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In the RAN1#88 meeting [1], a number of agreements on NR synchronization signal (SS) design have been made and numerous proposals were contained in the email discussion [88-12]. In this contribution, we analyze and provide evaluation results to compare the performance of various NR SS proposals.
Proposed NR SS Design
The NR SS should be able to leverage existing principles and implementations from LTE while adapting to the new properties/requirements needed for NR. In brief, the NR SS design should take into account several aspects including 
· low SS detection complexity;
· good detection performance;
· support for flexible numerologies; and 
· low peak-to-average power ratio (PAPR) and cubic metric (CM). 



A detailed discussion on these design requirements was provided in [2]. Based on these requirements and the agreement in the RAN1#88 meeting that the total number of hypotheses in NR SS is around 1000, we propose to design 3 NR PSS sequences and 336 NR SSS sequences to jointly carry the physical-layer cell identity (ID), where the NR SSS carries the cell ID group index, , and the NR PSS carries the cell ID within the group, . The overall cell ID is then given by . Our detailed NR SS design is introduced below.
NR PSS Design
In [2]-[8], we have discussed a time repetitive PSS based on odd-length Zadoff-Chu (ZC) sequence symmetrically mapped on every other subcarrier around an SS centre frequency subcarrier. There are several advantages of this PSS, e.g.:
Low detection complexity
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Figure 1. Illustration of a matched filter receiver for the proposed NR PSS using only N/4+1 multiplications
The sequence results in a centrally symmetric and periodic PSS waveform in the time domain, which makes it possible to reduce the number of complex-value multiplications in the matched filter by adding the identical samples of the received signal prior to multiplication with the replica sample. An illustration of such a reduced matched filter receiver involving N/4 + 1 multiplications per timing hypothesis is contained in Figure 1, where N is the number of samples contained in the PSS waveform that is usually divisible by 4. Such a receiver should be compared to a direct implementation of matched filter requiring N multiplications per timing hypothesis.   
A centrally symmetric sequence is a necessary condition for having complex-conjugate symmetry among two PSS obtained from two complex-conjugated SS sequences. Hence, two PSSs could be detected with the same complexity as one PSS.
Observation 1: NR PSS based on odd-length ZC sequence symmetrically mapped on every other subcarrier around an SS centre frequency subcarrier 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;
· About 50% reduction when utilizing time repetition property.
These complexity reductions are not exclusive and can be achieved simultaneously.
Auto-correlation based detection
The time repetitive PSS allows for auto-correlation based detection. Such a method is worse than matched filtering at low SNRs but its performance is independent of any frequency offset errors [9]. Moreover, the complexity for performing auto-correlation based detection using sliding window implementation can be only 1 multiplication per timing hypothesis (after initialization) and is independent of the number of PSSs. Hence, an auto-correlation based method may be useful for first determining a coarse timing synchronization and then matched filtering could be applied within a reduced timing window, which further reduces the complexity. 
Frequency offset estimation
The time repetitive property can be used for estimating the frequency offset by performing an auto-correlation between the repetitive parts. This can achieve an estimation range within 1 subcarrier spacing (SCS). 
Therefore, we propose the following NR PSS design.
Proposal 1: The NR PSSs are based on length-63 ZC sequences with root indices 16, 22 and 47, symmetrically mapped on every even-numbered subcarrier around the DC subcarrier, with the element mapped on DC subcarrier punctured.
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Figure 2. Mapping of the proposed NR PSS sequence elements to subcarriers.
The PSS sequence in the frequency domain is 

									(1)
with root indices u = 16, 22, and 47, and an illustrative mapping of the proposed NR PSS sequence elements to subcarriers is shown in Figure 2. Here the root index selection is based on joint consideration of the PAPR, CM, robustness again frequency offset (FO), cross-correlation with the LTE PSSs and D2D PSSs as well as cross-correlation among the generated 3 NR PSS waveforms. 
NR SSS Design
For the SSS design, we propose sequences which are similar to LTE SSS, only with their length increased. This is expected to reuse the LTE SSS detector for NR to the largest extent.
Proposal 2: The NR SSSs are based on the interleaved concatenation of two length-63 m-sequences with different cyclic shifts derived by cell ID to be carried by NR SSS. The two cyclically shifted m-sequences are further scrambled by the cell ID carried in NR PSS, and their interleaved concatenation is consecutively mapped around the DC subcarrier.
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Figure 3. Mapping of the proposed NR SSS sequence elements to subcarriers.
An illustrative mapping between the proposed NR SSS sequence elements and subcarriers is shown in Figure 1. The detailed NR SSS design can be easily understood by comparing it with that of LTE SSS [10]. Specifically:
· The interleaving and concatenation methods are the same as that for LTE PSS, except that the length of the m-sequences is increased from 31 to 63. 
· The NR SSS sequence generation is similar to LTE SSS, i.e., 

                                                (2)



where . It is noted that LTE SS has a periodicity of 5 ms, i.e., a half of a frame. Hence LTE SSS consists of a pair of SSS sequence groups, where each group contain 168 SSS sequences that are used to carry , and the two groups are used to indicate the first and second half frame timing. While for NR SS, the periodicity will be down selected from 10 ms and 20 ms [1], implying that there is no need to use SSS to indicate the first/second half frame timing. Therefore all the 336 SSS sequences can be used to carry cell ID .   
· 

