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In the RAN1#87 and RAN1 NR Ad-Hoc meetings, much progress has been achieved for the NR synchronization signal (SS) design [1][2]. Some of the related agreements are attached in Appendix A. In this contribution, we present our views and proposals on the specific details of NR SSs, e.g., sequence, subcarrier spacing (SCS), information encoding and number of cell IDs. We also provide evaluation results to compare the performance of various NR SS proposals.
Synchronization Signal Issues
The NR SS should be able to leverage existing principles and implementations from LTE while adapting to the new properties/requirements needed for NR. A detailed discussion on the new properties/requirements of NR SS was provided in [3]. In brief, the NR SS design should take into account the following aspects. 
· Low SS detection complexity: The SS detection complexity is mainly contributed by the complex-valued multiplications involved in NR-PSS detection. The LTE PSS adopts the well-known Zadoff-Chu (ZC) sequences with odd length mapped symmetrically around the DC subcarrier. This generates a centrally-symmetric PSS in the time domain that can reduce about 50% of the PSS detection complexity [4]. Furthermore, two of the three LTE PSSs are based on a pair of conjugate ZC sequences (with roots 29 and 34), which can share the same complex multiplications involved in their correlation detection [4]. These properties significantly reduce the PSS detection complexity and so should be inherited by NR PSS. Some new properties that enable low-cost detection should also be considered during the NR SS design.
· Good detection performance: For a given SNR, the detection latency primarily depends on the auto-/cross-correlation properties of the SS and their resilience towards frequency offsets. Large frequency offsets are primarily an issue in initial cell acquisition. Reliable detection under large frequency offsets can be performed using one or several combinations of methods such as frequency offset hypothesis testing, partial correlation, larger sub-carrier spacing and specific signal design that enables efficient and accurate frequency offset estimation. 
· Low peak-to-average power ratio (PAPR): Given the maximum transmit power at the TRP, the NR SS should have low PAPR to facilitate power boosting for coverage extension. In LTE, the PSSs which have very low PAPR are based on ZC sequences with carefully selected root indexes. Hence it is preferable to keep using such low-PAPR sequences for NR PSS. 
· Support for flexible numerology: NR is envisioned to support flexible numerology, e.g., SCS. Defining multiple sets of NR SSs with different numerologies in a given frequency range may lead to a heavy burden on cell searcher at the UE. Hence NR SS should be designed with low searching burden, while being compatible with multiple numerologies.  
In [3], [5]-[9], we proposed a time-repetitive PSS based on odd-length ZC sequence symmetrically mapped around DC subcarrier. It has been elaborated in [3] that, this PSS inherits the properties of low detection complexity, good auto-/cross-correlations and low PAPR from LTE PSS. In addition, the time-repetitive PSS waveform enables accurate frequency offset estimation at medium to high SNRs. Furthermore, the time-repetitive PSS results in that the same SS is generated regardless of SCS by different sequence-to-subcarrier mappings, which enables the UE to reuse the same detector for both SS and other data/control signals and thus provides flexible support for multiple numerologies. 
Observation 1: NR PSS based on odd-length ZC sequence symmetrically mapped around DC sub-carrier and time-repetition is beneficial in a number of aspects including 
· low detection complexity, 
· good detection performance; 
· low PAPR, and 
· support for multiple numerologies.  
If the SS bandwidth is increased relative to that of SS in LTE, it is expected that the sampling rate will also be increased proportionally. This implies both an increase of input samples per time unit and an increase of the matched filter length. Therefore, every doubling of the SS bandwidth will increase the PSS detection complexity by four times. In this case, time repetition can be utilized for further complexity reduction. With X-time repetition, the time domain PSS waveform comprises X segments that are exactly identical to each other, which enables that a shorter matched filter could be used: the UE first adopts a matched filter corresponding to only one segment of the PSS, and then coherently combines the X correlation outputs with proper delays to obtain the correlation value between whole PSS and the received signal at a certain time delay. The combined output is equivalent to one that directly adopts a long matched filter corresponding to the whole PSS but the length of the matched filter is reduced by a factor of 1/X, implying the PSS detection complexity reduction by a factor of 1/X. Note that each of the X segments can still exhibit the same centrally-symmetric and conjugate-pair properties as LTE PSS. Hence the benefit of LTE PSS detection complexity reduction mentioned above is inherited at the same time. 
Observation 2: NR PSS based on odd-length ZC sequence symmetrically mapped around DC sub-carrier and time-repetition can reduce the number of multiplications in PSS detection compared to a direct implementation of a matched filter in several ways:
· About 50% reduction when utilizing conjugate-pair property for detecting two PSSs in parallel;
· About 50% reduction when utilizing central-symmetric property;
