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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 synchronization channel design for NB-IOT has been described in [2] and [3]. Although the performance of the synchronization sequence in [2] is better than that of [3] in certain scenarios, the performance is considerably degraded for certain values of carrier frequency offsets (CFO). In this contribution, we provide an optimization to the synchronization signal design proposed in [2] that achieves good performance over different values of the carrier frequency offset.
[bookmark: _GoBack]This contribution is an update of [6], adding simulation results for the proposed cell search design.
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.
In the design of [2], cell search procedure uses two signals, i.e., the Primary Synchronization Signal (M-PSS) and the Secondary Synchronization Signal (M-SSS). M-PSS is used for signal detection, initial symbol-level time synchronization and CFO (Carrier Frequency Offset) estimation. M-SSS is used for frame level synchronization and cell identification. 
The M-PSS design provided in [2] consists of two Zadoff-Chu (ZC) sequences M-PSS1 and M-PSS2. M-PSS1 is generated based on a -length ZC sequence with root index 1, while M-PSS2 is based on the complex conjugate of M-PSS1


The M-SSS design also consists of two Zadoff-Chu (ZC) sequences M-SSS1 and M-SSS2. M-SSS1 and M-SSS2 are generated based on a -length ZC sequence with root index  and  respectively.


The length  is chosen to be prime in order to enable support for upto  different sequences. The combination of the two IDs  is sufficient encode the physical cell ID and the timing within an 80 ms block.
The sequences, M-PSS/M-SSS are then divided into  sub-sequences. If the length of the sequences are not divisible by , then zeros are padded to make it divisible. A DFT is then employed for each of these  sub-sequences, and the resulting output is followed by an IFFT stage. Cyclic prefix (CP) is finally added to generate the synchronization signals. The signal generation diagram is shown in Figure 1.
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[bookmark: _Ref434409166]Figure 1: Synchronization Signal Generator
The M-PSS signal is transmitted 4 times every 80ms and occupies the even numbered frames (the duration of a frame is 10 ms) within the 80ms block (i.e. the frames 0, 2, 4 and 6). The M-SSS signal is transmitted in the last frame within the 80 ms block. Both the M-PSS/M-SSS are mapped to subframe 4 and subframe 5 within each occupied frame. The M-PSS/M-SSS in each assigned subframe span the last 9 OFDM symbols. This avoids collision with legacy LTE control channel (PDCCH). The resource elements for LTE CRS are punctured. The resource mapping is shown in Figure 2.
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[bookmark: _Ref434409180]Figure 2: Resource Mapping for the M-PSS/M-SSS

Modified PSS Design
The basic advantage of using a Zadoff Chu sequence for M-PSS is the nice property that the frequency offset manifests itself as a cyclic shift of the base sequence. However, even though the design in [2] enables the PSS to be close to the original Zadoff chu sequence, addition of a frequency offset destroys this nice property due to the insertion of cyclic prefixes at regular intervals. In the following, we describe a method that tries to avoid this problem by starting with a longer sequence and then truncating it at specific positions so that the final PSS retains the nice property of the original sequence except at the positions where the cyclic prefix was inserted.
Let  denote the length of the cyclic prefix,  the number of subcarriers corresponding to an OFDM symbol,  the number of subsequences,  the length of the base sequence and  the IFFT size. Note that in the design of [2],  symbols are oversampled to give  samples, thus, the number of symbols required to give  samples is . Since there are  subsequences, there are  positions within the sequence where the cyclic prefix will be added and each position would have  symbols, giving a total of  symbols. Thus, the length of the base sequence  should satisfy . The idea is then to start with a base sequence of length , and remove roughly  symbols after every  symbols, thereby ending up with a sequence of length . This sequence is then fed to the PSS generator in Figure 1. The generated PSS signal corresponds to an oversampled version of the input sequence, with cyclic prefix inserted at specific positions. Note that with the proposed design, specific portions of the base sequence are punctured and replaced with CP. The remaining portions of the base sequence maintain the same time relationship before and after CP insertion. By maintaining the time relationship, the properties of ZC sequence is preserved, which facilitates more robust frequency estimation.
In the proposed design, we make two modifications to the M-PSS sequence described in Section 2. The proposed M-PSS sequence spans 11 OFDM symbols instead of 9 OFDM symbols, and is generated by truncating a length-141 Zadoff sequence. We have ,  and . Therefore, . There are 10 positions where the cyclic prefix can be inserted, and the number of symbols that have to be removed until the  position is given by . Denoting the start index of the length 141 zadoff chu sequence as 1, we remove the 13th, 26th, 51st, 64th, 77th, 90th, 103rd, 116th and 141st symbols to obtain a length 132 sequence that is then used to generate the M-PSS.
The actual positions where the symbols need to be removed should be carefully chosen in order to preserve the correlation properties in the presence of frequency offsets. The block diagram for PSS generation using the proposed method is provided in Figure 3. The difference compared to Figure 1 is indicated by the corresponding block with a different color.
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[bookmark: _Ref434409236]Figure 3: Modified PSS Generator
[bookmark: _Ref429119571]Simulations
1.1 Simulation assumptions
The simulation assumptions are aligned with the assumptions agreed in [4] and tabulated in Table 1. Since the design was already shown to achieve good performance over different scenarios of interest, we only present results providing a comparison of the design in [2] and our proposed design for those scenarios where the performance of the design in [2] was poor. 
[bookmark: _Ref412221147]We investigate the worst case scenario for initial cell search, i.e., in an in-band deployment in the absence of interferers for three different carrier frequency offsets, i.e., 18 kHz, 9 kHz and 25 kHz. For non-initial cell search, we provide results for all the three deployment modes at different MCLs in the presence of 2 interferers. It can be seen for earlier cell search investigations [3] that the presence of 2 interferers is the worst case scenario for non-initial cell search.
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 and Guard-band : 2 Tx, 1 Rx

	Power Boosting for NB-IOT (In-band and Guard-band)
	6 dB

	Frequency Offset
	Initial Cell Search: Randomly generated as one of the values in the set of {-X kHz, X kHz}, where X = {9, 18, 25}.
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 and guard-band operation.



