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1. Introduction

Design of synchronization signal (SS) is discussed in 3GPP new radio access technology (NR) SI/WI since RAN1#86 meeting. In the latest RAN1 meeting, the related working assumptions (WA) are that the primary synchronization signals (PSS) in new radio are three m-sequences with length 127 and cyclic shift 0, 43 and 86, and FFS modified Zadoff-Chu (ZC) sequences. This paper mainly focuses on the considerations of peak to average power ratio (PAPR), cubic metric (CM),  autocorrelation, and cross-correlation for NR-PSS sequences, such as m-sequences and modified ZC sequences in the WA in the latest RAN1 meeting. The related conclusions, working assumptions and agreements are shown in the following.
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],

Working assumptions:
· About 1000 hypotheses provided by NR-PSS/SSS to represent NR physical cell ID for NR-SS design

· FFS whether NR-PSS/SSS could be used to indicate information other than NR physical cell ID
· FFS further extension of ID space for non-mobility purpose through e.g., broadcast

· RAN1 considers NR-PSS and NR-SSS have same transmission bandwidth

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, we concluded to have an email discussion on NR-SS design as follow:
· Email discussion about NR-SS design until the next meeting 
· All proponents need to disclose their proposed sequence design until 3rd March
· Template for evaluation results

· Following information should be disclosed 
·  NR-PSS/SSS sequence design
·  Sequence length for each parameter set
·  Default numerology
·  NR-SS transmission BW
·  The number of hypothesis: 1000
·  The number of antenna ports for NR-SSS and how the sequence is mapped to antenna port
· All proponents are requested to show both 1 and 2 antenna port performance results
· Assumption of the minimum UE bandwidth 
· At least NR-SSS transmission BW will be evaluated by all proponents
· All proponents are requested to evaluate it until the next meeting
· Note that all proponents need to disclose detailed evaluation assumptions/results such as 
· Assumption of transmit power of NR-SS
· PAPR/CM performance
· Cell search performance
· Detection probability performance

· etc.
In RAN1#88 bis meeting [6],

Conclusions:

· For NR-SS,

· Following remaining issues need to be finalized in the next meeting
· Confirmation of WA of NR-PSS

· NR-SSS M-sequence parameters and scrambling details

· Mapping from Cell IDs to sequences

· Maximum number of SS blocks in an SS burst set
· Mapping of NR-PSS, NR-SSS and NR-PBCH to SS block of SS burst set configurations

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

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.
According to the above-mentioned agreements and working assumptions, in this paper, we will calculate the PAPR and raw CM values for the NR-PSS sequences in WA in RAN1#88bis meeting, i.e. the above-mentioned m-sequence and modified ZC sequences, for all possible root indices and cyclic shifts, and the better root indices and cyclic shifts for the NR-PSS sequences with smaller PAPR and raw CM values will be shown. Besides, we will simulate the autocorrelation for the NR-PSS sequences in WA for all possible root indices and cyclic shifts at different carrier frequency offsets (CFOs), and then the better root indices and cyclic shifts for the NR-PSS sequences with better autocorrelation property will be shown. Moreover, we will also simulate the cross-correlation for the above-mentioned m-sequences with cyclic shift 0, 43, and 86 in the WA. Finally, from the simulation results of PAPR, raw CM, autocorrelation, and cross-correlation for the NR-PSS sequences, we will make a simple conclusion to confirm the WA related to NR-PSS.
2. PAPR/ CM Considerations for NR-PSS 
In this section, we will first introduce the issue due to large PAPR/ CM. Then, we will evaluate the PAPR/ raw CM for all possible roots and cyclic shifts for the NR-PSS sequences proposed in WA in RAN1#88bis meeting. Finally, we will propose the root indices and cyclic shifts for the NR-PSS with better PAPR/ CM properties.
2.1. Issue due to Large PAPR/ CM
Peak to Average Power Ratio (PAPR) as the name suggests is the ratio of peak signal power to the average signal power. The system using multicarrier signals like OFDM exhibits a large PAPR. The definition of Cubic Metric (CM) is similar to PAPR. Large PAPR/ CM will introduce non-linear distortion because the power amplifier in the transmitter is operated at a relatively lower power level and the peaks in the signal are distorted by the saturating amplifier. Amplifier back-off or other PAPR/ CM reduction mechanisms are needed for a system with large PAPR/ CM.
In the following, we will introduce the definition of PAPR/ CM. The time domain transmission signal x(n) can be obtained from that the frequency domain signal a[k] pass through inverse discrete Fourier transform (IDFT). x(n) can be expressed as follows,
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where N is the length of IDFT. The PAPR is defined as the ratio of the peak power of x(n) and the average power of x(n), and it can be calculated as follows,
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And the raw cubic metric (raw CM) is defined by first finding the cubic term of the normalized x(n) and then taking the root-mean-square for the cubic term, and it  can be calculated as follows,


