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For the NR V2X work item, the WID includes the following objective for sidelink synchronization [1]:
· Sidelink synchronization mechanism as per the study outcome [RAN1, RAN2]
· Procedures selecting synchronization reference
· S-SSB and procedures to transmit and receive it, including when GNSS and gNB/eNB are unavailable
· Use of RS for sidelink synchronization if specification impact is identified
In this contribution, we further develop the design of sidelink synchronization, taking into account the study item outcome [2].

Sidelink SSB Structure
S-SSB bandwidth
RAN1 is investigating 4 combinations for S-SSB structure, as summarized in TR 38.885 [2] Table 11.4.1-1:
Table 2: S-SSB design combinations
	Combination
	Number of S-PSS symbols
	S-PSS length
	Number of S-SSS symbols
	S-SSS length
	Number of RBs
	Bandwidth containing S-SSB (MHz)

	
	
	
	
	
	
	15 kHz SCS
	30 kHz SCS
	60 kHz SCS
	120 kHz SCS

	1
	2
	127
	2
	127
	11 or 12
	2.5
	5
	10
	20

	2
	2
	127
	2
	127
	20
	5
	10
	20
	40

	3
	1
	127
	1
	127
	20
	5
	10
	20
	40

	4
	1
	255
	1
	255
	24
	5
	10
	20
	40



In RAN1#95, the SCS of {15, 30, 60 kHz} in FR1 and {60, 120 kHz} in FR2 have been agreed for the sidelink SSB (S-SSB). These agreements allow for the adaptation to sidelink of many other aspects of NR SSB structure with reduced specification effort. It has been agreed that the transmission bandwidth for S-SSB is within the BW of the (pre)-configured SL-BWP. Since both licensed and ITS bands should be supported by NR-V2X, it is natural to limit the S-SSB bandwidth within the UE supported minimum bandwidth.
It has been agreed that the numerology of S-SSB is the same as that of control and data channels. Table 1 lists the bandwidth requirements for different potential PRB settings per SCS.




Table 1: Signal bandwidth of S-SSB
	SCS
	Bandwidth

	
	6 PRB
	11 PRB
	12 PRB
	20 PRB
	24 PRB

	15 kHz
	1.08 MHz
	1.98 MHz
	2.16 MHz
	3.6 MHz
	4.32 MHz

	30 kHz
	2.16 MHz
	3.96 MHz
	4.32 MHz
	7.2 MHz
	8.64 MHz

	60 kHz
	4.32 MHz
	7.92 MHz
	8.64 MHz
	14.4 MHz
	17.28 MHz

	120 kHz
	8.64 MHz
	15.84 MHz
	17.28 MHz
	28.8 MHz
	34.56 MHz



Furthermore, the maximum transmission bandwidth for the different UE channels bandwidth, corresponding to different SCSs, is shown in the Table below: 
Table 5.3.2-1: Maximum transmission bandwidth configuration NRB
	SCS (kHz)
	5 MHz
	10 MHz
	15 MHz
	20 MHz
	25  MHz
	30  MHz
	40  MHz
	50  MHz
	60  MHz
	80  MHz
	90  MHz
	100  MHz

	
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB

	15
	25
	52
	79
	106
	133
	160
	216
	270
	N/A
	N/A
	N/A
	N/A

	30
	11
	24
	38
	51
	65
	78
	106
	133
	162
	217
	245
	273

	60
	N/A
	11
	18
	24
	31
	38
	51
	65
	79
	107
	121
	135



For band n34 (2010 MHz – 2025 MHz TDD band), UE only supports 10 and 15 MHz channel bandwidths for 60 kHz SCS [2]. For this SCS, 24 PRBs require 20 MHz channel bandwidth which exceeds the UE supported channel bandwidth, and thus 24 PRBs is not suitable for S-SSB bandwidth. Similarly, with transmission bandwidth of 20 PRBs, the minimum needed channel bandwidth would be 20 MHz as illustrated above. For the 10 MHz channel bandwidth, the supported maximum is 11 PRBs with 60 kHz SCS.
Proposal 1: 11 PRBs are used for NR-V2X S-SSB.

