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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, NB-IoT systems require new design for SYNC signals, and the design principles have been agreed upon in RAN1#83 [2] for a common NB-SYNC channel. In RAN1#84, the NB-PSS design based on short Zadoff-Chu sequences has been agreed [3]. In the latest RAN1 Adhoc meeting [4], the NB-PSS design proposed in [5] has been accepted. The agreements on NB-PSS channel can be summarized as follows:
1. The periodicity of NB-PSS transmission is 10 ms.
2. The NB-PSS sequence is transmitted on subframe 5 and occupies the last 11 OFDM symbols.
3. The NB-PSS sequence is generated at OFDM symbol level based on the concatenation of short Zadoff-Chu sequences. In particular, the dual layer design includes:
a. a binary code cover:  
b. a base sequence: length-11 Zadoff-Chu sequence with root index 5, no cyclic shift 
In addition, the following agreements have been reached on NB-SSS design:
1. NB-SSS is transmitted in subframe 9 
a. NB-SSS uses the last 11 or 9 OFDM symbols of the subframe in which they occurs for normal CP
2. NB-SSS base sequence is constructed from one or more ZC sequences
3. NB-SSS uses 11 or 12 subcarriers of 1 PRB
4. NB-SSS periodicity FFS
5. FFS whether multiple-root sequences or a binary scrambling code will be used
In this contribution, we presented the design of NB-SSS sequence to support:
· Indication of 504 PCI 
· Indication of frame timing within 80 ms
The rest of this contribution is organized as follows: in Section 2, we described the resource mapping for NB-SSS channel; in Section 3, we presented details for NB-SSS sequences design; Section 4 presented simulation results for proposed design as well as a performance comparison with the method using scrambled and segmented Zadoff Chu sequences [9]. Both analysis and simulations demonstrated the proposed design can systematically optimize the cross correlation of NB-SSS sequences without jeopardizing their PAPR, which guarantees reliable detection of cell ID by NB-IoT UEs at extended coverage with low implementation complexity. 

2. Resource Mapping for NB-SSS 
[image: ]Fig. 1(a):   Resource Mapping for NB-PSS/SSS Signals without Transmit Diversity

[image: ]Fig. 1(b):   Resource Mapping for NB-PSS/SSS Signals with Transmit Diversity



In order to avoid potential interference between NB-IoT and legacy LTE for in-band deployment, we exclude the first three OFDM symbols of a subframe for resource mapping. To improve the reliability of cell search, NB-SSS signals are re-transmitted periodically with duty cycle of 20 ms. 
Figure 1(a) shows an example for in-band deployment with one transmit antenna, where NB-SSS signal is transmitted on subframe 9 of those radio frames with odd index. 
Figure 1(b) shows an example for in-band deployment with two transmit antennas, wherein the sign of NB-SSS sequence transmitted from the second antenna are sign-flipped alternately. The use of transmit diversity is desirable for coverage extension of in-band and guard-band deployments. For guard-band and stand-alone deployments, there is no need to consider CRS punctures, but the first three OFDM symbols are still excluded in resource mapping.

3. Design of NB-SSS Sequences
3.1. Generation of NB-SSS 
Similar to the design principle of NB-PSS, we propose to construct the NB-SSS sequence based on the concatenation of 11 NB-SSS symbols  , as shown by Figure 2(a).