[image: image3.wmf]3

raw CM{()}

rmsyn

=

 
[image: image4.wmf]1

2

0

1

where ()()/{()} and  {()}()

N

n

ynxnrmsxnrmsxnxn

N

-

=

==

å

                   (3)
2.2. Evaluation of PAPR/ CM for NR-PSS
In this section, we will evaluate the PAPR and raw CM values of the NR-PSS proposed in WA in RAN1#88bis meeting for all possible root indices and cyclic shifts, and then the better root indices and cyclic shifts for the NR-PSS sequences with better autocorrelation property will be shown.
NR-PSS proposed in WA in RAN1#88bis meeting are that three m-sequences with length 127 and cyclic shift 0, 43 and 86, and FFS modified Zadoff-Chu (ZC) sequences. Hence, in the paper, we will consider the NR-PSS sequences, including the m-sequences with length 127 proposed in the WA for all possible cyclic shifts and the NR-PSS with length 126 proposed by Ericsson [7] from the interleaved two conjugated ZC sequences for all possible root indices. Besides, the NR-PSS with length 127 proposed by Qualcomm [8] from the ZC sequences for all possible root indices is also considered as the baseline.

PAPR and raw CM values for NR-PSS proposed by Qualcomm and Ericsson for all root indices are shown in Figure 1 and 2, respectively. Besides, PAPR & raw CM values for the m-sequences proposed in the WA for all cyclic shifts and for cyclic shift 0, 43, and 86 are shown in Figure 3(a) and 3(b), respectively. From the three figures, we can observe that the proposed m-sequences and the NR-PSS proposed by Qualcomm are better for smaller PAPR and raw CM property in general, compare to the NR-PSS proposed by Ericsson. Besides, the variation of the PAPR and raw CM values for the proposed m-sequences with all cyclic shifts is smallest, i.e. the PAPR and raw CM values for the proposed m-sequences with all cyclic shifts are similar. This is because that the proposed frequency domain m-sequences with all cyclic shifts will result in different linear phase shifts in time-domain transmission signal, and the peak power and average signal power of the time-domain transmission signal will not vary very much for different linear phase shifts. Moreover, we also can observe that some conjugated root pairs, i.e. {(1,126), (63,64)}, are with smaller values of both PAPR and raw CM for the NR-PSS proposed by Qualcomm and some conjugated root pairs, i.e. {(1,62), (31,32)}, are with smaller values of both PAPR and raw CM for the NR-PSS proposed by Ericsson, where the conjugated root pair is (u, NZC -u), and NZC is 127 for the NR-PSS proposed by Qualcomm and NZC is 63 for the NR-PSS proposed by Ericsson. Because the number of PSS is 1 or 3, the root indices used for NR-PSS proposed by Qualcomm and Ericsson can be selected from the above-mentioned root set.
Observation 1: With the considerations of PAPR and raw CM, the root indices used for NR-PSS proposed by Qualcomm can be selected from the root set {(1,126), (63,64)}.
Observation 2: With the considerations of PAPR and raw CM, the root indices used for NR-PSS proposed by Ericsson can be selected from the root set {(1,62), (31,32)}.
Observation 3: With the considerations of PAPR and raw CM, the proposed m-sequences in the WA for all cyclic shifts are good.
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Figure 1.  PAPR & raw CM values for NR-PSS proposed by Qualcomm for all root indices
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Figure 2.  PAPR & raw CM values for NR-PSS proposed by Ericsson for all root indices
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Figure 3.  PAPR & raw CM values for the m-sequences proposed in the WA for (a) all cyclic shifts and (b) cyclic shift 0, 43, and 86
3. Autocorrelation Consideration for NR-PSS
In this section, we will first introduce the ambiguity issue due to large carrier frequency offset (CFO) while we detect PSS in the receiver. Then, we will evaluate the autocorrelation for all possible roots and cyclic shifts for the NR-PSS sequences, as shown in section 2. Finally, we will propose the root indices and cyclic shifts with better autocorrelation properties for the NR-PSS sequences.
3.1. Ambiguity Issue due to Large CFO for ZC sequence based NR-PSS
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
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. 2 subcarrier spacing (fsub) when fsub is 15KHz. In the case, the ambiguity issue may occur when we detect PSS in the receiver. We will introduce the ambiguity issue due to large CFO in the following.
The time domain PSS signal x(n), as shown in section 2.1, can be further indicated as xu(n) where u is the root index for ZC based PSS sequence or cyclic shift index for the proposed m-sequences. Hence the autocorrelation of the time domain PSS with parameter u, i.e. Ju(m), can be expressed as follows,
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where m is the time shift index, “*” denotes complex conjugate operation, and 