S-SSB structure 
In LTE SLSS there are two PSSS, two SSSS, and 3 DMRS symbols within the synchronization subframe. The other symbols are used for AGC, gap, and PSBCH. When UE transmits the SLSS/PSBCH subframe, no other signal or channels can be transmitted in this subframe. The periodicity of SLSS is 
160 ms considering the system overhead. This is shown in Figure 1 below.
[image: ]
Figure 1: Structure of LTE V2X synchronization subframe 
During the study item, S-SSB has adopted several aspects of NR SSB structure that are applicable for V2X with minimal specification effort. The same approach of reusing NR SSB designs is adopted here with adaptation where applicable.
It was agreed in RAN1#94bis that NR V2X sidelink synchronization signals and PSBCH use NR SSB structure as the starting point including sidelink PSS (S-PSS), sidelink SSS (S-SSS). Figure 2 shows a proposed S-SSB structure, which consists of 10 symbols with {S-PSS, S-PSS, S-SSS, S-SSS, PSBCH, PSBCH, PSBCH, PSBCH, PSBCH, PSBCH} to achieve the same coverage with LTE-V2X SLSS/PSBCH. In this simple reference case, S-PSS and S-SSS are repeated twice, similar as in LTE V2X, to support better detection performance also in high speed scenarios, e.g. 250km/s. 
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Figure 2: Proposed S-SSB Structure for 15 kHz SCS
The S-PSS/S-SSS detection performance for Combination 1, 2, and 3 are evaluated for three different mobility scenarios at 6km/h, 240km/h and 500km/h. The results shown in Figure 3 in terms of the joint detection probability of the S-PSS/S-SSS. 
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Figure 3: One shot S-PSS/S-SSS detection performance 

From these results, it is found that when two symbols of length-127 S-PSS and two symbols of length-127 S-SSS are used, comparable performance detection performance as for LTE-V2X PSS/SSS is obtained at the reference MCL value (i.e. MCL=133.7 dB when LTE-V2X SNR=-6 dB). In addition, the performance with single symbol P-SSS and S-SSS (Combination 3) is worse than LTE-V2X and the Combination 1 or 2. 
The two symbols of S-PSS/S-SSS can contain different sequences in order to provide code diversity transmission to the receiver. This would also allow information on e.g. the synchronization source type to be provided early to the UE to allow faster choices of whether the synchronization source is suitable.
Proposal 2: For NR-V2X S-SSB, 2 symbols of length-127 S-PSS and 2 symbols of length-127 S-SSS are used. The two symbols can carry different S-PSS sequences.

Next, we evaluate the PSBCH decoding performance for a SCS of 15 kHz in combination with 6 PSBCH symbols. The performance is evaluated based on the joint detection of both S-PSS/S-SSS and PSBCH. In these evaluations, the S-SSB structure of Figure 2 is used. We find that 11 PRBs with 6 symbols PSBCH can achieve slightly better decoding performance compared to LTE-V2X under different UE speeds of 6km/h, 240km/h and 500km/h. 
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Figure 4: One shot PSBCH decoding performance

Proposal 3: NR-V2X S-SSB consists of 10 symbols with {S-PSS, S-PSS, S-SSS, S-SSS, PSBCH, PSBCH, PSBCH, PSBCH, PSBCH, PSBCH} for 15 kHz SCS.