[image: ]
Figure 2(a) Short Sequence Based NB-SSS Design
For each of the 11 symbols, we have the choice for a Zadoff-Chu (ZC) sequence with specific combination of root index and cyclic shift. The selection of roots and shifts will be used to indicate the following 11 bits of information:
· Physical cell ID: total of 504 choices (9 bits)
· 80ms frame boundary: total of 4 choices (2 bits)
Besides, the mapping of ZC sequences to SSS symbols need to satisfy the following requirements:
· Avoiding false alarm to NB-PSS detection
· Enabling reliable and low complexity cell ID (and frame boundary info) detection by NB-IoT devices
· Preserving low PAPR
Figure 2(b) shows a conceptual implementation of SSS transmission, where the input information is cell ID and frame timing, and the output is the 11 SSS symbols with appropriate selection of ZC root  and cyclic shift . 
[image: ]
Figure 2(b): Mapping Cell ID and Frame Timing to 11 Zadoff-Chu Sequences
In our design, there are 16 admissible choices for , whose combination and concatenation are NOT random but are required to satisfy the parity check constraints of a Reed-Solomon (RS) code [6] defined over . The details of SSS sequence construction will be discussed in Section 3.3 of this paper.
Proposal 1: 
· Adopt short sequence based design for NB-SSS, with ZC sequences mapped to each of the 11 OFDM symbols. 
· The selective combination of root index and cyclic shift from these 11 symbols is used to signal 11 bits of information including 504 physical cell ID and 80 ms frame boundary.

3.2. Construction of NB-SSS Sequence
3.2.1.   Mapping Base Sequences to 
We propose to employ 4 root indexes and 4 cyclic shifts to construct 16 base sequences, as shown by the example in Table 1. The 16 combinations of  are indexed from 0 to 15. Accordingly, the k-th base sequence is a length-11 short ZC sequence given by


Table 1: Mapping of 16 Base Sequences to 
	Index k
	
	Index k
	

	
	Root 
	Cyclic Shift 
	
	Root 
	Cyclic Shift 

	0
	1
	0
	8
	3
	1

	1
	1
	3
	9
	3
	3

	2
	1
	6
	10
	3
	7

	3
	1
	9
	11
	3
	9

	4
	10
	2
	12
	8
	1

	5
	10
	5
	13
	8
	3

	6
	10
	8
	14
	8
	7

	7
	10
	11
	15
	8
	10



Proposal 2: 
· For each OFDM symbol, the root index and cyclic shift of the corresponding ZC sequence can be chosen according to Table 1. As an alternative, the cyclic shifts can also be configured in time domain, whose arrangements need to be optimized for performance and/or complexity.

3.2.2.   SSS Generation Based on Shortened Reed Solomon Code
Based on the mapping in Table 1, we will have 16 choices of base sequences for each of the NB-PSS symbol, which leads to 1611 possible combinations. This is clearly a much larger space than the 11 bits we intend to deliver. Considering this, we propose to use RS code to construct a selected mapping of root index and cyclic shift. Consequently, the NB-IoT devices can exploit the redundancy induced by parity check symbols of RS codeword to improve the performance of SSS detection and reduce the complexity. To achieve these design goas, we propose to introduce a RS code defined in Galois field  [6]. To accommodate the 11-bit payload of NB-SSS channel as well as to optimize the distance properties, we will consider a shortened RS code with message length K=3 and codeword length N=11. 
As a result, the minimum distance of the RS code is given by dmin=(N-K+1)=9. According to [6], the generator polynomial for the shortened RS (11, 3) code is

where  is a primitive element defined by the primitive polynomial 
.
Besides, the index of NB-SSS sequences will be mapped to a 3-element array denoted by

where  for . Accordingly, the source message can be given by
 ,  
and the RS codeword can be denoted by

where , and .
Assume the binary expansion of source symbol m is given by
;     m=0, 1, 2 and 
Table 2 lists the allocation of 12 information bits, which corresponds to the 3 source symbols of RS code. For a systematic code, they coincide with the first three SSS symbols. There is one un-used bit between the field of “frame timing” and the field for “PCI”, which can be used for the signaling of extra system information.
Table 2: Bit Mapping for Frame Timing and PCI of NB-SSS
	RS (SSS) Symbol
	
	
	

	Bit
	
	
	
	
	
	
	
	
	
	
	
	

