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1. Introduction
At the RAN1#88 meeting, following agreements related to NR-SS sequence design were reached [1].

	Agreements:
· RAN1 considers following parameter sets with associated default subcarrier spacing and possible maximum transmission bandwidth for NR-SS design

· Parameter set #W associated with 15 kHz subcarrier spacing and NR-SS transmission bandwidth no larger than 5 MHz

·  Parameter set #X associated with 30 kHz subcarrier spacing and NR-SS transmission bandwidth no larger than 10 MHz

·  Parameter set #Y associated with 120 kHz subcarrier spacing and NR-SS transmission bandwidth no larger than 40 MHz

·  Parameter set #Z associated with 240 kHz subcarrier spacing and NR-SS transmission bandwidth no larger than 80 MHz

· Note that association between a frequency band and single set of default parameters (SCS, sequence length, NR-SS transmission bandwidth) will be defined in RAN4

· Note that each subcarrier spacing is associated with single sequence length and transmission bandwidth

· Note that additional  parameter set or further down selection of  parameter set is not precluded
· This agreement does not preclude any subcarrier spacing for data channel

Agreements:
· At least, Normal CP is supported for NR-PSS/SSS
Agreements:
· For carrier supporting initial access,
· For frequency range up to 6 GHz, minimum carrier bandwidth for NR can be either 5 or 10 MHz and is frequency band dependent
· For frequency range from 6 GHz to 52.6 GHz, minimum carrier bandwidth for NR can be either 40 or 80 MHz and is frequency band dependent
· RAN1 considers that RAN4 will determine mapping between frequency band and minimum carrier bandwidth value in consideration with above
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

Agreements:
The number of antenna port of NR-PSS is 1


In email discussion [88-12] from RAN1#88 meeting, possible designs of NR-SS are proposed from individual companies [2]. In this contribution, we provide and compare link-level evaluation results for their designs, and discuss further details on NR-SS sequence design such as NR-PSS/SSS sequence type and parameters such as the sequence length and number of hypotheses for each of NR-PSS/SSS.
2. Discussion and evaluation on NR-PSS/SSS sequence design
2.1. NR-PSS sequence type and the number of hypotheses
In LTE Synchronization Signal (SS), PSS is based on Zadoff-Chu (ZC) sequence which can provide good auto-correlation performance even if short sequence length within limited SS bandwidth is applied. However, in NR-SS, wider SS bandwidth than that in LTE could be assumed for NR-SSS based RRM measurement and to support more NR cell IDs. In that sense, also M-sequence can be considered for NR-PSS since M-sequence can also provide good auto-correlation performance when sequence length is sufficiently long. In addition, to cope with large UE frequency offset in case of initial access such as 5 ppm, it may be beneficial to apply wider subcarrier spacing only for NR-PSS. However, if actual OFDM symbol length of NR-PSS is different from that of NR-SSS, it would cause complicated resource mapping design and detection procedure. One possible solution based on above discussion is shown in Figure 1, and corresponding SS detection scheme is described below as follows.
· Detection scheme based on mapping approach shown in Figure 1 (hereafter called as “Comb structure” for NR-PSS)
· PSS symbol in time domain is a repetition of half-length symbol based on comb mapping as shown in Figure 1
· PSS detection procedure including CFO compensation is performed before PSS detection. 

