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1. Introduction

Related to synchronization signal (SS) design RAN1 agreed on the working assumptions that the secondary synchronization signal (SSS) design in NR is 1 polynomial with 127 cyclic shifts, and 1 another polynomial with 9 cyclic shifts. Two generator polynomials will be defined for m-sequences, and cyclic shift according to NR-cell ID applied to each m-sequence. 
This paper discusses performance considerations and impact due to carrier frequency offset (CFO), Doppler frequency, and multi-path effect for the NR-SSS sequences. The related working assumptions and agreements are highlighted below:
In RAN1#86 meeting [1],

Agreements:
· NR synchronization signal is based on CP-OFDM

· Note that DFT-spread-OFDM based design is not precluded
In RAN1#86 bis meeting [2],

Agreements:
· NR defines at least two types of synchronization signals

· NR-PSS at least for initial symbol boundary synchronization to the NR cell

· FFS other functionality provided by NR-PSS, e.g., part of NR cell ID, serving as DMRS for NR-SSS, detection of subcarrier spacing

· NR-SSS for detection of NR cell ID or at least part of NR cell ID

· Number of NR cell IDs is targeted to be at least 504

· FFS: larger than that in LTE

· FFS number of NR cell IDs
In RAN1#87 meeting [3],

Agreements:
· For NR-PSS

· ZC-sequence can be used as the baseline sequence for NR-PSS for study.

· Other type of sequences are not excluded, e.g. low density power boosted sequence.

· Study the following alternatives on the NR-PSS sequence length

· Alt 1: using sequence whose length is longer than LTE.

· Whether one longer sequence is used or whether the longer sequence is constructed by concatenating multiple sequences which may be same or different sequence and/or length.

· Alt 2: using sequence whose length is shorter than LTE.

· Alt 3: using sequence whose length is the same LTE.

· Study the following alternatives on the sequence repetition

· Alt 1: no repetition.

· Alt 2: time-repetitive signal of NR-PSS across OFDM symbols
· Alt 3: time-repetitive signal of NR-PSS within an OFDM symbol
· Alt 4: frequency-repetitive NR-PSS sequences within an OFDM symbol (element-wise or sequence-wise).

· For NR-SSS

· Study the following alternatives for NR-SSS sequence design:

· Alt 1: interleaving two M-sequences without scrambling using ID in PSS (no cell ID in NR-PSS).

· Alt 2: interleaving two M-sequences with scrambling using ID in PSS as in LTE.

· Alt 3: a root sequence cyclically shifted in time and/or frequency domain.

· E.g. ZC-sequence or M-sequence with cyclic shifts.

· Alt 4: message-based transmission (CRC and/or channel coding based). 

· Alt 5: element-wise multiplication of the ZC-sequence and PN-sequence with cyclic shifts. 

· Other alternatives are not excluded.  

· Study the following alternatives on the NR-SSS sequence length:

· Alt 1: using sequence whose length is longer than LTE.

· Whether one longer sequence is used or whether the longer sequence is constructed by concatenating multiple sequences which may be same or different sequence and/or length.

· Alt 2: using the same NR-SSS sequence length as in LTE.

· Study the following alternatives on the sequence repetition/interleaving:

· Alt 1: no repetition.

· Alt 2: time-repetitive signal of NR-SSS within or across OFDM symbols.

· Alt 3: frequency-repetitive sequences of NR-SSS within an OFDM symbol (element-wise or sequence-wise).

· Alt 4: frequency interleaved sequence of NR-SSS using comb structure within a OFDM symbol.
In RAN1 NR Ad-Hoc meeting [4],

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
In RAN1#88 meeting [5],

Agreements:
· RAN1 will definitely select the number of NR-PSS sequences from following 2 alternatives in the next meeting

· Alt. 1: NR supports one NR-PSS sequence, and no cell ID hypothesis is carried by NR-PSS
· Supported by Samsung, Intel, LG Electronics, NTT DOCOMO, InterDigital, ETRI, Ericsson, MediaTek
· Alt. 2: NR supports 3 NR-PSS sequences

· Supported by Qualcomm, Huawei, HiSi, CATT, ZTE, Sierra, Motorola Mobility, Lenovo
In RAN1#88 bis meeting [6],

Agreements:
· 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

Agreements:
· Support about 1000 hypotheses provided by NR-PSS/SSS to represent NR physical cell ID for NR-SS design.