The cyclic shifts of the m-sequences  and involved in (2), i.e., m0 and m1, are generated in a similar way as that for LTE SSS, i.e.,

	                                                               (3)
with

		(4)
Note that the above calculation is done still with modulus 31, even though the m-sequence length has been increased to 63. By this means, the UE does not need to detect all the 63 cyclic shifts of each m-sequence, implying both a lower detection complexity and a less number of detection hypotheses. The latter may further avoid certain performance degradation. 
· 



The cyclic shifts of the scrambling sequences , ,  and are the same as that for LTE SSS, i.e.,

	         						(5)

	        				     (6)
· 


With increased length of the above involved m-sequences ,  and , their corresponding generator polynomials are replaced by x6 + x5 + 1, x6 + x + 1 and x6 + x5 + x2 + x + 1, respectively.
Performance Comparison
In this section, we evaluate the performance of our proposed NR SS and compare it with a few of other NR SS proposals.
Candidate NR SS proposals and initial analysis
Besides our proposed NR SS introduced in Section 2, we will also consider and compare a few of the other proposals for NR SS contained in the email discussion [88-12]. These NR SS proposals are listed in Table 1 below together with a brief introduction. The corresponding PAPR and CM values of their PSSs are given in Appendix A assuming the same FFT size of 2048. 
Table 1. List of NR SS proposals for comparison
	Company schemes
	PSS/SSS
	No. of Sequences
	No. of occupied subcarriers
	Description

	LTE
	PSS
	3
	63
	Length-63 ZC sequence with root indices 25, 29 and 34 and middle element punctured, symmetrically mapped on consecutive subcarriers around DC subcarrier.

	
	SSS
	168
	63
	Interleaved concatenation between two different cyclic shifts of a length-31 m-sequence, scrambled by the scrambing sequence given by PSS and symmetrically mapped on consecutive subcarriers around DC subcarrier.

	Huawei
	PSS
	3
	125
	Length-63 ZC sequence with root indices 16, 22 and 47 and middle element punctured, symmetrically mapped on every even numbered subcarrier around DC subcarrier. 

	
	SSS
	336
	127
	Interleaved concatenation between two different cyclic shifts of a length-63 m-sequence, scrambled by the scrambing sequence given by PSS and mapped on consecutive subcarriers around DC subcarrier.

	Ericsson*
	PSS
	1
	126
	Interleaved concatenation between a length-63 ZC sequence of root index 29 with the minus version of itself, mapped on consecutive subcarriers without DC puncturing

	
	SSS
	1000
	126
	Interleaved concatenation between two different cyclic shifts of a length-63 m-sequence with generator polynomial x6 + x + 1, mapped on consecutive subcarriers without DC puncturing. 

	ZTE*
	PSS
	3
	126
	Length-127 ZC sequences with root indices 57, 61, 66 and middle element punctured, mapped on consecutive subcarriers without DC puncturing.

	
	SSS
	336
	126
	Interleaved concatenation between two different cyclic shifts of a length-63 m-sequence, scrambled by the scrambing sequence given by PSS and mapped on consecutive subcarriers without DC puncturing. 

	MediaTek*
	PSS
	1
	256
	FFT of a length-256 Costas sequence, mapped on consecutive subcarriers without DC puncturing.

	
	SSS
	1016
	255
	Different cyclic shifts of 8 length-255 sequences obtained by FFT of 8 QPSK sequences of the same length, mapped on consecutive subcarriers without DC puncturing.

	Samsung
	PSS
	1
	255
	Length-255 ZC sequence with root index 116 and middle element punctured, mapped on consecutive subcarriers around DC subcarrier.

	
	SSS
	1000
	255
	Cyclic shifts of four length-255 m-sequences with generator polynomials x8 + x7 + x6 + x + 1, x8 + x7 + x2 + x + 1, x8 + x7 + x5 + x3 +1 and x8 + x5 + x3 + x + 1, respectively, and middle element punctured, mapped on consecutive subcarriers around DC subcarrier.

	Qualcomm
	PSS
	3
	127
	Length-127 ZC sequences with root indices 42, 44, 85, mapped on consecutive subcarriers without DC puncturing.

	
	SSS
	334
	127
	Different cyclic shifts of 3 length-127 m-sequences with generator polynomials x7 + x + 1, x7 + x3 + 1 and x7 + x4 + 1, scrambled by the PSS indices and mapped on consecutive subcarriers without DC puncturing. 

	LGE
	PSS
	1
	128
	Length-128 DFT of the concatenation of 4 zero-padded length-31 ZC sequences, mapped on consecutive subcarriers without DC puncturing. 

	
	SSS
	1016
	127
	Different cyclic shifts of length-127 ZC sequences with root {51, 76, 27, 100, 23, 104, 52, 75} and m-sequence cover extension (generator polynomial x7 + x6 + 1), mapped on consecutive subcarriers without DC puncturing.

	NTT DOCOMO
	PSS
	1
	254
	Length-127 m-sequence with generator polynomial x7 + x6 + 1, mapped on every 2 subcarriers without DC puncturing.

