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1 Introduction
One or multiple SS-blocks are introduced in NR to transmit PSS, SSS and/or PBCH. At least in the multi-beam case, multiple SS-blocks compose an SS-burst and are multiplexed in a group of resources. When the UE detects an SS, it needs to distinguish the index of the SS-block containing the detected SS within an SS-burst so as to acquire the frame timing.
In RAN1#87, it was agreed in [1] that
· At least for multi-beams case, at least the time index of SS-block is indicated to the UE
· FFS: single-beam case

· FFS: whether SS-block is transmitted by single-beam or multi-beams

The remaining NR-SS multiplexing issues include SS-block time index indication, NR cell/beam identification, multiplexing of NR-PSS/NR-SSS within an SS-block and the potential number of SS-blocks and SS-bursts.

For NR-SS transmission bandwidth, the following working assumptions were made at RAN1#86bis:
· 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

In RAN1#87, it was agreed in [1] that
· For initial access, UE can assume a signal corresponding to a specific subcarrier spacing of NR-PSS/SSS in a given frequency band given by specification
· FFS: Definition of frequency band

· FFS: Subcarrier spacing of NR-PSS and NR-SSS is the same or not

· FFS: CP length
· The raster for NR synchronization signals can be different per frequency range. At least for frequency ranges where NR supports a wider carrier bandwidth and operation in a wider frequency spectrum (e.g. above 6 GHz), the NR synchronization signals raster can be larger than the 100 kHz raster of LTE. 

· A joint decision should be made on:

· the supported minimum carrier bandwidth for a NR carrier

· the supported bandwidths of synchronization signals for NR

· the frequency raster for synchronization signals for NR

· the frequency raster for the center of NR carrier (if applicable) 
In this contribution, we first discuss the different tradeoffs of NR-SS multiplexing in Section 2 and then present the views on NR-SS transmission bandwidth in Section 3. 

2 Discussion on NR-SS Multiplexing

2.1 SS-block Time Index Indication 
In LTE, the frame timing is jointly determined by the detection of PSS and SSS as the resource location of them is unique for a certain duplex mode and CP overhead. However in NR, the multiple resource locations for beam sweeping over multiple ‘SS-blocks’ or ‘SS-bursts’  may lead to the ambiguity of the frame timing. Indicating the SS-block time index helps the UE to acquire the frame timing. In addition, if the SS block time index is associated with the PRACH resource (e.g., RACH occasion and/or RACH preamble), the gNB can obtain the preferred DL Tx beam(s) of message 2 from the reception of  UE preamble in the random access procedure. The SS-blocks carrying PSS, SSS and/or PBCH are cell-specific configured and targeting to the coverage of all UEs within NR Cell.  It is necessary to maintain the flexibility in the number of beams, the beam width and the beam sweeping pattern at gNB, e.g., wider or even pseudo-omni beams through an SS-burst is possible. Thus the detection complexity, resource overhead and energy efficiency are essential criteria of the SS-block design.
In the Table below, some qualitative comparisons of the different mechanisms to indicate the SS-block time index are provided. 

Table 1 Comparison among different mechanisms for SS-block Indication
	Mechanism
	Complexity
	False alarm rate(*) in SS
	False alarm rate(*) in PBCH
	Soft combining the PBCH
	Overhead

	Alt1:Larger pool of SSS (e.g. 1000 sequences instead of 168)

	SSS blind detection linearly increasing with the sequence pool size
	Increased as the sequence pool size
	Unchanged
	Yes
	Wider bandwidth of SSS may be required to maintain the same MCL target for SSS

	Alt2: A tertiary SS
	Relatively small increase in TSS blind detection
	Slightly higher due to TSS
	Unchanged
	Yes
	More resource overhead is required for each SS block to accommodate a third sequence

	Alt3: Explicit indication in PBCH
	Unchanged
	Unchanged
	Unchanged 
	No
	May require a wider bandwidth of SS block to maintain the same MCL requirement for PBCH

	Alt4: Implicit indication in PBCH
	Slightly higher due to multiple CRC check in PBCH
	unchanged
	Slightly higher due to multiple CRC check
	yes
	unchanged