· After detecting PSS timing and pattern, time domain repetition structure of PSS as shown in Figure 1 is utilized for further frequency offset compensation. The correlation between former part of received PSS signal and latter part of received PSS signal will reflect phase rotation within half OFDM symbol length due to residual frequency offset (RFO) and hence it can be used to estimate the RFO. If this further frequency offset compensation works well, residual frequency offset in SSS detection procedure can be reduced and hence SSS subcarrier spacing can be narrow and longer sequence length can be applied within a limited transmission bandwidth.
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Figure 1: Mapping approach for wider PSS subcarrier spacing
Here, we perform the link-level evaluation on the one-shot misdetection rate for different NR-PSS sequence type. 2 interfering TRPs (1st SIR = 0dB and 2nd SIR = -3dB) are assumed in the evaluation, and single PSS ID-based mechanism is applied. Other general simulation assumptions are shown in Annex. From Table 1-1, we can observe that NR-PSS based on M-sequence provides better misdetection performance than ZC sequence. As shown in Table 1-2, ZC-sequence would be slightly preferable in terms of PAPR performance, however, we think PAPR performance difference is marginal and detection performance is more important metric for NR-PSS. 
Proposal 1: M-sequence is slightly preferable to improve one-shot detection performance in NR-PSS.
In addition, it is observed that M-sequences with and without comb structure provide the same detection performance as shown in Table 1-1. However, from Table 1-2, M-sequence with comb structure can achieve better PAPR/CM. PAPR/CM performance is highly depending on the number of subcarriers. The effective number of subcarriers for NR-PSS with comb structure is half than normal consecutive mapping as in LTE PSS. So NR-PSS with comb structure is beneficial to improve PAPR/CM performance. In addition, NR-PSS with comb structure can utilize timing detection based on auto-correlation between former and latter parts of received NR-PSS signal. The auto-correlation based timing detection has strong robustness against CFO so we also can observe that NR-PSS with comb structure improve residual timing offset performance as shown in Table 1-3.  
Proposal 2: M-sequence with comb structure should be considered for NR-PSS.

Table 1-1: One-shot misdetection rate for different PSS sequence type
(fc = 4 GHz, SS subcarrier spacing = 15 kHz, 2 interfering TRPs)
	Sequence

Length
	PSS
	SSS
	Misdetection

rate

	
	Sequence type
	# Sequences
	Sequence type
	# Hypotheses
	

	254
	ZC sequence
	1
	Concatenated

M-sequence
	1000
	0.41

	
	M-sequence
	
	
	
	0.38

	
	M-sequence with

comb structure
	
	
	
	0.38


Table 1-2: PAPR and CM value
	PSS
	PAPR
[dB]
	CM
[dB]

	Sequence type
	# Sequences
	
	

	ZC sequence
	1
	5.3
	1.8

	M-sequence
	
	6.9
	1.6

	M-sequence with

comb structure
	
	5.9
	1.3


Table 1-3: 50% and 90% tile residual timing offset and carrier frequency offset after PSS/SSS detection
	
	No interferer
	2 Interferers

	
	Residual timing

offset (us)
	Residual carrier

frequency offset (kHz)
	Residual timing

offset (us)
	Residual carrier

frequency offset (kHz)

	ZC sequence
	0.0 / 0.0
	0.2 / 0.6
	0.5 / 3.6
	0.3 / 0.8

	M-sequence
	0.0 / 0.0
	0.2 / 0.6
	0.5 / 3.6
	0.3 / 0.8

	M-sequence with

comb structure
	0.0 / 0.0
	0.2 / 0.6
	0.4 / 3.2
	0.3 / 0.8


Table 2 shows the one-shot misdetection rate for different numbers of IDs in PSS sequence. In evaluation, total number of PCIs is assumed as 1000. Therefore, 1 or 3 IDs are associated with PSS sequence and remaining PCIs are associated with SSS sequence, i.e., 1000 or 334. As shown in Table 2, single PSS sequence provides better misdetection performance than 3 PSS sequence. In addition, in NR-PSS detection, smaller number of PSS sequence patterns is preferable in the sense that NR-PSS detection would be the most complexity-centric due to huge number of hypotheses. Therefore, single PSS sequence, i.e. NR-PSS without carrying any ID is preferable for NR-PSS detection.
Proposal 3:  Single PSS sequence should be applied in NR.
Table 2: One-shot misdetection rate for different number of PSS sequence
(fc = 4 GHz, SS subcarrier spacing = 15 kHz, 2 interfering TRPs)
	Sequence

Length
	PSS
	SSS
	Misdetection

rate

	
	Sequence type
	# Sequences
	Sequence type
	# Hypotheses
	

	254
	M sequence
	1
	Concatenated

M-sequence
	1000
	0.38

	
	