	
	SSS
	1000
	254
	 Interleaved concatenation between two different cyclic shifts of a length-127 m-sequence (x7 + x6 + 1), where the second cyclically shifted version is further scrambled by another cyclically shifted m-sequence (x7 + x4 + 1) with the same length. The elements are mapped on consecutive subcarriers without DC puncturing.

	CATT
	PSS
	3
	256
	Length-256 ZC sequence of root indices 103 119 137 with time-domain interleaving, mapped on consecutive subcarriers without DC puncturing. 

	
	SSS
	1000
	254
	 Interleaved concatenation between two different cyclic shifts of a length-127 m-sequence, scrambled by the scrambing sequence given by PSS and mapped on consecutive subcarriers without DC puncturing.

	Nokia
	PSS
	3
	127
	Length-127 m-sequences with generator polynomials x7 + x2 + 1, x7 + x4 + 1, x7 + x4 + x3 + x2 + 1, mapped on consecutive subcarriers without DC puncturing.

	
	SSS
	336
	126
	Interleaved concatenation between two different cyclic shifts of a length-63 m-sequence, scrambled by the scrambing sequence given by PSS and mapped on consecutive subcarriers without DC puncturing.

	Intel 1
	PSS
	1
	128
	DFT of length-128 zero-padded m-sequence with generator polynominal x7+x+1, mapped on consecutive subcarriers without DC puncturing.

	
	SSS
	1016
	127
	Bitwise XOR between different cyclic shifts of two length-127 m-sequences with generator polynomials x7 + x3 + 1 and x7 + x3 + x2 + x + 1, mapped on consecutive subcarriers without DC puncturing.


*Ericsson, ZTE and MediaTek updated their proposals late before the contribution submission. Due to time limitation, the related simulation results in this contribution are not updated accordingly and so still refer to the old versions of their proposals. 
It should be noted that different NR PSS designs will lead to different PSS detection complexities. A comparative discussion of the detection complexities of these NR PSS proposals is given below.
· Sequence length: Given the same SCS, a longer PSS sequence length generally requires a wider bandwidth and in turn a higher minimum sampling rate at the UE, which implies the increase of both the number of samples in one SS burst period and the number of samples in the PSS waveform. Principally, if the direct matched filter receiver is adopted at UE for PSS detection, every doubling of the PSS sequence length will cause an increase of the PSS detection complexity by 4 times. Hence in the above NR PSS designs, those with sequence length about 255 (i.e., MediaTek, Samsung, NTT DOCOMO and CATT) will involve a higher complexity for detecting each PSS than those with sequence length about 127 (i.e., the other PSS designs except LTE);  
· Number of PSS sequences: During the PSS detection, the UE needs to perform matched filter for each candidate PSS and compare their correlation outputs to determine which PSS is transmitted. Hence generally speaking, the PSS detection complexity increases linearly with the number of PSS sequences. However, one should recall from Observation 1 above that in some PSS designs (e.g., LTE, Huawei and Qualcomm), two PSS waveforms are the conjugate versions of each other and can share the same detector. Hence the corresponding detection complexity can be reduced by about 50%; 
· Central-symmetry: As mentioned in Observation 1, if the PSS waveform in the time domain is centrally symmetric (e.g., LTE, Huawei, Samung and Qualcomm), about 50% complexity reduction of PSS detection can be achieved.
· Time repetition: Among all the NR PSS proposals in Table 1, Huawei and NTT DOCOMO’s proposals introduce a time repetitive property to the generated PSS waveform in the time domain, which brings another 50% PSS detection complexity reduction.
Based on the above discussion, we summarize the detection complexities of different PSS proposals in Table 2. For fairness, we assume the same SCS and SS burst periodicity for all PSS proposals in the PSS complexity calculation. For the PSS proposals with sequence length about 127, the minimum FFT size can be 128, while for those with sequence length about 255, the minimum FFT size should be 256, implying that the sampling rate for the latter need be 2 times of that for the former. Furthermore, we use a constant C to denote the number of complex value multiplications involved in the detection of a single PSS sequence using direct match filter receiver and FFT size of 128. Hence the values listed in Table 2 are represented as functions of this constant C.  Note that the LTE PSS is only a reference for calibration among companies and so its detection complexity is not included in Table 2.
Table 2. Comparison of the detection complexities for different NR PSS proposals
	Scheme
	Huawei
	Ericsson
	ZTE
	MediaTek
	Samsung
	Qualcomm
	LGE
	NTT DOCOMO
	CATT
	Nokia
	Intel 1