	Alt4*: CRC masking of PBCH
	Slightly higher due to multiple CRC check in PBCH
	unchanged
	Slightly higher due to multiple CRC check
	no
	unchanged


*False alarm rate = false alarm probability per blind detection x number of blind detection attempts

The different alternatives above have their own pros and cons. In our view, more importantly is the underlying principles of which this SS-Block index indication should be applicable to. To ensure efficient initial access procedures, in both resource overhead as well as latency, and to allow maximum network optimization flexibility, the SS-block indexing shall not be restrictive to a specific beam deployment. In other words, the deployed beam(s) is network implementation choice for an SS-block and SS-block time index. Hence, the UE is not aware of the association between the SS block index and beam(s) used to transmit it. With this, we ensure that the initial access procedures are kept independent from of the beam identification which is part of the L1/L2 beam management procedures.  
Proposal 1:  The association of the SS-block time index indication and the beam(s) deployed for the SS-block is a network implementation choice. The UE is not aware of the association that is used by the network. 

2.2 NR cell ID

One basic function of the synchronization signal (SS) is the indication of physical layer cell ID. In LTE, there are 504 unique cell IDs, which are used to distinguish different TRPs. Under the UE-cell-center-like framework [6], all the TRPs within a NR cell can transmit identical SS, which is effectively the single frequency network (SFN) transmission. As a result, one NR cell can be associated with only one unique cell ID. In this sense, the number of Cell IDs required in NR can be reduced if a NR cell can cover a considerably large amount of TRPs. 

The amount of TRPs that an NR cell can cover has been evaluated earlier. In [7], we firstly evaluated the transmission scheme of “up to 3TRPs within a closely coordinated area sending identical SSs”. Then in [8], we extended the number and deployment of investigated TRPs to a system-level, e.g. the typical 57TRPs in hexagon grid deployment. Then the power attenuation and arriving time difference from different TRPs can be properly modelled. Effectively, the investigated transmission scheme is extended to “all the TRPs within a NR cell sending identical SSs”. The simulations results listed in Figure Appendix D-1 and Figure Appendix D-2 demonstrated that an NR cell can cover up to 57 TRPs and they can transmit identical SS to improve the synchronization performance, especially for those users with poor coverage. More detailed analysis can be referred to [8].

By jointly considering the framework of UE-cell-center-like and the number of TRPs a NR cell can cover, the amount of cell ID required by NR could be even fewer than in LTE. As a result, the number of legacy cell IDs (i.e. 504) should be sufficient in NR.

Proposal 2: The number of NR cell IDs  should be at most 504 as in LTE considering the detection complexity and performance as well as the system efficiency.
2.3 Multiplexing of NR-PSS/NR-SSS within SS-block
2.3.1 FDM of NR-PSS and NR-SSS

In FDM, PSS is transmitted with the same beam as SSS in the same OFDM symbol. It will fully use the frequency resource especially for above 6GHz band, where the bandwidth is much larger than the below 6GHz band. 

Furthermore, if bandwidth is larger than that required by the FDMed PSS and SSS, the remaining REs of this OFDM symbol can be used to transmit other signals, especially some signals that need broadcasting, e.g., PBCH. Note that for multi-beam based communications in above 6GHz band, the other signal is not desirable to transmit UE specific payload data, since we need to consider the TRP beamforming capability. For example, let us assume that the TRP is equipped with 6 RF chains that can generate at most M = 6 concurrent beams, that 24 sweeping beams are required for the whole cell coverage; and that both PSS and SSS need 100 REs, respectively. If all the 6 concurrent beams are used for PSS/SSS transmission, the PSS/SSS will span 24/6 = 4 OFDM symbols, and occupy 4*200=800 REs within an SS burst period. While if 4 concurrent beams are used PSS/SSS transmission, leaving the remaining 2 concurrent beams to transmit some other signals, the PSS/SSS will span 20/4 = 6 OFDM symbols, and occupy 6*200 = 1200 REs within an SS burst period. It is clear that allowing more concurrent beam for PSS/SSS transmission can reduce the overhead.  In addition, note that the beams for PSS/SSS transmission are normally wide, which are not desirable to transmit UE specific payload data, but highly desirable for signals needs broadcasting. Hence it is desirable to let all the possible antenna resource for concurrent PSS/SSS transmission.
Multiplexing in frequency domain will increase the PAPR and reduce the power boosting capability, which may influence the cell coverage. However, to fully utilize the spectrum, it is desirable to multiplex signal in the frequency domain if the coverage requirement could be satisfied. 

