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1. Introduction
In RAN1 #94 and RAN1#94bis, the following agreements were reached on synchronization for NR V2X.
Agreements:
· NR V2X Sidelink Synchronization includes at least the following
· Sidelink synchronization signal(s)
· PSBCH
· Sidelink synchronization sources and procedure(s)
· Study potential synchronization sources –GNSS, gNB, eNB, UE, LTE UE
· Note: this doesn’t mean all of them are to be supported
Agreements:
At least GNSS, gNB, NR UE, and eNB are supported as the synchronization source for NR V2X.
eNB as a synchronization source for NR V2X UEs supporting LTE Uu/PC5 or Uu only (no change to the eNB behaviour) 
Whether a source is supported is for further NR V2X UE capability consideration
Agreements:
NR V2X sidelink operation includes the following cases:
NR V2X sidelink is synchronized with LTE V2X sidelink
NR V2X sidelink synchronization procedure operates independently to the LTE V2X sidelink synchronization procedure
Working assumption:
· For the purpose of evaluation, the initial frequency error should be within ±[5] ppm with the assumption of uniform distribution [-5, 5] for NR V2X sidelink synchronization.
· Note: This is the error of the local oscillator for the Tx and Rx with respect to the absolute carrier frequency.
Agreements:
· The design of NR V2X sidelink synchronization signals and PSBCH uses NR SSB structure as the starting point with the following properties,
· NR V2X synchronization signals include sidelink PSS (S-PSS) and sidelink SSS (S-SSS) and are structured with PSBCH in a block format (S-SSB)
Agreements:
· Periodic transmission of S-SSB in NR V2X  is supported
· FFS:  whether one/more S-SSB is transmitted in a period

