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In the RAN1#88bis meeting [1], the following agreements regarding the downlink NR synchronization signal (SS) have been made.
Agreements:
· 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 spacings 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
· SS burst set periodicity default value for initial cell selection: 20/20 msec
· Note that RAN1 assumes that RAN4 will investigate requirements
· …
In this contribution, we will evaluate the performance of the NR primary synchronization signals (PSS) according to the above working assumption. We will also introduce and evaluate a complete proposal for the NR secondary synchronization signal (SSS) based on long m-sequence with scrambling, including the mapping between cell ID and SSS sequences. 
Synchronization Signals
Primary Synchronization Signal
2.1.1	PAPR and correlation properties
The PAPR of the three PSSs (assuming an FFT size of 2048) in the above working assumption are 5.7396 dB, 5.0548 dB and 4.5360 dB, respectively. Their auto-/cross-correlation functions with different time delays and frequency offsets are given in Figure 1 (assuming an FFT size of 256), from which we can see that the side-lobes in the normalized auto-correlation functions are only about 0.035 of the main lobes, and the maximum value of the normalized cross-correlation functions is also about 0.035. Hence there is no time-frequency ambiguity issue for the PSS. It is also seen that the auto-correlation power is very low when the frequency offset is larger than 1 subcarrier spacing (SCS). Hence when the initial frequency offset is large, multiple frequency offset hypothesis testing and/or partial correlation may be utilized in the NR PSS detection. 
Observation 1: There is no time-frequency ambiguity issue for the NR PSS. The corresponding PAPR values are also acceptable.
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Figure. 1. The time-frequency ambiguity functions of NR PSS, for auto-correlation (Fig. a1-a3), for auto-correlation with ideal timing (Fig. b1-b3) and for cross-correlation (Fig. c1-c3).
2.1.2	Detection complexity
The NR PSSs as defined according to the working assumption have properties desirable for a low-complexity PSS detection. As we know, for an arbitrary PSS time-domain waveform obtained by an -point IFFT operation, denoted by {s(n) | n = 0, 1, 2, …, N – 1}, the direct matched-filter based PSS detection is done by
									(1)
where  is a certain time delay hypothesis and r(n) is the received signal with a certain frequency offset hypothesis. It can be seen that (1) generally involves +1 complex multiplications given each time delay and frequency offset hypothesis, which can be realized using about  real multiplications[footnoteRef:1] as each multiplication of two different complex numbers x = a + ib and y = c + id can be done with three real-valued multiplications as follows. [1:  The operation of  for a complex number only involves two real multiplications.] 

.	(2)
However, the aforementioned three frequency-domain NR PSS sequences are based on m-sequence and only take real values (i.e., +1 and -1). Consequently, it is straightforward to show that the PSS time-domain waveform is complex conjugate centrally-symmetric, i.e., 
.							(3)
It can be further shown that (3) holds regardless of how the PSS sequence is mapped to the subcarriers, i.e., it applies even if the PSS sequence is not symmetrically located around the carrier center frequency. This is desirable since complexity reductions could be achieved for any SS block frequency location. Based on this property, the two complex multiplications in (1) involving a pair of conjugate samples can be implemented as
           		
       
       