	PSS detection complexity
	0.5C
	C
	3C
	4C
	2C
	C
	C
	2C
	12C
	3C
	C


For SSS detection, some schemes (e.g., Huawei, Ericsson, ZTE, NTT DOCOMO, CATT and Nokia) utilize two m-sequences and are therefore expected to be able to reuse parts of the LTE SSS detector. For other schemes with completely new sequences and structures (e.g., MediaTek, Samsung, Qualcomm, LGE and Intel), a new SSS detector is assumed. 
Simulation Setting
For simplicity, we mainly focus on the low frequency (below 6 GHz) case with 4 GHz carrier frequency and 15 kHz SCS. TDM of the PSS and SSS on consecutive OFDM symbols, an SS burst period of 10 ms and independent complex AWGN noise are assumed. For a fair comparison, we further assume the same SS symbol transmission power (i.e., the SNR per subcarrier increases with a shorter sequence) and the same FFT size of 256 for all schemes. The frame structure is the same as that for LTE, i.e., within one SS burst period (10 ms), there are 20 slots with duration 0.5ms each containing 7 OFDM symbols. With 256 point FFT, the cyclic prefix (CP) length is 20 samples for the first OFDM symbol and 18 samples for the remaining 6 OFDM symbols in each slot. For OFDM symbols not occupied by PSS/SSS in each SS burst period, the corresponding frequency domain sequences are generated by allocating random QPSK symbols on each subcarrier. The other simulation settings follow the link-level evaluation assumptions in [11], as detailed in Appendix B.
When systems with the other SCS values are considered, e.g., 30 kHz for  4 GHz carrier frequency and 120 kHz for 30 GHz carrier frequency, the simulation setting is basically the same at that for 15 kHz SCS except that the duration of each OFDM symbol is reduced, e.g., by a factor of 1/2 and 1/8 for 30 kHz and 120 kHz SCS respectively. Consequently, the sampling rate and the number of OFDM symbols in every 0.5 ms are both increased by 2 and 8 times. Note that in this case, the CP length of all OFDM symbols in every 0.5 ms is still kept at 18 samples except that of the first OFDM symbol becomes 22 and 34 samples for 30 kHz and 120 kHz SCS, respectively. 
At the receiver, the PSS is first detected in time domain to acquire the coarse time and frequency synchronization, and then the SSS is non-coherently detected in frequency domain. The detection is claimed to be successful only when both the PSS and SSS are correctly detected and the residual timing offset is within half CP length. We adopt a matched filter of length LPSS = 256 and threshold in the PSS detection of all schemes, where the threshold is selected such that the system false alarm probability (FAP) is no higher than 0.01. The FAP is defined assuming AWGN only. Multiple frequency offset hypothesis testing and/or partial correlation are applied when the initial frequency offset is large. Upon successful PSS detection, the remaining frequency offset can be estimated using the method in [12]. After that, the SSS is detected in the frequency domain by cross correlation between all candidate SSS sequences and the corresponding received signal segment derived based on the timing of detected PSS. When the PSS/SSS detection latency is simulated, there is no accumulation across the SS burst periods. 
Numerical Results
Low Frequency Systems 
We first consider a single-TRP system with low UE mobility (i.e., 3 km/h). For the non-initial acquisition case where the frequency offset before detection is small, e.g., up to +/-0.05 ppm at TRP and +/-0.1 ppm at UE, the maximum frequency offset is only 611 Hz = 0.04 SCS including UE mobility effect. Hence there is no need to consider multiple frequency offset hypotheses or partial correlation for PSS detection. In addition, at low SNR, it is unnecessary to perform frequency offset estimation after PSS detection either, as due to the noise effect, the residual frequency offset after estimation may be even larger than the original one. The performance of different NR SS proposals is shown in Figure 4. It is seen that with low frequency offset, all the NR SS proposals have similar one shot detection probability and detection latency at SNR = -6 dB (within 2% differences), e.g., they all achieve 50% and 90% percentiles of joint PSS and SSS detection latency within 1 and 2 SS burst periods, respectively. While their performance of residual timing offsets are different. This is because the residual timing offset performance is dominated by the length of the adopted NR PSS sequence in the frequency domain. From Figure 4(c), we can see that different distribution function (CDF) curves are naturally clustered in to three groups: (1) LTE PSS has the shortest PSS sequence length of 63 and so it has the worst residual timing offset performance; (2) MediaTek, Samsung, NTT DOCOMO and CATT adopt a longer PSS sequence length of about 255 that leads to the best residual timing offset performance; and (3) the other companies adopt a moderate PSS sequence of about 127, and hence there residual timing offset performance is in the middle. 