Also from Figure 4, it can be seen that LTE-V2X and the proposed NR-V2X S-SSB structure PSBCH detection performance is worse than the 1% BLER detection probability at -6 dB (i.e. MCL=134.2 dB). It means that combining of PSBCH is required, as in NR Rel-15 for the PBCH decoding performance. In order to enable such combining, shorter S-SSB periodicity can be configured. In this case, the configured S-SSB periodicity can be similar to the configurability of Rel-15 Uu SSB burst set periodicity. We also must consider the SL transmitting on the licensed band as the LTE-V2X does. In this case, the SL transmission will occupy the UL slot of the licensed band, and to reduce the impact on the UL transmission, longer periodicities are demanded, e.g. 40/80/160ms.
Proposal 4: Support configurable S-SSB periodicity values, including longer periodicities than supported for Rel-15 NR Uu SSB periodicities.

The above design for S-SSB shown in the figure 2 can be used for 15 kHz as well as 30 and 60 kHz SCS. For other than 15 kHz SCS, RAN1 has not set a precise design target [4]:
Agreements:
· Design Target for NR S-PSS/S-SSS:
· At least for 15 kHz SCS NR S-PSS/S-SSS, same or better coverage to that of LTE under the same Tx/Rx configuration
So for FR1 and FR2, if the same coverage is required as 15 kHz SCS, multiple S-SSB can be configured within the S-SSB burst duration. For example, even for FR1, two and four S-SSBs can be configured for 30 and 60 kHz SCSs respectively to achieve the same coverage.  If multiple S-SSBs are configured, then the number of symbols of S-PSS, S-SSS and PSBCH can be more flexible, i.e. fewer symbols can be used per S-SSB.
In RAN1#94bis, it was agreed to support periodic transmission of S-SSB in NR-V2X. One or more S-SSBs transmitted within an S-SSB burst set can provide a unified structure to enable sidelink synchronization signal transmission in FR1 and FR2. For multiple S-SSBs within a period, the S-SSBs can be transmitted in multiple beams successively, either in the same beam multiple times or in different beams via beam sweeping, e.g. for FR2. In NR, a maximum of L (L=4/8/64 for <3 GHz/3~6 GHz/>6 GHz) SSBs can be transmitted within 5ms SS burst set. Following the same principle, a maximum of L_v2x S-SSB can be transmitted within the equivalent 5ms S-SSB burst set. As UE transmits S-SSB in UL slot for licensed band, L_v2x and the mapping pattern of S-SSB within S-SSB burst set should be reconsidered by taking into account the typical DL/UL configurations (e.g. 4:1, 7:3, 8:2) into account. As in Proposal 3 above, S-SSB consists of 10 symbols and only one S-SSB is transmitted in one slot. Furthermore, the S-SSB symbols are located at the fixed position within the slot.
Proposal 5: NR V2X supports number of SSB up to L_v2x (L_v2x=2/4/8 for <3 GHz/3~6 GHz/>6 GHz) SSBs transmitted within a 5ms S-SSB burst set for FR1 and FR2.
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Figure 5: A design example for multiple S-SSB
Another issue is whether and how to multiplex S-SSB with control/data in the same slot. In LTE, the whole subframe is used only for SLSS transmission. No data transmissions are allowed in the subframe considering the half-duplex limitation to the SLSS transmitter. However, for NR-V2X, there are critical time delay requirements. If the synchronization slot is used only by S-SSB, additional time delay will be introduced for other transmissions and system overhead of the S-SSB slot will be relatively high, especially compared to the NR Uu design. Hence, multiplexing S-SSB with data in the same slot should be supported. 
For rate matching purposes of UEs receiving data in a slot with S-SSB, UE shall assume that PRBs containing S-SSB are not available for PSSCH in the OFDM symbols where S-SSB is transmitted according the indication of actual transmitted S-SSB from transmitting UE. 
Proposal 6: NR V2X supports multiplexing S-SSB with control/data in a slot. 

