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1. Introduction

At the RAN1#87 meeting, following agreements related to NR-SS design were reached.
	Agreements:
· Companies are encouraged to propose and evaluate following design parameters of NR-PSS/SSS until next meeting

· SS burst set periodicity

· Subcarrier spacing

· Sequence length

· Sequence type

· Number of IDs provided by NR-PSS/SSS

· Resource mapping/multiplexing

· 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

· Reasonable complexity for NR-PSS/SSS detection

· Good one-shot detection probability at -6 dB received baseband SNR condition with less than 1% false alarm rate
· Companies report detection probability, the residual timing error and frequency error 
· Good detection performance in multi-cell scenario

· Note: for mMTC, different target requirements may be considered

· Following aspects can be considered (not an exhaustive list)

· Low system overhead due to NR-PSS/SSS transmission

· Low PAPR of waveform for possible power boosting transmission

· Multiplexing with other signal/channel for efficient operation

· Utility of NR-PSS/SSS as reference signal for other channels, e.g., PBCH


In this contribution, we discuss further details on NR-PSS/SSS design, which includes essential parameters such as subcarrier spacing, bandwidth and multiplexing scheme between NR-PSS and NR-SSS. 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 NR-SS periodicity and sequence 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 to the SS detection performance. Figure 1 shows the link level evaluation results on initial access delay for different SS subcarriers. Simulation assumptions are shown in Annex. In the evaluation, SS transmission bandwidth is assumed as 5/40 MHz when fc = 4/30 GHz irrespective of subcarrier spacing value. From Figure 1-1, 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, from Figure 1-2, by using more PSS replicas applied with other IFO candidates, 15/120 kHz subcarrier spacing works well even if UE suffer larger UE target frequency offset such as 10 ppm.
Proposal 1: Subcarrier spacing of NR-PSS/SSS should be decided according to target frequency offset, phase noise, and UE computational complexity.

Proposal 2: Subcarrier spacing of NR-PSS/SSS should be 15 kHz and 120 kHz for fc = 4 GHz and 30 GHz, respectively.
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Figure 1-1: Initial access delay for different subcarrier spacing (UE frequency offset = 5 ppm)
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Figure 1-2: Initial access delay for different subcarrier spacing (UE frequency offset = 10 ppm)
2.2. NR-SS bandwidth
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 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 for NR initial access. In the evaluation, we assume that SS subcarrier spacing is fixed to 15 kHz and 120 kHz for 4 GHz and 30 GHz carrier frequency, respectively. 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 that Es/N0 = -6 dB for 5/40 MHz bandwidth, and Es/N0 = -9 dB for 10/80 MHz bandwidth for 4/30 GHz carrier frequency. Table 1 shows the one-shot detection probability for different SS bandwidth. From the result, we can observe that the 5/40 MHz bandwidth is slightly better than 10/80 MHz bandwidth for 4/30 GHz carrier frequency.
Observation 1: Assuming the fixed NR-SS transmission power for different transmission bandwidth, 5/40 MHz bandwidth provide slightly better performance than 10/80 MHz bandwidth for fc = 4/30 GHz carrier frequency.
Proposal 3: NR-SS bandwidth should be 5 MHz and 40 MHz for 4 GHz and 30GHz carrier frequency, respectively.

Table 1: One-shot detection probability (UE freq. Offset = 5 ppm)
	fc
[GHz]
	SCS
[kHz]
	Es/N0 [dB]
	Bandwidth
[MHz]
	DS scaling
[ns]
	UE speed
[km/h]
	Detection probability

	4
	15
	-6
	5
	100
	3
	0.75

	
	
	-9
	10
	
	
	0.71

	30
	120
	-6
	40
	30
	3
	0.80

	
	