For the standalone operation, a transmit filter consisting of 19 taps described in is used so that the NB-IOT 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.
For in-band operation, the adjacent PRBs of the NB-IOT PRB are occupied by LTE signals on both sides. For guard-band operation, the LTE signal is present in an adjacent PRB on one side only. For both the in-band and guard-band operation modes, the M-PSS transmissions from the two antennas are provided in Figure 4. It can be seen that the sign M-PSS is reversed after every 20 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 that alternate every 20 ms. 
[image: ]
[bookmark: _Ref430942808][bookmark: _Ref430942789]Figure 4: Transmission scheme for M-PSS in in-band operation

1.2 Initial Cell Search
A comparison of the total synchronization time for initial cell search for a desired percentage of the mobile stations is provided in Table 2 for different carrier frequency offsets in an inband deployment at 164 dB MCL for both the design in [2] and the proposed optimized design. The detection and false alarm percentages for the same are provided in Table 3. “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. During the synchronization procedure, the subframe timing is first estimated using the M-PSS, followed by the estimation of carrier frequency offset using the same M-PSS. After the timing and frequency offset is known, the M-SSS is used for detecting the timing within the 80 ms block as well as the unique 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 2: Comparison of network synchronization time (in ms) between different designs for initial cell search in an in-band deployment at 164 dB MCL in the absence of interferers for different carrier frequency offsets
	% of Users
	Design in [2]
	Proposed Design

	
	9 kHz CFO
	18 kHz CFO
	25 kHz CFO
	9 kHz CFO
	18 kHz CFO
	25 kHz CFO

	50 %
	-
	550
	-
	430
	510
	950

	90 %
	-
	1970
	-
	1290
	1670
	3790

	Average
	-
	793
	-
	597
	730
	1263



[bookmark: _Ref434409375]Table 3: Comparison of detection and false alarm percentages between different designs for initial cell search in an in-band deployment at 164 dB MCL in the absence of interferers for different carrier frequency offsets
	
	Design in [2]
	Proposed Design

	
	9 kHz CFO
	18 kHz CFO
	25 kHz CFO
	9 kHz CFO
	18 kHz CFO
	25 kHz CFO

	Detection
	12.2 %
	99.7 %
	27.4 %
	99.9 %
	99.6 %
	95.8 %

	False Alarm
	21.3 %
	1.5 %
	11.3 %
	0.4 %
	1 %
	1.5 %



We observe that while the design in [2] achieves good synchronization performance at 18 kHz CFO, the performance is considerably degraded at CFOs of 9 kHz and 25 kHz. However, the proposed design achieves good synchronization performance for all the three different CFOs. The variation in the performance at 25 kHz frequency offset is due to the effect of sampling time drift, which limits the accumulation time required for signal detection.
Non-Initial Cell Search
A comparison of the total synchronization time for non-initial cell search for the proposed design for a desired percentage of the mobile stations is provided in Table 4 for the different MCLs and deployment modes in the presence of 2 interferers. The detection and false alarm percentages are provided in Table 5.
[bookmark: _Ref425328522]Table 4: Comparison of network synchronization time (in ms) for non-initial cell search with the proposed design for different operation modes at different MCLs in the presence of 2 interferers
	% of Users
	Standalone
	Inband
	Guardband

	
	164 dB MCL
	154 dB MCL
	144 dB MCL
	164 dB MCL
	154 dB MCL
	144 dB MCL
	164 dB MCL
	154 dB MCL
	144 dB MCL

	50 %
	130
	110
	110
	350
	110
	110
	290
	110
	110

	90 %
	370
	270
	250
	850
	250
	210
	790
	250
	210

	99 %
	850
	750
	630
	1770
	590
	530
	1630
	670
	510

	Average
	188.96
	146.16
	139.32
	434.57
	150.14
	127.16
	389.78
	147.4
	120.64



[bookmark: _Ref434409451]Table 5: Comparison of detection and false alarm percentages for non-initial cell search with the proposed design for different operation modes at different MCLs in the presence of 2 interferers
	% of Users
	Standalone
	Inband
	Guardband

	
	164 dB MCL
	154 dB MCL
	144 dB MCL
	164 dB MCL
	154 dB MCL
	144 dB MCL
	164 dB MCL
	154 dB MCL
	144 dB MCL

	Detection
	100 %
	100 %
	100 %
	100 %
	100 %
	100 %
	100 %
	100 %
	100 %

	False Alarm
	0 %
	0 %
	0 %
	0.2 %
	0 %
	0.1 %
	0 %
	0.1 %
	0 %




Conclusions
An improved synchronization signal design for NB-IOT has been proposed. The design is robust to carrier frequency offsets 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-IOT 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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