· Reduction by a factor of 1/X when utilizing X-time repetition property.
These complexity reductions are not exclusive and can be achieved simultaneously.
Performance Evaluation
Comparison of different basic sequence lengths and SCS values for NR PSS
As agreed in RAN NR Ad-Hoc meeting, the candidate basic sequence lengths for NR PSS are 63/127/255, and the candidate SCS values are 15/30/60 kHz for below 6 GHz systems and 120/240 kHz for above 6 GHz systems [2]. In this subsection, we analyze the impact of these candidate values on the system performance. For simplicity, we will confine our discussion in this subsection within the ZC-based PSS and evaluate the system performance with different combinations of basic sequence length and SCS. The PSS design based on other sequences will be discussed in the next subsection. Specifically, 
· For basic sequence length 63, the LTE PSSs (i.e., length-63 ZC sequences with roots 25, 29 and 34) are reused;
· For basic sequence length 127, three length-127 ZC sequences with roots 54, 61 and 66 are used;
· For basic sequence length 255, three length-255 ZC sequences with roots 107, 119 and 136 are used.
In addition, we simulate a PSS both with and without time-repetition within an OFDM symbol, i.e., for X-time repetition, the PSS sequence is mapped to every X-th subcarrier.
Below 6 GHz system
We first consider the below 6 GHz system with 4 GHz carrier frequency. For a fair comparison, we assume the same bandwidth of Wtotal = 4.32 MHz (i.e., equivalently 6 PRBs for 60 kHz SCS) and a fixed OFDM symbol transmit power PT when comparing different schemes. This implies that a shorter sequence achieves a higher transmission power on each of the allocated subcarriers, but the average SNR = PT/N0Wtotal per all subcarriers in the system is the same for all schemes. Matched filter with a common sampling rate of 7.68MHz is adopted for PSS detection of all schemes. The FFT size is set at 512/256/128 for SCS of 15/30/60kHz accordingly. The PSS detection threshold is selected such that the false alarm probability is no higher than 0.01. Multiple frequency offset hypotheses testing and/or partial correlation are applied when the initial frequency offset is large. After PSS detection, the remaining frequency offset can be estimated via PSS based on the method in [10]. The other simulation settings follow the link-level evaluation assumptions in [11], as detailed in Appendix B.
Figure 1 below plots the PSS detection probability (a), the absolute values of the residual frequency offset (b) and the absolute values of the residual timing offset (c) of the system in the initial acquisition case (i.e., up to 0.05/5 ppm at TRP/UE). In this case, the initial frequency offset is large, and so we choose to adopt 3 frequency offset hypotheses (i.e., 0 and +/15kHz) and 2-segment partial correlation for PSS detection. From Figure 1 we can observe that
· The PSS detection probability and the residual frequency offset deteriorate significantly as the SCS increases, and the SCS of 15kHz performs the best. This is because with a larger SCS, the time duration of the PSS signal will be reduced, so is the received energy. This in turn leads to a lower PSS detection probability and a larger residual frequency offset;
· Given the SCS of 15kHz, the PSS detection probability and residual frequency offset are similar for all combinations of basic sequence lengths and time repetitions. Among them the combination of basic sequence length LZC = 63 and 2-time repetition performs slightly better than the others. 
· The residual timing offset improves as the sequence length and/or the value of time repetition increases. This is reasonable as a larger PSS length (which approximately equals the basic sequence length multiplied by the value of time repetition) indicates a higher resolution in the time domain. 
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Figure 1. The PSS detection probability (a), absolute values of residual frequency offset (b) and absolute values of residual timing offset (c) of ZC-based NR PSSs with different combinations of basic sequence length, SCS and time repetition in the initial acquisition case. The carrier frequency is 4 GHz and SNR = 6 dB. The PSS detection is done under 3 frequency offset hypotheses and 2-segment partial PSS detection.
The corresponding system performance in the non-initial acquisition case (i.e., up to 0.05/0.1 ppm at TRP/UE) is shown in Figure 2, where the initial frequency offset is small and so there is no need to consider multiple frequency offset hypotheses or partial correlation for PSS detection. In addition, at 6 dB SNR, it is unnecessary to perform frequency offset estimation after PSS detection, as due to the noise effect, the residual frequency offset after estimation may be even larger than the original one. From Figure 2 we can make similar observations. Hence combining the results in Figures 1 and 2, we can see that the SCS for PSS should be 15 kHz in below 6 GHz systems such that the same time duration as that of LTE PSS can be maintained to guarantee coverage. LTE is currently defined for frequency bands at 3.8 GHz (band 43) [12], and initial access for NR should at least be capable of functioning with 15 kHz SCS up to this. In addition, it is seen that using a shorter base sequence with proper time repetition can achieve comparable performance as that using a longer sequence, and in the meanwhile brings additional benefits mentioned in Observations 1 and 2. Hence we have the following proposal.
Proposal 1: For < 6 GHz, 15 kHz SCS and a basic sequence length of 63 should be supported for NR SS. 