Note that, blind detection or additional RS is needed for SSS detection in the FDM case.
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Figure 3 FDM of NR-PSS and NR-SSS
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Figure 4 TDM of NR-PSS and NR-SSS

2.3.2 TDM of NR-PSS and NR-SSS

In TDM, NR-PSS is transmitted with the same beam as NR-SSS in different (usually adjacent) OFDM symbols in each SS block. In this case, the NR-PSS signal can be used as the RS for NR-SSS detection, as the PSS and SSS in the same SS block usually experience roughly the same channel.

Furthermore, as described in the FDM case, it is also desirable to let all the possible antenna resource for concurrent PSS/SSS transmission. However, since the TDMed PSS and SSS are transmitted in different OFDM symbols, they will span more OFDM symbols than the FDMed ones discussed above  For example, we follow the same assumptions as in Section 2.3.1, e.g., M=6 concurrent beams at one time, 24 sweeping beams in total  and 100REs for PSS/SSS respectively. Even if we allow all the concurrent 6 beams for PSS/SSS transmission, the PSS/SSS still need to span 24/6*2=8 OFDM symbols in one SS burst period, higher than that for FDMed PSS/SSS (i.e., 4 OFDM symbols calculated in Section 2.3.1). The additional 4 OFDM symbols saved in FDM case could use the whole antenna resources by the gNB, which could increase the system efficiency.

2.3.3 Comparison between FDM and TDM 
The comparison of FDM and TDM is based on the same numerology with the same CP overhead, where the robustness to the channel is the same. Furthermore, the same PSS and SSS sequence are used for fair comparisons. Based on the above description, the comparisons between FDM and TDM are summarized in the following table.

Table 2 Comparisons between FDM and TDM of NR-PSS and NR-SSS

	Aspects
	FDM
	TDM
	Comments

	System efficiency
	Better
	Worse
	FDMed PSS/SSS span less OFDM symbols, leaving more symbols with full antenna resources. TDM is even worse if no FDM with other signals.

	SSS detection
	Worse
	Better
	In TDM, PSS can be used as the RS for SSS detection, when PSS and SSS in one SS block experience roughly the same channel.

	PAPR
	Same
	Same
	FDM with other signals

	
	Slightly Worse
	Better
	No FDM with other signals


All in all, FDM is preferred since it could highly utilize the frequency resource and release the freedom for antenna resources, especially for high frequency band. When the minimum UE bandwidth is not large enough for FDM if considering the same numerology for FDM and TDM, then the problem should be revisited. Considering the minimum UE bandwidth, different numerology for FDM and TDM should be considered by occupying the same band width. Many affects would influence the performance of FDM and TDM, e.g., how large is the UE bandwidth, numerology, NR-PBCH, NR-PSS and NR-SSS design. 
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Figure 5 Comparison of SS burst search time between FDM and TDM of PSS and SSS within the SS block
In the perspective of a receiver, one of the big differences for the SS in the form of FDM is the increased bandwidth compared to TDM, which incurs the increased FFT size and detecting sample rate. For example, as the SS is TDMed in the LTE, it occupies 72 subcarriers (6RBs) and the FFT size of SS detection is 128. Now assuming the SSS is FDMed with PSS along one OFDM symbol, and the sequences are kept exactly the same as LTE. In this case, the SS occupies 144 subcarriers (12RBs) and the FFT size of SS detection is 256. 
Figure 3 compared the SS burst search time between FDM and TDM based on above analysis. The detailed simulation assumptions can be referred to Appendix A. According to the simulation results, FDM outperforms TDM especially at the initial-access stage, but has a relatively higher detecting complexity. 
Observation1: The FDM of NR-PSS and NR-SSS outperforms the TDM scheme in term of SS burst search time.
Observation2: The FDM of NR-PSS and NR-SSS has a relatively higher detection complexity. Some simplified detection method such as separate FFT detection for PSS and SSS could be considered at the receiver.
Proposal 3: FDM of NR-PSS and NR-SSS should be considered as the first priority.
Proposal 4: TDM of NR-PSS and NR-SSS should also be considered if the minimum UE bandwidth is not enough for FDM of NR-PSS and NR-SSS.

