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1. Introduction
In RAN#69, NB-IoT has been approved as a work item, with the agreement that three operational modes will be supported and 180 KHz UE RF/BB bandwidth will be considered for both downlink and uplink transmissions [1].
Due to the bandwidth limitation, cell search for NB-IoT systems require new design for PSS and SSS sequences [2-7]. At RAN1 #82 and RAN1 # 83, we proposed design principles of a common NB-SYNC channel [2], which have been agreed upon. To summarize, the design of NB-PSS and NB-SSS sequences need to satisfy the following requirements:

· Provide reliable timing and frequency references for DL frame detection and synchronization

· Convey cell ID and other system information (e.g. deployment mode, duplexing mode)

· Facilitate low-complexity, low-power UE implementation

· Re-use 15 KHz subcarrier spacing of legacy LTE

· Comply with legacy LTE symbol boundaries
· Minimize interference with legacy LTE 

In this contribution, we summarized our design for NB-PSS and NB-SSS sequence [3-4] and provided extensive performance evaluations and complexity analysis. Compared with the results presented in [5, 8], it shows our proposed design has better performance and lower complexity for three deployment modes and coupling loss up to 166 dB.
2. Resource Mapping for NB-PSS and NB-SSS Signals
In order to avoid potential interference between NB-IoT and legacy LTE for in-band deployment, we exclude the first three symbols in any subframe for NB-SYNC signals. Figure.1 shows an example wherein NB-PSS and NB-SSS signals occupy the last 11 OFDM symbols of a subframe. For more general cases, NB-IoT PSS/SSS signals can be interlaced within a subframe and/or replicated in multiple subframes. The relative placement of PSS and SSS subframes need to satisfy the condition for uniquely identifying the symbol and subframe boundaries.

As shown by Figure 1, the TTI of NB-PSS and NB-SSS is 1ms, excluding the control channel region and punctured by CRS of legacy LTE. To improve the reliability of cell search, NB-SYNC signals are re-transmitted every 20 ms. Depending on the availability of resource elements, the replication of synchronization signals can take place in consecutive or disjoint subframes, or a hybrid of the two. The number of repetitions is configurable, which mainly depends on the coverage and deployment mode of NB-IoT systems. For the example of Figure 1, NB-PSS signals are repeated twice on subframe 0 and 5 of radio frames with odd index, whereas NB-SSS signal is transmitted once on frames with even index. 


[image: image21.png]Symbol
Index

5 6 7 8 9 10 | 11 12 | 13 14
1 1 -1 -1 -1 1 1 -1 -1 -1 -1
A A -A -A -A A A -A -A -A -A




Figure 1: CRS Puncture and Transmission Schedule for NB-SYNC Signals within 80 ms
3. Design of NB-PSS Sequences
The main features of our NB-PSS design can be outlined as follows [2-4]:
· Re-using 15 KHz subcarrier spacing of legacy LTE
· Complying with legacy LTE symbol boundaries
· Avoiding resource allocation conflicts with PFFICH and/or PHICH
· The NB-PSS sequences is constructed by concatenating all PSS symbols with low PAPR/CM

· Employing a dual-layer design for base sequence (across K=12 tones of 1 PRB in frequency domain) and code cover (across L=11 OFDM symbols in time domain)
· Base sequence 

· Constructed in time domain by interpolating a Zadoff-Chu sequence of length 12 with good correlation properties in both time and frequency domain
· Each PSS symbol embraces one base sequence (CP included)

· The one-to-one mapping from PSS symbols to base sequences is governed by a PN-like code cover
· Code cover
· Comprising a length-L binary sequence with random-like pattern (e.g.  L=11 in Figure. 1)
· Pattern of code cover can be optimized to improve the accuracy and reliability of timing synchronization
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Figure 2:  Dual Layer Structure of PSS Sequence Design
The dual-layer structure of NB-PSS sequence is shown by Figure 2. Let {Sl ; 1≤l≤L} represent the length-L code cover in time domain, where Sl  takes value 1 or -1, then the base code in frequency domain corresponding to symbol m and n will satisfy the following constraints:
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In time domain, the sign flipping given by [image: image8.png]


 leads to antipodal waveforms of PSS symbol m and n [3]; whereas the cyclic tone shifts dictated by [image: image10.png]‘mod (k+A, K)



  will produce orthogonal waveforms for PSS symbol m and n [4].

