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1. Introduction
At the RAN1#AH meeting, following agreements related to NR-SS design were reached [1].
	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
· Striving for the design where NR-SS for different usage scenario (e.g., different frequency range) can be generated by using basic sequence length (e.g., applying different subcarrier spacing value)
· FFS: repetition/concatenation of same or different sequence with the same basic sequence length in frequency domain, repetition/concatenation of same or different sequence with the same basic sequence length in different OFDM symbols, single basic sequence mapped to multiple OFDM symbols, mapping the basic sequence to every N subcarriers, defining additional longer sequence than basic sequence

· FFS on message-based synchronization signal design
Agreements:
· For default subcarrier spacing of SS, at least for evaluation purposes, following two frequency range categories are defined

· Frequency range category #1 is evaluated for below 6 GHz

· Evaluate default subcarrier spacing value for this category from [15 kHz, 30 kHz, 60 kHz] until the next meeting
· Frequency range category #2 is evaluated for range from 6 to 52.6 GHz

· Evaluate default subcarrier spacing value for this category from [120 kHz, 240 kHz] until the next meeting
· FFS on the necessity of finer categorization
· Note: The impact of SS block duration on the achievable latency should be considered in addition to existing criteria

· RAN1 aims to down select default subcarrier spacing from above listed subcarrier spacing values for each agreed frequency range categories

· Note that final set of frequency categories may include more than the above two categories

· FFS whether PBCH subcarrier spacing is default subcarrier spacing for the respective frequency range category or not
Agreements:
· For frequency range category #1 (below 6 GHz) where [15 kHz, 30 kHz, 60 kHz] are candidate subcarrier spacing values:

· Candidate minimum NR carrier bandwidth are [5 MHz, 10 MHz, 20 MHz]

· Candidate transmission bandwidth of each synchronization signal are about [1.08 MHz, 2.16 MHz, 4.32 MHz, 8.64 MHz]

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

· Candidate minimum NR carrier bandwidth are [20 MHz, 40 MHz, 80 MHz]

· Candidate transmission bandwidth of each synchronization signal are about [8.64 MHz, 17.28 MHz, 34.56 MHz, 69.12 MHz]

· The above frequency range categories may be further divided into different categories with different parameters

· FFS on bandwidth of additional synchronization signal(s) if defined
· NR minimum carrier bandwidth for carrier which does not support initial access is FFS

· FFS: UE bandwidth


In this contribution, we discuss further details on NR-PSS/SSS structure, which includes essential default parameters such as subcarrier spacing, bandwidth and sequence length. In addition, we also provide the link-level evaluation results related to parameters as listed above with agreed RAN1 link-level evaluation assumptions [2]. 

Our views on detailed sequence design and SS burst set composition including PSS/SSS/PBCH multiplexing design are shown in our companion contributions [3-4].
2. Discussion and evaluation on NR-PSS/SSS structure
2.1. NR-SS subcarrier spacing
The subcarrier spacing of NR-SS is one of the key parameters for the NR-SS design. It can be derived by considering the target robustness against frequency offset and phase noise for initial synchronization to a frequency carrier and corresponding complexity for frequency offset compensation. Once it is derived, other fundamental parameters of NR-SS such as transmission bandwidth and sequence length can be discussed. So we consider that the subcarrier spacing of NR-SS should be designed first. 

In initial access procedure, UE first needs to search NR-PSS to achieve coarse time/frequency synchronization with NR cell. There are multiple schemes for PSS detection in presence of frequency offset. In our evaluation, following scheme based on [5] is considered.
· Frequency offset compensation scheme based on [5]
· 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 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.