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Figure 2. The PSS detection probability (a) and absolute values of residual timing offset (b) of ZC-based NR PSSs with different combinations of basic sequence length, SCS and time repetition in the non-initial acquisition case. The carrier frequency is 4 GHz and SNR = 6 dB. There are no multiple frequency offset hypotheses or partial correlation adopted for PSS detection, and no frequency offset estimation after PSS detection. Hence the residual frequency offset is the same as the initial frequency offset and not plotted.
Above 6 GHz system
Next we consider the above 6 GHz system with carrier frequency of 30 GHz. The same bandwidth of Wtotal = 34.56 MHz and a fixed OFDM symbol transmit power PT are assumed for all schemes. The corresponding sampling rate in the matched filter for PSS detection is 61.44 MHz. The FFT size is set at 512/256 for SCS of 120/240kHz accordingly. The other detailed simulation setting can be found in Appendix B. To focus on the impact of basic sequence length and SCS on the system performance, the SNR here refers to the post beamforming SNR, i.e., the effect of beamforming has been included and so no beam sweeping is performed in the simulation. Note that as detailed in Appendix B, both the TRP and UE adopt directional antennas, which can provide directivity gains of up to 8 dBi and 5 dBi, respectively. 
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Figure 3. The PSS detection probability (a), absolute values of residual frequency offset (b) and absolute values of residual timing offset (c) of ZC-based NR PSSs with different combination of basic sequence length, SCS and time repetition in the initial acquisition case. The carrier frequency is 30 GHz and SNR = 18 dB. The PSS is detected under 3 frequency offset hypotheses and 2-segment partial PSS detection.
Figure 3 plots the system performance in the initial acquisition case. Similar to Figure 1, we can observe the performance degradation in terms of detection latency and residual frequency offset when the SCS is increased from 120 kHz to 240 kHz. Also, a longer PSS sequence is preferred in term of residual timing offset, but this can be accomplished by using a short basic sequence with proper time repetition, which achieves similar performance as that of directly using a long sequence, while brings additional benefits. 
Figure 4 plots the system performance in the non-initial acquisition case. Again, we can see that a lower SCS value and a shorter basic sequence length with proper time repetition can achieve good performance. Hence we have the following proposal.
Proposal 2. For > 6 GHz, 120 kHz SCS and a basic sequence length of 63 should be supported for NR SS.
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Figure 4. The PSS detection probability (a) and absolute values of residual timing offset (b) of ZC-based NR PSSs with different combination of basic sequence length, SCS and time repetition in the non-initial acquisition case. The carrier frequency is 30 GHz and SNR = 18 dB. There are no multiple frequency offset hypotheses or partial correlation adopted for PSS detection, and no frequency offset estimation after PSS detection. 
Comparison of different NR SS designs
In this subsection, we compare a few proposals for NR SS with main focus on the below 6 GHz system with carrier frequency of 4 GHz. Based on the observations in Sec. 3.1, we fix the SCS and bandwidth at 15 kHz and 2.16 MHz, respectively. The FFT size is set at 256 accordingly. 
Candidate schemes
The following proposals for NR SS will be compared. 
LTE-based PSS/SSS: This is the baseline scheme from LTE Rel-8.
LTE-based PSS/SSS with 2-time repetition: The LTE PSS/SSS sequences are reused and are symmetrically mapped on every second subcarrier around the DC subcarrier [6]. This produces a 2-time repetition SS within an OFDM symbol.
LTE-based PSS/SSS with 2-frequency repetition: The LTE sequences are reused and are element-wise repeated twice in the frequency domain [13].
ZC-based PSS with length 127 and LTE-based SSS: Three ZC sequences of length 127 with root indices 63, 61 and 66 are used to generate PSS, and LTE SSSs are reused.
Perfect Periodic Costas Array (PPCA) based PSS with (P = 11,  = 7) and LTE-based SSS: The PSS sequence consists of ‘ones’ mapped to the sub-carriers according to the pattern in [14], and LTE SSSs are reused. 
LTE-based PSS interleaved with its conjugate in the frequency domain and LTE-based SSS with 2-time repetition: The LTE sequences are reused, where the PSS sequence is interleaved with its conjugate version in the frequency domain, and the SSS sequence is symmetrically mapped on every second subcarrier around the DC subcarrier [15].
ZC-based PSS with length 128 interleaved in the time domain and LTE-based SSS: The PSSs are generated based on three ZC sequences of length 128 with root indexes 53, 61 and 67 followed by time-domain interleaving after IFFT, and LTE SSSs are reused [16]. 
m-sequence based PSS: The PSSs are generated based on three m-sequences [17] of length 127 with generator polynomials x7+x+1, x7+x6+1, and x7+x6+x5+x4+x3+x2+1, respectively, and LTE SSSs are reused. 
Table I below lists the PAPR of all these NR SS proposals. It is seen that the time-repetition based PSS has the lowest PAPR, while that of the PPCA-based PSS is the highest. In practice, the PPCA-based PSS may have to apply a power back-off, which is not taken into account in our evaluations.
Table 1. PAPR [dB] of different NR PSS proposals with 256-point FFT.
	