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Figure 4. The one shot joint PSS/SSS detection probability (a), joint PSS/SSS detection latency at SNR = -6 dB (b), and the corresponding CDF of absolute residual timing offset (c) of various NR SS proposals in a single-TRP system with 4 GHz carrier frequency and 15 kHz SCS in the non-initial acquisition case (i.e., 0.05/0.1 ppm at TRP/UE). The UE speed is 3 km/h. There are no multiple frequency offset hypotheses or partial correlation adopted for PSS detection, and no frequency offset estimation after PSS detection. The residual frequency offset is the same as the initial frequency offset and so not plotted.
Then we consider the initial acquisition case, where the frequency offset before detection is large, e.g., up to +/-0.05 ppm at TRP and +/-5 ppm at UE. Further taking into account the frequency offset caused by UE mobility of 3 km/h, the maximum frequency offset is 20.2 kHz  1.347 SCS, which is larger than 1 SCS and some operation should be considered to combat such a large frequency offset. After comparison among different combinations of the numbers of frequency offset hypotheses and partial correlations, we choose to adopt 3 frequency offset hypotheses, i.e., 0 and +/1.0 of the SCS, and 2-segment partial correlation for PSS detection. The related results are shown in Figure 5. From Figure 5 we can observe that
· At -6dB SNR, all schemes achieve 50% and 90% percentile of joint PSS and SSS detection latency within 1 and 2 SS burst periods, respectively; 
· Compared to the other NR SS proposals, the ones proposed by ZTE and Samsung are worse in terms of one shot detection probability and detection delay. This is because their NR PSSs suffer from large side-lobes in their auto-correlation profiles over different time delays and frequency offsets. Specifically, when the frequency offset is about +/-2 SCSs, the peak values of the side-lobes in their auto-correlation profiles could be about 80% of the main-lobe without time/frequency offset. 
· The residual timing offset performance is similar to the non-initial acquisition case, i.e., a longer PSS sequence brings less timing error. 
· All NR SS proposals have similar performance in term of residual frequency offset except that proposed by Ericsson.  
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Figure 5. The one shot joint PSS/SSS detection probability (a), joint PSS/SSS detection latency at SNR = -6 dB (b), and the corresponding CDFs of absolute residual timing offset (c) and absolute residual frequency offset (d) of various NR SS proposals in a single-TRP system with 4 GHz carrier frequency and 15 kHz SCS in the initial acquisition case (i.e., 0.05/5 ppm at TRP/UE). The UE speed is 3 km/h. The PSS detection is done under 3 frequency offset hypotheses and 2-segment partial PSS detection.
Next, we consider a system with two interfering TRPs in the non-initial acquisition case. The ratio among the received signal power levels of the severing TRP and interfering TRPs is 1 : 1 : 0.5, and the time delays of the signals from the two interfering TRPs relative to that from the serving TRP is independent and uniformly distributed in [-3, 3] us, or equivalently [-12, 12] samples. The detection is claimed to be successful only when the indices of both PSS and SSS from the serving TRP are correctly detected and the residual timing offset is within half of the CP length. Note that in this case, the one shot joint PSS/SSS detection probability can never be higher than 50% with the existence of one interfering TRP whose received signal power level is the same as that of the serving TRP. The corresponding performance of different NR SS proposals is given in Figure 6 below. From Figure 6 we can see that all NR SS proposals have similar detection delay. However, a different observation is made in the performance of residual timing offset. Specifically, we can see from Figure 6(b) that for the group of NR SS proposals with a moderate PSS sequence of about 127, their residual timing offset performance is further divided into two sub-groups, where the NR SS proposals with 3 PSS sequences (i.e., Huawei, ZTE, Qualcomm and Nokia) all perform better than that with only 1 PSS sequence (i.e., Ericsson, LGE and Intel). This is because with only 1 PSS, all the three TRPs have to transmit the same PSS. Consequently, the UE may detect the PSS that is from an interfering TRP with certain time error and regard it as successful PSS detection. When this time error is within half of the CP length, the UE is still possible to detect the correct SSS, but the residual timing offset after detection will be large. Such an event, however, will not happen in systems with 3 PSS sequences as the 3 adjacent TRPs always transmit different PSS sequences.
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Figure 6. The joint PSS/SSS detection latency at SNR = -6 dB (a) and the corresponding CDF of absolute residual timing offset (b) of various NR SS proposal in a 3-TRP system with 4 GHz carrier frequency and 15 kHz SCS in the non-initial acquisition case (i.e., 0.05/0.1 ppm at TRP/UE). The UE speed is 3 km/h. There are no multiple frequency offset hypotheses or partial correlation adopted for PSS detection, and no frequency offset estimation after PSS detection. 
The above results are summarized in Table 3. 
Table 3. Performance summary of different NR SS proposals in systems with 4 GHz carrier frequency, 15 kHz SCS and 3 km/h UE speed at SNR = -6 dB
	Scheme
	No Interferer (1 TRP)
	2 Interferers (3 TRPs)

