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1 Introduction
For the synchronization signal design for NB-IoT, it has been described in the WID [1] that
· A single synchronization signal design for the different modes of operation, including techniques to handle overlap with legacy LTE signals
In RAN1#83, it was further agreed [2]
· Confirm working assumption on supporting 504 PCIDs
· PCID is indicated by NB-SSS 

· The following resource mapping rules are complied with:
· The first 3 LTE OFDM symbols are not used by NB-PSS/NB-SSS
· FFS for special subframe in TDD
· NB-PSS/NB-SSS are punctured by LTE CRS (if a collision exists)
· FFS for CRS ports 2,3 in FS2
· NB-PSS/SSS occupy fixed number of OFDM symbols in each synchronization subframe 
· Normal CP: NB-PSS and NB-SSS span 11 or 9 (one value to be selected) OFDM symbols and X OFDM symbols respectively in each subframe transmitting the synchronization signal
· One value of X to be selected in the range 6 to 11, at least for FDD
· Extended CP if supported: NB-PSS and NB-SSS span 9 OFDM symbols and Y OFDM symbols in each subframe transmitting synchronization signal 

· One value of Y to be selected in the range 6 to 9, at least for FDD
Further, in RAN1 #NB-IoT AdHoc meeting, for NB-PSS/NB-SS it was also agreed [10]:

· One transmission of NB-PSS, NB-SSS, NB-PBCH, and NB-PDSCH never overlaps between multiple LTE PRB bandwidths for inband operation

· The number of subcarriers for NB-SSS is 12

· The number of subcarriers for NB-PSS is 12 or 11

· FFS: exact number of subcarrier

· NB-PSS uses the last 11 OFDM symbols of subframes in which NB-PSS occurs for normal CP

· NB-SSS uses the last [11] or [9] OFDM symbols of subframes in which NB-SSS occurs for normal CP

Besides, for the channel raster design:

· 100kHz channel raster is assumed by UEs in all three operation modes (i.e. standalone, guard-band and in-band)

· The NB-IoT NB-PSS/NB-SSS center frequency is aligned to 100kHz channel raster in standalone mode
In this contribution, we provide further detailed design principles and proposals for NB-IoT primary synchronization channel based on the contribution [7]. The correlation properties and the complexity analysis for both single long sequence and short sequences are also covered. 
2 Design targets for synchronization signals
In general, the synchronization signals are used to identify a cell through the acquisition of timing, frequency, and the corresponding cell ID. In our proposal, NB-PSS and NB-SSS are endowed with different missions in multi-stage cell search procedure. To be specific,

The purpose of NB-PSS may include:

· 1st level timing acquisition with 20ms frame boundary detection
· Coarse frequency offset estimation

The purpose of NB-SSS may include:
· 2nd level timing acquisition by resolving the time ambiguity within 80ms
· Identify the cell ID of 504 cells
· False alarm detection by pruning multiple time/frequency candidates
With the above design targets, we propose the primary synchronization channel as described in Sec.3.
3 NB-PSS design 
3.1 NB-PSS occurrence
It was already agreed that a single synchronization signal design will be applied for all operating modes. Considering the in-band operation scenario, the allocation of common signals or channels should avoid the possible occurrence of MBSFN subframe. Therefore, only subframe #0, #4, #5, and #9 are available for NB-PSS/NB-SSS and NB-PBCH. Furthermore, in [3] and [4] the idea of PSS1 and PSS2 are proposed. In this subsection, we discuss different subframe allocations of PSS1 and PSS2 as shown in Figure 1, where (a) shows the contiguous allocation; while (b) illustrates the separated allocation. 
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(a) PSS1 and PSS2 with contiguous allocation
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(b) PSS1 and PSS2 with separated allocation

Figure 1: NB-PSS occurrence with (PSS1,PSS2) (a) contiguous allocation; and (b) separated allocation
Though our evaluation shows different allocation methods result in almost the same PSS detection performance, we prefer the contiguous PSS1/PSS2 allocation as shown in Figure 1(a) for the possibility to enable UE’s low power design. When the UE wakes up from an idle period, the UE may need to reacquire the timing for the target cell. If the timing drift can be guaranteed to a certain amount, one may simply open a window for monitoring NB-PSS. In that sense, the contiguous pattern provides better power saving gain.
Observation #1: The contiguous and separated (PSS1,PSS2) allocation result in similar NB-PSS detection performance.