In particular, for antipodal waveforms (without considering CRS puncturing), the PSS sequence can be constructed by concatenating 11 sub-vectors. Each sub-vector denotes the waveform samples of a PSS symbol (CP included), which can be obtained by IDFT of the length-12 Zadoff-Chu sequence (base sequence). 
For example, when the PN-like code cover is given by [1 1 1 -1 -1 -1 1 -1 -1 1 -1], the corresponding PSS sequence is shown in the last row of Figure 4, where 
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When sampling frequency is 1.92 MHz, there are N=137 samples for sub-vector [image: image13.png]


, which can be obtained by size-128, zero-padded IFFT with size-9 CP appended at the beginning.
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Figure 3:  PSS Waveform Construction Based on Dual Layer Design
Since each PSS symbol embraces a full Zadoff-Chu sequence, the entire PSS sequence has very low PAPR and CM values. A comparison with “modified ZC” sequences adopted by other designs [3-4] is shown in Table 1. Due to the segmentation in frequency domain and puncturing in time domain, the “modified ZC” sequences no longer preserve the low PAPR and good correlation properties inherent to Zadoff-Chu sequences used by legacy LTE as well as CIoT [9].
Table 1: PAPR and CM Value of Different PSS Designs

	Proposal
	PAPR [dB]
	CM [dB]

	Proposed
	2.9
	1.87

	R1-156464 [4]
	7.7
	4.2

	R1-157418 [6]
	7.5
	4.1


4. Time and Frequency Offset Estimation Based on NB-PSS
Through judicious choice of code cover [3-4], accuracy of timing and frequency offset estimation can be enhanced for both single cell and multi-cell scenarios. Due to the dual layer structure, decoupled time and frequency estimators can be constructed, which enables fast and robust SYNC signal detection for initial and non-initial cell acquisition. 
Without loss of generality, Figure 4 shows the output of timing offset estimator in low SNR (-10 dB) and large initial CFO (20 ppm) after 5, 10 and 20 retransmissions. By construction, the peak value of timing offset estimator corresponds to the “best” timing offset estimation, and it can be observed that the accuracy can be improved by combining the received PSS sequences across multiple re-transmissions.
Once the timing reference is available and symbol boundaries are known, a simple frequency offset estimator can be constructed based on the CFO-induced phase rotation between adjacent PSS symbols.

We have simulated the searcher performance for the proposed design. Both time and frequency estimation can be performed in time domain by sliding-window auto-correlation without invoking FFT. Unlike the classical cross-correlation, which is sensitive to CFO uncertainty, channel fading and timing drift, the sliding-window correlation leverages the periodical structure of neighboring PSS symbols and is therefore more robust against the channel impairments and oscillator instability. Therefore, the proposed design is especially suitable for low-cost UEs powered on limited energy supply. 
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Figure 4:  Timing Offset Estimation Based on Proposed PSS Design for Multiple Retransmissions
5. NB-SSS Sequence Design 
Similar to NB-PSS, the resource allocation for NB-SSS signal will avoid conflict with legacy LTE, as shown in Figure. 1. Our design for NB-SSS sequence is based on the concatenation of short ZC sequences (e.g. K=12) with different roots and cyclic shifts. The generation of NB-SSS symbol follows the same procedure of NB-PSS symbol.
Table 2:  Root/Cyclif Assignment of SSS Sequences
	Assignment 
	1
	2
	3
	⋅⋅⋅
	M

	Root
	u1
	u2
	u3
	⋅⋅⋅
	uM

	Cyclic Shift
	S1
	S2
	S3
	⋅⋅⋅
	SM


Table 2 illustrates the mapping of roots and cyclic shifts to a SSS sequence. The SSS sequence occupies M=11 OFDM symbols in time domain. For K=12, the ZC sequence mapped to the m-th SSS symbol can be given by

[image: image16.png]Cmie = exp(j2mu,, (k + S(K)?),

m

12,

,11,




which then goes through IDFT and appended by CP. For TTI of 1 ms, the payload size of SSS is greater than 28 information bit. 

The detection of NB-SSS signal can be implemented by cross correlation with a clean reference signal, given the timing and frequency reference has been established by NB-PSS signal.
6. Simulations

Similar to legacy LTE, the cell search procedures of NB-IoT devices consists of 4 operations, namely: frame start detection (a.k.a signal detection), symbol and frame timing offset estimation, CFO estimation, and physical cell ID identification. The first three operations mainly involves NB-PSS processing, whereas the last one is for NB-SSS.
The performance for both initial cell search (e.g. when the NB-IoT devices have not connected to any cell after power on) and non-initial cell search (when the NB-IoT devices can assume a reduced CFO pull-in range based on previous receptions from the same cell or a different cell) are evaluated by the simulations. 