	
	Non-Initial Acquisition 
(0.05/0.1 ppm)
	Initial Acquisition 
(0.05/5 ppm)
	Non-Initial Acquisition 
(0.05/0.1 ppm)

	
	Joint PSS/SSS detection latency (No. of SS burst periods)  
	Absolute Residual Timing Offset (No. of Samples)
	Joint PSS/SSS detection latency (No. of SS burst periods)
	Absolute Residual Timing Offset (No. of Samples)
	Absolute Residual Frequency Offset (kHz)
	Joint PSS/SSS 
detection latency (No. of SS burst periods) 
	Absolute Residual Timing Offset (No. of Samples)

	
	50%
	90%
	50%
	90%
	50%
	90%
	50%
	90%
	50%
	90%
	50%
	90%
	50%
	90%

	LTE
	1
	2
	0
	1
	1
	2
	0
	1
	0.50
	1.58
	2
	4
	0
	0

	Huawei
	1
	2
	0
	0
	1
	2
	0
	0
	0.50
	1.58
	2
	4
	0
	0

	Ericsson
	1
	2
	0
	0
	1
	2
	0
	0
	0.83
	2.14
	2
	4
	0
	0

	ZTE
	1
	2
	0
	0
	1
	2
	0
	0
	0.50
	1.59
	2
	5
	0
	0

	MediaTek
	1
	2
	0
	0
	1
	2
	0
	0
	0.54
	1.69
	2
	5
	0
	0

	Samsung
	1
	2
	0
	0
	1
	2
	0
	0
	0.51
	1.58
	2
	4
	0
	0

	Qualcomm
	1
	2
	0
	0
	1
	2
	0
	0
	0.52
	1.67
	2
	5
	0
	0

	LGE
	1
	2
	0
	0
	1
	2
	0
	0
	0.52
	1.63
	2
	5
	0
	0

	NTT DOCOMO
	1
	2
	0
	0
	1
	2
	0
	0
	0.50
	1.58
	2
	4
	0
	0

	CATT
	1
	2
	0
	0
	1
	2
	0
	0
	0.51
	1.66
	2
	5
	0
	0

	Nokia
	1
	2
	0
	0
	1
	2
	0
	0
	0.50
	1.61
	2
	5
	0
	0

	Intel 1
	1
	2
	0
	0
	1
	2
	0
	0
	0.52
	1.66
	2
	5
	0
	0



In what follows, we further evaluate the performance of different NR SS proposals in a single-TRP system with 30kHz SCS and 120km/h UE speed. Their performance in the non-acquisition case is shown in Figure 7, and their performance in the acquisition case is shown in Figure 8. From Figures 7 and 8, we can make similar observations as those from system with 15 kHz SCS and 3 km/h UE speed. Basically, all the NR SS proposals have similar latency, i.e., they all achieve 50% and 90% percentile of joint PSS and SSS detection latency within 1 and 2 SS burst periods, respectively; Their residual timing offset performance is dominated by their PSS sequence lengths, and all NR SS proposals have similar residual frequency offsets, among which Ericsson and MediaTek perform the worst.
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(a) 													(b)
Figure 7. The joint PSS/SSS detection latency at SNR = -6 dB (a) and the corresponding CDF of absolute residual timing offset (b) of various NR SS proposals in a 1-TRP system with 4 GHz carrier frequency and 30 kHz SCS in the non-initial acquisition case (i.e., 0.05/0.1 ppm at TRP/UE). The UE speed is 120 km/h. There are no multiple frequency offset hypotheses or partial correlation adopted for PSS detection, and no frequency offset estimation after PSS detection. 
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Figure 8. The joint PSS/SSS detection latency at SNR = -6 dB (a) and the corresponding CDFs of absolute residual timing offset (b) and absolute residual frequency offset (c) of various NR SS proposals in a 1-TRP system with 4 GHz carrier frequency and 30 kHz SCS in the initial acquisition case (i.e., 0.05/5 ppm at TRP/UE). The UE speed is 120 km/h The PSS detection is done under 2 frequency offset hypotheses (+/-0.34 SCS) and 2-segment partial PSS detection. 
Table 4. Performance summary of different NR SS proposals in systems with 4 GHz carrier frequency, 30 kHz SCS and 120 km/h UE speed at SNR = -6 dB
	Scheme
	No Interferer (1 TRP)

	
	Non-Initial Acquisition 
(0.05/0.1 ppm)
	Initial Acquisition 
(0.05/5 ppm)

	
	Joint PSS/SSS detection latency (No. of SS burst periods)  
	Absolute Residual Timing Offset (No. of Samples)
	Joint PSS/SSS detection latency (No. of SS burst periods)
	Absolute Residual Timing Offset (No. of Samples)
	Absolute Residual Frequency Offset (kHz)

