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1. Introduction

In RAN1 #88bis meeting, the agreements for the design of synchronization signal were made as follows [1]:

	Agreements: (RAN1 #88bis)

· 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
· 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
· For NR-PSS
· PSS sequence length: 127 for frequency domain-based pure BPSK M sequence
· Note that PSS will be mapped to consecutive 127 subcarriers
· The number of antenna ports of NR-SSS is 1
· For NR-SSS
· Number of SSS signals: 1000 post-scrambling
· SSS sequence length: 127
· SSS sequence details: Long M-sequence with scrambling
· 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 this contribution, we discuss remaining retails on NR-SS sequence design, and provide some evaluation results for NR-SS proposals.
2. Numerology for NR Synchronization Signal
Parameter sets and default subcarrier spacing
From RAN1 discussion, parameter sets for SS block are defined as following:

· Subcarrier spacing (Bandwidth):
15kHz (up to 5MHz), 30kHz (up to 10MHz), 120kHz (up to 40MHz), 240kHz (up to 80MHz)
Also, according to the NR-SS design related agreement that 24 RBs is assigned for NR-PBCH transmission, we can see that transmission bandwidth of 4.32MHz for 15KHz subcarrier spacing and 34.56MHz for 120kHz subcarrier spacing are required. At the same time, there was a RAN4 discussion regarding the minimum carrier bandwidth according to frequency ranges [2]:

· For frequency range up to 6 GHz, the minimum possible carrier bandwidth for NR is 5 MHz. 
· For frequency range from 6 GHz to 52.6 GHz, the minimum possible carrier bandwidth for NR is 50 MHz
According to the RAN4 decision, we should consider that at least 15kHz SCS for below 6GHz and 120kHz SCS for below 6GHz are as default numerologies. However, we should carefully determine the detection performance of 15kHz based PSS/SSS for 6GHz. Also, we should consider the possibility of introducing larger subcarrier spacing for NR-SS transmission (i.e. 30kHz and 240kHz)
Proposal 1: At least 15 kHz for below 6 GHz and 120 kHz for above 6GHz (i.e. from 6GHz to 52.6 GHz) should be considered as default subcarrier spacing for NR-SS transmission. Also, we should consider the possibility of introducing larger subcarrier spacing for NR-SS transmission (i.e. 30kHz and 240kHz).
Sequence to RE mapping and transmission bandwidth
Similar with LTE PSS/SSS sequence to RE mapping, NR-SS sequence can be mapped at the central resource elements of transmission bandwidth, and some REs at the edge of transmission bandwidth can be reserved as guard subcarrier. When 12 RBs are used for NR-SS transmission, 127 REs are used for NR-SS sequence, and 17 REs are reserved. In this case, the 64th element of NR-SS sequence can be mapped at center subcarrier of NR-SS transmission bandwidth. Figure 1 depicts the NR-SS sequence to RE mapping.
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Figure 1. NR-SS sequence to RE mapping
Proposal 2: NR-SS sequence can be mapped at the central resource elements of transmission bandwidth, and some REs can be reserved as guard subcarrier.
Considering on the NR-SS sequence to RE mapping, it can be assumed that transmission bandwidth of 2.16MHz for the case of 15kHz subcarrier spacing is assigned for NR-SS transmission. Also, when subcarrier spacing is increased by an integer multiple, NR-SS bandwidth increases by the same multiple. For example, 17.28MHz is used for 120 kHz subcarrier spacing case.
Proposal 3: NR-SS Bandwidth is defined as follows:
· NR-SS Bandwidth of 2.16MHz for 15 kHz subcarrier spacing
· NR-SS Bandwidth of 4.32MHz for 30 kHz subcarrier spacing
· NR-SS Bandwidth of 17.28MHz for 120 kHz subcarrier spacing
· NR-SS Bandwidth of 34.56MHz for 240 kHz subcarrier spacing
3. NR PSS and SSS sequence design

