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1. Introduction
It was agreed in RAN1#87 that for NR synchronization signals design
· Following target requirements should be taken into account in NR-PSS/SSS design
· Robustness against initial frequency offset up to 5 ppm
· 10 ppm as optional requirement
· Reasonable complexity for NR-PSS/SSS detection
· Good one-shot detection probability at -6 dB received baseband SNR condition with less than 1% false alarm rate
· Companies report detection probability, the residual timing error and frequency error 
· Good detection performance in multi-cell scenario
· Note: for mMTC, different target requirements may be considered
· Following aspects can be considered (not an exhaustive list)
· Low system overhead due to NR-PSS/SSS transmission
· Low PAPR of waveform for possible power boosting transmission
· Multiplexing with other signal/channel for efficient operation
· Utility of NR-PSS/SSS as reference signal for other channels, e.g., PBCH

In this contribution, we focus on the PSS candidates and compare some candidate sequences in terms of their properties listed in the agreements above. The robustness against initial frequency offset and one-shot detection probability are largely determined by the synchronization signal’s ambiguity function. The detection complexity and PAPR depend on the signal’s structure.
2. [bookmark: _Ref471299226][bookmark: _Ref461651853]Candidate Sequences
We consider the following 4 sequences: the legacy LTE Zadoff-Chu sequence, m-sequence, Costas sequence and LDPB sequence.  
2.1. Zadoff-Chu Sequence
A Zadoff-Chu sequence of length-N is given by
	
	(1)


where N can be any prime number. The exemplary sequence we use in Section 3 is a lenth-251 Zadoff-Chu sequence with u=29. The variable  indicates that the sequence is used in the frequency domain.
2.2. m-sequence
An m-sequence of length  is a BPSK binary sequence 
	
	[bookmark: mseq](2)


where  is generated by a recursive formula (modulo 2) . The coefficient  is the coefficient of a minimal polynomial over GF(). The exemplary sequence we use in Section 3 is a lenth-255 m-sequence generated from the minimal polynomial  and 0 otherwise. The initial value is set to . The variable  in Eq. (2) indicates that the sequence is used in the frequency domain.
2.3. Costas Sequence
[image: ]
[bookmark: _Ref471138503]Figure 1: A 6 by 6 Costas Array
A Costas Array [1] is a two-dimensional array with a single mark in each column as shown in Figure 1. It has the property that any horizontal and vertical shift of the pattern has at most one coincidence with the original pattern. The periodic extension of Costas Array was proposed as a candidate NR SSS in [2] where each of the mark in the array is a power boosted pilot symbol transmitted in the corresponding resource element on the OFDM grid. In other words, it is a signal with a single tone in each of the OFDM symbol. The tone hops over OFDM symbol index in a manner such that it has good cyclic ambiguity function.
If we remove the cyclic prefix, the time domain sequence of a Costas Array is then given by 
	
	(3)


where  is a series of integers and  for  and 0 otherwise. In the example of Figure 1,  and . This formulation generate a sequence of length- with very good non-cyclic ambiguity function and can therefore be used as PSS in a single OFDM symbol. We will refer to sequence created this way as a Costas Sequence.
The exemplary Costas sequence we use in Section 3 is a lenth-256 Costas sequence with   and 
	
	[bookmark: Chis](4)


for . The variable  indicates that the sequence is used in the time domain.
2.4. LDPB Sequence
The Low Density Power Boosted (LDPB) sequence [3] is generated by placing power boosted pilot symbols of constant amplitude in a few selective number of sub-carriers in an OFDM symbol. Figure 2 shows an example of a length-42 LDPB sequence derived by concatenating the rows in a 6 by 7 perfect periodic Costas Array [2]. The power of the pilot sub-carriers is boosted by a factor that normalizes the total transmit power for fair comparison. The phase modulation of the pilot symbol does not have significant impact on the ambiguity function of the signal. However, with proper phase modulation, the PAPR of the LDPB sequence can be lowered.
[image: ]
[bookmark: _Ref465862494]Figure 2: A length-42 LDPB sequence in frequency domain
The exemplary LDPB sequence we use in Section 3 is a length-272 sequence derived by concatenating the rows in a 16 by 17 perfect periodic Costas Array:
	 for