3.2 NB-PSS sequence generation and resource mapping for normal cyclic prefix
It has been considered in [3]
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[4] that the base sequence of NB-PSS is a Zadoff-Chu sequence due to its good correlation characteristics in time domain. The general time domain primary synchronization sequence generator for NB-IoT is shown in Figure 2. A major difference in our design from [4] is that we propose the length of ZC sequence as 143, accompanied by a regular CP symbol puncture pattern. The corresponding resource mapping on NB-PSS subframe is shown in Figure 3A, where we propose except legacy LTE PDCCH region all the 11 OFDM symbols are employed for NB-PSS transmission.
Basically, the generator in Figure 2 is targeted to obtain the sequence in time domain that is as much as like the ZC sequence as possible. Due to the CP insertion of OFDM’s nature, the original ZC sequence is distorted in time domain. As a result, the concept of PSS sequence generator is to generate a ZC sequence with longer length and puncture some symbols so that the sequence in time domain can retain its values except for the CP positions.

According to the resource mapping in Figure 3A, there will be totally 132 REs for transmitting NB-PSS signals in frequency domain. We consider roughly 1 CP sample will be inserted for each OFDM symbol (12 REs). Therefore the original ZC sequence should be generated by length 143 (132+11).
Specifically, in Figure 2 a Zadoff-Chu sequence is generated with length 143: zc(n), n = 0,1,…142. Then in the sequence the symbols zc(p) will be punctured evenly with some predefined pattern:

· p = {0,13,26,39,52,65,78,91,104,117,130}; or
· p = {12,25,38,51,64,77,90,103,116,129,142}
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Figure 2: Generation of NB-PSS sequence
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Figure 3: Resource mapping on NB-PSS subframe

The superiority of length-143 ZC sequence over length-139 and length-141 sequences can be found in our companion paper in [6].
Observation #2: For normal cyclic prefix, the length-143 Zadoff-Chu sequence provides better NB-PSS detection performance than length-139 or length-141 Zadoff-Chu sequence. 

3.3 NB-PSS sequence generation and resource mapping for extended cyclic prefix
For extended CP, we propose the length of ZC sequence as 137, accompanied by a regular CP symbol puncture pattern. The corresponding resource mapping on NB-PSS subframe is shown in Figure 3B, where we propose except legacy LTE PDCCH region all the 9 OFDM symbols are employed for NB-PSS transmission.

According to the resource mapping in Figure 3B, there will be totally 108 REs for transmitting NB-PSS signals in frequency domain. We consider roughly 3 CP samples will be inserted for each OFDM symbol (12 REs). Therefore the original ZC sequence should be generated by length 135 (108+11*3). Refer to the contribution [4], we evaluated several ZC sequence lengths like 133, 135, 137 and 141. And we found that ZC sequence with length 137 outperformed other sequences under the frequency offset ranges within ±40kHz.
Specifically, in Figure 2 a Zadoff-Chu sequence is generated with length 137: zc(n), n = 0,1,…136. Then in the sequence the symbols zc(p) will be punctured evenly with some predefined pattern:

· p = {0,1,2,15,16,17,30,31,32,45,46,47,60,61,62,75,76,77,90,91,92,105,106,107,120,121,122,135,136}; or
· p  = {12,13,14,27,28,29,42,43,44,57,58,59,72,73,74,87,88,89,102,103,104,117,118,119,132~136 }
Observation #3: For extended cyclic prefix, the length-137 Zadoff-Chu sequence provides better NB-PSS detection performance than length-133 or length-141 Zadoff-Chu sequence. 