As mentioned above, even if larger frequency offset than SS subcarrier spacing exists, the frequency offset can be compensated using the FFO/IFO compensation scheme. However, using shorter subcarrier spacing for PSS increases the required number of PSS replicas for IFO compensation at UE. On the other hand, assuming a certain fixed SS bandwidth, using larger SS subcarrier spacing leads to shorter SS sequence length. So, there would be trade-off between the sequence length gain and detection complexity for NR-PSS detection. 
Here, we evaluate the impact from the subcarrier spacing and sequence length to the SS detection performance. Table 1 shows the link level evaluation results on one-shot detection performance with different SS subcarriers. Simulation assumptions are shown in Annex. In the evaluation, SS transmission bandwidth is assumed as 4.32/34.56 MHz when fc = 4/30 GHz irrespective of subcarrier spacing value. From Table 1, we can observe that 15/120 kHz subcarrier spacing values seem to be optimal for fc = 4/30 GHz if target frequency offset is about 5 ppm. In addition, by using more PSS replicas applied with other IFO candidates, 15/120 kHz subcarrier spacing works well even if UE suffer from larger initial frequency offset such as 10 ppm. 
To avoid mixed numerology operation due to different subcarrier spacing between default value for SS and actual value for data, it is beneficial to decide default subcarrier spacing for SS based on typical subcarrier spacing for data in given frequency range. At least in LTE frequency bands, 15 kHz subcarrier spacing should be considered since NR coexisting with LTE in the same spectrum would use 15 kHz subcarrier spacing for efficient coexistence.
Observation 1: 15 kHz and 120 kHz SS subcarrier spacing provide the best detection performance for fc = 4 GHz and 30 GHz, respectively.
Observation 2: Even if higher frequency offset than SS subcarrier spacing exists, it can be compensated by using FFO/IFO compensation scheme at the cost of increased number of PSS replicas and corresponding correlation operations.
Proposal 1: Subcarrier spacing of NR-PSS/SSS should be decided according to target frequency offset and UE computational complexity.
· At least in LTE frequency bands, 15 kHz subcarrier spacing should be considered.
Table 1: One-shot detection probability with different SCS
	Es/N0
[dB]
	fc
[GHz]
	Bandwidth
[MHz]
	SCS
[kHz]
	Number of IFO candidates
	UE frequency offset [ppm]

	
	
	
	
	
	5
	10

	-6
	4
	4.32
	15
	3
	0.71
	0.41

	
	
	
	
	5
	0.63
	0.60

	
	
	
	30
	1
	0.41
	0.22

	
	
	
	
	3
	0.50
	0.51

	
	
	
	60
	1
	0.31
	0.24

	-6
	30
	34.56
	120
	3
	0.74
	0.45

	
	
	
	
	5
	0.65
	0.64

	
	
	
	240
	1
	0.45
	0.23

	
	
	
	
	3
	0.50
	0.50

	
	
	
	480
	1
	0.25
	0.21


Table 2 shows the carrier frequency range in which maximum frequency offset does not exceed +/- 0.5 subcarrier spacing. From Table 2, we can observe that 15 kHz subcarrier spacing can be applied easily for below 1.5 GHz frequency range since IFO compensation can be omitted within this frequency range. Although 15 kHz subcarrier spacing can provide good detection performance in higher frequency range e.g., 4 GHz as shown in Table 1, it requires increased number of IFO candidates, i.e., larger computational complexity for PSS detection and IFO compensation. Assuming 5 ppm as target frequency offset, 15 kHz subcarrier spacing with 3 IFO candidates can cover frequency range of below 4.5 GHz. In the same manner, 30 kHz subcarrier spacing with 3 IFO candidates can cover frequency range of below 9 GHz, and 120 kHz subcarrier spacing with 3 IFO candidates can cover frequency range of below 36 GHz. In order to decide default subcarrier spacing values with frequency range categorization, SS bandwidth, sequence length and minimum carrier bandwidth should be considered and hence next subsection discusses on them.
Proposal 2: 15 kHz SS subcarrier spacing should be applied at least below 1.5 GHz frequency band

Table 2: Carrier frequency range in which maximum frequency offset does not exceed +/- 0.5 subcarrier spacing
[image: image1.emf]Frequency offset

[ppm]

Subcarrier spacing [kHz]