	LTE PSS
	LTE PSS + 2-Time Repetition
	LTE PSS + 2-Freq. Repetition
	ZC-based PSS (127) 
	PPCA-based PSS (11, 7) 
	LTE PSS + Conj. FD Interleaving
	ZC-based PSS (128) + TD Interleaving
	m-sequence based PSS

	PAPR
[dB]
	3.97, 3.64, 3.64
	3.78, 3.08, 3.08
	5.73, 5.20, 5.20
	3.90, 3.59, 3.59
	10.0, 10.0, 10.0
	7.26, 6.12, 6.12
	5.71, 5.93, 
6.99
	4.79, 5.67, 5.09


Numerical results
Single TRP case
Figure 5 plots the joint PSS and SSS detection latency (a), absolute values of the residual frequency offset (b)  and absolute values of the residual timing offset (c) of different NR SS schemes in the initial acquisition case. The 50th and 90th percentiles values of these performance metrics are listed in Table 2 for an easy comparison. From the results we can see that:
· All schemes achieve 50% percentile of joint PSS and SSS detection latency within 1 SS burst period; while regarding 90% percentile, the length-127 ZC-based PSS scheme requires 3 SS burst periods, a bit worse than the other schemes (2 SS burst periods); 
· The LTE-based PSS/SSS with 2-frequency repetition scheme has the largest residual frequency offset, and those of all the other schemes are similar to each other, among which the time-repetitive based scheme performs the best; 
· The LTE-based PSS/SSS scheme performs the worst in term of the residual timing offset due to short sequence length (and in turn low time resolution). The frequency-domain conjugate interleaved scheme performs the second worst. All the other schemes have similar performance, except that the time-domain interleaved scheme performs the best. However, note that the interleaving of time-domain samples will change the frequency spectrum of the PSS, which in general significantly expands the occupied bandwidth and in turn leads to interference to/from other control/data signals in adjacent frequency bands.
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Figure 5. The joint PSS and SSS detection latency (a), absolute values of residual frequency offset (b) and absolute values of residual timing offset (c) of different NR SSs in the initial acquisition case. The carrier frequency is 4 GHz and SNR = 6 dB. The PSS is detected under 3 frequency offset hypotheses and 2-segment partial PSS detection.
The results are summarized in Table 2.
Table 2. The 50th and 90th percentile values of different NR SSs in the initial acquisition case at carrier frequency of 4 GHz and SNR = - 6 dB.
	