	Information Field
	Frame Timing
	Reserved
	PCI



For instance, if the frame timing is the same, say  , and the two PCIs differ by 1 bit only, say cell ID #1=273 and cell ID #2=17, then we have:
· S(1)=[1 1 1] and C(1)=[1  1  1   12  11  8  0  6  3  4  12];
· S(2)=[0 1 1] and C(2)=[0  1  1   0  5  15  11  4  11  5 10]. 
where the source symbols are highlighted in bold, and the parity symbols are put in Italic. Because of the maximum distance separation (MDS) capability of RS codes [6], the 1-bit difference in the source will incur large discrepancies in the parity, which in turn leads to big differences in the waveform of SSS sequences, as shown by Figure 3. Besides, the normalized cross-correlation between the two SSS sequences is 0.18 only. 
[image: ]
Figure 3: Difference of Two SSS Sequences Differed by 1 Bit in Source Message
(Normalized Cross Correlation =0.18)

At the high level, the systematic RS (11,3) encoder is employed to generate the last eight SSS (parity) symbols as a function of the first three SSS (source) symbols, in order to minimize the overall cross correlations among all 2016 SSS sequences. 
Proposal 3: 
· In order to minimize the cross correlation among 2016 SSS sequences, a shortened Reed Solomon code of (11,3) is used to construct the roots and shifts of  11 Zadoff Chu sequences, which are mapped to the 11 OFDM symbols allocated for NB-SSS channel.

4. Performance Evaluations
4.1. Cross Correlation among SSS Sequences
To demonstrate the properties of proposed SSS design, Figure 4 shows the distribution of normalized cross-correlation among all 2016 SSS sequences for synchronized cells ( ). It can be observed from this figure that for the perfectly synchronized case (), 99% of the sequences are weakly correlated (cross correlation < 0.3). Therefore, the proposed NB-SSS design is able to minimize the cross correlations among different SSS sequences systematically, which leads to enhanced accuracy of SSS detection. Moreover, a comparison between the CDF curves with different timing/frequency offsets indicates that by construction the proposed SSS sequences are robust against residual synchronization errors post NB-PSS processing.
[image: ]
Figure 4:  Distribution of NB-SSS Cross Correlation for Synchronized Cells

So far, there are several different proposals for NB-SSS [5, 7-10], and the major differences are reflected by the size of ZC sequence(s) and whether or not scrambling is applied in frequency domain. For example, the design in [9] is based on a cyclically extended ZC sequence of size 131. Besides, four binary scrambling sequences and four cyclic-shifts are employed to provide the distinctive mapping for 130x4x4 candidate SSS sequences. To investigate the basic properties of the SSS sequences in [9], Figure 5 compares their cross correlation against the proposed design. For the perfectly synchronized situation, both designs guarantee small correlation between different SSS sequences. However, the proposed design outperforms [9] in the accuracy of detection, since its likelihood of making a detection error is lower due to the smaller tail of CCDF for large correlations. Actually, this phenomenon is not unique, as shown by Figure 6 and Figure 7 for larger timing and frequency errors. All these facts reveal that for synchronized cells, the SSS sequences constructed by [9] have worse performance than the ones proposed in this paper. This is because [9] employs longer but segmented and scrambled ZC sequences, and it lacks a systematic tool to analyze and improve their distance/correlation properties.
[image: ]
Figure 5: Cross Correlations of SSS Sequences Resulted from Different Designs (Perfect Sync)
[image: ]
Figure 6: Cross Correlations of SSS Sequences Resulted from Different Designs (Small Sync Error)


[image: ]
Figure 7: Cross Correlations of SSS Sequences Resulted from Different Designs (Larger Timing Error)

Without loss of generality, Figure 8 and 9 show four asynchronized cases with different synchronization errors, which demonstrate both designs have small cross-correlations for asynchronized cells, and the probability of cell ambiguity is low for both.


