-band operation, in which receiver suffers from the reduced transmitted power compared as the case of standalone operation.
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Figure 2: Allocation of N-PSS and N-SSS
3. Simulation
3.1 Simulation Assumptions
The synchronization performance is evaluated for initial cell search scenario for NB-IOT deployed in a 10 MHz system with 6 dB boosting of NB-IOT at 164 dB coupling loss. In the simulation, up to 2 interfering cells are considered, where all the interferers are assumed to be transmitting at the same power level. The simulation assumptions is taken from [2], and summarized in Table 1.
During the initial cell search, the successful detection is declared when the correlation peak from the N-PSS reaches a certain threshold and any cell ID among the incoming cells is detected through the cell ID estimation by using N-SSS based on the estimated timing. For the detected realizations, false alarm is defined as the probability that fails to obtain the cell ID correctly.
Regarding CRS, 3 different cases are considered; no CRS transmission and no puncturing, 2 TX antenna ports for CRS and puncturing, and 4 TX antenna ports for CRS and puncturing.
Table 1: Simulation Parameters
	Parameter
	Value

	Carrier Frequency
	900 MHz

	Channel Model
	TU 1 Hz [2]

	Subcarrier Spacing
	15 kHz

	SNR
	-12.6 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

	Interference
	Transmitting power of the interfering cells is same as the serving cell

	Number of Tx antenna port for legacy LTE 
	0, 2, 4

	Downlink TX Power
	6 dB boosting for NB-IOT

No power boosting for LTE CRS

	Number of realizations
	1000

	NOTE1: -12.6 dB corresponds to an MCL of 164 dB with 6 dB boosting of NB-IOT system [3].


3.2 Simulation Results
The CDF of the time required for initial cell search is provided in Figure 3 for 3 different CRS cases. We observe a slight degradation in synchronization performance due to the puncturing as the number of TX antenna ports for CRS increases. 
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Figure 3: CDF of the time required for initial cell search at 164 dB MCL with 6 dB power boosting of NB-IOT
The CDF of residual frequency offset is presented in Figure 4 for 3 different CRS cases. We see that the residual frequency offset is within ±50 Hz for a majority of the realizations.
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Figure 4: CDF of the residual frequency offset at 164 dB MCL with 6 dB power boosting of NB-IOT
The detection and false alarm probabilities of the initial cell search for NB-IOT are provided in Table 2 for different number of transmit antennas for CRS.
Table 2: Detection and False Alarm Probabilities of Initial Cell Search for In-band Deployment
	
	6 dB boosting of NB-IOT at 164 dB MCL

	
	0 interferer
	2 interferers

	
	No CRS/
No Puncturing
	2TX CRS/
Puncturing
	4TX CRS/
Puncturing
	No CRS/
No Puncturing
	2TX CRS/
Puncturing
	4TX CRS/
Puncturing

	Detection Probability
	98%
	97%
	97%
	100%
	100%
	100%

	False Alarm Probability
	2.8%
	2.8%
	3.1%
	0.7%
	1%
	0.9%


4. Conclusions
The two principles for synchronization channel design, the avoidance and the puncturing have been proposed for in-band operation of NB-IOT, and the synchronization signals following the design principles are presented. It is shown that the designed synchronization signals can avoid collision with LTE signals, which enables successful operation within the in-band of LTE without inducing any impact on LTE UEs.

Performance evaluation of cell search in NB-IOT under the assumptions of the in-band operation showed that the proposed synchronization channel can achieve acceptable synchronization performance for initial cell search scenario at 164 dB MCL with 6 dB power boosting of NB-IOT.
Proposal 1: For N-PSS and N-SSS, it is necessary to avoid the first three OFDM symbols to protect LTE PDCCH, PCFICH and PHICH.

Proposal 2: For N-PSS and N-SSS, the synchronization signals corresponding to the resource elements that carry LTE CRS, PRS and/or CSI-RS can be punctured before transmission.

Proposal 3: For N-PSS and N-SSS, OFDM symbols that carry LTE CRS, PRS and/or CSI-RS can be avoided when allocating the synchronization signals.
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