The Number of Physical Cell ID 

According to agreements RAN1 #88bis, the number of Cell ID is 1000 post-scrambling, and the number of PSS sequence is 3. Following the agreement, it can be defined that the number of hypothesis of NR-SSS per PSS sequence is 334.
Proposal 4: When the number of PSS sequence is 3, it is defined that the number of hypothesis of NR-SSS per PSS sequence is 334.
NR-PSS sequence
For the NR-PSS design, we need to resolve some issues including timing ambiguity, PAPR, and detection complexity. In RAN1#88bis meeting, frequency domain M-sequence is adopted in order to resolve the timing ambiguity issue, and exact sequence is provided. However, the provided sequence has relatively high PAPR property. Therefore, if RAN1 would like to introduce M-sequence, it is needed to find frequency domain M-sequence with low PARP property.
Also, in the previous meeting, we discussed to adopt modified ZC sequence as a NR-PSS sequence. Among the candidate of modified ZC sequence, the four ZC sequences concatenation in time provides several benefit. It can resolve the timing ambiguity problem, provide low PARP property, and reduce the detection complexity. Especially, low detection complexity is very important requirement for NR-PSS design because UE should spend higher detection complexity to detection NR-PSS which has multiple sequences and wider transmission bandwidth. Therefore, we should consider to introduce modified ZC sequence as NR-PSS sequence.

Proposal 5: NR-SS should adopt one of new NR-PSS sequence among two alternatives:
· Alt.1: Frequency M-sequence with low PAPR 

· Alt.2: Modified ZC sequence (Four ZC sequences concatenation in time domain)

In this aspect, we propose two alternative NR-PSS sequence as follows:

· Frequency M-sequence with low PAPR
1 Polynomial: g(x) = x7+x6+x4+x+1 (Initial poly shift register value: 1000000)
2 Cyclic shift: 0, 31 , 78 
· Four ZC sequences concatenation in time
1 Length-31 ZC sequence (Root index: {1,30}, {7,24}, {4,27})
2 Sequence generation
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, where the Zadoff-Chu root sequence index are {1, 30}, {7, 24}, {4, 27}
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Figure 2. PSS Sequence generation

NR-SSS Sequence
In the previous meeting, it was agreed that single long sequence is adopted as NR-SSS sequence. Following the agreement, we need to design the NR-SSS sequence, which should provide the hypothesis of 334 for NR-SSS per NR-PSS. One candidate to generate the hypothesis of 334 is to combine two M-sequences, which have different polynomial. For example, if the cyclic shift of 112 for 1st M-sequence and the cyclic shift of 3 for 2nd M-sequence are assumed, total 336 hypothesis can be provided. Then, 3rd M-sequence is applied as a scrambling sequence which is selected according to NR-PSS sequence. 
If shorter periodicity of NR-SS burst set (e.g. 5, 10ms) is configured, NR-SS burst set is transmitted multiple times (i.e. 4 or 2) within two 10ms radio frame (i.e. 20ms). If different sequence of NR-SSS is introduced for additional occasion of SS burst set, UE can distinguish the default periodicity and others (e.g. 5ms, 10ms). For example, it can be considered that original set of NR-SSS sequence is applied for 1st SS burst set and additional set of NR-SSS sequence is introduced for 2nd, 3rd and 4th SS burst set within default periodicity (i.e. 20ms). Also, if two additional set of NR-SSS sequence introduced, one set of NR-SSS sequence can be used for 3rd SS burst set, and other set is applied for 2nd and 4th SS burst set. 
In this aspect, we propose NR-SSS sequence as follows:
The sequence d(0), …, d(126) used for the second synchronization signal is length-127 binary sequence which is scrambled with a scrambling sequence given by the primary synchronization signal.

d(n) = s1,m(n) s2,k(n) cz(n) for n=0,..,126 and z=0,1.
z=0 is used for the NR-SSS transmission in the 1st SS burst set of two 10ms radio frames, z=1 is used for the NR-SSS transmission in the 2nd, 3rd and 4th SS burst set of two 10ms radio frames.
The sequence s1,m(n) and s2,k(n) are defined as a cyclic shift of the m-sequence S1(n) and S2(n) according to 

s1,m(n) = S1((n+m)mod127), s2,k(n) = S2((n+k)mod127)
where, m= NID1mod112, K=floor(NID1/112), k=CS2(K), 0≤NID1≤333, CS2∈{48, 67,122}
and Sr(i) = 1-2x(i), 0≤i≤126, r=1,2, is defined by
· x(j+7) = (x(j+3) + x(j)) mod2, r=1

· x(j+7) = (x(j+3) + x(j+2) + x(j+1) + x(j)) mod2, r=2

with initial conditions

x(0)=x(1)=x(2)=x(3)=x(4)=x(5)=0, x(6)=1
where, 0≤j≤119.

