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1. Introduction

At the RAN1#86bis meeting, PHY layer aspects related to initial access were discussed and RAN1 made following agreements and working assumptions regarding synchronization signals for NR [1].
	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

· NR-SSS detection is based on the fixed time/freq. relationship with NR-PSS resource position irrespective of duplex mode and beam operation type at least within a given frequency range and CP overhead

· FFS FDM or TDM

· FFS other functionality provided by NR-SSS, e.g., demodulation of broadcast channel, RRM measurement, deriving subframe index, deriving symbol index

Working assumption:
· Wider transmission bandwidth for NR-PSS/SSS and/or PBCH than that for LTE-PSS/SSS/PBCH is supported at least for a subcarrier spacing larger than 15kHz

· Below 6 GHz, transmission bandwidth containing NR-PSS/SSS/PBCH is not more than [5 or 20] MHz

· Below 40 GHz, transmission bandwidth containing NR-PSS/SSS/PBCH is not more than [40 or 80] MHz
Agreements:
· PSS, SSS and/or PBCH can be transmitted within a ‘SS block’

· FFS: details how to compose PSS, SSS and/or PBCH

· Multiplexing other signals are not precluded within a ‘SS block’

· One or multiple ‘SS block(s)’ compose an ‘SS burst’

· FFS: Number of ‘SS block(s)’ (defined as duration of ‘SS burst’)

· FFS: whether or not ‘SS block(s)’ are consecutive
· FFS: whether or not ‘SS block(s)’ within a ‘SS burst’ are the same
· One or multiple ‘SS burst(s)’ compose a ‘SS burst set’

· FFS: Periodicity and the number of ‘SS burst’ within a SS burst set

· Number of SS bursts within a SS burst set is finite.
· FFS: Transmission instances of ‘SS burst set’ 
· E.g., periodic/aperiodic transmission of SS burst sets.
Agreements:
· From RAN1 specification perspective, NR air interface defines at least one periodicity of SS burst set

· FFS: whether or not to define common periodicity range for SS burst set across NR carriers

· Values of the periodicities of SS burst set is for further study

· E.g., 5ms, 40ms, 100ms
· The lowest value of the periodicity of SS burst set is X ms, e.g., 5ms, 40ms, 80ms 
· Note: Interval of SS burst can be the same as interval of SS burst set in some cases, e.g., single beam operation
· Note: the main bullet can be applied to PSS, SSS and/or PBCH
· FFS: networks is allowed to transmit SS burst set at least at the defined periodicities

· FFS: UE is allowed or informed to adapt acquisition procedure based on periodicities of SS burst set
· FFS: For example, if multiple periodicities of SS burst set are defined for initial blind acquisition, UE assumes X ms of an NR carrier as periodicity of SS burst set for dwell time on a freq

Agreements:
· At least one subcarrier spacing for each synchronization signal (e.g. NR PSS,SSS, PBCH) is predefined in the specification for a given frequency range
· FFS: Subcarrier spacings for NR PSS, SSS and PBCH can be same or different.
· Note that there are more than one frequency ranges
· FFS: for the case when the frequency ranges are overlapped.

· FFS: whether or not to define a single numerology or multiple numerology for frequency range

· RAN1 should study the number of subcarrier spacings in a given frequency range and strive for minimizing the number of subcarrier spacings