3.4 NB-PSS correlation properties
The correlation properties of long and short sequences are highlighted in contribution [8]. In this contribution, we evaluated the time correlation properties for frequency offsets range from -40kHz to +40kHz. Besides 2-symbol partial correlation applied in contribution [8], we also tried full correlation for all 11 symbols. The analysis is based on normal CP case. Here we evaluated one long [7] and two short [8]
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[9] NB-PSS sequences.
In Figure 4A, we applied partial correlation for golden sequence (infinite high SNR) with frequency rotated golden sequence. To indicate the reference level of MCL 164 dB, we correlate the golden sequence with AWGN as noise floor. To achieve the reasonable NB-PSS detection and false alarm rate, the correlation peak value should be 2~3 dB higher than the noise floor. Figure 4A shows that the noise floor is highly raised due to the partial correlation with non-coherent combine cross the correlation windows (i.e. 2 OFDM symbols). We can observe that with partial correlation for all sequences involved, no correlation peak is higher than the noise floor by 3dB under MCL 164 dB. It is difficult to detect NB-PSS in this case. Therefore we are concerned for applying the partial correlation during PSS detection.
In Figure 4B, the full correlation with coherent combing all 11 symbols is applied. We may observe that the noise floor will limit the cell search frequency offset covering range. Take the long sequence for example, along with most frequency offset, the correlation peak is at least 3dB higher than noise floor of MCL 164dB. However, for some frequency offset, say 9kHz, we barely enough room to detect PSS. Therefore, in order to cover +/- 25.5 kHz (+/-20ppm @ 900MHz +/-7.5kHz channel raster offset) frequency offset during cell search procedure, the multi-bin cell search is necessary and the bin number is dependent on the sequence characteristics. The correlation peak characteristic of long sequence has the advantages of wider main lobe along with more side-lobes. Therefore only one additional frequency bin is required to cover expected frequency offset range. Further based on Figure 4B, we expected 10 and 30 frequency bins are required respectively for the short sequences in [8] and in [9] to cover frequency offset range of +/- 25.5 KHz. The number of required frequency bins is listed in Table 1.
Observation #4: With proper receiver design like multiple frequency bins, the long sequence is able to cover +/- 25.5 kHz frequency offset during cell search procedure.
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Figure 4 A: NB-PSS correlation properties (partial correlation)
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Figure 4 B: NB-PSS correlation properties (full correlation)
Table 1: The number of required frequency bins for PSS receiver
	Design 
	Long sequence ZC 143 [7]
	Short sequence ZC 12 [8] 
	Short sequence ZC 11 [9] 

	Frequency bin number for full correlation
	2 
	10 
	>30 


3.5 NB-PSS complexity analysis
In Table 2, we summarized the UE complexity on NB-PSS correlation, which dominates the UE complexity of cell search for some sequences. The analysis is based on full correlation method on normal CP only. The complexity is shown in terms of millions real-valued operations per second (MOPS). One long [7] and two short [8]
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[9] NB-PSS sequences are compared.
NB-PSS design in [7] is a long sequence. We follow the analysis method in contribution [11]. The sampling rate could be operated at 240 KHz then a full correlation with length 1508/8 ~= 188 sequence is used to obtain the NB-PSS correlation profile. The complexity of correlation can be saved by overlap-save method with several FFT/IFFT engines to cover 20ms. With 1024-point FFT, we need 6 correlation segments. The phase rotation of frequency bin can be done by cyclic shift in frequency domain. In this case the two frequency bins is enough to cover +/-25.5 KHz frequency offset. Both PSS1 and PSS2 shall be correlated.   [image: image7.png]c(F) = 4Nlog,(N) — 6N + 8



 means the operations required to calculate an [image: image9.png]


-point FFT or an IFFT [image: image12.png]c(d) = 6N



by using the split-radix algorithm for FFT computation. Each correlation required  real-valued operations corresponding to the element-wise multiplication of the length-[image: image14.png]


 FFT vectors. Finally, [image: image16.png]s(d) = 3N



 means the real-valued operations for the final squaring operation. After detecting the NB-PSS signal, a coarse timing and frequency are estimated simultaneously by one multiplier and two adders.
It can be derived that the MOPS is estimated as:
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For the NB-PSS detection, UE needs a total of 
· 5 (= Input + FFT of input + PSS1 + PSS2 + Result) FFT buffers of length 1024; and
· 1 complex correlation buffer + 4 (= (Bin#0/ Bin#1) * (PSS1/PSS2)) power profile buffers.
; which results in 38.8kB memory in total.