	(5)


and zero elsewhere. The variable  indicates that the sequence is used in the frequency domain.
3. [bookmark: _Ref471156892]Design Considerations
For a given time support and bandwidth, the performance of PSS detection and the time-frequency offset estimation is largely determined by the ambiguity function of the sequence. As long as there are no significant side lobes such as those in a Zadoff-Chu sequence, the performance of different sequences with equal power should be roughly the same. Comparison of detection performance between Zadoff-Chu sequence, m-sequence and LDPB sequence were given in a companion contribution [3].
3.1. Ambiguity Function
The ambiguity functions of the 4 candidate sequences are shown in Figure 3. The well-known ambiguity side lobes of Zadoff-Chu sequence is clearly visible. M-sequence has the most uniform distribution of the off-center ambiguity among the 4 candidate sequences. The Costas sequence also has very good, thumb-tack like ambiguity function. There are some side lobes near the center peak but they are mostly small. The one-dimensional auto correlation function of a signal is just its ambiguity function at zero-Doppler. Clearly the Costas sequence has excellent auto-correlation function.
The ambiguity function of LDPB sequence at zero-Doppler has some side lobes as high as 0.5, making it difficult to achieve accurate timing estimate in highly dispersive channel or to distinguish multiple cells using the same sequence. However, this can be resolved by the SSS once the coarse timing is established by PSS.  
[image: ] [image: ][image: ][image: ]
[bookmark: _Ref465882969]Figure 3: Ambiguity functions of (a) Zadoff-Chu (b) m-sequence (c) Costas sequence (d) LDPB sequence
[bookmark: _GoBack]Observation 1: m-sequence has the best ambiguity function of all 4 candidate sequences.
3.2. Complexity
A detailed complexity analysis for sequence detection is given in [3]. Table 1 gives a brief summary of the complexity comparison. The parameter  in the table is the number of PSS sequences, which is 3 in LTE. The parameter  is the number of frequency hypotheses the detector needs to make in the time-frequency plane. Its value depends on the raster design and the oscillator’s accuracy. The frequency domain approach essentially performs the correlation in the frequency domain and can be used to detect any sequence. It is much more efficient than direct computation in the time domain for long sequence. The LDPB sequence, on the other hand, can be detected by a Partially Overlapped Sliding DFT (POSD) [3] followed by an energy detector. The complexity of the method does not scale up with the number of PSS sequences and frequency hypotheses and therefore is much lower than that of the other 3 sequences. Even for a moderate number of , the complexity of LDPB sequence is one order lower than that of the other 3 sequences.
[bookmark: _Ref470688888]Table 1: Summary of complexity analysis in number of complex multiplications per sample
	Approach
	Complexity (# of multiplications)
	Example (N=512, 2×over-sampled)

	Freq. domain
	
	

	POSD for LDPB
	 (independent of  and )
	18



Observation 2: The LDPB sequence has the lowest complexity which does not scale up with the number of PSS sequences and frequency hypotheses.
3.3. PAPR
The PAPR for m-sequence and Zadoff-Chu sequence of length around 1000 were given in [4] (Figure 3). The PAPR of Zadoff-Chu sequence depends on the parameter u and varies between 3 to 7 dB. The PAPR of an m-sequence depends on its generating polynomial and its cyclic shift in frequency and varies between 7.5 and 9 dB. The values are slightly lower for shorter sequence length. Table 2 lists the PAPR values for the 4 exemplary candidate sequences given in Section 2. Note that the Costas sequence has the lowest PAPR since it is essentially a Frequency Modulated signal. Figure 4 shows the envelope of the length-256 Costas sequence.
Observation 3: Costas sequence has the lowest PAPR of 2.49 dB among all 4 candidate sequences.
[bookmark: _Ref471244085]Table 2: PAPR of the 4 candidate sequences
	Sequence
	Zadoff-Chu
	m-sequence
	Costas sequence
	LDPB sequence

	PAPR
	4.39 dB
	7.11 dB
	2.49 dB
	5.81 dB



[image: ]
[bookmark: _Ref471244299]Figure 4: Envelope of 4x over-sampled length-256 Costas sequence
4. Conclusion
Table 3 summarizes our comparison of the 4 candidate sequences. Based on the table and the discussion above, we have the following observations:
Observation 1: m-sequence has the best ambiguity function of all 4 candidate sequences.
Observation 2: The LDPB sequence has the lowest complexity which does not scale up with the number of PSS sequences and frequency hypotheses.
Observation 3: Costas sequence has the lowest PAPR of 2.49 dB among all 4 candidate sequences.
[bookmark: _Ref471498311]Table 3: Comparison of candidate PSS sequences
	Sequences
	Ambiguity Function
	Complexity
	PAPR
	Available lengths

	Zadoff-Chu
	Poor (in presence of frequency offset)
	high
	4.39 dB
	 is any prime number

	m-sequence
	excellent
	high
	7.11 dB
	  is an integer

	Costas sequence
	excellent
	high
	2.49 dB
	  is a prime

	LDPB
	Good (side lobes along zero-Doppler)
	low
	5.81 dB
	  is a prime



Overall, Zadoff-Chu sequence has the worst properties of all. Its only advantage is that the sequence exists for any length that is a prime number. We therefore propose that
Proposal 1: NR should replace the legacy LTE Zadoff-Chu PSS sequence with one of the other 3 candidate sequences, or any sequence with better properties.
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(a) length-251 Zadoff-Chu, u=29
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(b) length-255 m-sequence
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(c) length-256  Costas sequence
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(d) length-272 LDPB
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