          (4)
where 4 real multiplications are used for computing 2 complex multiplications, i.e., only 2 real multiplications are required for each complex multiplication on average. Therefore, we have the following observation.
Observation 2: Compared to a direct matched-filter based PSS detection, the NR PSS has properties which can reduce the PSS detection complexity by about 2/3.
It should be noted that there also exist auto-correlation based detection methods for signals which are complex conjugate centrally-symmetric [2]. 
As will be shown by evaluations in Section 3, the performance is satisfactory. Furthermore a doubling of the PSS bandwidth increases the UE complexity by four times (i.e., both doubled sampling rate and doubled matched filter length) and we see no need to reconsider a sequence length longer than 127. Hence, we see no need to revisit the PSS for NR. 
Proposal 1: Confirm the working assumption and adopt the NR PSS defined in RAN1#88bis:
· 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
As agreed, the PSS will be mapped to 127 consecutive subcarriers, e.g., 12 PRBs. Since the UE will perform receive filtering of the PSS/SSS, there should be some reserved subcarriers next to both ends of the PSS/SSS to act as guard bands. However, the PBCH is mapped to 288 consecutive subcarriers, e.g., 24 PRBs. If it is assumed that the UE applies a filter with a pass-band similar to the PBCH bandwidth, it is preferable that there are 6 empty PRBs on each side of the PSS/SSS sequence. If it is assumed that the UE applies a filter with a pass-band similar to the PSS/SSS bandwidth, the number of empty subcarriers could be considerably less, say around 144-127=17 (cf. LTE with 72-62=10 empty subcarriers around the PSS/SSS sequence). 
Observation 3: Selection of the number of reserved subcarriers acting as guard bands for the PSS/SSS depends on whether it should be assumed that the UE receive filter has a pass-band corresponding to the PSS/SSS bandwidth or the PBCH bandwidth.
Secondary Synchronization Signal
2.2.1.	SSS sequences
As agreed, the NR SSS should be based on a single length-127 m-sequence (instead of concatenating two short m-sequences as LTE SSS) with different cyclic shifts and scrambling that are determined by the cell IDs carried by the NR PSS and NR SSS. The total number of NR SSS sequences after scrambling should be about 1000. According to this agreement, we propose 336 NR SSS sequences which are further scrambled by the NR PSS sequence index. This in total generates 3336 = 1008 NR SSS sequences (or cell IDs) after scrambling. Specifically, our proposed NR SSS sequence, {d(n) | n = 0, 1, 2, …, 126} is the BPSK modulation of the modulo-2 sum of two m-sequences with different cyclic shifts, i.e.,
					(5)
where 
								(6)
								(7)
and  and  are two m-sequences with generator polynomials 
g0(x) = x7 + x4 + 1 										(8)
and 