	LTE PSS/SSS
	LTE PSS/SSS + 2-Time Rep.
	LTE PSS/SSS + 2-Freq. Rep.
	ZC-based PSS (127) + LTE SSS
	PPCA-based PSS (11, 7) + LTE SSS
	LTE PSS + Conj. FD Interleaving + LTE SSS + 2-Time Rep.
	ZC-based PSS (128) + TD Interleaving + LTE SSS
	m-Seq.-based PSS (127) + LTE SSS

	Joint PSS/SSS detection latency (No. of SS burst periods)
	50th percentile
	1
	1
	1
	1
	1
	1
	1
	1

	
	90th percentile
	2
	2
	2
	3
	2
	2
	2
	2

	Residual frequency offset (kHz) 
	50th percentile
	0.734
	0.682
	1.486
	0.698
	0.729
	0.729
	0.684
	0.683

	
	90th percentile
	2.173
	1.968
	3.396
	1.974
	2.185
	2.151
	2.143
	2.083

	Residual timing offset (ns)
	50th percentile
	260
(1 sample)
	260
(1 sample)
	260
(1 sample)
	260
(1 sample)
	260
(1 sample)
	260
(1 sample)
	260
(1 sample)
	260
(1 sample)

	
	90th percentile
	520
(2 sample)
	260
(1 sample)
	260
(1 sample)
	260
(1 sample)
	260
(1 sample)
	520
(2 sample)
	260
(1 sample)
	260
(1 sample)