	3
	
	334
	0.41


2.2. NR-SSS sequence type and the number of hypothesis
Regarding on NR-SSS sequence, we first consider interleaved concatenation of two M-sequences as in LTE. It is beneficial in order to support large number of IDs in limited SS bandwidth. On the other hand, from the email discussion [88-12], some of companies propose NR-SSS based on non-concatenated M sequence. Figure 2-1 and 2-2 show the cross-correlation performance between different NR cell IDs. In interleaved concatenation of two M-sequences, each sub-sequences mapped to even/odd subcarriers keep correlation property from basic M-sequence as shown in Figure 2-1.  On the other hand, in non-concatenated sequence based mechanism, NR-SSS ID is provided by using selected sequence pattern from multiple candidate sequences generated by different generator polynomials and cyclic shift pattern of selected sequence. As shown in Figure 2-2, the correlation performance between different M sequences is worse than interleaved concatenation mechanism. Such relatively high cross-correlation property in non-concatenated sequence may cause wrong detection of cell(s) which does not exist actually. In addition, the available number of cell IDs provided by non-concatenated sequence would be smaller than that provided by concatenated sequences because of limited number of generator polynomials for M-sequence.
[image: image2.emf](a) Half sequence 

for odd subcarriers

(b) Half sequence

for even subcarriers

0 20 40 60 80 100 120

Difference of cyclic shift between sequences

-25

-20

-15

-10

-5

0

C

r

o

s

s

 

c

o

r

r

e

l

a

t

i

o

n

 

[

d

B

]

0 20 40 60 80 100 120

Difference of cyclic shift between sequences

-25

-20

-15

-10

-5

0

C

r

o

s

s

 

c

o

r

r

e

l

a

t

i

o

n

 

[

d

B

]

 
Figure 2-1: Cross-correlation function of concatenated M sequence
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Figure 2-2: Cross-correlation function of non-concatenated M sequence

Here we evaluate the impact of NR-SSS sequence type. Table 3-1 shows One-shot misdetection rate for different SSS sequence type at -6 dB average received SNR condition with 2 interfering TRPs. We also evaluate the impact of the number of IDs associated with NR-SSS sequences. Table 3-1 shows that there is almost no performance difference between NR-SSS sequence types. In addition, we can also observe that different number of IDs provides almost the same misdetection rate performance. However, for the potential of large number of IDs, concatenated M sequence is beneficial. Table 3-2 shows PAPR/CM performance for different SSS sequence type. Table 3-2 shows that concatenated M-sequence provides higher PAPR/CM values than Non-concatenated M-sequence. In NR-SS, we think 1000 or more number of cell IDs are needed to avoid complicated NR cell planning. In addition, NR-SSS may convey the additional information such as (part of) SS block index. So we think the available number of IDs and lower cross-correlation property would be more important than PAPR/CM performance.

Proposal 4: Concatenated M-sequence is preferable for NR-SSS to support large number of IDs
Table 3-1: One-shot misdetection rate for different SSS sequence type
(fc = 4 GHz, SS subcarrier spacing = 15 kHz, 2 interfering TRPs)
	Sequence

length
	PSS
	SSS
	Misdetection

Rate

	
	Sequence type
	# Sequences
	Sequence type
	# Hypotheses
	

	254
	M sequence
	1
	Concatenated

M-sequence
	1000
	0.38

	
	
	
	
	2000
	0.39

	
	
	
	
	4000
	0.39

	
	
	
	Non-concatenated
M-sequence
	1000
	0.37

	
	
	
	
	2000
	0.37


Table 3-2. PAPR and CM values
	PSS
	PAPR
[dB]
	CM
[dB]

	Sequence type
	# Sequences
	
	

	Concatenated

M-sequence
	1
	11.2
	6.0

	Non-concatenated
M-sequence
	
	6.7
	1.6


2.3. NR-SS sequence design
Based on the evaluation and discussion as described above, we prefer the single NR-PSS based on M-sequence with comb structure and NR-SSS based on interleaved concatenation of two M-sequences which carries more than 1000 IDs. Wider SS bandwidth with longer sequence length can improve detection performance. In that sense, SS bandwidth should apply maximum bandwidth not more than minimum UE bandwidth. In addition, considering existing LTE band, we should support 15 kHz subcarrier spacing to support possible scenarios with extreme wide coverage. We think that minimum UE bandwidth for 15 kHz carrier range is about 5 MHz, so the SS bandwidth for 15 kHz should be 4.32 MHz (254 sequence length). From discussion above, we make the summary of our NR-SS design as follows.
Table 4: NR-SS design

	Default SCS / SS Tx Bandwidth / min. UE Bandwidth
	· 15 kHz, 4.32 MHz, 5 MHz
· 30 kHz, 8.64 MHz, 10 MHz
· 120 kHz, 34.56 MHz, 40 MHz
· 240 kHz, 69.12 MHz, 80 MHz