g1(x) = x7 + x + 1, 										(9)
respectively, and initial state [0000001].
The cyclic shift values  and  are jointly determined by the cell IDs carried by NR PSS (i.e., ) and NR SSS (i.e., )), where the cell ID is given by .
										(10)
								(11)
The generated NR SSS sequence is mapped on the same antenna port and the same set of consecutive subcarriers as the PSS without special treatment of DC subcarrier.
2.2.2	Properties of the SSS
The proposed SSS in Section 2.2.1 is based on a number of desirable properties. 
· Low cross-correlation among SSS sequences: The generator polynomials g0(x) and g1(x) are carefully selected in order to generate a set of Gold sequences, such that the absolute value of the inner product between any two different NR SSS sequences is either 1, 2(n+1)/21 = 15 or 2(n+1)/2+1 = 17, with n = 7 being the highest order of g0(x) and g1(x). Figure A-1 of Appendix A shows the normalized cross-correlation power (i.e., squared inner product) between any two generated NR SSS sequences in the frequency domain, from which we can see that their cross-correlation performance is very good  the maximum value of the normalized cross-correlation power is only (17/127)2 = 0.0179; 
· Low PAPR: Among the multiple valid selections of g0(x) and g1(x) pairs that follow the generation of Gold sequences, we selected the polynomial pair such that the maximum PAPR of the generated NR SSS is minimized. The CDF of the PAPR values (assuming an FFT size of 2048) of all the resultant NR SSSs is shown in Figure A-2 of Appendix A, where the PAPR values vary from 5.63 dB to 9.64 dB with mean value of 7.62 dB. Note that other generator polynomial pairs may result in a considerably larger maximum PAPR, e.g., as high as 12.4 dB when g0(x) = x7 + x5 + x2 + x + 1 and g1(x) = x7 + x6 + 1;
· Reuse of the PSS generator polynomial: The generator polynomial in (8) is the same as that used to generate the NR PSS, allowing sharing of the same generator circuit.
· Low cross-correlation with the PSS:  Low frequency-domain cross-correlation between NR PSS sequences and NR SSS sequences is needed for unsynchronized systems and this is guaranteed as both the generated PSSs and SSSs belong to the same set of Gold sequences. Consequently, the absolute value of the inner product between an NR SSS sequence and an NR PSS sequence is upper bounded by 2(n+1)/2+1 = 17. Regarding the time-domain cross-correlation between the NR PSS and NR SSS with different time delays and frequency offsets, we plot in Figure A-3 of Appendix A the CDF of the maximum normalized cross-correlation power between all NR SSSs and each NR PSS with frequency offset ranging from -4 SCS to 4 SCS. For comparison, we also plot the CDF of the maximum normalized cross-correlation power between the NR PSSs and OFDM symbols generated by random QPSK modulated frequency-domain sequences. From Figure A-3 we can see that statistically the maximum normalized cross-correlation power between NR PSS and NR SSS is lower than that between NR PSS and random QPSK OFDM symbols. Hence the proposed NR SSS will not cause a higher false PSS detection probability than a random OFDM symbol – the latter is unavoidable in practice as there are always data/control signals transmitted along with PSS.  
· Robustness against residual frequency offsets: The mapping (10) and (11) produces index pairs  and  which are robust to frequency offsets. Usually, certain coarse frequency offset estimation operation is performed after PSS detection. The residual frequency offset, however, may still be relatively large, e.g., 0.5 of the SCS. Hence under such large frequency offsets, the avoidance of a high cross-correlation between two different SSS sequences that are associated with the same PSS is preferable. For example, we should at least avoid the coexistence of two SSS sequences associated with the same PSS, in which one SSS sequence can be obtained via cyclically shifting another SSS sequence by 1 step. Figure A-4 of Appendix A plots the normalized cross-correlation power between such an SSS sequence pair under different frequency offsets. The corresponding normalized auto-correlation power of one SSS sequence is also plotted for reference. It is seen from Figure A-4 that such an SSS sequence pair may cause a false SSS detection, as the reception of one SSS sequence with 0.5 SCS frequency offset could be interpreted as that of another SSS sequence with  SCS frequency offset. The proposed SSS sequence design avoids this kind of event by associating such an SSS sequence pair with different PSS sequences. Figure A-5 of Appendix A plots the normalized maximum cross-correlation power of the SSS sequences proposed above under the frequency offset varying from -0.5 SCS to 0.5 SCS. From Figure A-5 we can see that, although some SSS sequence pairs have high cross-correlation under non-zero frequency offsets (e.g., in Figure 5(a)) due to the fact that they are cyclic shifts of each other, each of such SSS sequence pairs are mapped to different PSSs and will not be detected at the same time after successful PSS detection; and the cross-correlation between the SSS sequences associated with the same PSS is very low (i.e., in Figures A-5 (b), (c) and (d)). Hence we can conclude that the proposed NR SSSs based on the mapping (10) and (11) leads to a low false SSS detection probability even under large residual frequency offsets. 
· Minimum number of FWHTs: The mapping of the cell IDs to the cyclic shifts of the two m-sequences defined in equations (10) and (11) is done in such a manner that the fist m-sequence  only has 3 different cyclic shifts for a given NR PSS while the second m-sequence  has 112 different cyclic shifts. Therefore, after successfully detecting the PSS, the subsequent SSS detection can be implemented by first descrambling the received SSS sequence with merely 3 cyclic shift hypotheses of the first m-sequence. The sequence after descrambling will be the second m-sequence only under the correct cyclic shift hypothesis, and Fast Walsh-Hadamard Transform (FWHT) can be utilized to detect the 112 cyclic shifts of the second m-sequence. Thus at most 3 FWHTs are needed for detecting 1008 cell IDs. 
· Potential of encoding 5 ms timing or accommodating more SSS hypotheses: The mapping (10) and (11) produces index pairs where . Thus, similar as in LTE, 5 ms timing could be provided by swapping  and , if this is agreed to be encoded by the NR SSS. Alternatively, it constitutes a future-proof solution for future NR releases if it is deemed useful to later on increase the number of hypotheses in the SSS from 1008 to 2016. The maximum value of the normalized cross-correlation power is still (17/127)2 = 0.0179 when 2016 sequences are used, and the corresponding maximum PAPR is only slightly increased from 9.64 dB to 9.66 dB. The other desirable properties including low cross-correlation among SSS sequences, low cross-correlation with PSSs and robustness against large frequency offsets are also maintained, which have been numerically verified but not shown in this contribution.
· Ability to reject false cell IDs: As shown in Appendix B, our proposed SSS has the ability to reject false cell IDs during SSS detection with large frequency offsets. 
· Simple cell ID decoding: There exists a simple inverse mapping from cyclic shift values  and   to the cell IDs, which is given by 
									(12)
								(13)
This alleviates the need to implement large tables in the UE for determining the cell ID from  and .
These properties are summarized in Table 1.
Table 1. Properties of the proposed SSS.
	