Figure 6 below plots the corresponding performance of different NR SS proposals in the non-initial acquisition case. Similar to Figures 2 and 4, there is no need to consider multiple frequency offset hypotheses or partial correlation for PSS detection, and no frequency offset estimation is done after PSS detection. It is seen from Figure 6 that with low frequency offset, all schemes have similar performance, except that the LTE PSS/SSS has larger residual timing offset due to short sequence length and the scheme based on the length-128 ZC sequence and time-domain interleaving has larger detection time.  
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Figure 6. The joint PSS and SSS detection latency (a) and absolute values of residual timing offset (b) of different NR SS designs in the non-initial acquisition case. The carrier frequency is 4Ghz and SNR = 6 dB. 
Combining the above results in Tables 1 and 2 and Figures 5 and 6, we can conclude that
· The LTE PSS/SSS based scheme has larger residual timing offset in all cases due to short sequence length;
· The 2-frequency repetition based scheme has larger residual frequency offset if the initial frequency offset is large;
· The length-127 ZC-based scheme has slightly larger detection latency.
· The PPCA based PSS has much higher PAPR than others; 
· The frequency-domain conjugate interleaved scheme has larger residual timing offset if the initial frequency offset is large;
· The time-domain interleaved scheme suffers interference to/from control/data signals in adjacent frequency bands;
· There is no issue using a PSS based on a ZC sequence for large frequency offsets.
It should be noted that it has not so far been any proof or explanation on how the signal properties of the schemes using ZC sequence with TD or FD interleaving, ZC with frequency repetition or m-sequences will be enable low-complex matched filter detection, which is a most fundamental design criterion.
Multi-TRP case
In LTE, the cell ID is jointly carried by 3 PSS sequences and 168 SSS sequences scrambled using ID in PSS. Otherwise if the cell ID is only carried by NR-SSS merely for PSS detection complexity reduction, more SSS sequences are needed which inevitably worsens the cross-correlation among them and in turn lead to a worse detection performance. 
In what follows, we simulate the system performance with two interfering TRPs where the time delays of the signals from all three TRPs are assumed to be the same. As detailed in Appendix B, the SIR from two interfering TRPs are set at 0 dB and -3 dB, respectively. The three TRPs are assumed to have different cell IDs, which can either be carried only by NR SSS (i.e., the PSS is used for time-frequency synchronization only and is the same for all cells) or together with NR PSS as in LTE (e.g., three different PSS sequences are used and SSS is scrambled using ID in PSS). Figure 7 below compares these two options of carrying cell IDs, where the PSS/SSS are based on LTE PSS/SSS with 2-time repetition. Although adopting the same PSS for all TRPs may reduces the PSS detection latency due to the single-frequency network (SFN) effect, the results confirm that this causes an increased joint PSS and SSS detection latency due to the interference among SSSs from different TRPs, which are no longer scrambled from their corresponding PSSs. Hence, like LTE, multiple NR PSS sequences are necessary to carry a part of the cell ID information, and the NR SSS sequences can be scrambled using ID in NR PSS to avoid high cross-correlation among them.
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Figure 7. Comparison of the joint PSS and SSS detection latencies with identical and different PSS sequences among different TRPs with two interfering cells. The carrier frequency is 4 GHz and SNR = -6dB
Another issue related to NR SS design is the number of cell IDs and NR-PSS/SSS sequences. In RAN1 NR Ad Hoc meeting, it has been agreed that the number of NR cell IDs should be down selected from a few options with the minimum value being 504, the same as LTE. When this number is further increased compared to that of LTE, more NR-PSS and/or NR-SSS sequences are needed, which may increase both the PSS/SSS detection complexity and detection latency. Hence whether or not an increased number of cell IDs is necessary must be carefully investigated. In Figure 8, we evaluate the impact of increasing the number of cell IDs where the number of NR PSS sequences is fixed to 3, and so more SSS sequences are necessary when the number of cell IDs is increased. The additional SSS sequences are generated in a similar way as that for LTE SSS, i.e., by exhausting all combinations of different cyclically shifted version of the two length-31 m-sequences. By this means, the number of SSS sequences can be increased from 168 to 465. From Figure 8 we can see that even such a modest increase results in performance degradation due to detecting more SSS sequences.
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Figure 8. Comparison of the joint PSS and SSS detection latencies with 3 PSS sequences and different number of SSS sequences, resulting in 3168 = 504 or 3465 = 1395 cell IDs. The carrier frequency is 4 GHz and SNR = -6dB.
Discussion and summary
A comprehensive comparison among different NR SS proposals is summarized in Table 3 below.
Table 3. Comparison of different NR SS proposals.
	
	LTE PSS/SSS (128-point FFT)

	LTE PSS/SSS + 2-Time Repetition (256-point FFT) 
	LTE PSS/SSS + 2-Freq. Repetition
(256-point FFT)
	ZC-based PSS (127) + LTE SSS (256-point FFT)  
	PPCA-based PSS (11, 7) + LTE SSS (256-point FFT)
	LTE PSS + Conj. FD Interleaving + LTE SSS + 2-Time Repetition (256-point FFT) 
	ZC-based PSS (128) + TD Interleaving + LTE SSS (256-point FFT)
	m-Seq.-based PSS (127) + LTE SSS (256-point FFT)

	Support for flexible numerology
	No
	Yes
	No
	No
	No
	No
	No
	No

	PAPR of PSS
	Low
	Low
	Medium
	Low
	High
	Medium
	Medium
	Medium

	PSS detection complexity (normalized by that of LTE *)
	1
	2
	12
	4
	12
	12
	12
	12