In this study, the cell searcher employs an accumulation-based algorithm. Particularly, a NB-IoT device will declare “successful signal detection” when the accumulated PSS correlation peak exceeds a pre-determined threshold, whereas the “network synchronization latency” [9] is calculated as the number of SYNC periods consumed before the SSS correlation peaks of two consecutive transmissions exceeds a pre-determined threshold. Therefore, the “network synchronization latency” measures the processing time for both NB-PSS and NB-SSS signals.
6.1. Simulation Settings
Table 3 summarizes the simulation set-up used for this study, which is similar to the one used by [8] but considers higher coupling loss up to 166 dB in single cell environment. The timing drift during the initial cell acquisition phase is modelled as proportionate to the initial carrier frequency offset (i.e. +/-20ppm) which implies the cell searcher of a NB-IoT device does not correct for the timing drift until the initial cell search procedure is completed. 
Table 3: Simulation Settings

	Scenario
	values

	Channel Model
	TU 

	Doppler
	1 Hz

	Antenna configuration
	1T1R

	BS Tx power (dBm)
	43 for standalone operation mode;
35 for guard-band and in-band operation modes

	Sampling rate
	1.92 MHz

	MCL (dB)
	164, 165, 166

	Timing drift
	Proportionate to carrier frequency offset (CFO)

	Initial CFO
	Randomly chosen from {-20ppm, +20ppm} for initial cell search
Randomly chosen from {-2ppm, +2ppm} for non-initial cell search

	Cell initial timing offset (Rx delay at UE)
	Randomly chosen from 0 to 1 sync period duration with a granularity of 1 sample

	Code Cover
	[1  1 -1 -1 -1  1  1 -1 -1 -1 -1]

	PSS Symbol
	Length-12 Zadoff-Chu Sequence, Root 1, Antipodal


6.2.   Complexity Analysis

Since the PSS-based cell acquisition procedure is the initial step of cell search, which involves the highest computation complexity, we compare the number of multiplications and additions per input sample required (assuming time-domain processing) by our design and the cross correlation used for HW’s design [4, 8].
Table 4:  Complexity of NB-PSS Processing

	Design
	Sampling Frequency
	Multi./Sample
	Add/Sample
	Recursive Computation
	Accumulation

	Proposed
	240 KHz/1.92 MHz
	12/ Sample
	49 / Sample
	Yes
	Yes

	R1-156464 [4,8]
	240 KHz/1.92 MHz
	188/Sample @ 240 KHz
1507/Sample @ 1.92 MHz
	374/Sample @ 240 KHz
3012/Sample @ 1.92 MHz
	No
	Yes


6.3. Performance Metrics

Table 5 lists the major performance metrics used for performance evaluation, whose definitions are similar to those appeared in [8, 9].

Table 5:  Performance Metrics for NB-SYNC Evaluation

	Performance Metrics
	Comments

	Prob. of False Alarm for Cell Detection (FAP)
	Based on PSS processing with accumulation

	Prob. of Correct Detection (DP)
	Based on PSS processing with accumulation

	Residue Frequency Error
	Based on PSS processing with accumulation

	Residue Timing Offset Error
	Based on PSS processing with accumulation

	Network Synchronization Latency
	Based on joint PSS and SSS processing with accumulation


6.4. Performance of Cell Detection
The performance of cell detection for initial and non-initial cell search is shown in Table 6 and Table 7, respectively. For each operation mode, four levels of coupling loss (CL) have been considered, namely: 144 dB, 154 dB, 164 dB and 166 dB. 
Due to the dual layer structure, timing and frequency offset estimation can be decoupled. Therefore, cell detection (a.k.a. frame start detection) can be achieved without estimating the CFO, which makes the performance robust against the large frequency uncertainties typical for low-cost devices. 
Based on the simulation results of 2000 trials of each of the CL of 144 dB, 154 dB, 164 dB, and 166 dB, there is 100% detection with no false alarm.
6.5. Residual Timing Error
Following the detection of PSS signal and frame start, refined timing offset estimation is performed using sampling frequency of 1.92 MHz. Table 7 and 8 show the residue timing error at 95% percentile for different coverage levels. It can be seen that smaller than 2.08 µs residual timing error can be achieved with 95 % confidence for CL up to 166 dB.
Table 7: Residue Timing Error (µs) for Initial Cell Search (95% Percentile)
	Deployment
	CL=144 dB 
	CL=154 dB 
	CL=164 dB 
	CL=166 dB 

	Stand-alone
	-1.04 ~ 1.04
	-1.04 ~ 1.04
	-1.04 ~ 1.04
	-1.56 ~ 1.56

	Guard-band
	-1.04 ~ 1.04
	-1.04 ~ 1.04
	-2.08 ~ 2.08
	-2.08 ~ 2.08

	In-band
	-1.04 ~ 1.04
	-1.04 ~ 1.04
	-2.08 ~ 2.08
	-2.08 ~ 2.08


Table 8: Residue Timing Error (µs) for Non-Initial Cell Search (95% Percentile)
	Deployment
	CL=144 dB 
	CL=154 dB 
	CL=164 dB 
	CL=166 dB 