S-PSS and S-SSS sequences
In RAN1#AH1901, agreements were made on the potential number of symbols for S-PSS/S-SSS and their bandwidth combination for at least for evaluation purpose. For NR, the PSS and SSS sequences were designed to meet the requirements and scenarios described in TR 38.913. Specifically, the PSS is a single m-sequence while the SSS is a Gold sequence with length 127 and importantly, the supported number of PCI is also increased to 1008, which is twice the number supported in LTE. 
Therefore, our view is that the sequence designs of S-PSS/S-SSS should be based on NR PSS and SSS sequence unless it is shown to be inadequate and cannot satisfy the requirement of V2X use cases. Furthermore, as shown in Section 2.2 above, length-127 NR-like PSS and SSS sequence can achieve the same performance as LTE-V2X SLSS.
Proposal 7: The NR SS sequence design is reused for NR V2X S-PSS and S-SSS. The length of S-PSS and S-SSS is 127.

There is potential interference between S-SSB and SSB in NR Uu link in the shared licensed carriers. The frequency location of S-SSB can be (pre-) configured and may lead to overlapping with the NR SSB location, since the SSB for RRM can be placed in any ARFCN. One possible approach is to differentiate the sequence between S-PSS/S-SSS with NR PSS/SSS by using different cyclic shifts and/or polynomials. Moreover, in order to generate the different S-PSS1 and S-PSS2, different cyclic shifts and/or polynomials can be used for each of them.
Proposal 8: Each S-PSS and S-SSS sequence is generated by using a different cyclic shift and/or polynomials compared to PSS and SSS.
In NR, each of the three cyclic shifts (associated to ) of PSS sequences generated from one length-127 m-sequence provides 336 different sequences. The PCI as defined in 38.211 is copied below: 
	There are 1008 unique physical-layer cell identities given by

	
where  and .




How many  are needed to derive S-PSS sequence depends on the necessity of indicating the SLSS ID for the different deployments and use cases. For NR-V2X, both in-coverage and out-of-coverage should be supported. For every set of in-coverage and out-of-coverage case, the simplest way is to use one S-PSS () value and all provided  to generate every SLSS ID set. This would need minimal change compared to NR Uu specification. Two  values are needed which generate SLSS ID set in {0, 1, …, 335} with  for in-coverage and SLSS ID set  in {336,337,,…,671} when  for out-of-coverage.


The total number of SLSS ID is then double the number of SLSS ID in LTE-V2X. The reason is that the NR Uu PSS/SSS sequence length is 127 and the total supported PCIDs are double LTE’s. If we reuse 127 length NR Uu PSS/SSS type sequences in NR-V2X, then S-SSB can have the same performance as NR SSB, whilst supporting more SLSS IDs than in LTE-V2X. 
Proposal 9: For the supported SLSS IDs for NR-V2X: 
· Two  values are defined for the generation of the S-PSS sequences, one for in-coverage and another one for out-of-coverage. 
· 672 SLSS IDs are needed, {0, 1, …, 335} for in-coverage and {335, 337, …, 671} for out-of-coverage. 

Synchronization procedures 
RAN1#96 made the following decisions [3]:
Agreements:
· Whether GNSS-based synchronization or gNB/eNB-based synchronization is used is (pre)-configured.  
· The following table is a working assumption

	GNSS-based synchronization
	gNB/eNB-based synchronization

	· P0: GNSS 
· P1: the following UE has the same priority: 
· UE directly synchronized to GNSS 
· P2: the following UE has the same priority: 
· UE indirectly synchronized to GNSS
· P3: the remaining UEs have the lowest priority.
	· P0: gNB/eNB
· P1’: UE directly synchronized to gNB/eNB 
· P2’: UE indirectly synchronized to gNB/eNB 
· P3’: GNSS 
· P4’: UE directly synchronized to GNSS 
· P5’: UE indirectly synchronized to GNSS
· P6’: the remaining UEs have the lowest priority. 