In this contribution, we further discuss the synchronization mechanisms for NR V2X.
2. Background on LTE V2X synchronization mechanism
LTE V2X synchronization mechanism relies on deriving time and frequency synchronization from one of the three potential synchronization source types: (i) GNSS, (ii) eNB, and (iii) SyncRef UE. SyncRef UEs are the UEs which may themselves be directly synchronized to GNSS or eNB (such that it’s a hop-0 SyncRef UE), or maybe synchronized to a hop-0 SyncRef UE (such that it’s a hop-1 SyncRef UE), and so on.
Sidelink synchronization signals (SLSS) and channel: Consists of PSSS, SSSS, and PSBCH. PSSS/SSSS resemble Rel-8 PSS/SSS, while PSBCH resembles PSSCH channel and contains information such as in-coverage indicator, tdd-config, etc. The sidelink synchronization signals and channel are transmitted every 160ms (by a SyncRef UE) for V2X communications and over a fixed transmission BW of 6 PRBs. 
Sidelink synchronization resources: If no resources are configured for a given sidelink carrier, then only GNSS/eNB can be used as synchronization sources. If SLSS based synchronization is desired (i.e. use SyncRef UE to derive time/frequency synchronization, if needed), then the resource(s) to use for transmission of SLSS/PSBCH.
To enable SLSS based synchronization, one resource is configured for in-coverage UE by the eNB (and network is required to ensure it’s the same as the first resource that is (pre)configured for out-of-coverage operation). For out-of-coverage operation, ether two or three resources can be configured. The synchronization procedure and priority of synchronization sources differ depending whether two or three resources are (pre)configured.
Sidelink synchronization procedure: The priority between the synchronization source types are specified and depend on the following configurations and coverage scenario:
a) In-coverage and GNSS is configured to be higher priority than eNB
b) In-coverage and eNB is configured to be higher priority than GNSS
c) Out-of-coverage and GNSS is pre-configured to be higher priority than eNB
d) Out-of-coverage and eNB is pre-configured to be higher priority than GNSS
UE capability: Due to the complexity in UE implementation, support of sidelink synchronization signal transmission and reception is a UE capability. This motivates studying potential enhancements with reduced complexity for NR V2X synchronization.
3. NR V2X synchronization procedure
3.1 Discussion
As highlighted above, the current LTE V2X synchronization procedure and requirements present considerable UE implementation complexity. Moreover, in our view, such complexity may not be needed in all operation scenarios. This motivates the need to seek reduced complexity enhancements to the LTE V2X synchronization procedure. 
As motivation, let’s consider the example of out-of-coverage operation with GNSS pre-configured as the highest priority. In such case, the priority of the synchronization source types is given as follows:
Priority of synchronization source types with out-of-coverage with GNSS (pre)configured as highest priority:
1. GNSS
2. SyncRef UEs directly synchronized to eNB 
(SLSSID in slss_net, INC = 1)
3. SyncRef UEs directly synchronized to GNSS 
(SLSSID = 0, INC = 1 /OR/ SLSSID = 0, resource = 3)
4. SyncRef UEs in-directly synchronized to eNB 
(SLSSID in slss_net, INC = 0)
5. SyncRef UEs in-directly synchronized to GNSS
(SLSSID = 0, INC = FALSE & resource 1 or 2)
6. SyncRef UEs in-directly synchronized to GNSS via OOC UE
(SLSS ID = 169, INC = False; with three resources configured)
7. Independent SyncRef UEs
In this scenario, unless the UE is directly synchronized to GNSS (highest priority) is required to constantly perform a full (synchronous and asynchronous) search for other SyncRef UEs and reselect if a higher priority source is found. This requires the UE to implement a searcher for sidelink synchronization that is constantly running asynchronous to the data reception operation (i.e. UE needs to be able to handle two asynchronous timings – one for data transmission and reception, and an asynchronous timing for searcher operation). While some allowance (0.5% for a sidelink carrier) of dropping V2X communication data reception are allowed by RAN4 specification [36.133], it may not be desired to drop V2X data reception unless really needed.
However, if we consider the scenario of out-of-coverage operation for V2X in an ITS channel (no eNB coverage), we can potentially limit the attention to GNSS and SyncRef UEs directly or in-directly synchronized to GNSS. In such a case, if we further remove the consideration of an independent synchronization source, then the synchronization mechanism reduces to a synchronization search only. In other words, much of the complexity in synchronization arises from mixing of eNB and GNSS synchronization sources, and handling of independent synchronization source. 
In realistic scenarios like: (a) urban driving where GNSS coverage is spotty, and (b) tunnel scenario with GNSS coverage outside the tunnels: the vehicular UE will have GNSS coverage certain times and may lose it for some time. In such scenario(s), even when UE has lost GNSS, an asynchronous search for SyncRef UEs is not needed in most cases as the UE’s oscillator would not have drifted significantly. From a UE complexity and system performance viewpoint, two enhancements can then help in such realistic scenario:
1. Relaxed time/frequency synchronization error requirements for NR V2X sidelink transmission and reception, as the current requirements of +-12Ts are overly stringent and can be optimized for V2X use case.
2. Reduced complexity synchronization procedure to allow for synchronous-only synchronization source search and/or time/frequency synchronization adjustment.
For (2) above, we can potentially study both SLSS based and non-SLSS based synchronization procedures. The motivation is to consider the case when the UE was synchronized to GNSS/eNB/gNB/SyncRef UE at a prior time and has not drifted significantly (such that it can still receive packets from other synchronized UEs). For SLSS-based, this will entail studying if we can perform synchronized search only for SyncRef UEs. For non-SLSS based, this will entail studying if we can derive timing from other UEs from which we can receive packets. 
[bookmark: _Hlk521575266]Proposal 1: Revaluate the time/frequency error requirements for NR V2X data/control and synchronization signal transmissions.
Proposal 2:  Introduce reduced complexity synchronization procedure for NR V2X to address the scenario wherein the UE was synchronized to GNSS/eNB/gNB/SyncRef UE at a prior time and has not drifted significantly (e.g. can still receive packets from other synchronized UEs). 
Proposal 3: Introduce non-SLSS based synchronization enhancements for NR V2X. 
3.2 Non-SLSS based synchronization: Motivation
In this section, we provide some initial simulations results to motivate the benefits of reduced complexity synchronization procedure for NR V2X using either synchronized SLSS or non-SLSS based synchronization.
The simulations presented in this section are for non-SLSS based synchronization procedure.
3.2.1 Simulation modelling
GNSS coverage drop procedure
The simulations are for urban drop. In the drop, we additionally model GNSS coverage areas as hotspots in the drop where we assume the GNSS coverage is available. Each GNSS hotspot is modelled as circular geographical areas with radius of 200m and centre is dropped uniformly with the geographical area of the drop (as depicted in Figure 1). The number of hotspots is varied as a parameter to model different densities of UEs that are in GNSS coverage.  
If the UE is within the GNSS coverage area, then UE is declared to synchronized to GNSS. If UE is outside the GNSS coverage area, then the UE is assumed to not have GNSS coverage and the oscillator (XO) will be drifting as per the XO drift model. Actual mobility of the UEs is simulated, and thus the coverage state of a UE will (may) change over the simulation time such that it may be in GNSS coverage area at certain point in time and may loss the GNSS coverage and have its oscillator drifting. 



