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1. [bookmark: _GoBack]Introduction
In RAN1 #88bis [1], the following agreement is made:
· Working Assumption: Number of PSS sequences: 3
· PSS sequence details:
· Frequency domain-based pure BPSK M sequence (fixing the time/freq. offset ambiguity)
· 1 polynomial:  Decimal 145 (i.e. g(x) = x7 + x4 + 1)
· In freq. domain 3 cyclic shifts (0, 43, 86) to get the 3 PSS signals
· Initial poly shift register value: 1110110
· FFS modified ZC: 2 ZC sequences concatenation or interleaving in time or freq., 4 ZC sequences concatenation in time
· Number of SSS signals: 1000 post-scrambling
· PSS sequence length: 127 for frequency domain-based pure BPSK M sequence
· Note that PSS will be mapped to consecutive 127 subcarriers
· SSS sequence length: 127
· Subcarrier spacing for PSS/SSS for difference freq. ranges: 15kHz/30kHz for below 6 GHz, and 120kHz/240kHz for above 6 GHz
· Note: RAN1 assumes that RAN4 will decide it depending on frequency ranges
· SSS sequence details: Long M-sequence with scrambling
· SYNC frequency raster: RAN1 assumes that RAN4 will decide it 
· SS burst set periodicity default value for initial cell selection: 20/20 msec
· Note that RAN1 assumes that RAN4 will investigate requirements
· Time index indication: PBCH conditioned that mobility and HO related requirements can be met
· Note: RAN1 assumes that RAN2 will check against to RAN2 requirements
· PBCH BW: 288 subcarriers, 2 OFDM symbols (additional symbols if MIB size larger than assumed)
· PBCH phase reference: DMRS
· PBCH TTI: 80 msec

In this contribution, we will provide detailed descriptions of our NR-SSS sequence design. Evaluation results based on the various evaluation assumptions are also presented.
2. NR-SSS Design
In [1], it is agreed that NR-SSS sequences should be constructed via scrambling of long m-sequences of length 127. A total of around 1000 post-scrambling NR-SSS sequences are required to represent NR physical cell ID (PCI). Furthermore, since the working assumption of 3 NR-PSS sequences has been made, it is anticipated that the set of NR-SSS sequences will be partitioned into 3 groups, each corresponds to a specific NR-PSS index . Based on these agreements, the ultimate goal for NR-SSS design is to find a set of sequences  that has the following properties:
· The size of  is around 1000, and should be an integer multiple of 3.
· Each sequence in  has length 127.
· The set  could be partitioned into 3 groups, each corresponds to a specific NR-PSS index .
· The time domain cross correlation between any two different sequences in  needs to be low for all relative cyclic time shifts between them.
· The frequency domain cross correlation between any two different sequences in  needs to be low at least for the range of possible residual frequency offset.
· The sequences in  would ideally allow low complexity sequence detection without sacrificing performance.