	Max PAPR [dB]
	Maximum cross-correlation power w/o frequency offset
	Maximum cross-correlation with [-0.5,0.5] SCS frequency offset
	Maximum cross-correlation with PSS in frequency domain
	Maximum cross-correlation with PSS with [-4,4] SCS frequency offset
	Number of FWHTs
	Encoding 5 ms timing
	Ability to reject false cell ID
	Sequence index to cell ID mapping

	SSS
	9.64
	0.0179
	0.1238
	0.0179
	0.0867
	3
	Possible
	Yes
	Closed-form



Proposal 2: The NR SSS sequences are defined by:
					
where 
								
								
and  and  are two m-sequences with generator polyminals 
g0(x) = x7 + x4 + 1 										
and 

g1(x) = x7 + x + 1, 										
respectively, and initial state [0000001].
The cyclic shift values  and are jointly determined by the cell IDs carried by NR PSS (i.e., ) and NR SSS (i.e., )) as follows, where the  cell ID is given by .
										
									.
The generated NR SSS sequence is mapped on the same antenna port and the same set of consecutive subcarriers as the PSS without special treatment of DC subcarrier. 
Performance Comparison
In this section, we evaluate the performance of the above introduced NR SS with that of LTE SS as reference. 
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 20 ms as agreed and independent complex AWGN noise are assumed. The SS bandwidth is 12 PRBs = 144 subcarriers, in which the NR PSS/SSS are both located at the central 127 subcarriers, leaving 8 and 9 subcarriers at the lower and upper ends of the SS bandwidth unused to act as guard bands. Similarly, the LTE PSS/SSS, as a reference case, are located at the central 63 subcarriers. The FFT size is set at 256. The frame structure is the same as that for LTE, i.e., within one SS burst period (20 ms), there are 40 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 [3], as detailed in Appendix C.
When systems with the other SCS values are considered, e.g., 30 kHz for 4 GHz carrier frequency and 120 kHz or 240 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, 1/8 and 1/16 for 30 kHz, 120 kHz and 240 kHz SCS, respectively. Consequently, the sampling rate and the number of OFDM symbols in every 0.5 ms are increased by 2, 8 and 16 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, 34 and 50 samples for 30 kHz, 120 kHz and 240 kHz SCSs, respectively. 
At the receiver, the PSS is first detected in the time domain to acquire the coarse time and frequency synchronization, and then the SSS is non-coherently detected in the 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 detection of both NR PSS and LTE PSS, 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 [4]. 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. For the non-initial acquisition case where the frequency offset before detection is small, e.g., up to  ppm at TRP and  ppm at UE, the maximum frequency offset is only about 1 kHz even including UE mobility effect, much less than the values of SCS. 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. For the initial acquisition case, the frequency offset before detection is large, e.g., up to  ppm at TRP and  ppm at UE. The corresponding maximum frequency offset including the UE mobility effect is about 20 kHz, or equivalently 1.35 SCS and 0.69 SCS, respectively, when the SCS is 15 kHz and 30 kHz. Since these values are relatively large, some operation should be considered to combat large frequency offsets. After comparison among different combinations of the numbers of frequency offset hypotheses and partial correlations, we choose to adopt 2-segment partial correlation for PSS detection. In addition, 3 frequency offset hypotheses (i.e., 0 and +/1.0 of the SCS) and 2 frequency offset hypotheses (i.e., +/0.34 of the SCS) are considered for 15 kHz and 30 kHz SCS, respectively.
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Figure 2. The one shot joint PSS/SSS detection probability of the proposed NR SS as well as LTE SS in a single-TRP system with 4 GHz carrier frequency and 15 kHz SCS. Both the non-initial acquisition case (i.e., 0.05/0.1 ppm at TRP/UE) and initial acquisition case (i.e., 0.05/5 ppm at TRP/UE) are considered. The UE speed is 3 km/h or 120 km/h. 