In this contribution, we discuss further on NR-PSS/SSS design, including essential parameters such as subcarrier spacing, sequence design and multiplexing scheme between NR-PSS and NR-SSS. We also show our performance evaluation results related to synchronization signal design. Our views on initial access procedure, i.e., functionalities/information provided by each initial access signal/channel are shown in our companion contribution [2].
2. Discussion on synchronization signal design for NR
2.1. NR-PSS design principle
In initial access procedure, UE first needs to search NR-PSS to achieve coarse time/frequency synchronization with NR cell. As in working assumption shown in Section 1, since transmission bandwidth for NR-PSS/SSS may be wider than that for LTE-PSS/SSS, UE computational complexity for NR-PSS detection will increase. For example, if a length of NR-PSS search window is the same as that in LTE (i.e., 5 ms) and UE monitoring bandwidth for NR-PSS search is four times wider than that in LTE, number of correlation calculations for NR-PSS search is 38400 which is four times larger than the case of LTE-PSS search and it is significantly larger than number of correlation calculations for NR-SSS detection (e.g., 504 or several times of 504). Therefore, RAN1 should carefully design NR-PSS so that UE computational complexity for NR-PSS detection is acceptable.
Another issue for NR-PSS detection is a relatively large frequency offset especially in case of initial access to higher frequency carrier. Although some PSS detection methods in the presence of frequency offset are shown in literature [3-4], performance and complexity of these methods would be problematic when frequency offset is quite larger than subcarrier spacing of NR-PSS. In that sense, larger subcarrier spacing for NR-PSS compared with possible frequency offset in initial access is preferable. However, under a certain transmission bandwidth for NR-PSS, larger subcarrier spacing leads shorter sequence length because of less number of subcarriers within the transmission bandwidth. Since the shorter sequence length causes degradation of correlation characteristic, there would be trade-off between subcarrier spacing and sequence length for NR-PSS.
Observation 1: NR-PSS detection would be the most complexity centric and RAN1 should carefully design NR-PSS to achieve acceptable complexity.
Observation 2: Under a certain transmission bandwidth for NR-PSS, there would be a trade-off between subcarrier spacing and sequence length in terms of detection performance in presence of frequency offset.

2.2. NR-SSS design principle
In LTE, hierarchical synchronization signals, i.e., PSS/SSS provide coarse time/frequency synchronization, cell ID identification, subframe timing identification, frame structure type (FS1 or FS2) differentiation and CP overhead identification. In particular, Table 2-1 summarizes functionalities/information provided by PSS/SSS detection in LTE. It shows that even though number of physical-layer cell IDs (groups) in LTE is 504 (168), actual number of hypotheses when UE tries to detect SSS is much larger, i.e., 168*2*2*2 = 1344.  In NR, we think that it is beneficial to minimize number of hypotheses for NR-PSS/SSS detection to improve the detection performance and to minimize UE burden. RAN1 agreed that NR-SSS detection is based on the fixed time/freq. relationship with NR-PSS resource position irrespective of duplex mode and beam operation type at least within a given frequency range and CP overhead. We think it is also preferable that blind detection of CP overhead and subframe index is not performed in NR-SSS detection procedure.
The trade-off between subcarrier spacing and sequence length is also applicable to NR-SSS design. However, if coarse frequency offset compensation based on NR-PSS works well, shorter subcarrier spacing and longer sequence length can be applied to NR-SSS so that cell ID detection performance can be improved and/or larger number of cell IDs can be supported by NR-SSS detection. 

Observation 3: It is beneficial to minimize number of hypotheses for NR-PSS/SSS detection to improve the detection performance and to minimize UE burden.

Observation 4: If frequency offset compensation based on NR-PSS works well, shorter subcarrier spacing and longer sequence length can be applied to NR-SSS under the same transmission bandwidth with NR-PSS.
Table 2-1: Functionalities/information provided by PSS/SSS in LTE

	Procedure
	Object
	Provided information/functionality
	Number of hypotheses

	PSS detection
	Detected sequence pattern of PSS
	A part of physical-layer cell ID (identity within the physical-layer cell-identity group)
	3

	
	Detected time/frequency resource position of PSS
	Initial coarse time/frequency synchronization to PSS symbol boundary
	9600

	SSS detection
	Detected sequence pattern of SSS
	A part of physical-layer cell ID (physical-layer cell-identity group)
	168

	
	
	Subframe index (#0 or #5)
	2

	
	Detected time-domain resource position of SSS
	CP overhead (normal CP or extended CP)
	2

	
	
	Frame structure type (FS1 or FS2)
	2

	
	Detected frequency-domain resource position of SSS
	Coarse frequency synchronization
	-


2.3. Performance evaluation results on NR-PSS/SSS detection
Here we evaluate NR-PSS/SSS detection performance with different subcarrier spacing values. Simulation assumptions are shown in Annex. As discussed in Section 2.1, there would be a trade-off between subcarrier spacing and sequence length. So, narrow subcarrier spacing values (15 kHz for 4GHz carrier and 120 kHz for 30 GHz carrier) and wide subcarrier spacing values (30 kHz for 4 GHz carrier and 240 kHz for 30 GHz carrier) are compared.
First, since there are multiple schemes for PSS/SSS detection in presence of frequency offset, schemes based on [3] and [4] are considered.

· Scheme#1 based on [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 [3] and [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.