Based on the above criteria, we will introduce our NR-SSS design in the following subsections.
2.1. Frequency Domain QPSK Modulated  Sequences
 sequences are 4-phase sequences with near optimal correlation properties [2][3]. It has been shown in [2] and [3] that  sequences could achieve lower maximum cross-correlation compared to any binary sequences (e.g., m-sequences and gold sequences) by a factor of . In fact, it is used as the uplink short scrambling code in WCDMA [4]. For NR-SSS, we propose to use  family A sequences to construct the base sequence set in time domain. For sequence length equal to 127, there are a total of 128 such sequences (excluding the embedded m-sequence to be described later). We pick 112 sequences out of these 128 sequences. Each of these 112 sequences are then QPSK modulated, and cyclically shifted in frequency domain 9 times to produce a total of 1008 NR-SSS sequences. There are various ways to generate the set of  family A sequences. Here, we introduce a construction method that allows us to view the set of QPSK modulated  family A sequences as the set of cyclically shifted, BPSK modulated m-sequences scrambled by a single QPSK modulated  sequence. To simplify the notation, we will refer to the QPSK modulated  family A sequences as  sequences for the rest of this contribution. 
The implementation of  sequence generator is shown in Figure 1. The upper LFSR in Figure 1 is used to generate a single  sequence  (the scrambling sequence), and the initial state vector of the LFSR is always set to . The lower LFSR is a standard m-sequence generator with polynomial . All 128 initial state vectors are used to generate the all zero sequence  and 127 m-sequences . Assume  corresponds to the m-sequence with initial state vector . Since for every sequence index ,  for some distinct , we could also obtained these 127 m-sequences via cyclically shifting , i.e., . For the rest of the contribution, we will simply label these m-sequences by , and denote them by .
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[bookmark: _Ref481068336][bookmark: _Ref481067738]Figure 1: Block Diagram of the NR-SSS Sequence Generator
The first 111 m-sequences , together with the all zero sequence , are then BPSK modulated and scrambled by the  sequence . The resulting 112 sequences form a subset of  sequences, and is denoted by . To support at least 1000 PCI hypotheses, each of these 112 sequences are cyclically shifted in frequency domain 9 times to produce a total of 1008 sequences. The amount of the frequency domain cyclic shifts are given by ,  so as to achieve maximum robustness against residual frequency error. Finally, these 1008 sequences are partitioned into 3 groups, each corresponds to a specific NR-PSS index .
2.2. NR-SSS Sequences Generation Procedure
The step by step NR-SSS sequences generation is summarized below:
1. Generate the length 127 scrambling sequence  via the upper LFSR and the QPSK modulator as shown in Figure 1. The initial state vector of the LFSR is set to .
2. Generate the length 127 m-sequence  via the lower LFSR as shown in Figure 1. The initial state vector of the LFSR is set to .
3. Generate the 112 frequency domain, length 127  sequences , where  and  for  and .
4. For cell ID group index , and cell ID sector index , the cell ID is given by , and the corresponding frequency domain NR-SSS sequence is given by  for , where  and  are given by:  and .
3. NR-SSS Signal Properties
In this section, we discuss the properties of the proposed NR-SSS sequences in more detail. Specifically, we will first demonstrate both time and frequency domain cross correlations between all NR-SSS sequence pairs. The RX complexity for the corresponding NR-SSS design is then discussed. Finally, we evaluate the PAPR of the proposed sequences. 
3.1. Correlation Properties
Cross correlation between any pair of NR-SSS sequences is the most important performance metrics in NR-SSS design. Lower cross correlation implies better separation between hypotheses, leading to better tradeoffs between detection rate and false alarm rate. In order to cope with various multi-path channel conditions, any arbitrary pair of NR-SSS sequences are required to have low cross correlation for all possible relative cyclic time shifts. In sequence design, the maximum cross correlation among all possible relative cyclic shifts, denoted by , is often used to characterize the correlation property between a pair of sequences. Formally, given time domain sequences  and  of length ,  between  and  is defined as:

Figure 2 provides the distribution of normalized  for all  pairs of our NR-SSS sequences. For comparison, we also plot the corresponding distributions for other NR-SSS proposals, including single Gold sequence family with frequency domain cyclic shifts and multiple Gold sequence families with frequency domain cyclic shifts. For single Gold sequence family, the sequence generator has polynomials  and , and each of the 127 gold sequences is further cyclically shifted 8 times by the amount of  in frequency domain to produce a total of 1016 NR-SSS sequences. For multiple Gold sequence families with frequency domain cyclic shifts, polynomials for the 3 different preferred pairs are given by , , and . Each of these preferred pairs could generate 127 Gold sequences, leading to a total of 381 sequences. Out of these 381 sequences, only 334 sequences are selected, and each of these 334 sequences is further cyclically shifted 3 times by the amount of  in frequency domain to produce a total of 1002 NR-SSS sequences.
From Figure 2, we can clearly see the advantage of the proposed  sequences. Specifically, the maximum normalized  among all possible sequence pairs is 0.178 for  sequences, while for single Gold sequence family with frequency domain cyclic shifts and multiple Gold sequence families with frequency domain cyclic shifts, the maximum normalized  among all possible sequence pairs are 0.235 and 0.323 respectively. Furthermore, from the distribution curves shown in Figure 2, we can see that while 100% of the sequence pairs have  no greater than 0.178 for  sequences, for single Gold sequence family with frequency domain cyclic shifts and multiple Gold sequence families with frequency domain cyclic shifts, only 23% and 32% of the sequence pairs have  no greater than 0.178, respectively. For completeness, we also provide the distributions of zero-delay cross correlation  in Figure 2. From the figure, we can see that  sequences has the minimum  at 0.095. We will see later in our simulation results that it is the maximum of normalized cross correlations (i.e.,  and ) that dominate the detection performance. Table 1 summarizes the correlation properties of the NR-SSS sequence designs evaluated. It is evident that  sequences have the best cross correlation property among evaluated NR-SSS designs.
Observation 1:  sequences have the best cross correlation property among evaluated NR-SSS designs.
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[bookmark: _Ref481072308]Figure 2: Normalized Cross Correlation for various NR-SSS sequence sets