For short sequence design in [9], in order to obtain an acceptable NB-PSS detection performance, the full correlation would be used in our complexity analysis. In this case, the correlator is suggested to apply FFT/IFFT as design [7] to minimize the computation operations. However Figure 4B shows that we need many bins to cover +/- 25.5 KHz frequency offset (i.e. >30 bins), it means much higher MOPS and much larger memory sizes is required. It is not fair to the design in [9], since it is designed to apply partial correlation. And we omitted the complexity results in Table 2.
The other short NB-PSS sequence design in [8] used the same base sequence for each OFDM symbol to minimize the complexity. Assume we sampled at 240 KHz rate with length-16 correlation sequence, an extra interpolator is required to resample the first layer correlation result due to the variant sampling phase for each OFDM symbol. Then the control flow of NB-PSS correlation will be more complex than the other NB-PSS designs in [7]
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[9].With a 2-tap interpolator, 16+2*7 complex multiplier and 15+1*7 complex adder is needed for first layer correlation. (i.e. 7 is for the other sample phase). For the second layer correlation, symbols are combined by code cover pattern, And another 11-1 adders is used for each correlation profile sample. We expected 10 frequency bins are required to cover frequency offset range of +/- 25.5 KHz. For each bin an extra multiplier per sample is used to rotate the raw data phase.
We tried to estimate the complexity without using FFT engine, however, the resulting MOPS is too large (603.6) to be accepted. There shall be some FFT engines applied, at least for first layer correlation. Therefore we recalculate the MOPS with 128-point FFT engines in first layer correlation. 140 complex multiplier, 170 complex adders and 10 power on complex value are required for each sample in second layer correlation.
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· Memory = 4 (= Input + FFT of input + PSS + Result) FFT buffers of length 128; and 
· 1 complex correlation buffer in 1.92MHz (first layer after interpolation) + 1 complex correlation buffer in 240kHz (second layer) + 10 (frequency bins) power profile buffers = 135.4kB.
The MOPS is much larger compared to long sequence due to 10 frequency bins. If we consider only 2 frequency bins as long sequence, we may obtain the receiver complexity as follows.
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· Memory = 4 (= Input + FFT of input + PSS + Result) FFT buffers of length 128; and 
· 1 complex correlation buffer in 1.92MHz (first layer after interpolation) + 1 complex correlation buffer in 240kHz (second layer) + 2 (frequency bins) power profile buffers = 97.0kB.
Even with only 2 frequency bins as long sequence [7] as proposed, the complexity of short sequence with cover code [8] is still higher than that of long sequence. As we can see, the single short sequence with cover code do simplifying the correlator complexity with the mass usage of memory. However, the following interpolator almost doubles the original complexity and makes it less attractive.
Observation #5: The required searcher complexity for short sequence in [8] is larger than that of proposals based on cross correlation of long sequences.
Proposal # 1: The NB-PSS consists of PSS1 and PSS2; where

· PSS1 is generated by a length-143 and length-137 Zadoff-Chu sequences respectively for normal and extended cyclic prefix.

· PSS2 is generated by the complex conjugate of the ZC sequence of PSS1

· PSS1 and PSS2 are allocated at subframe #4 and #5, respectively, of every 20ms
Table 2: Complexity for observed sequences
	Design 
	Long sequence ZC 143 [7]
	Short sequence ZC 12 [8] 
	Short sequence ZC 11 [9] 

	Sampling frequency 
	240 KHz 
	240 KHz 
	240 KHz 

	Correlation method
	Full correlation
	Full correlation
	Full correlation

	Number of NB-PSS
	2 (PSS1 and PSS2)
	1 
	1 

	Multi-bin number (to cover +/- 25.5kHz)
	2 
	10 
	>30 

	Recursive computation
	No 
	Yes 
	No 

	Accumulation
	Yes 
	Yes 
	Yes 

	MOPS
	63.3
	373.7  (10 freq. bins)
79.6   (2 freq. bins)
	Omitted

	Memory (kB)
	38.8
	135.4  (10 freq. bins)
97.0   (2 freq. bins)
	Omitted

	
	
	
	


Table 3: Characteristics summary of the observed sequences.
	Design 
	Long sequence ZC 143 [7]
	Short sequence ZC 12 [8] 
	Short sequence ZC 11 [9] 

	Pros.
	Less memory for multi-bin search (two bins)
	Low PAPR and CM
	Very low PAPR and CM

	Cons.
	Higher fluctuation in time domain for leading symbol (20dB), however, the synchronization performance is not affected.
	Even with the same number of frequency bins, the operations and memories is still larger than long sequence, not so simple as claimed in [8]
	More memory and complexity due to multi-bin search (>30 bins)


4 Conclusion
In this contribution, we provide the design principles and details of synchronization signals for NB-IoT. The observations and the corresponding proposals are summarized as follows:
Observation #1: The contiguous and separated (PSS1,PSS2) allocation result in similar NB-PSS detection performance.
Observation #2: For normal cyclic prefix, the length-143 Zadoff-Chu sequence provides better NB-PSS detection performance than length-139 or length-141 Zadoff-Chu sequence.
Observation #3: For extended cyclic prefix, the length-137 Zadoff-Chu sequence provides better NB-PSS detection performance than length-133 or length-141 Zadoff-Chu sequence.
Observation #4: With proper receiver design like multiple frequency bins, the long sequence is able to cover +/- 25.5 kHz frequency offset during cell search procedure.
Observation #5: The required searcher complexity for short sequence in [8] is larger than that of proposals based on cross correlation of long sequences.
Proposal # 1: The NB-PSS consists of PSS1 and PSS2; where
· PSS1 is generated by a length-143 and length-137 Zadoff-Chu sequences respectively for normal and extended cyclic prefix.

· PSS2 is generated by the complex conjugate of the ZC sequence of PSS1

· PSS1 and PSS2 are allocated at subframe #4 and #5, respectively, of every 20ms
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