In above schemes, initial frequency offset compensation is performed before detecting SSS. It means that PSS detection should be robust enough to initial frequency offset while such requirement can be relaxed for SSS detection. So, 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 mapping approach based on above discussion is shown in Figure 2-1, and corresponding SS detection scheme is described below as Scheme#3.
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Figure 2-1: Mapping approach for wider PSS subcarrier spacing
· Scheme#3 based on Scheme#2 and Figure 2-1

· PSS symbol in time domain is a repetition of half-length symbol based on comb mapping as shown in Figure 2-1.

· PSS detection procedure including FFO/IFO compensation is the same with Scheme#2. After detecting PSS timing and pattern, time domain repetition structure of PSS as shown in Figure 2-1 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.
Figure 2-2 and Figure 2-3 show detection latency performances for Scheme#1/#2/#3 and residual frequency offset performance after PSS-based frequency offset compensation in Scheme#2/#3, respectively. Based on the evaluation results, we observe followings.

· FFO/IFO compensation in Scheme#2/#3 works well in low SNR (-6 dB) and large frequency offset (+/- 1.25~1.33 subcarrier spacing) conditions.

· Subcarrier spacing of NR-PSS/SSS should be decided according to target frequency offset with considering detection performance and computational complexity. In addition, to avoid different sequence designs for different subcarrier spacing settings as much as possible, common baseline NR-PSS/SSS sequences should be used for different subcarrier spacing settings, i.e., transmission bandwidth of NR-PSS/SSS is linearly scaled according to subcarrier spacing value except for some possible special cases where different (e.g., longer) sequence length design provides reasonable benefit.

· Scheme#3 shows almost the same detection latency performance with Scheme#2. However, further RFO compensation based on repeated PSS structure can mitigate residual frequency offset in SSS detection procedure. I would be helpful and fit well with following design/condition.

· In Scheme#2 and #3, multiple PSS replicas with and without intentional IFO are used for IFO compensation. As argued in Sect. 2-1, PSS detection would be the most complexity centric, i.e., largest number of correlation calculations such as 3*9600 in LTE case. Assuming 4 times larger number of samples within PSS detection window and 3 PSS replicas with {-1, 0, +1} intentional IFO, number of correlation calculations is 3*3*4*9600. To reduce this number, removing local ID detection from PSS functionalities can be considered. In such case, SSS detection needs to provide cell ID detection and number of hypotheses in SSS detection increases, e.g., 504. Smaller residual frequency offset would be helpful in SSS detection with increased number of hypotheses.
· In Section 3.1, we propose to consider TDM of NR-PSS and NR-SSS in different subframe or slot. In such mapping design, different from LTE PSS/SSS detection, PSS based channel estimation may not be used for SSS detection and applicable range of joint PSS/SSS based frequency offset compensation will be shrunk according to time interval between PSS and SSS. In such case, Smaller residual frequency offset after PSS detection would be helpful.

Observation 5: Frequency offset up to 1.5 subcarrier spacing would be acceptable in terms of detection performance and computational complexity especially for PSS detection.
Observation 6: Repeated NR-PSS structure based on comb mapping would be helpful to mitigate residual frequency offset after NR-PSS detection and would provide flexibility for various NR-SS design.
Proposal 1: Subcarrier spacing of NR-PSS/SSS should be decided according to target frequency offset with considering detection performance and computational complexity.

Proposal 2: At least one baseline sequence length is defined for each of NR-PSS/SSS and transmission bandwidth of NR-PSS/SSS is linearly scaled according to subcarrier spacing value except for some possible special cases where different (e.g., longer) sequence length design provides reasonable benefit.
Proposal 3: Repeated NR-PSS structure based on comb mapping should be considered.
Proposal 4: Removing local ID detection from NR-PSS detection functionalities should be considered.
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Figure 2-2: Detection latency performance
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Figure 2-3: Residual carrier frequency offset performance after PSS-based frequency offset compensation

3. Discussion on resource mapping of NR-PSS/SSS
3.1. TDM or FDM or other multiplexing schemes for NR-PSS/SSS/PBCH
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 3-1 shows some examples of resource mapping of NR-PSS, NR-SSS and also NR-PBCH in case of multi-beam based operation. 
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Figure 3-1: Examples of resource mapping of NR-PSS, NR-SSS and NR-PBCH with multi-beam based operation