The two scrambling sequences c0(n) and c1(n) are used to signal the preamble and mid-amble of the secondary synchronization signal, respectively, They depends on the primary synchronization signal and are defined by two different cyclic shifts of the m-sequence C(n) according to
cz(n) = C( (n+p) mod 127)
where, p = CS1(NID2+3·z), CS1∈{23, 69, 103, 64, 124, 24}, NID2∈{0,1,2}
and C(i) = 1-2x(i), 0≤i≤126, is defined by

· x(j+7) = (x(j+5) + x(j+4) + x(j+3) + x(j+2) + x(j+1) + x(j)) mod2

with initial conditions

x(0)=x(1)=x(2)=x(3)=x(4)=x(5)=0, x(6)=1
where, 0≤j≤119.

Proposal 6: For NR-SSS sequence, the hypothesis of 334 is generated by two M-sequences, which have different polynomial. Then, 3rd M-sequence is applied as a scrambling sequence which is selected according to NR-PSS sequence. 
Proposal 7: In order to distinguish the default periodicity and others (e.g. 5, 10ms), additional set of NR-SSS is introduced. And this set of NR-SSS is applied for additional occasion of SS burst set within default periodicity.

4. Evaluation results
In this section, evaluation results are presented. In the performance evaluation for NR-PSS, we consider three candidate of NR-PSS design (i.e. working assumption, frequency domain M-sequence with low PAPR, ZC sequences concatenation in time). Also, in NR-SSS performance evaluation, proposed NR-SSS sequence is applied. The evaluation assumptions are summarized in Table 2 in Appendix A. 
4.1. PSS Sequence Design
PAPR and CM
In this subsection, we provide PAPR/CM result according to above sequence design. The results are shown in table 1:
Table 1. PAPR and CM value
	
	PAPR [dB]
	CM [dB]

	Frequency domain M-sequence (WA)
	4.87, 5.10, 5.74
	1.25, 1.76, 2.19

	M-sequence with low PAPR
	4.16, 3.99, 4.15
	1.10, 1.42, 1.50

	Four ZC sequences concatenation in time
	2.80, 3.49, 3.91
	0.094, 0.71, 0.79


According to above result, PAPR/CM of PSS design based on Four ZC sequences concatenation in time shows lower than PAPR/CM of PSS design based on M sequence. Comparing only WA and m-sequence with low PAPR, PAPR/CM of m-sequence with low PAPR is lower than WA. PAPR/CM is an important factor in determining the price of a power amplifier. In this point, PSS design which has low PAPR/CM should be considered.
Observation 1: On the view of PAPR/CM, PSS design based on ZC sequence has advantages over PSS design based on M sequence, and PSS design of m-sequence with low PAPR has advantages over PSS design of working assumption.
Misdetection Rate
In this subsection, we evaluate the misdetection rate of PSS only and joint PSS/SSS. Evaluation results are shown in figure 3 and figure 4:
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Figure 3. Misdetection rate of PSS (No Interferer)
From the results of Figure 3, the performances of each PSS design look similar. On the other hand, Four ZC sequences concatenation provides low detection complexity at UE side. 

[image: image5.emf]0.01

0.1

1

-12 -10 -8 -6 -4 -2 0

Misdetection rate

SNR(dB)

PSS Misdetection rate

Frequency domain M-sequence(WA) - Estimation gap 15kHz

Four ZC sequences concatenatnion in time - Estimation gap 15kHz

Four ZC sequences concatenatnion in time - Estimation gap 7.5kHz


Figure 4. Misdetection rate of PSS according to detection complexity (No Interferer)
From the result of Figure 4, it is observed that detection performance of four ZC sequence concatenation and working assumption is similar (i.e. gray solid line vs. gray dot line). In this case, ZC sequence concatenation has a benefit of low detection complexity. Also, when similar complexity of NR-PSS detection for these candidate NR-PSS sequence is assumed, we can see that four ZC sequence concatenation provides better performance than M-sequence (i.e. green solid line vs. gray dot line). 