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 is the m-samples cyclic shift version of xu(n). However, the autocorrelation of PSS, i.e. the absolute value of Ju(m), is sensitive to the CFO. Autocorrelation ambiguity due to large CFO for LTE PSS is illustrated in Figure 3. In the Figure 4, autocorrelation values of LTE PSS with root 25 at different time shift and CFO range of [-2*fsub, 2*fsub] are simulated where fsub =15KHz and it can be regarded as one integer CFO. From the figure, we can observe that the maximum autocorrelation peak will not locate at time shift of zero when the CFO is larger, and then the autocorrelation ambiguity issue occurs.
One typical solution to resolve the ambiguity issue is using CFO hypotheses. For example of CFO<1.5* fsub, three CFO hypotheses including - fsub, 0, and 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 in the three CFO hypotheses will be the correct CFO hypothesis, it can be used to correct the coarse CFO and avoid the ambiguity issue. However, when the autocorrelation of the NR-PSS with CFO between 0.5 * fsub and -0.5* fsub is not good, the ambiguity issue still cannot be resolved.
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Figure 4.  Illustration of autocorrelation ambiguity due to large CFO for LTE PSS with root=25
3.2. Evaluation of Autocorrelation for NR-PSS
In the following, we will evaluate the autocorrelation of the NR-PSS sequences, as shown in section 2.1, with all roots and cyclic shifts at different CFOs in the range of [0, 0.45*fsub]. We use the peak to side lobe ratio (PSR) to evaluate the autocorrelation of PSS. The PSR in dB can be defined as follows,
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where m1 is the time shift of the first tallest autocorrelation peak and m2 is the time shift of the second tallest autocorrelation peak. The autocorrelation is better when the corresponding PSR is larger. 
PSR of autocorrelation for NR-PSS proposed by Qualcomm and Ericsson at different CFOs for all root indices are shown in Figure 5 and 6, respectively. Besides, PSR of autocorrelation for the m-sequences proposed in the WA at different CFOs for all cyclic shifts and for cyclic shift 0, 43, and 86 are shown in Figure 7(a) and 7(b), respectively. 
From the three figures, we can observe that the proposed m-sequences and the NR-PSS proposed by Ericsson are more robust to CFOs, compare to the NR-PSS proposed by Qualcomm. Besides, the variation of the PSR values at CFO=0.15*fsub, 0.3*fsub and 0.45*fsub for the proposed m-sequences with all cyclic shifts is smallest, i.e. the PSR values for the proposed m-sequences with all cyclic shifts are similar at CFO=0.15*fsub, 0.3*fsub and 0.45*fsub. Moreover, we also can observe that some conjugated root pairs, i.e. {(1,126),}, are with larger values of PSR at different CFOs for the NR-PSS proposed by Qualcomm and some conjugated root pairs, i.e. {(1,62), (10, 53), (19, 44), (31,32)}, are with larger values of PSR at different CFOs for the NR-PSS proposed by Ericsson, where the conjugated root pair is (u, NZC -u). Because the number of PSS is 1 or 3, the root indices used for NR-PSS proposed by Qualcomm and Ericsson can be selected from the above-mentioned root set.

Observation 4: With the consideration of autocorrelation, the root indices used for NR-PSS proposed by Qualcomm can be selected from the root set {(1,126)}.
Observation 5: With the consideration of autocorrelation, the root indices used for NR-PSS proposed by Ericsson can be selected from the root set {(1,62), (10, 53), (19, 44), (31,32)}.
Observation 6: With the consideration of autocorrelation, the proposed m-sequences in the WA for all cyclic shifts are good.
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Figure 5.  PSR of autocorrelation for NR-PSS proposed by Qualcomm at different CFOs for all root indices
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Figure 6.  PSR of autocorrelation for NR-PSS proposed by Ericsson at different CFOs for all root indices
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Figure 7.  PSR of autocorrelation for the m-sequences proposed in the WA at different CFOs for (a) all cyclic shifts and (b) cyclic shift 0, 43, and 86
4. Cross-correlation Consideration for NR-PSS
In the section, we will evaluate the cross-correlation of NR-PSS for the proposed m-sequences with cyclic shift 0, 43, and 86 at CFO of 0.15*fsub and 0.45*fsub. At first, the cross-correlation of the two time domain NR-PSS sequences with different cyclic shifts u and u(, i.e. J2,u,u((m), can be expressed as follows,
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where m is the time shift index, “*” denotes complex conjugate operation, and 
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 is the m-samples cyclic shift version of xu(n). 