	
	50%
	90%
	50%
	90%
	50%
	90%
	50%
	90%
	50%
	90%

	LTE
	1
	2
	0
	1
	1
	2
	0
	1
	1.04
	3.23

	Huawei
	1
	2
	0
	1
	1
	2
	0
	1
	1.07
	3.34

	Ericsson
	1
	2
	0
	1
	1
	2
	0
	1
	1.46
	4.09

	ZTE
	1
	2
	0
	1
	1
	2
	0
	1
	1.05
	3.37

	MediaTek
	1
	2
	0
	1
	1
	2
	0
	1
	1.38
	4.19

	Samsung
	1
	2
	0
	1
	1
	2
	0
	1
	1.23
	3.79

	Qualcomm
	1
	2
	0
	1
	1
	2
	0
	1
	1.13
	3.76

	LGE
	1
	2
	0
	1
	1
	2
	0
	1
	1.14
	3.81

	NTT DOCOMO
	1
	2
	0
	1
	1
	2
	0
	1
	1.19
	3.74

	CATT
	1
	2
	0
	1
	1
	2
	0
	1
	1.17
	3.64

	Nokia
	1
	2
	0
	1
	1
	2
	0
	1
	1.08
	3.46

	Intel 1
	1
	2
	0
	1
	1
	2
	0
	1
	1.11
	3.36



The above results are summarized in Table 4. Combining the results in Tables 3 and 4, we can have the following observations.
Observation 2: For low frequency case with 15 or 30 kHz SCS
· For non-initial acquisition case with 1 TRP
·  The one-shot detection probability at – 6 dB is in the order of 87% and the difference among all schemes is within 2%.
· The 50- and 90-percentiles cell acquisition time are 10 ms and 20 ms, respectively, and are the same for all schemes.
· The residual timing offset is dominated by the PSS sequence length. A longer sequence length leads to less residual timing offset and vice versa.
· For non-initial acquisition case with 3 TRP
·  The one-shot detection probability at – 6 dB is in the order of 43% and the difference among all schemes is within 2%.
· The 50- and 90-percentiles cell acquisition time are 20 ms and 40 or 50 ms, respectively, and are similar for all schemes.
· The residual timing offset is dominated by the PSS sequence length. A longer sequence length leads to less residual timing offset and vice versa.
· Given the same PSS sequence length, adopting 3 PSS sequences can provide better timing offset performance than adopting 1 PSS sequence.
· For initial acquisition case with 1 TRP
· The one-shot detection probability at – 6 dB is in the order of 81% and the differences among all schemes are within 2% with a few exceptions.
· The 50- and 90-percentiles cell acquisition time are 10 ms and 20 ms, respectively, and are the same for all schemes.
· The residual timing offset is dominated by the PSS sequence length. A longer sequence length leads to less residual timing offset and vice versa.
· The residual frequency offset is similar for all schemes with a few exceptions. 
High Frequency Case
Simulations have also been done for the high frequency case with 30 GHz carrier frequency and 120 kHz SCS. In this case, the SNR value here refers to the post beamforming SNR, i.e., it represents the joint effect of transmission power, channel propagation loss, antenna directivities and beamforming gains of the transmit/receive antenna arrays. Consequently, the beam sweeping operation will not be simulated and so the number of SS blocks in each SS burst period is set to be 1 for all schemes for a fair comparison. Figure 9 shows the performance of all schemes in the non-initial acquisition case, and those in the initial acquisition case is given in Figure 10. Basically, similar observations as these for the low frequency case can be made, as summarized in Table 5 and Observation 3 below. 
[image: ][image: ]
(a) 													(b)
Figure 9. The joint PSS/SSS detection latency at post-beamforming SNR = -6 dB (a) and the corresponding CDF of absolute residual timing offset (b) of various NR SS proposals in a 1-TRP system with 30 GHz carrier frequency and 120 kHz SCS in the non-initial acquisition case (i.e., 0.05/0.1 ppm at TRP/UE). The UE speed is 3 km/h. There are no multiple frequency offset hypotheses or partial correlation adopted for PSS detection, and no frequency offset estimation after PSS detection. 
[image: ][image: ]
(a) 													(b)
[image: ]
(c)
Figure 10. The joint PSS/SSS detection latency at post-beamforming SNR = -6 dB (a) and the corresponding CDF of absolute residual timing offset (b) of various NR SS proposals in a 1-TRP system with 30 GHz carrier frequency and 120 kHz SCS in the initial acquisition case (i.e., 0.05/5 ppm at TRP/UE). The UE speed is 3 km/h. The PSS detection is done under 3 frequency offset hypotheses (0 and +/-1 SCSs) and 2-segment partial PSS detection. 

Table 5. Performance summary of different NR SS proposals in systems with 30 GHz carrier frequency, 120 kHz SCS and 3 km/h UE speed at SNR = -6 dB
	Scheme
	No Interferer (1 TRP)

	
	Non-Initial Acquisition 
(0.05/0.1 ppm)
	Initial Acquisition 
(0.05/5 ppm)

	
	Joint PSS/SSS detection latency (No. of SS burst periods)  
	Absolute Residual Timing Offset (No. of Samples)
	Joint PSS/SSS detection latency (No. of SS burst periods)
	Absolute Residual Timing Offset (No. of Samples)
	Absolute Residual Frequency Offset (kHz)