2.4 Potential Number of SS-blocks 
The number of SS blocks is highly related to the beams used for SS block, where the beams will influence the SS detection and PBCH demodulation. For example, if the beams are narrower, more beams are needed for scanning for whole cell coverage. Yet it will have higher SNR for SS detection and PBCH demodulation. Therefore, we shall evaluate the number of SS blocks based on the agreements.
2.4.1 Evaluation Methodology
In order to determine whether SS and PBCH signals are detected successfully or not, the physical abstraction modeling of the detection rate of SS and the BLER of PBCH should be provided by LLS. The following items should be considered.

· The detection rate of SS vs. SNR curve
· PBCH BLER vs. SNR curve

The following joint detection rate (i.e. successful detection rate) of SS block should be used for SLS evaluation:
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Where 
 is the successful detection rate of SS and 

 is the BLER of PBCH with a given SNR. 
2.4.2 Evaluation Results
All dropped users are assumed to detect SS and PBCH at the same time. If UE detects SS block successfully in the nth beam sweeping period, the cell search time is given by T*n (ms), where T is the beam sweeping period. In addition, the antenna configuration for TRP is (M, N, P, Mg, Ng) = (4, 8, 2, 2, 2) and UE is (M, N, P, Mg, Ng) = (2, 4, 2, 1, 2). Since some indoor users with high O2I loss cannot be covered, we assume that all dropped users are outdoor in Urban Macro (UMa) scenario. To analyze the worst case in Dense Urban Macro scenario, all UEs are dropped indoor, where 80% users experience low O2I loss and 20% users experience high O2I loss. The following beam configurations for sweeping are evaluated, and the spatial coverage for each configuration is provided in Table . The LLS results are given in Appendix.
· Option 1: 16 Tx beams and 8 Rx beams. 

· Option 2: 32 Tx beams and 8 Rx beams. 

· Option 3: 64 Tx beams and 8 Rx beams. 

· Option 4: 128 Tx beams and 8 Rx beams. 

Table 3 The configuration of beam sweeping
	Number of beams
	Option 4
	Option 3
	Option 2
	Option 1

	Cell coverage (Degree)
	(60,60)
	(60,60)
	(60,60)
	(60,60)

	Number of concurrent beams per SS block
	2
	4
	8
	8

	Number of SS blocks in one SS burst
	128
	32
	8
	4

	Number of SS burst in one beam sweeping period
	1
	1
	1
	1

	UE concurrent Rx beam
	4
	4
	4
	4

	UE scanning coverage (Degree)
	(360,360)
	(360,360)
	(360,360)
	(360,360)

	Scanning times
	8
	8
	8
	8


As illustrated in Figure , the required cell search time for different number of beams in UMa with NLOS and LOS cases is provided. Due to higher beamforming gain obtained by narrower beam sweeping, less number of beam sweeping periods is needed for successful cell search in both scenarios. For the 90th percentile in UMa with NLOS scenario, 90% users can acquire the cell successfully for Option 3 and Option 4 within 11 periods. For LOS scenario, less number of beams is required for initial access than that in NLOS scenario. 

As illustrated in Figure , the required cell search time for different number of beams in Dense Urban Macro with NLOS and LOS scenarios is provided. For the 90th percentile in NLOS scenario, 90% users can acquire the cell successfully for Option 3 and Option 4 within 16 periods.
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   (a) UMa scenario (NLOS only)              (b) UMa scenario (LOS only)
Figure 6 CDF of cell search time for joint PBCH and SS detection in UMa scenario
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(a) Dense Urban Macro scenario (NLOS only)              (b) Dense Urban Macro scenario (LOS only)

Figure 7 CDF of cell search time for joint PBCH and SS detection in Dense Urban Macro scenario

Note that, option 3 and option 4 have similar performance for the LoS cases, since TRP beams do not need to be narrow enough to combat the path loss. For NLoS case, the comparisons are given in Table 4. The overhead is defined as the ratio of the number of OFDM symbols used for sweeping to the total number of OFDM symbols in one sweeping period. Considering the overhead, cell searching time and period, SS block number in the level of ~30 is a good choice, e.g., 20ms period with about 300ms cell search time and 2.8% overhead.
Table 4 Comparison between option 3 and option 4 (Option 3/ Option 4)