	Inter-band interference
	No
	No
	No
	No
	No
	No
	Yes
	No

	Joint PSS/SSS detection latency
	Good
	Good
	Good
	Slightly worse
	Good
	Good
	Slightly worse
	Good

	Residual frequency offset
	Small
	Small
	Large
	Small
	Small
	Small
	Small
	Small

	Residual timing offset
	Large
	Small
	Small
	Small
	Small
	Large
	Small
	Small


* The LTE PSS detection complexity is calculated assuming 128-point FFT and 5ms periodicity, in which the number of complex multiplications involved per frequency offset hypothesis testing equals 9600 (time delays)  3 (PSS)  128 (PSS length)  1/3 (benefit from central symmetry and using a conjugate pair of ZC sequences). The number of frequency offset hypotheses testing is assumed to be the same for all schemes.    
It should be noted that a periodic signal could be detected with even lower complexity by using an auto-correlation based method for coarse timing (it requires only 1 complex-valued multiplication per input sample, compared to 128 for a matched filter) and is unaffected by any frequency offsets [18].  Moreover, a common method of frequency offset estimation for an OFDM symbol of length LPSS is to perform auto-correlation between the NCP cyclic prefix (CP) samples and the corresponding part of the OFDM symbol delayed by LPSS samples. This can determine offsets within 0.5 SCS. With a 2-time repetition PSS, auto-correlation between the two identical halves of the OFDM symbols provides an SNR gain of LPSS/2NCP and frequency offsets within 1 SCS can be estimated.
ZC sequences are well established and have desirable correlation properties, efficient detectors and flatness in both time and frequency domain. They have been utilized as synchronization signals in LTE DL, for D2D communications, for V2V communications and for NB-IoT, and with proven reliable support for a vast amount of deployment scenarios. Large frequency offsets do not constitute a significant issue and can be handled by hypothesis testing and/or partial correlation. Hence, we see no reason to adopt any sequence other than ZC for NR.
Proposal 3: Adopt 3 odd-length ZC sequences for NR PSS and map sequences symmetrically around the DC sub-carrier on every X-th subcarrier (FFS: value of X = 1, 2, …).
Proposal 4: Select the root sequence indexes for NR PSS according to the following two aspects
· Providing high resilience towards frequency offsets;
· Keeping low PAPR property. 
It is not desirable that the PSS/SSS should encode more cell IDs than 504. Hence, a baseline for NR-SSS could be similar to that of LTE.
Proposal 5: Adopt a similar NR-SSS as LTE SSS, i.e., interleaved concatenation of two cyclically shifted m-sequences.
Proposal 6: The number of cell IDs should be 504 and jointly carried by NR PSS and NR SSS.
With beam based initial access at high frequency, the flexibility of the NR SS resource allocation should be considered to support different beamforming capabilities of TRPs and different scenarios. In RAN1 NR Ad Hoc meeting, it has been agreed that by default, the UE may neither assume the gNB transmits the same number of physical beam(s) nor the same physical beam(s) across different SS-blocks with in an SS burst set. However, the UE may need to distinguish the beam(s) transmitted by the gNB so as to gain the downlink channel direction information and facilitate the subsequent random access procedure. Hence for this purpose, the maximum number of SS blocks per SS burst (set) and the maximum number of concurrent beams per SS block should be predefined in the specification, leaving their actual numbers free of selection at different TRPs.
Proposal 7: At least for multi-beam based initial access, the maximum number of SS blocks per SS burst (set) and the maximum number of concurrent beams per SS block should be pre-defined in the specification. 
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Conclusions
In this contribution, we have studied the NR PSS/SSS and compared various NR SS proposals. After detailed investigation, the following proposals are made.
Proposal 1: For < 6 GHz, 15 kHz SCS and a basic sequence length of 63 should be supported for NR SS. 
Proposal 2. For > 6 GHz, 120 kHz SCS and a basic sequence length of 63 should be supported for NR SS.
Proposal 3: Adopt 3 odd-length ZC sequences for NR PSS and map sequences symmetrically around the DC sub-carrier on every X-th subcarrier (FFS: value of X = 1, 2, …).
Proposal 4: Select the root sequence indexes for NR PSS according to the following two aspects
· Providing high resilience towards frequency offsets;
· Keeping low PAPR property. 
Proposal 5: Adopt a similar NR-SSS as LTE SSS, i.e., interleaved concatenation of two cyclically shifted m-sequences.
Proposal 6: The number of cell IDs should be 504 and jointly carried by NR PSS and NR SSS.
Proposal 7: At least for multi-beam based initial access, the maximum number of SS blocks per SS burst (set) and the maximum number of concurrent beams per SS block should be pre-defined in the specification. 
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Appendix A. Related meeting agreements
· NR defines at least one basic sequence length for each synchronization signal in case of sequence-based synchronization signal design
· Down-select from following candidates based on at least subcarrier spacing and bandwidth consideration for synchronization signals
· Alt.1: sequence length is about 255
· Alt.2: sequence length is about 127
· Alt.3: sequence length is about 63
· Note even number is not precluded
· Note that this is total length of basic sequence that may be constructed by concatenation of multiple sequences like LTE-SSS
· Striving for the design where NR-SS for different usage scenario (e.g., different frequency range) can be generated by using basic sequence length (e.g., applying different subcarrier spacing value)
· FFS: repetition/concatenation of same or different sequence with the same basic sequence length in frequency domain, repetition/concatenation of same or different sequence with the same basic sequence length in different OFDM symbols, single basic sequence mapped to multiple OFDM symbols, mapping the basic sequence to every N subcarriers, defining additional longer sequence than basic sequence
· FFS on message-based synchronization signal design
· Down-select the number of NR cell IDs in PSS and SSS from
· Alt 1: 504
· Alt 2: about 1000 to 2000
· Alt 3: 600
· Note that other information is not excluded from PSS/SSS
· Down-select from the following alternatives on the number of NR-PSS sequence(s):
· Alt 1: One
· Alt 2: Two
· Alt 3: Three
· Alt 4: Four
· Alt 5: Six
· Companies are encouraged to evaluate and down-select from the above alternatives in the next meeting.
Appendix B. Simulation Setting
Table 4. Link level evaluation assumption [11]
	Carrier frequency
	4 GHz
	30 GHz