The one shot joint PSS and SSS detection performance of our proposed NR SS is shown in Figure 2, where the performance of LTE SS is also included for reference. From Figure 2 we can see that the proposed NR SS performs similarly as LTE SS. Further looking into the details, we can observe that the proposed NR SS is slightly worse than LTE SS in the non-initial acquisition case, and slightly better than LTE SS in the initial acquisition case. This observation is reasonable as explained below. On one hand, the proposed NR SS has finer time resolution than LTE SS due to the increased PSS/SSS sequence length (e.g., from 63 to 127), which implies a sharper main lobe of its auto-correlation function in the time-domain than that for LTE SS. Consequently, at the correlator output, NR PSS brings a high correlation output power only when the time delay is 0 sample, while LTE SS can also brings a high correlation output power when the time delay is +/-1 samples. Hence LTE SS has a relatively higher probability of being detected than NR SS, which is at the cost of worse residual time offset performance (as shown in Figure 3(b) below). On the other hand, both the proposed NR PSS and SSS are designed to have better time-frequency ambiguity performance than the LTE PSS and SSS, and hence are more robust against large frequency offsets. Combining these two opposite effects, we can conclude that, in the non-initial acquisition case, the frequency offset in the system is small, and so LTE SS performs slightly better due to a relatively higher probability of being detected. While in the initial acquisition case, the frequency offset is large, and so the proposed NR SS performs slightly better due to its improved robustness against large frequency offsets
Next, we fix the SNR at -6 dB and evaluate the proposed NR SS in other aspects of performance metrics with both 15 kHz and 30 kHz SCSs. Figure 3 plots the joint PSS/SSS detection latency and residual time offset performance of both NR SS and LTE SS in the non-initial acquisition case. The corresponding system performance in the initial acquisition case, including the related residual frequency offset performance, is shown in Figure 4.  From Figures 3 and 4, we can make the following observations
· The proposed NR SS has similar detection latency as LTE SS. More specifically, LTE SS performs slightly better in the non-initial acquisition case, and NR SS performs slightly better in the initial acquisition case when the SCS is 15 kHz. This is due to the same reason that has been provided for Figure 2.
· The proposed NR SS has better residual time offset performance than LTE SS due to increased PSS/SSS sequence length (e.g., from 63 to 127). Their residual frequency offset performance is similar to each other due to the same time duration occupied.
· Focusing on NR SS, we can see that by increasing the SCS from 15 kHz to 30 kHz, the system performance remains almost unchanged in terms of detection latency and residual time offset, but becomes worse in term of residual frequency offset. Hence 15 kHz SCS is a better option for NR SS than 30 kHz. It should be noted that 30 kHz SCS also has a drawback of higher detection complexity, which is about 4 times of that for 15 kHz SCS when detecting each PSS. 
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 (a) 													(b)
Figure 3. The joint PSS/SSS detection latency (a) and the corresponding CDF of absolute residual time offset (b) of the proposed NR SS as well as LTE SS in a single-TRP system with 4 GHz carrier frequency in the non-initial acquisition case (i.e., 0.05/0.1 ppm at TRP/UE). The SNR is fixed at -6 dB. The UE speed is 3 km/h or 120 km/h. Since there is no frequency offset estimation after PSS detection, the residual frequency offset is the same as initial frequency offset and so is not shown here.