	Period [ms]
	5
	10
	20
	40
	80
	100

	90% users cell search time in UMa (NLOS only) [ms]
	55/15
	110/30
	220/60
	440/120
	880/240
	1100/300

	90% users cell search time in Dense Urban Macro (NLOS only) [ms]
	75/25
	150/50
	300/100
	600/200
	1200/400
	1500/500

	Overhead
(subcarrier spacing 60kHz)
	12%/48%
	6%/24%
	2.8%/11.2%
	1.4%/5.6%
	0.7%/2.8%
	0.6%/2.4%


Proposal 5: The overall SS block number in the level of ~30 should be considered.
3 Synchronization Signal Bandwidth 
Several criteria exist for determining a proper PSS and SSS bandwidth.   

Synchronization signal performance

The time-resolution (e.g., the number of resolvable multi-paths) obtainable from detecting the SS is inversely proportional to its bandwidth. The wider the NR carrier bandwidth, the better time-resolution of synchronization is needed and a large PSS bandwidth is beneficial in this sense. However, the PSS only need to provide sufficient coarse accuracy for reliably being able to detect the SSS, whereas other signals (i.e., reference signals) may provide further refinement of the time synchronization. The SSS, which is assumed to be detected in the frequency domain, could also benefit from a larger bandwidth but that is primarily beneficial for accommodating more information or to enable resources for transmit diversity schemes (e.g., SFBC-based). Generally, we note that performance would have to be evaluated for each respective scheme, since a larger bandwidth implies better averaging and diversity effects but will make signals suffer from worse SNR per subcarrier (assuming a fixed TX power), see some evaluations in [4].

Complexity of generating and detecting synchronization signals
The complexity of generating SS in NR primarily lies in cases where the SS is utilizing different subcarrier spacing than the other channels in the carrier. To this end, we have suggested a time-repetitive PSS [4], which generates the same PSS regardless of subcarrier spacing. This assumes that the PSS bandwidth will be the same for the considered subcarrier spacings which allows using the same PSS sequence for any subcarrier spacing.

The complexity of detecting the SS is well-understood by now and is related to the number of processed complex-valued multiplications (this accounts for cost of chip and power consumption). A larger bandwidth will inevitably translate into larger detection complexity, where the exact increase depends on the particular detection algorithm. Generally, a doubling of the SS bandwidth increases the complexity by four times [4]. In LTE, one argument for confining the PSS to no more than 64 subcarriers, was to allow efficient receivers working with a sampling frequency of 0.92 MHz. This was seen sufficient although a 20 MHz carrier would require sampling at 30.72 MHz, i.e., the ratio between sampling rate of data channels and SS could be assumed to be at least around 30.
NR carrier frequency raster
If the SS frequency raster will be sparser than the NR carrier frequency raster, it is beneficial with a small SS bandwidth since that will not imply a very large minimum supported NR carrier bandwidth. This is under the assumption that, for any NR carrier frequency, it should be possible to place the SS on any of the frequencies on the SS frequency raster. In [5], we exemplified that a minimum NR carrier bandwidth of 5 MHz could still be feasible under sparser SS frequency raster with SS bandwidths up to 1.875 MHz.  
RRM measurements 

Per agreements in RAN1#87, it is under consideration to utilize the NR-PSS and/or NR-SSS for RRM measurements. The accuracy of such measurements would depend on the bandwidth and periodicity of the SS and consequently, the larger SS bandwidth the better measurement. 

The key point is that the SS provides reliable synchronization performance and allows for low-complexity transceivers. Any additional design objective, such as RRM measurements, is secondary. A UE which is capable of operating with large carrier bandwidths could be assumed to support larger subcarrier spacings, i.e., higher sampling frequencies. Hence, an SS bandwidth larger than that of SS in LTE (1.08 MHz) may be reasonable. However, the SS bandwidth is partly coupled to what other reference signals NR will provide which the UE could use for time/frequency synchronization Therefore, at this point, it appears pre-mature to set a specific SS bandwidth value. 