· Figure 2-1 (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 2-1 (b) shows Example#2 in which NR-PSS, NR-SSS and NR-PBCH are multiplexed in frequency domain. In order to achieve this design, NR-PBCH will be mapped on single OFDM symbol together with RS for demodulation of NR-PBCH. In this example, blind detection of CP overhead based on NR-SSS detection is not required and resource mapping definition of NR-PSS/SSS/PBCH in case of multi-beam based operation can be simple, i.e., just the symbol repetition with beam changing. CP overhead and symbol index within a subframe or slot can be indicated as part of system information. However, this mapping design may require a wider monitoring bandwidth at UE for initial access than that in other example designs. Furthermore, as argued in [5], FDM of NR-PSS and other signals/channels will lose good PAPR property of ZC-based NR-PSS and hence it makes power boosting for NR-SS transmission difficult.

· Figure 2-1 (c) shows Example#3 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. This design requires predefining a fixed number of offset symbols between NR-PSS and NR-SSS as well as between NR-PSS/SSS and NR-PBCH with same beam. Since it limits maximum number of beam patterns for NR-SS/PBCH transmission within a periodicity, it should be carefully designed.

· Figure 2-1 (d) shows Example#4 in which FDM-based (like Example#2) and TDM-based (like Example#3) approaches are combined. Compared with Example#2, this approach can save the required monitoring bandwidth at UE for initial access. In addition, this approach has almost the same characteristics with Example#3 except for that Example#4 may suit to the signal design with different transmission bandwidth among NR-PSS, NR-SSS and NR-PBCH.

In summary, we have found that Example#1 mapping would not be an appropriate design for NR. We prefer mapping scheme that does not require blind CP overhead identification and subframe timing identification. In addition, we think power boosting for NR-PSS/SSS transmission would be important especially in higher frequency range. Therefore, we propose to consider Example#3 like mapping scheme.
Proposal 5: RAN1 should consider TDM of NR-PSS/SSS/PBCH in different subframe or slot with same symbol index.

· Relative resource position among NR-PSS, NR-SSS and NR-PBCH with same TRP TX beam is fixed irrespective of CP overhead.

· Detailed resource mapping for this approach should be further studied with considering maximum number of beam patterns for NR-PSS/SSS/PBCH transmission within a periodicity of SS burst set. 
4. 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: NR-PSS detection would be the most complexity centric and RAN1 should carefully design NR-PSS to achieve acceptable complexity.

Observation 2: Under a certain transmission bandwidth for NR-PSS, there would be a trade-off between subcarrier spacing and sequence length in terms of detection performance in presence of frequency offset.

Observation 3: It is beneficial to minimize number of hypotheses for NR-PSS/SSS detection to improve the detection performance and to minimize UE burden.

Observation 4: If frequency offset compensation based on NR-PSS works well, shorter subcarrier spacing and longer sequence length can be applied to NR-SSS under the same transmission bandwidth with NR-PSS.

Observation 5: Frequency offset up to 1.5 subcarrier spacing would be acceptable in terms of detection performance and computational complexity especially for PSS detection.

Observation 6: Repeated NR-PSS structure based on comb mapping would be helpful to mitigate residual frequency offset after NR-PSS detection and would provide flexibility for various NR-SS design.
Proposal 1: Subcarrier spacing of NR-PSS/SSS should be decided according to target frequency offset with considering detection performance and computational complexity.

Proposal 2: At least one baseline sequence length is defined for each of NR-PSS/SSS and transmission bandwidth of NR-PSS/SSS is linearly scaled according to subcarrier spacing value except for some possible special cases where different (e.g., longer) sequence length design provides reasonable benefit.

Proposal 3: Repeated NR-PSS structure based on comb mapping should be considered.

Proposal 4: Removing local ID detection from NR-PSS detection functionalities should be considered.

Proposal 5: RAN1 should consider TDM of NR-PSS/SSS/PBCH in different subframe or slot with same symbol index.

· Relative resource position among NR-PSS, NR-SSS and NR-PBCH with same TRP TX beam is fixed irrespective of CP overhead.

· Detailed resource mapping for this approach should be further studied with considering maximum number of beam patterns for NR-PSS/SSS/PBCH transmission within a periodicity of SS burst set. 
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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 for PSS/SSS
	120 kHz/240kHz 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 beamfroming 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 TRP