15 30 60 120 240 480

0.1 < 75 GHz < 150 GHz < 300 GHz < 600 GHz < 1200 GHz < 2400 GHz

5 < 1.5 GHz < 3 GHz < 6 GHz < 12 GHz < 24 GHz < 48 GHz

10 < 750 MHz < 1.5 GHz < 3 GHz < 6 GHz < 12 GHz < 24 GHz

20 < 375 MHz < 750 MHz < 1.5 GHz < 3 GHz < 6 GHz < 12 GHz


2.2. NR-SS bandwidth and sequence length
As discussed in previous sub-section, once the SS subcarrier spacing is appropriately set, NR-SS bandwidth is the next essential parameter to be decided for SS sequence length and UE complexity. Wider SS bandwidth allows longer SS sequence length which provides basically good correlation performance in NR-PSS/SSS detection. On the other hand, narrower SS bandwidth also provides benefit in terms of lower detection complexity and higher PSD based on SS power boosting. Especially in higher frequency range, we think power boosting for NR-PSS/SSS transmission would be important. Hence, we should carefully consider the minimum SS bandwidth to achieve sufficient detection performance. Here we perform link-level simulation to evaluate appropriate SS bandwidth and sequence length for NR initial access. Table 3 shows the one-shot detection performance with different SS bandwidth/sequence length. In the evaluation, we assume that SS subcarrier spacing is fixed to 15 kHz for 4 GHz carrier frequency. We assume that the transmission power applied to NR-SS transmission bandwidth is the same for different SS bandwidth. In that case, we can consider that when SS bandwidth is doubled, Es/N0 is decreased by 3 dB because of the decrease in PSD of SS signals. Therefore, to evaluate the optimal SS bandwidth, we assume different Es/N0 values for different SS bandwidth as shown in Table 3. 
From Table 3, we can observe that narrower SS bandwidth causes the degradation of detection performance when interference TRP exists. It means that longer SS sequence with good correlation performance is beneficial to suppress negative impact of interfering TRPs in terms of NR-SS detection performance. As another issue, we should consider to increase the number of NR cell IDs compared with that in LTE. For example, LTE SS sequence with length of 63 can express the combination of 961 patterns. So 1.08 MHz (sequence length of 63) of SS bandwidth is not enough to support a larger number of NR cell IDs such as 2000 IDs [3]. Therefore, when 15 kHz SS subcarrier spacing is applied, 2.16 MHz (sequence length of 127) or 4.32 (sequence length of 255) SS bandwidth is preferable. On the other hands, wider UE monitoring bandwidth causes the increase of sampling rate at UE. So we should consider the balance between detection performance and UE effort. We think 4.32 MHz SS bandwidth based on sequence length of 255 would provide good detection performance with acceptable UE burden for frequency range with 15 kHz subcarrier spacing. Then, based on the agreements made at last RAN1 meeting, linear scaling of bandwidth based on fixed sequence length is preferable for other frequency ranges with different subcarrier spacing.
Observation 3: Wider SS bandwidth provides good detection performance when interference TRP exists.
Proposal 3: Sequence length of {127, 255} for NR-SS is preferable in terms of detection performance and support of large number of NR cell IDs.
· For frequency range where 15 kHz default subcarrier spacing is applied, 4.32 MHz SS bandwidth based on sequence length of 255 would provide good detection performance with acceptable UE burden.
· For frequency range where n*15 kHz default subcarrier spacing is applied, n*4.32 MHz SS bandwidth based on the same sequence length with that for frequency range with 15 kHz subcarrier spacing is preferable.
Table 3: One-shot detection performance with different SS bandwidth/sequence length
	fc
[GHz]
	SCS

[kHz]
	Es/N0
[dB]
	Bandwidth

[MHz]
	Sequence

length
	Number of interference TRPs

	
	
	
	
	
	0
	2

	4
	15
	0
	1.08
	63
	0.70
	0.47

	
	
	-3
	2.16
	127
	0.74
	0.58

	
	
	-6
	4.32
	255
	0.74
	0.60


For SS bandwidth, minimum carrier bandwidth for a given frequency range should also be taken into account. We think 5 MHz minimum carrier bandwidth may be applied to certain frequency range but it should be limited e.g., only frequency range where 5 MHz NR carrier deployment has certain possibility. So even below 6 GHz frequency range, we think minimum carrier bandwidth should be 10 or 20 MHz for some part of the frequency range e.g., from 3.5 GHz to 6 GHz. Then, even if basic sequence length is 255, subcarrier spacing wider than 15 kHz can be applied e.g., SS bandwidth of 8.64 MHz with 30 kHz subcarrier spacing can be used for frequency range where minimum carrier bandwidth is 10 or 20 MHz.
In summary, we propose following default SS structure and corresponding frequency categorization.
Proposal 4: Following default SS structure and corresponding frequency categorization should be considered.
· For frequency range of at least below 1.5 GHz:

· Default SS subcarrier spacing is 15 kHz

· Default SS transmission bandwidth is 4.32 MHz based on SS sequence length of 255
· Minimum carrier bandwidth is 5 MHz

· For frequency range of at least above 1.5 GHz and below 6 GHz:
· Default SS subcarrier spacing is {15, 30} kHz

· Default SS transmission bandwidth is {4.32, 8.64} MHz based on SS sequence length of 255
· Minimum carrier bandwidth is {10, 20} MHz

· For frequency range of above 6 GHz and at least below 36 GHz:
· Default SS subcarrier spacing is 120 kHz

· Default SS transmission bandwidth is 34.56 MHz based on SS sequence length of 255
· Minimum carrier bandwidth is {40, 80} MHz

· For frequency range of at least above 36 GHz and below 52.6 GHz:
· Default SS subcarrier spacing is {120, 240} kHz

· Default SS transmission bandwidth is {34.56, 69.12} MHz based on SS sequence length of 255

· Minimum carrier bandwidth is {40, 80} MHz

3. Conclusion 

In this contribution, we discussed on NR-PSS/SSS structure, which includes essential default parameters such as subcarrier spacing, bandwidth and sequence length. We made the following observations and proposals based on discussion and evaluation results.