	
	50%
	90%
	50%
	90%
	50%
	90%
	50%
	90%
	50%
	90%

	LTE
	1
	2
	1
	1
	1
	2
	1
	1
	4.11
	13.71

	Huawei
	1
	2
	1
	1
	1
	2
	1
	1
	4.31
	13.09

	Ericsson
	1
	2
	1
	1
	1
	2
	1
	1
	7.17
	17.48

	ZTE
	1
	2
	1
	1
	1
	2
	1
	1
	4.40
	13.32

	MediaTek
	1
	2
	1
	1
	1
	2
	1
	1
	5.28
	16.13

	Samsung
	1
	2
	1
	1
	1
	2
	1
	1
	4.81
	14.45

	Qualcomm
	1
	2
	1
	1
	1
	2
	1
	1
	4.68
	13.24

	LGE
	1
	2
	1
	1
	1
	2
	1
	1
	4.58
	14.07

	NTT DOCOMO
	1
	2
	1
	1
	1
	2
	1
	1
	4.77
	14.77

	CATT
	1
	2
	1
	1
	1
	2
	1
	1
	5.02
	14.74

	Nokia
	1
	2
	1
	1
	1
	2
	1
	1
	4.24
	13.47

	Intel 1
	1
	2
	1
	1
	1
	2
	1
	1
	4.31
	12.81



Observation 3: For high frequency case with 1TRP and 120 kHz SCS
· For non-initial acquisition case
·  The one-shot detection probability at – 6 dB is in the order of 85% and the difference among all schemes is within 3%.
· The 50- and 90-percentiles cell acquisition time are 10 ms and 20 ms, respectively, and are the same for all schemes.
· The residual timing offset is dominated by the PSS sequence length. A longer sequence length leads to less residual timing offset and vice versa.
· For initial acquisition case
· The one-shot detection probability at – 6 dB is in the order of 75% and the differences among all schemes are within 4% with a few exceptions.
· The 50- and 90-percentiles cell acquisition time are 10 ms and 20 ms, respectively, and are the same for all schemes.
· The residual timing offset is dominated by the PSS sequence length. A longer sequence length leads to less residual timing offset and vice versa.
· The residual frequency offset is similar for all schemes with a few exceptions. 
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Conclusions
In this contribution, we have analyzed and compared different NR SS schemes. Based on the discussions, we have the following observations and proposals.
Observation 1: NR PSS based on odd-length ZC sequence symmetrically mapped on every other subcarrier around an SS centre frequency subcarrier 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;
· About 50% reduction when utilizing time repetition property.
These complexity reductions are not exclusive and can be achieved simultaneously.
Observation 2: For low frequency case with 15 or 30 kHz SCS
· For non-initial acquisition case with 1 TRP
·  The one-shot detection probability at – 6 dB is in the order of 87% and the difference among all schemes is within 2%.
· The 50- and 90-percentiles cell acquisition time are 10 ms and 20 ms, respectively, and are the same for all schemes.
· The residual timing offset is dominated by the PSS sequence length. A longer sequence length leads to less residual timing offset and vice versa.
· For non-initial acquisition case with 3 TRP
·  The one-shot detection probability at – 6 dB is in the order of 43% and the difference among all schemes is within 2%.
· The 50- and 90-percentiles cell acquisition time are 20 ms and 40 or 50 ms, respectively, and are similar for all schemes.
· The residual timing offset is dominated by the PSS sequence length. A longer sequence length leads to less residual timing offset and vice versa.
· Given the same PSS sequence length, adopting 3 PSS sequences can provide better timing offset performance than adopting 1 PSS sequence.
· For initial acquisition case with 1 TRP
· The one-shot detection probability at – 6 dB is in the order of 81% and the differences among all schemes are within 2% with a few exceptions.
· The 50- and 90-percentiles cell acquisition time are 10 ms and 20 ms, respectively, and are the same for all schemes.
· The residual timing offset is dominated by the PSS sequence length. A longer sequence length leads to less residual timing offset and vice versa.
· The residual frequency offset is similar for all schemes with a few exceptions. 
Observation 3: For high frequency case with 1TRP and 120 kHz SCS
· For non-initial acquisition case
·  The one-shot detection probability at – 6 dB is in the order of 85% and the difference among all schemes is within 3%.
· The 50- and 90-percentiles cell acquisition time are 10 ms and 20 ms, respectively, and are the same for all schemes.
· The residual timing offset is dominated by the PSS sequence length. A longer sequence length leads to less residual timing offset and vice versa.
· For initial acquisition case
· The one-shot detection probability at – 6 dB is in the order of 75% and the differences among all schemes are within 4% with a few exceptions.
· The 50- and 90-percentiles cell acquisition time are 10 ms and 20 ms, respectively, and are the same for all schemes.
· The residual timing offset is dominated by the PSS sequence length. A longer sequence length leads to less residual timing offset and vice versa.
· The residual frequency offset is similar for all schemes with a few exceptions. 
Proposal 1: The NR PSSs are based on length-63 ZC sequences with root indices 16, 22 and 47, symmetrically mapped on every even-numbered subcarrier around the DC subcarrier, with the element mapped on DC subcarrier punctured.
Proposal 2: The NR SSSs are based on the interleaved concatenation of two length-63 m-sequences with different cyclic shifts derived by cell ID to be carried by NR SSS. The two cyclically shifted m-sequences are further scrambled by the cell ID carried in NR PSS, and their interleaved concatenation is consecutively mapped around the DC subcarrier.
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Appendix A. PAPR and CM of different NR PSSs
The PAPR and CM values of different NR PSSs are listed in Table A-1 below assuming the same FFT size of 2048. For each time-domain NR PSS waveform s = (s0, s1, …, sN-1) with N = 2048, its PAPR value is calculated as

								(A1)
and its CM value is calculated as [13]

							(A2)

where .
Table A-1. PAPR and CM values of different NR PSSs with FFT size 2048
	
	LTE
	Huawei
	Ericsson
	ZTE
	MediaTek
	Samsung
	Qualcomm
	LGE
	NTT DOCOMO 
	CATT
	Nokia
	Intel 1 

	PAPR (dB)
	4.05 3.68 3.68 
	3.67
5.69
3.67
	5.57
	6.33
4.66
4.66
	2.79
	3.69
	3.11
3.84
3.11
	2.33
	5.90
	5.25
3.88
3.97
	5.78
5.82
5.43
	4.79

	CM (dB)
	0.43
0.41
0.41
	0.34
1.42
0.34
	2.49
	2.66
1.05
1.05
	-0.64
	-0.01
	-0.21
0.46
-0.21
	-0.39
	1.07
	1.60
0.30
0.26
	1.93
1.21
0.98
	0.20


Appendix B. Simulation Setting
Table A-2. 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 kHz, 30 kHz
	120 kHz

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

	UE speed
	3 km/h, 120km/h
	3km/h

	FFT size
	256 

	Search window
	10ms (one SS burst period)

	PSS/SSS multiplexing 
	TDM

	TRP/UE antenna configuration
	(1,1,2) with omni-directional antenna element

	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 and 2nd SIR = -3dB, where SIR is defined as the ratio of power between a reference cell and interfered cell; The time delays of 2 interfering TRPs are uniformly distributed from -3 to 3 us). 
	0 TRP
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