[bookmark: _Ref528838805]Figure 1: Modelling of GNSS coverage areas within the Urban drop

UE oscillator modelling (frequency drift modelling at the UE)
When the UE is within GNSS coverage, we assume that the oscillator can be perfectly disciplined and results in zero time/frequency error for communications. This is an idealistic assumption but does not affect message of this simulation. Practically there will still be some residual time/frequency error but will be quite small and can be modelled as such as well without changing the results presented in this contribution.
When the UE loses GNSS coverage, the XO drift is modelled as:

where  is the time elapsed since the UE was in GNSS coverage (i.e. start of drift) and  is the frequency uncertainty of the oscillator. The corresponding timing uncertainty is then the area under the triangle as:

If the UE is synchronized to another UE, the time and frequency uncertainty in the synchronization source is accounted for as an offset in the above equations, i.e. Tunc = Tunc (source) + Tunc (XO); Func = Func(source) + Func(XO). The oscillator still drifts from the time got synchronized to the UE.
At the initial time of drop, if the UE is not inside GNSS coverage, the timing and frequency uncertainty is chosen uniformly in [-4us 4us] and [-100ppb, 100ppb], respectively. 
UE time / frequency error requirements for transmission
We assume the minimum requirements from R-14 on time/frequency error requirements for transmission, i.e. maximum timing error is within 391ns and the maximum frequency error is 0.1ppm.
Based on the model above, if the UE loses GNSS synchronization, the UE can still guarantee that it can meet the time and frequency error requirements for the following times, respectively:
For , 
For , 
Modelling of time/frequency error in reception
Given the timing/frequency errors at the transmitter and the receiver, we use the following model to assume if the Rx UE can receive the transmission from the Tx UE.
For timing difference, we assume the receiver assumes that the packet should arrive within [CP-, CP+] of its own reference timing (that could offset from the true timing by the timing uncertainty at the receiver), where CP- + CP+ = CP (length of cyclic prefix) that is assumed to be 2.3us in this simulation. We model ISI-free reception, such that is the transmission can be received only if there is no-ISI affect. Clearly this is a pessimistic assumption (particularly for lower MCS), nonetheless, can still help us to motivate the non-SLSS based synchronization. Under realistic assumptions, the argument / benefits of non-SLSS based synchronization become even more compelling. 
For ISI-free reception, we want to have



Figure 2: Modelling assumption for ISI-free reception at the receiver
For frequency error between transmitter and receiver, we assume a CFO pulling range of 1kHz (that can be achieved by DMRS symbols that are 0.5ms apart (slot length with 30kHz SCS).
For the simulation results presented in this contribution,  is assumed to be 25% of the entire CP duration, and  is assumed to be 75% of the CP duration. 
An example to motivate non-SLSS based synchronization:
Assuming the transmitter has a timing uncertainty of +391ns w.r.t GNSS time, and we consider a receiver at a distance of 250m, then the receiver can receive the packet (assuming ISI-free reception) if 