	Stand-alone
	-1.04 ~ 1.04
	-1.04 ~ 1.04
	-1.04 ~ 1.04
	-1.56 ~ 1.56

	Guard-band
	-1.04 ~ 1.04
	-1.04 ~ 1.04
	-2.08 ~ 2.08
	-2.6~2.6

	In-band
	-1.04 ~ 1.04
	-1.04 ~ 1.04
	-2.08 ~ 2.08
	-2.6~ 2.6


6.6.   Residual Frequency Error

Table 9: Residue Frequency Error (Hz) for Initial Cell Search (95% Percentile)
	Deployment
	CL=144 dB 
	CL=154 dB 
	CL=164 dB 
	CL=166 dB 

	Stand-alone
	-20~20
	-25~25
	-30~30
	-40~40

	Guard-band
	-25~25
	-30~30
	-40~40
	-60~60

	In-band
	-30~30
	-30~30
	-40~40
	-60~60


Table 10: Residue Frequency Error (Hz) for Non-initial Cell Search (95% Percentile)
	Deployment
	CL=144 dB 
	CL=154 dB 
	CL=164 dB 
	CL=166 dB 

	Stand-alone
	-20~20
	-25~25
	-40~40
	-40~40

	Guard-band
	-25~35
	-30~30
	-40~40
	-60~60

	In-band
	-30~30
	-30~30
	-40~40
	-60~60


6.7.   Synchronization Latency
Table 11:  Network Synchronization Latency [ms] for Initial Cell Search  (90% Percentile)

	Deployment
	CL=144 dB 
	CL=154 dB 
	CL=164 dB 
	CL=166 dB 

	Stand-alone
	20
	20
	80
	240

	Guard-band
	80
	100
	700
	--

	In-band
	80
	100
	900
	--


Table 12:  Network Synchronization Latency [ms] for Non-initial Cell Search  (90% Percentile)

	Deployment
	CL=144 dB 
	CL=154 dB 
	CL=164 dB 
	CL=166 dB 

	Stand-alone
	20
	20
	40
	220

	Guard-band
	60
	80
	620
	680

	In-band
	60
	80
	820
	920
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Figure 5: CL=164 dB, SA Mode, Non-initial Cell Search
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Figure 6: CL=164 dB, SA Mode, Initial Cell Search
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Figure 7: CL=166 dB, SA Mode, Initial Cell Search
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Figure 8: CL=166 dB, SA Mode, Non-Initial Cell Search
7. Summary
In this contribution, we presented our views on the design considerations for PSS and SSS signals suitable for NB-IoT applications. To obtain robust time and frequency synchronization under the constraints of low-cost design and low-complexity implementation, as well as to facilitate early indication of deployment/duplexing mode, we proposed the following design for NB-PSS and NB-SSS sequences:
Proposal 1: Consider the use of a full Zadoff-Chu sequence for each PSS symbol to preserve the good correlation properties in both time and frequency domain, as well as low PAPR/CM property.
Proposal 2: Consider the application of a PN-like code cover across different PSS symbols to enhance the synchronization accuracy of cell searcher.
Proposal 3: Consider the allocation and optimization of different code cover patterns for multi-cells to reduce inter-cell interference.
Proposal 4: Consider communication and early indication of system information (deployment mode, duplexing mode, etc.) via code cover patterns, and/or the relative placement of NB-PSS and NB-SSS subframes. 
In addition, we provided extensive evaluation results for the proposed NB-IoT SYNC channel design in different operation modes (i.e. standalone, guard-band and in-band). For coupling loss of 144 dB, 154 dB, 164 dB and 166 dB, the following observations are made for standalone, guard-band and in-band operation modes:
Observation 1: Simulation shows that the proposed design meets design requirement of CL up to 166 dB with respect to probability of detection, false alarm, residual timing error, frequency offset and delay. 
· Proposed design achieves residual timing error within the range of ±2.08µs with more than 95% confidence for CL up to 164 dB.
· Proposed design achieves residual frequency offset within the range of ±50Hz with more than 95% confidence for CL up to 164 dB.
· Proposed design achieves network synchronization within max latency less than 900 ms and average latency less than 480 ms with more than 90% confidence for CL up to 164 dB.
Observation 2: The required searcher complexity is significantly lower than that of proposals based on cross correlation of longer sequences. 
.   
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