	PSS
	Sequence type
	M sequence with comb structure

	
	Sequence length
	254

	
	The number of sequences (i.e., IDs)
	1

	SSS
	Sequence type
	Concatenated sequence of  two M-sequences

	
	Sequence length
	254

	
	The number of sequences (i.e., IDs)
	More than 1000

	
	The number of antenna ports
	1


From email discussion [88-12], possible designs of NR-SS are proposed from individual companies. NR-SS design has several discussion points such as SS default parameters, sequence type, and the number of hypotheses. In previous subsections, we evaluate NR-SS design based on each discussion point. Here we also evaluate overall NR-SS designs proposed by different companies. In the discussion, multiple CFO compensation schemes are mentioned by different companies, however the schemes can be classified into two groups as follows.

· Correlation detection with M-parts replica

· Correlation detection with multiple CFO hypotheses

In this contribution, we assume scheme #1 and #2 as described below.
· Scheme #1 based on correlation detection with M-parts replica [3]

· UE first searches a correlation peak between received signal within 5 ms window and PSS replica which is split into M-parts. In LTE cell search, three PSS patterns are used and local ID within cell group is derived by PSS replica pattern which provides the strongest correlation peak. The correlation peak values derived by each part of the PSS replica are used to estimate frequency offset and to compensate it. Since the correlation value reflects phase rotation within one part of replica length, frequency offset estimation range is limited to subcarrier spacing multiplied by M.

· Then UE performs FFT at received symbol containing SSS and calculates correlation values between received SSS sequence and each of specified SSS sequences. The strongest correlation value is compared with threshold so that false alarm rate does not exceed a target value. Once a cell is detected, PSS and SSS are jointly used for further frequency offset compensation.

· Scheme #2 based on correlation detection with multiple CFO hypotheses [3, 4]

· Before searching PSS timing, initial frequency offset compensation is performed. Since there are cyclic prefix parts in received signal, correlation value between received signal within 5 ms window and its shifted version with one OFDM symbol length (not including CP length) will show a certain level of correlation with phase rotation according to frequency offset. The correlation value can be used to estimate the frequency offset, but the estimation range is limited to subcarrier spacing since the correlation value reflects phase rotation within one OFDM symbol length. So, this is a compensation for fractional part of frequency offset (FFO), and there may be remaining part (ideally one or multiple integer of subcarrier spacing) of frequency offset when initial frequency offset is larger than subcarrier spacing.

· Next, such remaining part of frequency offset is estimated by using multiple M-part PSS replicas with and without applying integer frequency offset. UE searches a correlation peak between received signal after FFO compensation within 5 ms window and PSS replicas with and without such intentional frequency offset. PSS replica providing strongest correlation peak value reflects estimated integer part of frequency offset (IFO), and PSS timing can also be derived by the timing of correlation peak.

· SSS detection procedure is the same as that in Scheme#1.

The link-level evaluation results with proposed NR-SS designs from some of companies are shown in Table 5. If we focus on the case when Es/N0 = -6 dB, the designs with 254 (or 255) sequence length provides better performance than that with shorter sequence length since longer sequence length is beneficial to improve detection performance. However, in the case, effective transmission power is different because of different SS bandwidth. So, we also need to evaluate in the case when same SS transmission power is applied for different SS bandwidth. In such case, when SS bandwidth is doubled, Es/N0 is decreased by 3 dB because of the decrease in PSD of SS signals. For fair comparison between designs with different bandwidth, we evaluate Es/N0 = -3 dB case for narrow SS bandwidth design (i.e. 126 or 127 sequence length) and Es/N0 = -6 dB case for both narrow SS bandwidth design and wide SS bandwidth design (i.e. 254 or 256 sequence length). From the results, we can observe that the designs with wide SS bandwidth designs provide slightly better performance than narrow SS bandwidth designs even if we assume 3dB power boosting for narrow SS bandwidth designs.  Therefore, in the sense of detection performance, longer SS sequence length, i.e. wider SS bandwidth, is beneficial. We also show in our companion contribution [5] that longer SS sequence length is beneficial to provide better RSRP measurement accuracy.
Proposal 5: Maximum SS bandwidth not more than minimum UE bandwidth should be applied for NR-SS

Table 5: One-shot misdetection rate for possible designs from individual companies
(fc = 4 GHz, SS subcarrier spacing = 15 kHz, 2 interfering TRPs)
	Company
	Seq. length
/ SCS
	PSS
	SSS
	CFO
Compensation
	Es/N0 [dB]

	
	
	Sequence type
	# Hypo.
	Sequence type
	# Hypo.
	