Thus, after a UE losses GNSS coverage, the UE can receive packets for a much longer time as compared to transmitting packets (meeting the time/frequency error requirements). In other words, after loss of GNSS coverage, the UE can still receive packets from other UEs that are within GNSS coverage and can use the time/frequency estimation (from channel estimation) from those packets to correct for the oscillator drift. 
In SLSS based synchronization mechanism, we rely on the SLSS being transmitted by GNSS-synched UE for time/frequency correction. However, if you can receive data packets from those UEs in the first place, we can use the time/frequency estimation on the DMRS of those transmission for time/frequency correction.
Hence we propose to study non-SLSS based synchronization for NR V2X. It can be supplement to SLSS-based synchronization. Furthermore, in terms of signalling, the only indication needed is to include the GNSS coverage state (yes/no) in the MAC header in a UEs transmission. The current synchronization procedure specified for SLSS can simply be extended, for example, add specification changes of the likes of the following:
· If GNSS coverage is not available
· If the UE can receive decode packet from another UE (potential SynchRef-noSLSS UE) and determines the GNSSCoverage indicator in the MAC header of the packet to be set to true; and
· If the RSRP measured on the DMRS of the PSSCH exceeds a configured threshold; and
· If the RSRP measured on the DMRS of the PSSCH exceeds the last measured RSRP of the previously selected SynchRef-noSLSS UE; 
· then
· Select the potential SynchRef-noSLSS UE as the synchronization reference for time/frequency synchronization 

Observation 1: If a UE loses GNSS coverage but can still receive packets from other GNSS-sync’ed UEs, it can use the channel estimation on DMRS of the decoded packets to correct its time/frequency drifts (similar to SLSS).
Observation 2: Specification impact to support non-SLSS based synchronization is expected to be quite low, involving transmitting GNSS coverage status in the MAC header and specification of a simple extension of current SLSS based synchronization procedure.
Proposal 4: Support UE transmitting its GNSS coverage state in the MAC header of its transmission to enable non-SLSS based synchronization. 
3.2.2 Synchronization procedures
Case 1: GNSS only synchronization
This case corresponds to Release 14 procedure with GNSS only synchronization. When the UE goes out of coverage, the UE can still keep transmitting as long as the oscillator has not drifted enough and can guarantee to still meet the time/frequency error requirements (as required by Rel-14 specifications).
Case 2: GNSS + non-SLSS based synchronization
In addition to Case 1, a UE that is no longer in GNSS coverage and cannot guarantee that it can meet the time/frequency error requirements (as required by Rel-14 specifications), may still be able to decode data packets from other GNSS synch’ed UEs (as shown in the calculations in previous subsection). All UEs include their GNSS coverage state (GNSS synchronized or not) in their transmissions. 
In the results presented, we assume the following algorithm for correcting the time/frequency error based on received packets from GNSS sync’ed UEs.
· Check the ISI-free and CFO pulling range criterion as described in previous subsection. If these are not met, then declare packet cannot be decoded.
· If the ISI-free and CFO pulling range criterion are met, attempt packet decode as normal (based on link curve)
· If the packet is decoded successfully
· Check header to see if the packet is being transmitted by a GNSS synced UE
· If yes, measure RSRP, measure the time of the first arrival path, and measure the frequency offset from DMRS
· If measured RSRP > RSRPLastSource, then 
· correct the current time/frequency (XO) to match those of the received packet
· Set RSRPLastSource = measured RSRP
· (note RSRPLastSource is reset to 0.0 every time the UE is in GNSS coverage or loses its synchronization completely)
Note that the procedure described above is for example and RAN1 should further study potential enhancements to the above procedure to further improve the performance of non-SLSS based synchronization 
3.2.3 Simulation results
In this section, we present the simulation results based on the modelling described in the previous subsection, and summarized in Appendix A.
[image: ]
[bookmark: _Ref528933060]Figure 3: System level performance comparison of non-SLSS based synchronization vs GNSS-only synchronization

Figure 3 demonstrates the advantage of non-SLSS based synchronization mechanism as compared to GNSS-only synchronization. For GNSS-only synchronization, a large fraction of the packets cannot be transmitted since the UE may lose it GNSS coverage, particularly with low number of hostpots indicating spotty GNSS coverage in an urban area. Non-SLSS based synchronization on the other hand provide huge improvement in the system outage performance at low implementation complexity at the UE. In other words, non-SLSS based synchronization promises to yield most of the synchronization benefits of SLSS-assisted synchronization, while at significantly lower UE complexity of implementation. 