	-9
	80
	
	
	0.76


2.3. NR-SS CP length
RAN 1 agreed that NR synchronization signal is based on CP-OFDM.  In LTE, blind detection of CP overhead, i.e. Normal/Extended CP, is needed since SSS detection is performed based on the relative position between PSS and SSS, and it increases number of hypotheses for SSS detection. We think it is preferable that blind detection of CP overhead is not performed in NR-SSS detection procedure since detection performance and complexity of NR-SS should be prioritized. One possible approach to avoid the blind detection of CP overhead is to apply fixed CP overhead to NR-SS irrespective of CP overhead used for other signals. However, the different CP overhead between the signals multiplexed especially in frequency domain cause the degradation of detection performance.  So, we think it is also preferable that basically common CP overhead for NR-PSS/SSS and other signals/channels is applied. Our proposed resource mapping with fixed relative position (i.e., TDM between NR-PSS and NR-SSS in different subframe or slots) discussed in Section 2.5 does not require such blind detection.
Proposal 4: Basically common CP overhead should be assumed for NR-PSS/SSS and other signals/channels.
Proposal 5: The blind detection of CP overhead by using relative position between PSS and SSS should be removed in NR.
2.4. Multiplexing between NR-PSS and NR-SSS
Before the discussion on the detail of resource mapping of NR-PSS and NR-SSS, we need to consider the principle of multiplexing between NR-PSS and NR-SSS, e.g., TDM or FDM. In the discussion, we assume that SS subcarrier spacing should be the same for both TDM and FDM approaches as discussed previously. In addition, if we assume the same bandwidth for each of NR-PSS/SSS in both TDM and FDM approaches, potential detection performance for each signal is the same in both approaches.
However, in terms of the PAPR performance, FDM approach is worse because of the different SS sequences multiplexed in the frequency domain. In addition, if UE monitor NR-PSS/SSS multiplexed in frequency domain together, non-orthogonality between NR-PSS and NR-SSS causes the performance degradation especially in PSS correlation detection. So in following evaluation result, we assume that the guard band is inserted between NR-PSS and NR-SSS and UE monitors NR-PSS and NR-SSS separately with anti-aliasing filters as shown in Figure 2. On the other hand, TDM approach works well in terms of power boosting. In addition, TDM approach allows frequency domain equalization (FDE) using channel information estimated by NR-PSS sequence in NR-SSS detection. The impact from FDE is discussed and evaluated in next subsection.
Table 2 shows the detection performance for different multiplexing approaches. FDE is not applied in NR-SSS detection for both approaches. From the result, even if UE applies the anti-aliasing filters to monitor NR-PSS and NR-SSS separately in FDM approach, we can observe that TDM approach provides better detection performance than that of FDM approach. The performance degradation in FDM approach due to residual aliasing interference and distortion of anti-aliasing filters can be suppressed by using larger guard band between NR-PSS and NR-SSS. However, the large guard band decreases the available number of subcarriers within a certain bandwidth for NR-PSS and NR-SSS.
Observation 2: In the case of FDM between NR-PSS and NR-SSS, to mitigate aliasing interference, filtering and guard band are necessary for each NR-PSS and NR-SSS.
Observation 3: The detection performance of FDM approach is degraded by residual aliasing interference and distortion of anti-aliasing filters.
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Figure 2: example of resource mapping
Table 2: One-shot detection probability for different multiplexing (UE freq. Offset = 5 ppm)
	Multiplexing
	fc
[GHz]
	SCS
[kHz]
	Bandwidth
[MHz]
	DS scaling
[ns]
	UE speed
[km/h]
	Number of symbols between PSS and SSS

	TDM
	4
	15
	5
	100
	3
	0.75

	FDM
	
	
	
	
	
	0.64


We should also strive for common NR-SS framework between single-beam based and multi-beam based operations at least for standalone initial access. Even in low frequency, multi-beam based operation may be applied, and single-beam based operation in high frequency may also be possible. As mentioned above, we think that TDM approach, which provides good detection performance, is preferable as baseline. However, in non-standalone carrier, UE can be informed of any type of NR-PSS/SSS structure by serving cell. In addition, it is not preferable that large number of OFDM symbols is occupied only with NR-PSS/SSS because of the multi-beam based operation especially with large number of beams e.g., in high frequency operation. Therefore, in case of the access to non-standalone NR carrier, FDM approach can be consider for multi-beam based operation with large number of beams.

Observation 4: We should strive for common NR-SS framework between single-beam based and multi-beam based operations at least for standalone initial access. 

Proposal 6: Multiplexing between NR-PSS and NR-SSS should be TDM as baseline.
· If FDM has significant benefit in case of operation with large number of beams, it can be applied to non-standalone carrier since UE can be informed of any type of NR-PSS/SSS structure by serving cell.
2.5. Discussion on resource mapping of NR-PSS/SSS
In LTE, PSS and SSS are multiplexed in time domain and different SSS time positions are assumed for different frame structure type (FDD or TDD) and CP overhead (normal or extended). As argued in previous section, we think the blind detection of CP overhead by using relative position between PSS and SSS should be removed in NR to achieve better detection performance, less UE burden and forward compatibility to possible new CP overhead. So TDM of NR-PSS and NR-SSS within a same slot or subframe like in LTE is not appropriate since the relative position between NR-PSS and NR-SSS changes with CP overhead. Figure 3 shows two examples of resource mapping of NR-PSS, NR-SSS and also NR-PBCH in case of multi-beam based operation with TDM approach. 
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Figure 3: Examples of resource mapping of NR-PSS, NR-SSS and NR-PBCH with multi-beam based operation

· Figure 2 (a) shows Example#1 in which NR-PSS, NR-SSS and NR-PBCH are multiplexed in time domain within a subframe or slot like in LTE. As argued above, it is not appropriate since it requires blind detection of CP overhead if multiple CP overhead configurations are supported in NR. In addition, in case of multi-beam based operation, each beam pattern is applied to a set of NR-PSS/SSS/PBCH symbols, i.e., beam sweeping granularity in time domain is multiple symbols. In such case, resource mapping definition of NR-PSS/SSS/PBCH with time domain grid based on subframe or slot will be complicated.