Observation 2: The detection performance of PSS design based on concatenated ZC sequence is better than the detection performance of frequency domain m-sequence (working assumption) under the same detection complexity.
4.2. SSS Sequence Design
In this subsection, we compare the detection performance according to the number of set of NR-SSS sequence. For the evaluation, we assume NR-PSS design of working assumption. Also, the proposed NR-SSS sequence is applied for performance evaluation. The brief information of sequence design is as follows:

(1) Single set of NR-SSS (334 hypothesis per NR-PSS sequence)
(2) Two sets of NR-SSS (668 hypothesis per NR-PSS sequence)
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Figure 5. Misdetection rate of PSS/SSS (No Interferer)

In Figure 5, the significant performance degradation is not observed even though the hypothesis of NR-SSS sequence is increased twice. So, we can see the additional set of NR-SSS can be introduced in order to detect the boundary of SS burst set within default periodicity. 

Observation 3: The significant performance degradation is not observed even though the hypothesis of NR-SSS sequence is increased twice.
5. Conclusion
In this contribution, we discussed NR SS sequence design and bandwidth for NR SS sequence. Based on the discussion, following observations and proposals are given:
Observation 1: On the view of PAPR/CM, PSS design based on ZC sequence has advantages over PSS design based on M sequence, and PSS design of m-sequence with low PAPR has advantages over PSS design of working assumption.
Observation 2: The detection performance of PSS design based on concatenated ZC sequence is better than the detection performance of frequency domain m-sequence (working assumption) under the same detection complexity.
Observation 3: The significant performance degradation is not observed even though the hypothesis of NR-SSS sequence is increased twice.
Proposal 1: At least 15 kHz for below 6 GHz and 120 kHz for above 6GHz (i.e. from 6GHz to 52.6 GHz) should be considered as default subcarrier spacing for NR-SS transmission. Also, we should consider the possibility of introducing larger subcarrier spacing for NR-SS transmission (i.e. 30kHz and 240kHz).
Proposal 2: NR-SS sequence can be mapped at the central resource elements of transmission bandwidth, and some REs can be reserved as guard subcarrier.

Proposal 3: NR-SS Bandwidth is defined as follows:
· NR-SS Bandwidth of 2.16MHz for 15 kHz subcarrier spacing

· NR-SS Bandwidth of 4.32MHz for 30 kHz subcarrier spacing
· NR-SS Bandwidth of 17.28MHz for 120 kHz subcarrier spacing

· NR-SS Bandwidth of 34.56MHz for 240 kHz subcarrier spacing

Proposal 4: When the number of PSS sequence is 3, it is defined that the number of hypothesis of NR-SSS per PSS sequence is 334.
Proposal 5: NR-SS should adopt one of new NR-PSS sequence among two alternatives:
· Alt.1: Frequency M-sequence with low PAPR 

· Alt.2: Modified ZC sequence (Four ZC sequences concatenation in time domain)

Proposal 6: For NR-SSS sequence, the hypothesis of 334 is generated by two M-sequences, which have different polynomial. Then, 3rd M-sequence is applied as a scrambling sequence which is selected according to NR-PSS sequence. 
Proposal 7: In order to distinguish the default periodicity and others (e.g. 5, 10ms), additional set of NR-SSS is introduced. And this set of NR-SSS is applied for additional occasion of SS burst set within default periodicity.
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Appendix A:
Table 2. Link-level Evaluation Assumptions
	Parameter
	Value

	Carrier Frequency
	4GHz

	Channel Model
	CDL_C (delay scaling values: 100ns) 

	Subcarrier Spacing
	15 kHz

	Antenna Configuration
	TRP: (1,1,2) with Omni-directional antenna element
UE: (1,1,2) with Omni-directional antenna element

	Timing offset
	Uniformly distributed in [-1 ms, 1 ms]

	Frequency Offset
	5 ppm

	PSS/SSS detection
	One shot detection

	PSS/SSS period
	20 ms

	Subframe duration
	1 ms

	OFDM symbols in SF
	14

	Number of interfering TRPs
	2

	Operating SNR
	-6 dB
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