Table 1: Cross correlation properties of various NR-SSS sequence designs
	NR-SSS Sequence Designs
	
	Gold                (Single Family)
	Gold             (Multiple Families)
	M Sequences scrambled by ZC

	
	0.178
	0.235
	0.323
	0.228

	
	0.095
	0.134
	0.323
	0.228



To evaluate the robustness of the NR-SSS sequences against residual frequency error, the frequency domain cross correlation could be used. Since the residual frequency offset tends to be small after frequency acquisition is performed using NR-PSS, it is safe to assume a residual error of at most  OFDM subcarrier spacing. Specifically, given frequency domain sequences  and  of length ,  between  and  is defined as:

For  sequences, all sequences pairs have normalized  no greater than 0.095, leading to great robustness against residual frequency error. On the other hand, for single Gold sequence family with frequency domain cyclic shifts, since each of the 127 gold sequences is cyclically shifted in frequency domain by the amount of , it follows that for each sequence  (out of 1016 sequences), there exists at least one other sequence  such that the normalized  is equal to 1. Similarly, in the case of multiple Gold sequence families with frequency domain cyclic shifts, for each sequence  (out of 1002 sequences), there exists at least one other sequence  such that the normalized  is equal to 1. This means that for both single Gold sequence family with frequency domain cyclic shifts and multiple Gold sequence families with frequency domain cyclic shifts, false NR-SSS detection is unavoidable when the frequency residual error is close to  OFDM subcarrier spacing.
Observation 2:  sequences provides the most robust performance against residual frequency error among evaluated NR-SSS designs.
3.2. Receiver Complexity
As described earlier,  sequences can be viewed as the set of cyclically shifted m-sequences, scrambled by a common single  sequence . This enables us to implement a FHT based RX architecture. For simplicity, assume  is the received vector, and we would like to perform correlations corresponding to the 128  sequences with zero frequency cyclic shift. These 128 sequences could be represented in matrix form , where  is the  extended, BPSK modulated m-sequence matrix (i.e., adding an all one column and an all one row to the left and top of the original  m-sequence matrix), and  is the extended scrambling sequence. Note that each row in  represents one of the 128  sequences with an additional dummy symbol in front (in our case, the dummy symbol is 0). It can be shown that matrix  can be decomposed into , where  and  are permutation matrices and  is the Hadamard matrix [5]. It follows that the correlations of  and the 128  sequences are given by:

Hence, to obtain the correlations, we first de-scramble the received sequence, follow by a permutation. A 128 point FHT is then performed before another permutation that gives us the final results. The whole process requires only 128 complex multiplications (for de-scrambling), and  additions, which has extremely low complexity. A similar and more detailed analysis was also described in [6].
The FHT can be used to efficiently compute the correlation for all 4 evaluated proposals after the de-scrambling of the received signal. The differences in detection complexity, however small they are, therefore depend on the de-scrambling process. For ZC-scrambled m-sequences, the descrambling is a complex multiplication for each of the 127 sub-carriers. For Gold sequence families, it is just a sign change since the scrambling code is BPSK. Similarly for  sequences, the descrambling involves only sign flipping since the scrambling sequence is either real or imaginary. Note however, that SSS based on multiple Gold sequence families requires 3 different pairs of permutation matrices for FHT, as opposed to single pair for single Gold sequence family and  sequences.
Observation 3:  sequences have the least detection complexity among evaluated NR-SSS designs.
3.3. PAPR Evaluation
The PAPR and cubic metric (CM) distribution of various NR-SSS sequence sets are given in Figure 3. From the figure, it is clear that  sequences exhibits the best PAPR & CM properties compared to other NR-SSS sequence proposals.
Observation 4:  sequences exhibits the best PAPR & CM properties compared to other NR-SSS sequence proposals.
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[bookmark: _Ref481501648]Figure 3: PAPR & CM distribution for various NR-SSS sequence sets
4. NR-SSS Performance Evaluation
In this section, we provide the simulation results for our NR-SSS sequence design. Specifically, we will first briefly describe the RX detection algorithm used, and provide the definitions of the performance metrics. Based on these performance metrics and the assumed RX algorithm, we then compare the performance of various NR-SSS proposals.
4.1. NR-SSS Detection Algorithm, Evaluation Assumptions, and Performance Metrics
When performing cell search, a two stage detection algorithm is typically used. For NR-PSS detection, a sequence correlator is applied to the two times oversampled received signal. The magnitude of the complex correlation corresponding to each timing and frequency offset hypothesis is then used to select the potential candidates. The main purpose of a PSS detector is to generate several potential candidates for further processing using NR-SSS. Under the working assumption of three PSS sequences,   candidates with the largest correlation magnitudes are selected, and their corresponding hypothesized NR-PSS indexes , timing and frequency offsets are also stored. NR-SSS detection uses a threshold based detection algorithm. Specifically, for each of the  candidates, sequence correlation is performed based on the stored , timing and frequency offsets, and if the magnitude of the correlation exceeds a certain threshold , we declare detection of the corresponding PCI. In this contribution, since our main purpose is to evaluate the performance of NR-SSS sequences, we assume ideal NR-PSS detection.
Note that in our NR-SSS detection algorithm, we choose to use non-coherent peak detector (i.e., discard the phase information of the correlation) as in the case of NR-PSS detection. Since the feasibility of coherent NR-SSS detector highly depend on the relative location of the PSS & SSS symbols, we feel a non-coherent peak detector is a more proper NR-SSS detector for evaluation purpose. Finally, the threshold  is a design parameter to be determined according to some constraints, e.g., the false alarm rate.
The agreed evaluation assumption [7] is provided in Appendix A for convenience. For performance comparison, we also provide here the definitions of the performance metrics:
· Miss Detection Rate (: The probability of not correctly detecting target cell in one-shot detection when target cell transmits SS with or without SS from interfering cells.
· False Alarm Rate (): The probability of detecting any SS in one-shot detection when there is no SS being transmitted, i.e. AWGN.
· False Detection Rate (): The probability of detecting any non-transmitting cell in one-shot detection when target cell transmits SS with or without SS from interfering cells [8].
· A target cell is detected if its PCI is correctly detected and the timing is limited within a predefined maximum timing error (e.g. 50% of CP length).
4.2. NR-SSS Simulation Results
In this section we present our simulation results according to the RX architecture and evaluation assumptions described in the previous subsection. Figure 4 shows the performance comparison between various NR-SSS sequence designs for single cell scenario under CDL-C 100ns channel. On the left hand side, we fixed the false alarm rate  to 0.01, and compare the corresponding miss detection rate  and false detection rate . From the figure, we can see that all NR-SSS sequence candidates have the same  given a fixed . This is due to the fact that when  is fixed, the threshold  is also fixed. Furthermore, this threshold  is independent of NR-SSS sequence designs. Since all NR-SSS sequences have the same energy per symbol, and the auto-correlation terms caused by multi-path channel are negligible for these sequence candidates, it follows that all NR-SSS sequence designs have the same . From the above discussion, it is evident that when  is fixed,  is not a good performance metric for NR-SSS sequences design comparison. Hence, we use false detection rate  as the performance metric instead. The same metric was used to highlight the high false detection probability of the SSS design based on two short m-sequences [8].
From the figure, we can see that when ,  sequences provides more than 1.5dB advantage over other NR-SSS sequence designs. This is a direct consequence of its superior cross correlation property. Similarly, we can also fix , and compare the corresponding  between different sequence candidates. The results are shown on the right hand side of Figure 4. From the figure, we again observe that  sequences provides more than 2dB advantage over other NR-SSS sequence designs.
Figure 4 shows the performance comparison between various NR-SSS sequence designs for multi-cell scenario under CDL-C 100ns channel. From the figure, we observe that even though the performance difference is not as significant as the single cell case,  sequences still outperforms other NR-SSS sequence designs by some noticeable margin.
Observation 5:  sequences provides significant performance gain over other NR-SSS sequence proposals.
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[bookmark: _Ref481591369]Figure 4: Performance Comparison between various NR-SSS designs: Single Cell, CDL-C 100ns.
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Figure 5: Performance Comparison between various NR-SSS designs: 3 Cells, CDL-C 100ns.
5. Conclusion
In this contribution, we describe the proposed NR-SS sequences design in detail. Evaluation results based on the agreed evaluation assumption are also presented. Based on our study and evaluation results, we have the following observations and proposals:
Observation 1:  sequences have the best cross correlation property among evaluated NR-SSS designs.
Observation 2:  sequences provides the most robust performance against residual frequency error among evaluated NR-SSS designs.
Observation 3:  sequences have the least detection complexity among evaluated NR-SSS designs.
Observation 4:  sequences exhibits the best PAPR & CM properties compared to other NR-SSS sequence proposals.
Observation 5:  sequences provides significant performance gain over other NR-SSS sequence proposals.
Proposal 1: NR should adopt QPSK modulated  family A sequences as the NR-SSS sequence.
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[bookmark: _Ref481660889]Appendix A
	Parameter
	Value