When both eNB and gNB are available as synchronization sources (i.e. UE can detect both of them), the priority between them should depend on received signal strength, e.g. based on RSRP/RSRQ. However, the timing difference between eNB and gNB should be also considered since NR Uu link supports different timing between eNB and gNB. A single sidelink timing should be achieved when the timing between eNB and gNB is different. The potentially different numerologies between Uu link and sidelink should be considered in order to derive the slot number in the sidelink. 
According to RAN4 specification, the eNB and the gNB can be synchronous or asynchronous, with a maximum receive timing difference of up to 500 μs for inter-band asynchronous EN-DC case, and up to 33 μs for inter-band synchronous EN-DC case [3]. Irrespective of whether the synchronization source is eNB or gNB, a common DFN must be obtained for the sidelink. Therefore, a timing difference between eNB and gNB should be configured to allow the sidelink UE to derive a unified sidelink timing. 
Proposal 10: Synchronous and asynchronous timing between gNB and eNB are supported. The timing differences between eNB and gNB should be configured to the sidelink UEs.

For out-of-coverage UEs, GNSS is the main synchronization source. If no GNSS is available, the UE will need to rely on received S-SSB. In order to prioritize among the received S-SSB, the UE has to obtain synchronization-related information, such as the coverage status of the Tx UE, the type of synchronization source it follows and/or the number of hops from the synchronization source from which it obtains its timing. Providing such type of information by the S-SSB assists the Rx UE to prioritize, select and synchronize to the Tx UE defining the highest priority synchronization source. 
Proposal 11: In NR V2X sidelink, indication of the synchronization source type and number of hops through the S-SSB is supported. 

In LTE V2X, a UE transmits SLSS when it is configured by the network with dedicated signaling (network-based) or when the UE is not configured by dedicated signaling, or it is out of coverage (UE-based). For the UE-based case, the SLSS transmission can be triggered when the RSRP/S-RSRP of the synchronization reference measured at the UE is below a threshold, where the threshold is broadcasted by the network when in coverage or the threshold is preconfigured when out of coverage. The above flexibility for LTE SLSS transmission should be supported for NR-V2X as well: 
Proposal 12: NR-V2X synchronization supports: 
Network configured transmission of SLSS; and 
UE triggered transmission of SLSS with defined triggering condition.

RS based sidelink synchronization
In the last RAN1#96 meeting [3], we have the following agreement:
Agreements:
1. NR V2X supports using a sidelink RS for synchronization purpose
0. Applicable only on unlicensed (ITS) carrier with no network deployment on this carrier
0. This RS is not a standalone RS and not part of SLSS.  
0. This RS will not appear in the synchronization procedure for the selection of sync sources.
0. RS used for the synchronization purpose would not impact any sidelink RS design
0. FFS:  Whether this RS is DM RS or other RS
0. FFS: Whether this could be achieved by UE implementation 
0. FFS: Specification impact 

The use cases for this seem rather limited. For example, RS can be used when the UE loses GNSS/network timing with a limited time window, e.g. within 10 seconds. If a UE loses its GNSS/network for a longer time, any kinds of DMRS will be useless, since the timing will deviate too far. The only usable or reliable signal is the S-SSB. 
Secondly, it appears that no specification impact is needed to enable this as far as it might be needed. For example, the receiver can select a detected UE’s DMRS as its synchronization reference if the RX UE loses its GNSS signal. The UE can choose the DMRS based on the timing and frequency offset between the DMRS transmitter and its receiver, the RSRP/RSRQ, and decode results from the DMRS transmitter etc. Based on this operation, the receiver UE can determine the best DMRS transmitter as a timing reference. 
Thirdly, whether the DMRS is usable or not is still questionable. For example, if the data bandwidth is small, e.g. 4 PRBs, then the performance of DMRS on 4 PRBs will be poor for synchronization purposes (the DMRS sequence will be only length-12 if 1/4 DMRS density is used). Furthermore, the detected DMRS will be carried primarily with aperiodic traffic in NR V2X, and this kind of DMRS is not good for timing and frequency tracking. This is the reason why we need periodic SLSS both from LTE and NR V2X.  Furthermore, if we want to use the data DMRS, the receiver needs first to determine what resources have been used for the PSSCH, otherwise the receiver cannot know the bandwidth of the data DMRS, but this will change depending on interference and the UE’s blind detecting ability. 
Proposal 13: RS based synchronization is supported by UE implementation without specification impact. 