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Figure 4. The joint PSS/SSS detection latency (a) and the corresponding CDF of absolute residual time offset (b) of the proposed NR SS as well as LTE SS in a single-TRP system with 4 GHz carrier frequency in the initial acquisition case (i.e., 0.05/5 ppm at TRP/UE). The SNR is fixed at -6 dB. The UE speed is 3 km/h or 120 km/h. 
Then we further consider the system with two interfering TRPs. 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 for 15 kHz SCS and [-1.5, 1.5] us for 30 kHz SCS, both of which are equivalent to [-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 performance of our proposed NR SS and the LTE SS is shown in Figures 5-7. From Figures 5-7 we can make similar observations as those from Figures 2-4, i.e., NR SS brings less residual time offset than LTE SS in all cases, and performs similar to and better than LTE SS in the non-initial acquisition and initial acquisition cases, respectively. In addition, 15 kHz SCS is a better option for NR SS compared to 30 kHz SCS due it the more accurate frequency offset estimation performance. 
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Figure 5. The one shot joint PSS/SSS detection probability of the proposed NR SS as well as LTE SS in a three-TRP system with 4 GHz carrier frequency and 15 kHz SCS. Both the non-initial acquisition case (i.e., 0.05/0.1 ppm at TRP/UE) and initial acquisition case (i.e., 0.05/5 ppm at TRP/UE) are considered. The UE speed is 3 km/h or 120 km/h. 
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Figure 6. The joint PSS/SSS detection latency (a) and the corresponding CDF of absolute residual time offset (b) of the proposed NR SS as well as LTE SS in a three-TRP system with 4 GHz carrier frequency in the non-initial acquisition case (i.e., 0.05/0.1 ppm at TRP/UE). The SNR is fixed at -6 dB. The UE speed is 3 km/h or 120 km/h. Since there is no frequency offset estimation after PSS detection, the residual frequency offset is the same as initial frequency offset and so is not shown here.
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Figure 7. The joint PSS/SSS detection latency (a) and the corresponding CDF of absolute residual time offset (b) of the proposed NR SS as well as LTE SS in a three-TRP system with 4 GHz carrier frequency in the initial acquisition case (i.e., 0.05/5 ppm at TRP/UE). The SNR is fixed at -6 dB. The UE speed is 3 km/h or 120 km/h.  
High Frequency Case
Simulations have also been done for the high frequency case with 30 GHz carrier frequency and 120 kHz or 240 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 the number of SS blocks in each SS burst period is set to be 1 for all schemes for a fair comparison. Again, we can observe similar performance for both the proposed NR SS and LTE SS.
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(a) 													(b)
Figure 8. The joint PSS/SSS detection latency (a) and the corresponding CDF of absolute residual time offset (b) of the proposed NR SS as well as LTE SS in a single-TRP system with 30 GHz carrier frequency in the non-initial acquisition case (i.e., 0.05/0.1 ppm at TRP/UE). The SNR is fixed at -6 dB. The UE speed is 3 km/h.  
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Conclusions
In this contribution, we have verified the performance of the PSS according to the working assumption and provided a complete proposal for the SSS sequences. The following observations and proposals are made.
Observation 1: There is no time-frequency ambiguity issue for the NR PSS. The corresponding PAPR values are also acceptable.
Observation 2: Compared to a direct matched-filter based PSS detection, the NR PSS has properties which can reduce the PSS detection complexity by about 2/3.
Observation 3: Selection of the number of reserved subcarriers acting as guard bands for the PSS/SSS depends on whether it should be assumed that the UE receive filter has a pass-band corresponding to the PSS/SSS bandwidth or the PBCH bandwidth.
Proposal 1: Confirm the working assumption and adopt the NR PSS defined in RAN1#88bis:
· 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
Proposal 2: The NR SSS sequences are defined by:
					