Then, we use the maximum cross-correlation peak (MXP) to evaluate the cross-correlation of NR-PSS. The MXP in dB can be defined as follows,
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where m1 is the time shift of the tallest cross-correlation peak. The cross-correlation is better when the corresponding MXP is smaller. The simulation results for the MXP of cross-correlation of NR-PSS for the proposed m-sequences with cyclic shift 0, 43, and 86 at the CFOs of 0.15*fsub and 0.45*fsub are shown in Table 1 and 2, respectively, where “N/A” means that MXP is not applicable in the case. From the tables, we can observe that the cross-correlation is good for the proposed m-sequences with cyclic shift 0. 43. and 86 at CFO of 0.15*fsub and 0.45*fsub.
Observation 7: With the consideration of cross-correlation, the proposed m-sequences in the WA for cyclic shift 0, 43, and 86 are good.

From the above observations in section 2, section 3 and section 4, we found that the better new root indices for the NR-PSS proposed by Qualcomm are the root pairs (1,126) on the considerations of PAPR, CM, and autocorrelation. Besides, the better new root indices for the NR-PSS proposed by Ericsson are the root pairs (1, 62) & (31, 32) on the considerations of PAPR, CM, and autocorrelation. Moreover, the proposed m-sequences with cyclic shift 0, 43, and 86 are robust to CFOs and have good properties of PAPR, CM, autocorrelation, and cross-correlation.
Observation 8: With the considerations of PAPR, CM and autocorrelation, the root indices used for NR-PSS proposed by Qualcomm can be selected from the root set {(1,126)}
Observation 9: With the considerations of PAPR, CM and autocorrelation, the root indices used for NR-PSS proposed by Ericsson can be selected from the root set {(1,62), (31,32)}
Proposal 1: The proposed m-sequences with cyclic shift 0, 43, and 86 in WA are robust to CFOs and have good properties of PAPR, CM, autocorrelation, and cross-correlation
Table 1. MXP of cross-correlation for proposed m-sequences with cyclic shift 0, 43, and 86 at CFO=0.15* fsub
	MXP (dB)
	PSS with cyclic shift 0
	PSS with cyclic shift 43
	PSS with cyclic shift 86

	PSS with cyclic shift 0
	N/A
	-15.5
	-16.0

	PSS with cyclic shift 43
	-14.1
	N/A
	-15.4

	PSS with cyclic shift 86
	-15.3
	-15.9
	N/A


Table 2. MXP of cross-correlation for proposed m-sequences with cyclic shift 0, 43, and 86 at CFO=0.45* fsub
	MXP (dB)
	PSS with cyclic shift 0
	PSS with cyclic shift 43
	PSS with cyclic shift 86

	PSS with cyclic shift 0
	N/A
	-15.6
	-15.2

	PSS with cyclic shift 43
	-12.0
	N/A
	-14.8

	PSS with cyclic shift 86
	-14.5
	-14.3
	N/A


5. Conclusions
This paper mainly focuses on the PAPR/CM and autocorrelation considerations for the design of NR-PSS.  We have observations and proposals as follows:
Observation 1: With the considerations of PAPR and raw CM, the root indices used for NR-PSS proposed by Qualcomm can be selected from the root set {(1,126), (63,64)}.
Observation 2: With the considerations of PAPR and raw CM, the root indices used for NR-PSS proposed by Ericsson can be selected from the root set {(1,62), (31,32)}.
Observation 3: With the considerations of PAPR and raw CM, the proposed m-sequences in the WA for all cyclic shifts are good.

Observation 4: With the consideration of autocorrelation, the root indices used for NR-PSS proposed by Qualcomm can be selected from the root set {(1,126)}.
Observation 5: With the consideration of autocorrelation, the root indices used for NR-PSS proposed by Ericsson can be selected from the root set {(1,62), (10, 53), (19, 44), (31,32)}.
Observation 6: With the consideration of autocorrelation, the proposed m-sequences in the WA for all cyclic shifts are good.

Observation 7: With the consideration of cross-correlation, the proposed m-sequences in the WA for cyclic shift 0, 43, and 86 are good.
Observation 8: With the considerations of PAPR, CM and autocorrelation, the root indices used for NR-PSS proposed by Qualcomm can be selected from the root set {(1,126)}
Observation 9: With the considerations of PAPR, CM and autocorrelation, the root indices used for NR-PSS proposed by Ericsson can be selected from the root set {(1,62), (31,32)}
Proposal 1: The proposed m-sequences with cyclic shift 0, 43, and 86 in WA are robust to CFOs and have good properties of PAPR, CM, autocorrelation, and cross-correlation
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