[image: ]
Figure 8: Cross Correlations of SSS Sequences Resulted from Different Designs (Asynchronized)

[image: ]
Figure 9: Cross Correlations of SSS Sequences Resulted from Different Designs (Asynchronized)

4.2. PAPR
As pointed out in [10], the use of binary scrambling codes tends to increase the PAPR of SSS sequences. Figure 10(a) shows the PAPR behavior of all sequences resulted from two designs. In Figure 10(b), it first calculates for each sequence the ratio that its TX power is 3 dB higher than its mean power, and then plots the CDF of these ratios for all sequences. Besides, Figure 11 (a) and (b) plot the CCDF for the instantaneous TX power of SSS sequences obtained from two designs, respectively. 
From both graphs, it is clear that due to the use of full ZC sequences, the proposed design is much more robust against nonlinearity effects than the long-sequence based design in [9].
[image: ]
Figure 10: (a) PAPR;  (b) Percentage of Large Power Duration


[image: ]

Figure 11: CCDF for Instantaneous Power of NB-SSS Sequences Resulted from Different Designs


4.3. Receiver Complexity
The proposed short-sequence based design allows receive algorithm with low complexity. Both hard decoding and optimal soft decoding are allowed. In both algorithms, the receiver first calculates 16 cross correlations for each of the 11 OFDM symbols which requires 11*11*16 =1936 complex flops or slightly larger depending on the sampling rate. Once the 11*16=176 cross correlations are found, 11 hard decisions can be performed to find 11 symbols in GF(24), one for each OFDM symbol. The results are then fed to RS decoding. 
In an optimal decoding algorithm, the hard decision is not performed. Instead, the cross correlations of the long sequences are calculated. It starts with adding the corresponding cross-correlations of the first two OFDM symbols and proceeds along a tree by adding cross correlations of symbols 3, 4, …,11. The maximal number of tree branches is exactly 2016. Suppose the algorithm has to perform the tree search till all the 11 symbols are include, the complexity of the tree search is 2016*9=18144 complex additions. Calculating the total 2016 cross correlations therefore requires 18144+1936=20060 complex operations.

Consider the long sequence based design [7-9], where one of the 2016 length-132 sequences spanning 11 OFDM symbols is to be found. Since the sequences have different roots, cyclic shifts, or scrambling sequences, 2016 long cross correlations are to be found independently. The complexity of finding the 2016 total cross correlations is therefore 2016*132=266112 complex operations.

The table below summarize the complexity comparison of the proposed design and the long sequence design 
Table 3: Complexity Comparison
	Design
	Proposed
	Long sequence based design[7-9]

	Complexity (complex operations)
	20k
	266k



As can be seen, the proposed design with the optimal receiver requires less than 10% of the computational complexity as compared with the long sequence based designs. Thanks to the large distance, 9, in GF(24)  of the proposed design, most of the branches can be terminated well before it reaches the 11th OFDM symbol unless in extreme coverage. That is, the actual complexity in normal coverage is significantly less than the above number indicated in Table 3.

4.4. Simulation Results 
Table 4 summarizes the simulation set-up used for this study. The timing drift during the initial cell acquisition phase is modelled as inversely proportional to the initial carrier frequency offset, and is assumed to have been corrected prior to SSS processing [5]. 
Different from [9], which claimed cell ID detection success based on the outcome of a single SSS subframe, we considered a more rigorous criterion as in [11], i.e.
· A cell ID detection success is declared when the processing of two consecutive SSS subframes yield the same cell ID.
As a result, the latency required for cell ID detection is shown in Table 5 for three deployment scenarios, assuming MCL 164 dB for extended coverage.
Table 4:  Simulation Setup
	Scenario
	Values

	Channel Model
	TU (12-paths with max delay spread of 5 µs)

	Doppler
	1 Hz

	Antenna configuration
	Stand-alone Mode: 1T1R
Guard-band and In-band Modes: 2T1R

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

	Sampling rate
	1.92 MHz for ADC 
240 KHz for PSS detection, coarse timing and frequency offset estimation;
1.92 MHz for refined synchronization of PSS and SSS detection.