Observation 3: Simulation results indicate significant advantage of non-SLSS based synchronization in terms of system synchronization performance (average fraction of packets dropped) as compared GNSS-only synchronization.
Observation 4: Non-SLSS based synchronization procedure promises to yield much of the synchronization benefits of SLSS-assisted synchronization, while at significantly lower UE complexity of implementation
3.3 Other aspects
In the last meeting, the following working assumption was made:
	Working assumption:
· For the purpose of evaluation, the initial frequency error should be within ±[5] ppm with the assumption of uniform distribution [-5, 5] for NR V2X sidelink synchronization.
· Note: This is the error of the local oscillator for the Tx and Rx with respect to the absolute carrier frequency.



In our understanding, and as noted in the working assumption as well, the initial frequency error applies at cold-start, i.e. if the UE was not synchronized in the past or when the time elapsed since the last time the UE was synchronized (to GNSS or a synchronization source) is large (e.g. order of tens of seconds). In our view, it might be good to clarify the same as cold-start is not always the scenario for V2X (e.g. when UE loses GNSS synchronization and then starts to search for SLSS).
Proposal 5: Clarify that the working assumption on initial frequency error of ±[5] ppm for evaluation applies to the case when the UE was not synchronized to any source in the past. 
4. Conclusion
In this contribution, we propose the following aspects for NR V2X synchronization study:
(Synchronization requirements and procedure)
Observation 1: If a UE loses GNSS coverage but can still receive packets from other GNSS-sync’ed UEs, it can use the channel estimation on DMRS of the decoded packets to correct its time/frequency drifts (similar to SLSS).
Observation 1: If a UE loses GNSS coverage but can still receive packets from other GNSS-sync’ed UEs, it can use the channel estimation on DMRS of the decoded packets to correct its time/frequency drifts (similar to SLSS).
Observation 2: Specification impact to support non-SLSS based synchronization is expected to be quite low, involving transmitting GNSS coverage status in the MAC header and specification of a simple extension of current SLSS based synchronization procedure.
Observation 3: Simulation results indicate significant advantage of non-SLSS based synchronization in terms of system synchronization performance (average fraction of packets dropped) as compared GNSS-only synchronization.
Observation 4: Non-SLSS based synchronization procedure promises to yield much of the synchronization benefits of SLSS-assisted synchronization, while at significantly lower UE complexity of implementation

Proposal 1: Revaluate the time/frequency error requirements for NR V2X data/control and synchronization signal transmissions.
Proposal 2:  Introduce reduced complexity synchronization procedure for NR V2X to address the scenario wherein the UE was synchronized to GNSS/eNB/gNB/SyncRef UE at a prior time and has not drifted significantly (e.g. can still receive packets from other synchronized UEs). 
Proposal 3: Introduce non-SLSS based synchronization enhancements. 
Proposal 4: Support UE transmitting its GNSS coverage state in the MAC header of its transmission to enable non-SLSS based synchronization. 

(Other aspects)
Proposal 5: Clarify that the working assumption on initial frequency error of ±[5] ppm for evaluation applies to the case when the UE was not synchronized to any source in the past. 
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Appendix A
Summary of simulation and modelling assumption for the results presented in this paper.
	Parameter
	Value / Comment

	Drop
	Urban Drop

	GNSS coverage drop
	N GNSS hotspots are dropped uniformly in the simulation area (N is varied in the simulation)
Each hotspot is 200m radius. UE is assumed to be in GNSS coverage if it lies within the GNSS hotspot, and out of GNSS-coverage otherwise.

	XO time/frequency drift model
	


	Tx accuracy requirements
	Maximum timing error 12Ts (391ns)
Maximum frequency error  

	Rx modelling to incorporate time/frequency errors
	Declare decode failure if not ISI-free reception

CP- + CP+ = 2.3us; CP- = 0.25 * 2.3us; CP+ = 0.75 * 2.3us

Declare decode failure if frequency error not within CFO pull range of 1 kHz

If ISI-free and CFO within pull range, decoding is attempted as normal based on the link level performance curves. 

	Synchronization mechanism
	Case 1: GNSS only synchronization
Case 2: GNSS + non-SLSS based synchronization
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