where 
								
								
and  and  are two m-sequences with generator polyminals 
g0(x) = x7 + x4 + 1 										
and 

g1(x) = x7 + x + 1, 										
respectively, and initial state [0000001].
The cyclic shift values  and are jointly determined by the cell IDs carried by NR PSS (i.e., ) and NR SSS (i.e., )) as follows, where the  cell ID is given by .
										
									.
The generated NR SSS sequence is mapped on the same antenna port and the same set of consecutive subcarriers as the PSS without special treatment of DC subcarrier. 
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Appendix A. Evaluation of proposed NR SSSs
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Figure A-1. Normalized cross-correlation power of NR SSS sequences in frequency domain.
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Figure A-2. CDF of the PAPR values of the proposed NR SSSs.
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Figure A-3. CDF of the maximum normalized cross-correlation power between the proposed NR SSSs and those of the NR PSSs. The CDF of the maximum normalized cross-correlation power between the OFDM symbols with a random QPSK modulated frequency domain sequence and that of NR PSSs is also plotted for reference.
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Figure A-4. Normalized cross-correlation power between an NR SSS sequence and its cyclically shifted version by 1 step under different frequency offsets. The corresponding normalized auto-correlation power is also plotted for reference. 
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(c) 													(d)
Figure A-5. Maximum normalized cross-correlation power of different NR SSS sequences under frequency offsets ranging within [-0.5, 0.5] SCS. 
Appendix B: False cell ID rejection
The NR PSSs are cyclically shifted versions of each other, hence with frequency offsets comparable to the cyclic shift between, there could be false PSS detection. For example, the relative cyclic shift between the first and third NR PSSs corresponds to 127 – 86 = 41 subcarriers, which may imply that a PSS is falsely detected at a different carrier frequency which is located around 41 subcarriers away. However, the occurrence of false PSS detection may be rare as it depends on a number of factors including initial frequency offset of the channel, the detection algorithm at UE, the working SNR range, the value of frequency raster, the threshold used in PSS detection, and so on. 
As shown in Figure B-1 below, for a worst case of 15 kHz SCS and 100 kHz SS raster, the normalized cross-correlation power between the first and third NR PSSs is low with the maximum value about 3.5 dB lower than the maximum auto-correlation power of each NR PSS. Even if a false PSS detection event occurs, by the construction of our NR SSS sequences, very low cross-correlation (e.g., a maximum of – 12.2 dB) is guaranteed under large frequency offsets, as shown in Figure B-2 below. Hence, when compared to a SSS detection threshold, false cell ID candidates could be rejected.    
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Figure B-1. Normalized cross-correlation power between the first and third NR PSS under frequency offsets ranging within [570, 630] kHz. This frequency offset range is selected assuming 100 kHz frequency raster, 15 kHz SCS and [-2, 2] SCS frequency offset. 
[image: ]
Figure B-2. Normalized cross-correlation power between the SSSs associated with the first NR PSS and those associated with the third NR PSS under frequency offsets ranging within [570, 630] kHz. This frequency offset range is selected assuming 100 kHz frequency raster, 15 kHz SCS and [-2, 2] SCS frequency offset.  
Appendix C. Simulation Setting
Table A-2. Link level evaluation assumption [3]
	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, 240kHz

	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 within  us, where c is the ratio between 15 kHz and the actual value of SCS). 
	0 TRP
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