	Coupling loss (dB)
	164

	Timing drift
	Time continuous and inversely proportional to carrier frequency offset (CFO)

	Initial CFO
	± 25.5 KHz, ± 18 KHz, ± 7.5 KHz, ± 1.8 KHz

	Cell initial timing offset
	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-11 Zadoff-Chu Sequence, Root index 5




Table 5: Cell ID Detection Performance at 164 dB Coupling Loss (Initial CFO=±25.5 KHz)
	Metrics
	NB-PSS[5] + Proposed NB-SSS Sequences

	
	In-Band
	Standalone
	Guard-band

	Tx Power (dBm)
	35
	43
	35

	Effective SNR@164dB MCL (dB)
	-12.6
	-4.6
	-12.6

	SSS Synchronization Latency (50th  percentile)
	40 ms
	40 ms
	40 ms

	SSS Synchronization Latency (90th  percentile)
	180 ms
	60 ms
	160 ms

	SSS Synchronization Latency (mean)
	56  ms
	40 ms
	50 ms

	PSS False alarm probability
	1 %
	0.5 %
	1 %

	PSS Detection probability
	99 %
	99.9 %
	99 %

	PSS Synchronization Latency (50th  percentile)
	180 ms
	20 ms
	160 ms

	PSS Synchronization Latency (90th  percentile)
	620 ms
	110 ms
	540 ms

	PSS Synchronization Latency (mean)
	273 ms
	49 ms
	243 ms

	PSS Residual frequency offset (95th percentile)
	-50Hz ~ 50Hz
	-30 Hz ~30 Hz
	-50Hz ~ 50Hz

	PSS Residual timing error (95th percentile)
	-2.08µs ~ 2.08 µs
	-1.56 µs ~ 1.56 µs
	-2.08µs ~ 2.08µs

	CP length
	Similar to legacy LTE

	PSS and SSS overhead
	7.86% for NB-PSS, 3.93 % for NB-SSS

	Sampling rate 
	240 KHz for PSS detection and coarse timing/frequency estimation; 1.92 MHz for refined PSS synchronization and SSS processing



5. Summary
In this contribution, we presented an optimized design for NB-SSS sequences to meet the payload requirements as well as to enhance the accuracy for cell ID detection. In particular, a shortened Reed Solomon code of dimension (11, 3) is employed to optimize the distance properties of  NB-SSS sequences, which leads to desirable cross-correlation behaviors and reliable detection performance in both synchronized and asynchronized cells. Through analytical study and performance comparison in terms of correlation behavior, PAPR and cell ID detection latency, the proposed design outperforms the proposals using longer but segmented and scrambled Zadoff Chu sequences (e.g. [9]). In summary, the proposed design have the following advantages as compared to long sequence based designs [7-9]
· Better cross-correlation properties and therefore shorter detection latency.
· Substantially lower complexity, less than 10% of the long sequence based designs.
· Lower PAPR.
· Built-in 1 extra bit for future extension since the RS code allows 4096 messages while only 2016 are used.

To guarantee robust and low-latency cell search under the constraints of low-cost design and low-complexity implementation, we propose the following:

Proposal 1: 
· Adopt short sequence based design for SSS, with optimized ZC base sequences mapped to each of the 11 OFDM symbols.
· The combination of root and shift from these 11 symbols is used to signal 11 bits of system information, including 504 physical cell ID and 80ms frame boundary.

Proposal 2: 
· For each OFDM symbol, the ZC sequence is chosen from 4 optimized roots index given by {1, 10, 3, 8} and 4 optimized cyclic shifts in frequency domain (as shown in Table 1 of this paper).

Proposal 3: 
· In order to minimize the cross correlation among 2016 SSS sequences, a shortened Reed Solomon code of (11,3) is used to construct the roots and shifts of  11 Zadoff Chu sequences, which are mapped to 11 OFDM symbols allocated for NB-SSS channel.
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