	-3
	-6

	NTT DOCOMO
	254/15kHz
	M-seq. mapped
to every 2 SCs
	1
	Concatenated

M-sequence
	1000
	Scheme #2
	
	0.38

	Ericsson
	126/30kHz
	Interleaved ZC sequence
	1
	Concatenated

M-sequence
	1008
	Scheme #2
	
	0.52

	ZTE
	126/15kHz
	ZC sequence
	3
	Concatenated

M-sequence
	336
	Scheme #2
	0.47
	0.57

	Samsung
	255/15kHz
	ZC sequence
	1
	Non-concatenated
M-sequence
	1000
	Scheme #2
	
	0.44

	Qualcomm
	127/30kHz
	ZC sequence
	3
	Non-concatenated

M-sequence
	334
	N/A
(Scheme #2)
	
	0.69

(0.54)

	Nokia
	127/15kHz
	M-sequence
	3
	Concatenated

M-sequence
	336
	Scheme #1
	0.54
	0.68


3. Conclusion

In this contribution, we discussed on NR-SS design, especially about sequence type, sequence length and the number of hypotheses for each of NR-PSS/SSS. Based on discussion and evaluation, we made the following proposals.
Proposal 1: M-sequence is slightly preferable to improve one-shot detection performance in NR-PSS.
Proposal 2: M-sequence with comb structure should be considered for NR-PSS.

Proposal 3:  Single PSS sequence should be applied in NR.
Proposal 4: Concatenated M-sequence is preferable for NR-SSS to support large number of IDs
Proposal 5: Maximum SS bandwidth not more than minimum UE bandwidth should be applied for NR-SS

References
[1]
3GPP RAN1 #88, Chairman’s note, February 2017.

[2]
3GPP, R1-1704860, LG Electronics, “Summary of [88-12] email discussion on NR-SS design,” April 2017.
[3] 
3GPP, R1-060862, Texas Instruments, “Comparison between repetitive and non-repetitive SCH structure for E-UTRA,” March 2006.
[4] 
Qi Wang, et al., “Carrier Frequency Synchronization in the Downlink of 3GPP LTE,” Proc. PIMRC 2010, Sept. 2010.
[5]
3GPP, R1-1705714, NTT DOCOMO, INC., “Discussion and evaluation on NR RRM measurement based on IDLE mode RS,” February 2017.

Annex A: Link-level simulation assumptions
Table 1. Link-level Evaluation Assumptions
	Parameter
	Value

	
	For below 6GHz
	For above 6GHz

	Carrier Frequency
	4GHz
	30GHz

	Default subcarrier spacing
	15kHz, 30kHz
	120kHz, 240kHz

	Channel Model
	CDL-C for 4 and 30 GHz, and CDL-D for 70 GHz (other CDL models are not precluded)

· with delay scaling values of 100ns (mandatory) and 1000ns (optional) for 4 GHz, 30 ns for 30 GHz

· with combination of ASA and ASD scaling values in sec. 7.7.5.1 in 38.900, for above 6 GHz cases

· ZSA = 5 degree, ZSD = 1 degree 

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

	Antenna Configuration
	

	UE speed
	

	Number of interfering TRPs
	

	Target received baseband SNR 
	-6dB

	NR-PSS/SSS detection
	Note: Good one-shot detection probability should be taken into account for reporting joint PSS/SSS misdetection rate, the residual timing error and frequency error.

Note: For reporting joint PSS/SSS detection latency, accumulation among SS blocks in different SS burst sets is not precluded.

	Frequency Offset
	· For initial acquisition

TRP: uniform distribution +/- 0.05 ppm

UE: uniform distribution +/- 5 ppm

 (each company to choose one)

	Timing arrival difference from interfering TRPs
	· Synchronous scenario: 

Uniformly distributed from -3/N us to +3/N us, where N denotes scaling factor (N= Default subcarrier spacing (kHz)/15(kHz)).