Proposal 6: The bandwidth of the NR-PSS and NR-SSS can be larger than 1.08 MHz at least for eMBB UEs but is decided only based on synchronization performance and detection complexity. 
· Other criteria, such as RRM measurements from SS, will not be decisive for determining the SS bandwidth.  

4 Conclusion
In this contribution, we discussed NR-SS multiplexing and bandwidth related issues and gave our views as follows

Proposal 1:  The association of the SS-block time index indication and the beam(s) deployed for the SS-block is a network implementation choice. The UE is not aware of the association that is used by the network. 

Proposal 2: The number of NR cell IDs  should be at most 504 as in LTE considering the detection complexity and performance as well as the system efficiency.
Proposal 3: FDM of NR-PSS and NR-SSS should be considered as the first priority. 
Proposal 4: TDM of NR-PSS and NR-SSS should also be considered if the minimum UE bandwidth is not enough for FDM of NR-PSS and NR-SSS.

Proposal 5: The overall SS block number in the level of ~30 should be considered.
Proposal 6: The bandwidth of the NR-PSS and NR-SSS can be larger than 1.08 MHz at least for eMBB UEs but is decided only based on synchronization performance and detection complexity. 
· Other criteria, such as RRM measurements from SS, will not be decisive for determining the SS bandwidth.  
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Appendix A: Evaluation assumptions for LLS

	Parameters
	LLS Assumption

	Carrier frequency
	30GHz

	Channel model
	CDL-C with delay scaling value of 30ns

	Multiplexing
	TDM
	FDM

	System Bandwidth
	6 RB
	12 RB

	FFT size
	128
	256

	Subcarrier spacing
	60 kHz

	UE speed
	3km/h

	Search window 
	5ms (period of SS burst)

	Antenna configuration at the TRP
	(4,8,2,1,1) with directional antenna element (HPBW=650, directivity gain 8dB)

	Antenna configuration at the UE
	(2,4,2,1,1) with directional antenna element (HPBW=900, directivity gain 5dB)

	Antenna port virtualization
	1 TXRU per polarization per panel

	BS Beam sweep pattern
	Azimuth: sweeping 14 directions
Elevation: directed towards 90 degree

	UE beam pattern
	Pseudo-omni-directional beam


Appendix B: Evaluation assumptions for SLS
	Parameters
	SLS Assumption

	Carrier frequency
	30GHz

	Deployment scenarios
	UMa (ISD=500m)

Dense Urban Macro (ISD=200 m)

	Channel model
	TR 38.900

	UE dropping 
	Follow TR 36.873 except the percentage of for indoor and outdoor users 

UMa: 100% outdoor users; 

Dense Urban Macro: 100% indoor users, 20% users with high O2I loss, and 80% users with low O2I loss.

	System Bandwidth
	80 MHz

	FFT size
	2048

	Subcarrier spacing
	60 kHz

	Search window 
	10ms (for one beam sweeping period)

	Antenna configuration at the TRP
	(4,8,2,2,2) with directional antenna element (HPBW=650, directivity gain 8dB)

	Antenna configuration at the UE
	(2,4,2,1,2) with directional antenna element (HPBW=900, directivity gain 5dB)

	Antenna port virtualization
	1 TXRU per polarization per panel

	Codebook
	DFT codebook


Appendix C: Link-level Simulation Results
LLS results are evaluated based on the simulation assumption in [3] for 30 GHz. PSS and SSS generation follows LTE. Polar code is used for PBCH and the bit length after rate matching is 480 bits. PBCH is based on one-shot detection with perfect channel estimation and SISO configurations
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   Figure Appendix B-1 Detection rate of SS                                       Figure Appendix B-2 BLER of PBCH
Appendix D: System-level Simulation Results 
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(a) Urban macro scenario

(b) Dense urban scenario
Figure Appendix D-1.  CDF distribution of the cell acquisition time based on joint PSS and SSS detection
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(a) Urban macro scenario

(b) Dense urban scenario
Figure Appendix D-2.  CDF distribution of cell acquisition time for 5% poor coverage users
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(a) Urban macro scenario

(b) Dense urban scenario
Figure Appendix D-3.  CDF distribution of cell acquisition time based on joint PSS and SSS detection with beam sweeping configuration
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