· Figure 2 (b) shows Example#2 in which NR-PSS, NR-SSS and NR-PBCH are multiplexed in time domain, but in different subframe or slot with same symbol index. In this design, symbol-level beam sweeping within each subframe or slot is possible and relative resource position between NR-PSS and NR-SSS with same beam can be fixed irrespective of CP overhead. Since relative resource position between NR-PSS/SSS and NR-PBCH with same beam can also be fixed, NR-SSS detection does not need to provide CP overhead and symbol index within subframe or slot. In this design, since NR-PSS and NR-SSS are separated, FDE based on NR-PSS channel estimation in NR-SSS detection may not be applicable especially in high speed scenario. 
Here we also evaluate the impact of detection performance from FDE and symbol interval between NR-PSS and NR-SSS as shown in Table 3. From the Table 3, even when FDE is not applied, one-shot detection probability is about 0.7-0.8. Therefore, we can confirm that 15 kHz (120 kHz) subcarrier spacing for 4 GHz (30 GHz) carrier frequency provides sufficient performance in almost cases. In addition, under severe fading environment case such as DS scaling = 1000 ns and UE speed = 120 km/h, we can also observe that FDE based on NR-PSS channel estimation improves the detection performance. Therefore, we can confirm again that TDM approach is beneficial for NR-SS resource mapping. Considering the symbol interval between NR-PSS and NR-SSS in TDM approach, even in severe fading channel such as DS scaling = 1000 ns and UE speed = 120 km/h, the detection performance with 14 symbol interval achieve 0.6-0.7 of the one-shot detection probability.

Observation 5: Detection performance based on 5/40 MHz NR-SS bandwidth for 4/30 GHz carrier frequency even without applying FDE may be sufficient in almost cases
Observation 6: Even with 14 symbol interval between NR-PSS and NR-SSS, the detection performance can achieve 0.6-0.7 of the one-shot detection probability.

Table 3: One-shot detection probability without/with FDE (Es/N0 = -6 dB, UE freq. Offset = 5 ppm)
	fc
[GHz]
	SCS
[kHz]
	Bandwidth
[MHz]
	DS scaling
[ns]
	UE speed
[km/h]
	Number of symbols between PSS and SSS

	
	
	
	
	
	1
	14

	4
	15
	5
	100
	3
	0.75 / 0.67
	0.75 / 0.67

	
	
	
	1000
	120
	0.73 / 0.79
	0.61 / 0.66

	30
	120
	40
	30
	3
	0.78 / 0.75
	0.78 / 0.75


Proposal 7: RAN1 should consider TDM of NR-PSS/SSS/PBCH in different subframe or slot with same symbol index.

· UE can assume that relative resource position among NR-PSS, NR-SSS and NR-PBCH with same TRP TX beam is fixed irrespective of CP overhead.

· NR-PBCH may carry time index information and CP overhead for identification of symbol/slot/subframe boundary and index. 
3. Conclusion 

In this contribution, we discussed on NR-PSS/SSS design, including essential parameters such as subcarrier spacing, sequence design and multiplexing scheme between NR-PSS and NR-SSS. We made the following observations and proposals based on discussion and evaluation results. 
Observation 1: Assuming the fixed NR-SS transmission power for different transmission bandwidth, 5/40 MHz bandwidth provide slightly better performance than 10/80 MHz bandwidth for fc = 4/30 GHz carrier frequency.

Observation 2: In the case of FDM between NR-PSS and NR-SSS, to mitigate aliasing interference, filtering and guard band are necessary for each NR-PSS and NR-SSS.
Observation 3: The detection performance of FDM approach is degraded by residual aliasing interference and distortion of anti-aliasing filters.
Observation 4: We should strive for common NR-SS framework between single-beam based and multi-beam based operations at least for standalone initial access. 

Observation 5: Detection performance based on 5/40 MHz NR-SS bandwidth for 4/30 GHz carrier frequency even without applying FDE may be sufficient in almost cases
Observation 6: Even with 14 symbol interval between NR-PSS and NR-SSS, the detection performance can achieve 0.6-0.7 of the one-shot detection probability.

Proposal 1: Subcarrier spacing of NR-PSS/SSS should be decided according to target frequency offset, phase noise, and UE computational complexity.

Proposal 2: Subcarrier spacing of NR-PSS/SSS should be 15 kHz and 120 kHz for fc = 4 GHz and 30 GHz, respectively.
Proposal 3: NR-SS bandwidth should be 5 MHz and 40 MHz for 4 GHz and 30GHz carrier frequency, respectively.

Proposal 4: Basically common CP overhead should be assumed for NR-PSS/SSS and other signals/channels.
Proposal 5: The blind detection of CP overhead by using relative position between PSS and SSS should be removed in NR.
Proposal 6: Multiplexing between NR-PSS and NR-SSS should be TDM as baseline.
· If FDM has significant benefit in case of operation with large number of beams, it can be applied to non-standalone carrier since UE can be informed of any type of NR-PSS/SSS structure by serving cell.
Proposal 7: RAN1 should consider TDM of NR-PSS/SSS/PBCH in different subframe or slot with same symbol index.

· UE can assume that relative resource position among NR-PSS, NR-SSS and NR-PBCH with same TRP TX beam is fixed irrespective of CP overhead.

· NR-PBCH may carry time index information and CP overhead for identification of symbol/slot/subframe boundary and index. 
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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 include 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)