Observation 1: 15 kHz and 120 kHz SS subcarrier spacing provide the best detection performance for fc = 4 GHz and 30 GHz, respectively.
Observation 2: Even if higher frequency offset than SS subcarrier spacing exists, it can be compensated by using FFO/IFO compensation scheme at the cost of increased number of PSS replicas and corresponding correlation operations.
Proposal 1: Subcarrier spacing of NR-PSS/SSS should be decided according to target frequency offset and UE computational complexity.
· At least in LTE frequency bands, 15 kHz subcarrier spacing should be considered.
Proposal 2: 15 kHz SS subcarrier spacing should be applied at least below 1.5 GHz frequency band

Observation 3: Wider SS bandwidth provides good detection performance when interference TRP exists.
Proposal 3: Sequence length of {127, 255} for NR-SS is preferable in terms of detection performance and support of large number of NR cell IDs.

· For frequency range where 15 kHz default subcarrier spacing is applied, 4.32 MHz SS bandwidth based on sequence length of 255 would provide good detection performance with acceptable UE burden.

· For frequency range where n*15 kHz default subcarrier spacing is applied, n*4.32 MHz SS bandwidth based on the same sequence length with that for frequency range with 15 kHz subcarrier spacing is preferable.
Proposal 4: Following default SS structure and corresponding frequency categorization should be considered.

· For frequency range of at least below 1.5 GHz:

· Default SS subcarrier spacing is 15 kHz

· Default SS transmission bandwidth is 4.32 MHz based on SS sequence length of 255

· Minimum carrier bandwidth is 5 MHz

· For frequency range of at least above 1.5 GHz and below 6 GHz:

· Default SS subcarrier spacing is {15, 30} kHz

· Default SS transmission bandwidth is {4.32, 8.64} MHz based on SS sequence length of 255

· Minimum carrier bandwidth is {10, 20} MHz

· For frequency range of above 6 GHz and at least below 36 GHz:
· Default SS subcarrier spacing is 120 kHz

· Default SS transmission bandwidth is 34.56 MHz based on SS sequence length of 255

· Minimum carrier bandwidth is {40, 80} MHz

· For frequency range of at least above 36 GHz and below 52.6 GHz:
· Default SS subcarrier spacing is {120, 240} kHz

· Default SS transmission bandwidth is {34.56, 69.12} MHz based on SS sequence length of 255

· Minimum carrier bandwidth is {40, 80} MHz
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Annex: Link-level simulation assumptions
Table A-1: Link level simulation assumptions

	 
	Below 6GHz
	Above 6GHz

	Carrier Frequency
	4 GHz
	30 GHz

	Channel Model
	CDL-C 
· with delay scaling values of 100 ns for 4 GHz, 30 ns for 30 GHz
· ASD = 5 degree, ASA = 30 degree, 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

	Subcarrier Spacing(s)
	15 kHz/30kHz/60kHz for PSS/SSS
	120 kHz/240kHz/480kHz for PSS/SSS

	SNR range
	Es/N0 = -6 dB

	UE speed
	3km/h
	3km/h

	Search window
	5 ms

	Antenna Configuration at the TRP
	(1,1,2) with omni-directional antenna element
	(4,8,2), with directional antenna element (HPBW=650, directivity 8dB)
Optional: (M,N,P,Mg,Ng) = (4,8,2,2,2). (dV,dH) = (0.5, 0.5)λ. (dg,V,dg,H) = (2.0, 4.0)λ

	Antenna Configuration at the UE
	(1,1,2) with omni-directional antenna element
	(M, N, P) = (2, 4, 2); With directional antenna element (HPBW=900, directivity 5dB). 

	Antenna port virtualization
	· Tx : 2 antenna ports, Rx: 1 antenna ports

· Specific antenna port virtualization is not considered on the assumption that ES/N0 includes the beamforming gain.

	Frequency Offset
	Initial acquisition
· TRP: uniform distribution +/- 0.05 ppm
· UE: uniform distribution +/- 5 ppm

	Phase Rotation Model
	 
	Follow the PN model of [6]

	Number of interfering TRPs 
	· 0 interfering TRP
· 2 interfering TRPs (1st SIR = 0dB, 2nd SIR = -3dB)