Conclusion
In this contribution, we discussed the various aspects for the NR-V2X synchronization. The proposals are listed in the following:
Proposal 1: 11 PRBs are used for NR-V2X S-SSB.
Proposal 2: For NR-V2X S-SSB, 2 symbols of length-127 S-PSS and 2 symbols of length-127 S-SSS are used. The two symbols can carry different S-PSS sequences.
Proposal 3: NR-V2X S-SSB consists of 10 symbols with {S-PSS, S-PSS, S-SSS, S-SSS, PSBCH, PSBCH, PSBCH, PSBCH, PSBCH, PSBCH} for 15 kHz SCS.
Proposal 4: Support configurable S-SSB periodicity values, including longer periodicities than supported for Rel-15 NR Uu SSB periodicities.
Proposal 5: NR V2X supports number of SSB up to L_v2x (L_v2x=2/4/8 for <3 GHz/3~6 GHz/>6 GHz) SSBs transmitted within a 5ms S-SSB burst set both for FR1 and FR2.
Proposal 6: NR V2X supports multiplexing S-SSB with control/data in a slot. 
Proposal 7: The NR SS sequence design is reused for NR V2X S-PSS and S-SSS. The length of S-PSS and S-SSS is 127.
Proposal 8: Each S-PSS and S-SSS sequence is generated by using a different cyclic shift and/or polynomials compared to PSS and SSS.
Proposal 9: For the supported SLSS IDs for NR-V2X: 
· Two  values are defined for the generation of the S-PSS sequences, one for in-coverage and another one for out-of-coverage. 
· 672 SLSS IDs are needed, {0, 1, …, 335} for in-coverage and {335, 337, …, 671} for out-of-coverage. 
Proposal 10: Synchronous and asynchronous timing between gNB and eNB are supported. The timing differences between eNB and gNB should be configured to the sidelink UEs.
Proposal 11: In NR V2X sidelink, indication of the synchronization source type and number of hops through the S-SSB is supported. 
Proposal 12: NR-V2X synchronization supports: 
Network configured transmission of SLSS; and 
UE triggered transmission of SLSS with defined triggering condition.
Proposal 13: The RS based synchronization can be supported by UE implementation without specification impact. 

Annex: Simulation assumptions
	 
	Below 6GHz
	Above 6GHz

	Carrier Frequency
	6 GHz
	30 GHz

	Channel Model
	urban-nlos, ds = 30ns
	urban-nlos, ds = 100ns

	Subcarrier Spacing(s)
	15, 30, 60 kHz
	60, 120 kHz

	SNR Range
	> -6 dB
	> -6 dB

	Relative UE Speed
	6 km/h, 240 km/h  (mandatory)
60km/h, 500 km/h (optional)
	6 km/hr, 240 km/h (mandatory)

	Interference model
	Scenario 1: no interference
Scenario 2: effect of interference includes in the model
	Scenario 1: no interference


	Initial Frequency Offset

	TX: Uniform distribution within [-5, 5] ppm of nominal carrier frequency
RX: Uniform distribution within [-5, 5] ppm of nominal carrier frequency

	Payload size of PSBCH
	56bits with 24 bits CRC for NR-V2X
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One-shot, joint PSS/SSS detection probability, 6GHz, 15kHz, 6km/h.
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One-shot, joint PSS/SSS detection probability, 6GHz, 15kHz, 240km/h.
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One-shot, joint PSS/SSS detection probability, 6GHz, 15kHz, 500km/h.
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