	Channel model
	CDL-C channel model
· With delay scaling values of 100 ns for 4 GHz and 30 ns for 30 GHz;
· (ASD, ASA, ZSD,ZSA) = (5, 30, 1, 5) degrees
· The CDL table is translated so that the strongest cluster’s AoD and AoA occur at a random angle for both the antenna panels of TRP and UE in the local coordinate. The value of the random angle is selected to be uniformly distributed from +30 to -30 degree. The random value is chosen independently for both AoD and AoA.

	Subcarrier spacing
	15/30/60 kHz
	120/240 kHz

	SNR
	-6dB
	-18dB (post beamforming SNR)

	UE speed
	3 km/h

	Bandwidth
	4.32/2.16 MHz
	34.56 MHz

	FFT size
	128/256/512 

	Search window
	5ms (one SS burst period)

	PSS/SSS multiplexing 
	TDM

	TRP antenna configuration
	(1,1,2) with omni-directional antenna element
	(4,8,2) with directional antenna element (HPBW = 65o, directivity gain 8dBi)

	UE antenna configuration
	(1,1,2) with omni-directional antenna element
	(2,4,2) with directional antenna element (HPBW = 90o, directivity gain 5dBi)

	Frequency offset
	Initial acquisition
· TRP: uniform distribution +/- 0.05ppm
· UE: uniform distribution +/- 5ppm
Non-initial acquisition
· TRP: uniform distribution +/- 0.05ppm
· UE: uniform distribution +/- 0.1ppm

	Number of interfering TRPs
	1. 0 TRP: mandatory
2. 2 interfering TRPs (1st SIR = 0dB, 2nd SIR = -3dB; SIR is defined as the ratio of power between a reference cell and interfered cell). 
	0 TRP
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