· FFS: indication of radio frame boundary by NR-SSS
· In both single beam and multi-beam scenario, support only time division multiplexing of PSS, SSS and PBCH.
In RAN1#89 meeting [7],

Agreements: 
· Confirm following working assumptions on NR-PSS as agreements

· 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

Working assumption: 
· NR-SSS sequence design is 1 polynomial with 127 cyclic shifts, and 1 another polynomial with 9 cyclic shifts

· Two generator polynomials will be defined for m-sequences, and cyclic shift according to NR-cell ID is applied to each m-sequence
· Two polynomials are generated by g0(x) = x7 + x4 + 1 and g1(x) = x7 + x + 1
· Initial state is [0000001]
· The cyclic shift values [image: image2.png]
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 are jointly determined by the cell IDs carried by NR PSS (i.e., [image: image6.png]


) and NR SSS (i.e., [image: image8.png]
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 In this paper, we provide simulation results of cell ID detection to show the impact due to CFO, Doppler frequency and multi-path effect for the NR-SSS sequences.  Based on the simulation results, we make conclusion as an input to discussion and possible agreement on working assumption of NR-SSS.
2. Impact due to CFO, Doppler Frequency and Multi-path Effect for NR-SS Detection 
In this section, we highlight impact due to large CFO, Doppler frequency and multi-path effect for the detection of NR-SS, where the NR-SS detection adopts matching the received synchronization signal with the candidates of synchronization signal.
2.1. Impact due to CFO
In RAN1#87 meeting [3],

Agreements:
· Following target requirements should be taken into account in NR-PSS/SSS design

· Robustness against initial frequency offset up to 5 ppm

· 10 ppm as optional requirement

In RAN1 NR Ad-Hoc meeting [4],
Agreements:
· For frequency range category #1 (below 6 GHz) where [15 kHz, 30 kHz, 60 kHz] are candidate subcarrier spacing values:

· For frequency range category #2 (above 6 GHz) where [120 kHz, 240 kHz] are candidate subcarrier spacing values:

From above agreements, the initial CFO can be up to 30KHz for CFO=5ppm and carrier frequency=6GHz, i.e. the initial CFO can be up to 2 subcarrier spacing (fsub) when fsub is 15KHz. In general, when CFO is outside the range of (-0.5*fsub ,0.5*fsub), autocorrelation peak will be significantly reduced and the impact due to CFO is large when we detect NR-SS in the receiver. Hence, some enhancement methods should be used to alleviate the CFO impact for NR-SS detection.
One typical solution to reduce the impact is to use CFO hypotheses method. For example  range of initial CFO (-2*fsub ,2*fsub), five CFO hypotheses including  -2*fsub, - fsub, 0, fsub, and 2*fsub can be used to compensate the CFO for the received signal in parallel in the receiver, and the one CFO hypothesis with maximum autocorrelation peak among the five CFO hypotheses will be the correct CFO hypothesis, it can be used to correct the coarse CFO and alleviate the impact of large CFO.
2.2. Impact due to Doppler frequency 
At high UE mobility, the Doppler effect is significant. Normalized Doppler frequency  defined as fd*TU where fd is the maximum Doppler frequency and TU is the useful symbol duration is generally used to indicate the influence of the Doppler effect. When the normalized Doppler frequency is large, the inter-carrier interference (ICI) will also be large and then the system performance will be degraded significantly. Besides, channel estimation will be another system impact due to Doppler effect because the channel is fast time-variant and will be not easy to estimate correctly when the normalized Doppler frequency is large. In general, when the normalized Doppler frequency is close to 10%, the Doppler effect is large. 
According to Table A.1.5-1 (Simulation assumptions for synchronization signals/channels) in NR technical report TR38.802 [8], the UE speed is up to 500km/h for carrier frequency below 6GHz. Hence, the normalized Doppler frequency is up to 12% for the case UE speed is 500km/h, carrier frequency is 4GHz, and subcarrier spacing is 15KHz. In this case, the Doppler effect is large, we will show the performance impact due to the large Doppler effect for the NR-SS detection in section 3.
2.3. Impact due to multi-path effect
Multi-path effect results in inter-symbol interference (ISI). The cyclic prefix guard interval inserted in the OFDM system can be used to avoid the multi-path effect if the guard interval is larger than the maximum multi-path delay. However, multi-path effect will also result in the interference due to non-perfect autocorrelation and cross-correlation properties for SS sequences when we detect NR-SS in the receiver. In the following, we will mathematically show the impact. For simplicity, we neglect noise, and the time domain received signal with multi-path effect can be expressed as follows,
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where x(n) and r(n) are the time domain transmitted signal and received signal, respectively. ci is the complex amplitude for the i-th path, the delay is i sample time, and the number of total paths is M. When we match the received synchronization signal with the candidates of synchronization signal for NR-SS detection, the x(n) is replaced by pl(n) and the candidates of synchronization signal is pu(n), where u=1,2,3,…,L. u and l are the indices of the synchronization signal sequences. The matching operation for the NR-SS detection can be expressed as follows,
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where Jl(m-i) and Ql,u(m-i) are autocorrelation and cross-correlation, respectively, that can be expressed as follows,
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where m is the time shift index, “*” denotes complex conjugate operation, and N is the length of the synchronization sequences. From the equations (2)-(4), we can see that the interference due to multi-path effect results from the non-perfect autocorrelation and cross-correlation properties of SS sequences for the NR-SS detection.
3. Simulation Results
Performance results of cell ID detection at different CFO and UE speed for two different cases of NR-SSS sequences over a CDL-C channel with delay of 100ns and 300ns are evaluated in this section. “Cell ID detection probability” as shown in the simulation result is used to evaluate the performance of NR-PSS and NR-SSS detection. It indicates the probability that the cell ID is correctly detected, including correct detection for both NR-PSS and NR-SSS. The NR-PSS sequences used in the simulation are the NR-PSS sequences agreed in last RAN1 meeting, and two different cases of NR-SSS sequences are simulated including NR-SSS (indicated as “NR-SSS1” in this section) proposed in WA and another NR-SSS (indicated as “NR-SSS2” in this section) proposed by MediaTek [9]. The link level evaluation assumptions include:

Carrier frequency 4GHz, subcarrier spacing 15KHz, UE speed 120km/h & 500km/h, and carrier frequency offset 10.1ppm & 0.3ppm, and so on, as shown in Table 1 in the Appendix. The normalized Doppler frequency is about 3% for the case that UE speed is 120km/h, and the normalized Doppler frequency is about 12% for the case that UE speed is 500km/h. For the NR-PSS and NR-SSS detection in the simulation for all cases, CFO hypotheses method is used to reduce the impact due to large CFO.
Performance comparisons of NR cell ID detection at different CFO and UE speed for NR-SSS1 and NR-SSS2 over a CDL-C channel with delay of 100ns are shown in Fig. 1(a) and Fig. 1(b), respectively. Besides, performance comparisons of NR cell ID detection at different CFO and UE speed for NR-SSS1 and NR-SSS2 over a CDL-C channel with delay of 300ns are shown in Fig. 2(a) and Fig. 2(b), respectively.

We are interested in the simulation results at the condition of SNR=-2dB and 0dB because the cell ID detection probability is up to 85%~95%. From the simulation results, we can observe that the performance degradation due to CFO=10.1ppm and UE speed=500km/h is about 0.5dB~1dB for both cases of NR-SSS1 and NR-SSS2 over a CDL-C channel with delay of 100ns and 300ns. 
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NR SS Detection for SSS1 over CDL-C channel with delay=100ns

 Velocity=120km/h, CFO= 0.3ppm

 Velocity= 500km/h, CFO= 10.1ppm
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NR SS Detection for SSS2 over CDL-L channel with delay=100ns

 Velocity= 120km/h, CFO= 0.3ppm

 Velocity= 500km/h, CFO= 10.1ppm

                   (a)                                                                                                       (b)

Figure 1.  Performance comparisons of NR cell ID detection at different CFO and UE speed for (a) NR-SSS1 and (b) NR-SSS2 over a CDL-C channel with delay of 100ns
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NR SS Detection for SSS1 over CDL-C channel with delay=300ns

 Velocity= 120km/h, CFO= 0.3ppm

 Velocity= 500km/h, CFO= 10.1ppm
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NR SS Detection for SSS2 over CDL-C channel with delay=300ns
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Figure 2.  Performance comparisons of NR cell ID detection at different CFO and UE speed for (a) NR-SSS1 and (b) NR-SSS2 over a CDL-C channel with delay of 300ns

Besides, the performance for the case of NR-SSS2 is better than that for the case of NR-SSS1 at the condition of SNR=-2dB and 0dB, CFO=0.3ppm and UE speed=120km/h. This is because interference due to multi-path effect is dominant at the condition and the interference caused by multi-path effect is smaller for NR-SSS2, which have better properties of autocorrelation and cross-correlation than that for NR-SSS1. At the condition of SNR=-2dB and 0dB, CFO=10.1ppm and UE speed=500km/h, the performance for the case of NR-SSS2 is similar to that of the case of NR-SSS1. This is because the interference is dominant by Doppler effect at the condition. 
In conclusion, NR-SSS2, i.e. the NR-SSS proposed by MediaTek has similar or even better performance than NR-SSS1, i.e. the NR-SSS proposed in WA.
Observation 1: The performance degradation due to CFO=10.1ppm and UE speed=500km/h is about 0.5dB~1dB for both cases of NR-SSS1 and NR-SSS2 over a CDL-C channel with delay of 100ns and 300ns.
Observation 2 : The performance of NR cell ID detection for the SSS sequences proposed by MediaTek is similar to or even better than that for the SSS sequences proposed in the WA at the SNR= -2dB and 0dB.
4. Conclusions
This paper discussed considerations and evaluation for the design of NR-SSS. We have below observations:
Observation 1: The performance degradation due to CFO=10.1ppm and UE speed=500km/h is about 0.5dB~1dB for both cases of NR-SSS1 and NR-SSS2 over a CDL-C channel with delay of 100ns and 300ns.
Observation 2 : The performance of NR cell ID detection for the SSS sequences proposed by MediaTek is similar to or even better than that for the SSS sequences proposed in the WA at the SNR= -2dB and 0dB.
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6. Appendix
                                                             Table 1. Link level evaluation assumptions
	Carrier frequency
	4 GHz

	Channel model
	CDL-C channel model

· With delay scaling values of 100 ns and 300ns

	Subcarrier spacing
	15 kHz

	SNR
	 -6dB, -4dB, -2dB and 0dB

	UE speed
	120km/h, 500km/h

	PSS/SSS multiplexing 
	TDM

	TRP/UE antenna configuration
	1Tx & 1Rx antenna

	Frequency offset
	10.1ppm, 0.3ppm 

	Number of interfering TRPs
	0 TRP: mandatory
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