	
	For below 6GHz
	For above 6GHz

	Carrier Frequency
	4GHz
	30GHz

	Default subcarrier spacing
	15kHz, 30kHz
	120kHz, 240kHz

	Channel Model
	Table A.1.5-1 in
Note: Zero interfering TRP should be assumed for above 6GHz.

	Antenna Configuration
	

	UE speed
	

	Number of interfering TRPs
	

	Target received baseband SNR 
	-6dB
Note: Proponents provide results over a range of SNR including -6 dB.

	NR-PSS/SSS detection
	Note: Good one-shot detection probability should be taken into account for reporting joint PSS/SSS misdetection rate, the residual timing error and frequency error.
Note: For reporting joint PSS/SSS detection latency, accumulation among SS blocks in different SS burst sets is not precluded.

	Frequency Offset
	· For initial acquisition
TRP: uniform distribution +/- 0.05 ppm
UE: uniform distribution +/- 5, 10, 20 ppm (each company to choose one)
· Non-initial acquisition
TRP: uniform distribution +/- 0.05 ppm
UE: uniform distribution +/- 0.1 ppm
Note: The 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

	Timing arrival difference from interfering TRPs
	· Synchronous scenario: 
Uniformly distributed from -3/N us to +3/N us, where N denotes scaling factor (N= Default subcarrier spacing (kHz)/15(kHz)).
· Asynchronous scenario: 
Uniformly distributed from -1 ms to 1 ms



Appendix B
As mentioned earlier,  sequence is used in WCDMA as uplink short scrambling sequence [4]. Figure 6 below shows the detailed sequence construction. As we can see from the figure, the bottom LFSR branch corresponds to the  sequence generator, similar to the upper branch LFSR depicted in Figure 1. The middle LFSR branch in Figure 6 is a binary sequence generator, which corresponds to the lower LFSR shown in Figure 1. Hence, by taking only the lower two LFSR branches of Figure 6 and rewiring the binary branch to a corresponding m-sequence generator, we obtain our  family A sequences generator.


[bookmark: _Ref481596937]Figure 6: WCDMA uplink short scrambling sequence generator (replicated from [4])
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