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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
The time synchronization requirements for URLLC scenarios, such as the closed-loop control applications and the fault location of the electricity line in smart grid, have been introduced in TS 22.261. NR system shall provide a high accuracy time synchronization service among the UEs to maintain a low jitter timer for the critical control applications in the vertical systems.
In this paper, the feasibility of the high accuracy time synchronization service is analyzed based on the current BS/UE requirements in NR, and several enhancement considerations are proposed for achieving the high accuracy time synchronization. This is a re-submission of R1-1802718.
[bookmark: _Ref129681832]Discussion
Timing error in current NR
[bookmark: OLE_LINK139]A general description about the scenarios and the requirements of the time synchronization has been introduced in [1]. It has been mentioned that 3GPP system shall satisfy a very low jitter (1us) for the scenarios of Industrial control, which requires the time synchronization between devices with high accuracy e.g. ± 1us. One possible scheme of the HATS (High Accuracy Time Synchronization) is to let the UEs in the wireless networks be synchronized to a common time source, such as UTC or GPS time, with the help of the base stations. Then the UEs can get synchronized with each other based on the unified time standard.
To get synchronized to a common time source, UE shall first synchronize to the base station to align the frame timing for both downlink and uplink transmissions. Then UEs need acquire the accurate time information of the common time source from the base station. Therefore, the accuracy of HATS is determined by the accuracy of the time information indicated by the base station and the downlink/uplink frame timing accuracy.
Observation1. The accuracy of HATS (High Accuracy Time Synchronization) is determined by the accuracy of the downlink/uplink frame timing and the time indication from the base station.
Accuracy of time information indicated by BS
The issue on the indication of the common time source has not been decided in NR. In LTE-A, the SIB-16 is used to deliver the UTC/GPS time information, which contains common time information with 10ms units. It can be easily understood that the time information indication with 10ms units maybe results in ±5ms error in the time synchronization.
Observation2: The time information indication with 10ms units maybe results in ±5ms error in the time synchronization. 
Accuracy of DL/UL frame timing
As a kind of synchronized networks, BS and UEs in NR process the downlink and uplink signals with respective to the specified time and frequency domain frame structures respectively. The transceivers at the BS and UEs shall follow the uplink and downlink frame timing requirements to keep the frame timing error not impact the performance of NR system. The accuracy requirements of DL/UL frame timing in current NR are summarized as follows.
The requirement of the frame timing of the BS transmitter is defined in TS38.104 [2] named as Time alignment error (TAE). The requirement applies to the frame timing in TX diversity, MIMO transmission, carrier aggregation and their combinations, which is caused by the timing differences of RF signals among different BS transmitter antenna connectors or transceiver array boundary, and independent from the subcarrier spacing. It can be assumed that BS and UEs get synchronized independently at each carrier frequency, the BS transmit frame timing requirement shall be below ±65ns ([2]*64*Tc).
	[bookmark: _Toc502932964]6.5.3.2	Minimum requirement for BS type 1-C and 1-H
For MIMO or TX diversity transmissions, at each carrier frequency, TAE shall not exceed 65 ns.
For intra-band contiguous carrier aggregation, with or without MIMO or TX diversity, TAE shall not exceed the values in table 6.5.3.2-1.
Table 6.5.3.2-1: TAE for intra-band contiguous carrier aggregation
	SCS for data [kHz]
	TAE (ns)

	15
	[260]

	30
	[260]

	60
	[130]

	NOTE: 	Different SCS for aggregated carriers is FFS.






The downlink frame timing at the UE receiver represents the arrival time of the downlink signal, and is obtained via detecting the downlink frame of the reference cell. The detecting error of the arrival time of the downlink frame is included in the UE transmit timing error. In TS 38.133 [3], the requirement of the UE transmit timing variances with the subcarrier spacing of the system as shown in the table blow.
	[bookmark: _Toc503256077]7.1	UE transmit timing
[bookmark: _Toc503256078]7.1.1	Introduction

The UE shall have capability to follow the frame timing change of the connected gNB. The uplink frame transmission takes place  before the reception of the first detected path (in time) of the corresponding downlink frame from the reference cell. The reference cell is PSCell in case of EN-DC. UE initial transmit timing accuracy, maximum amount of timing change in one adjustment, minimum and maximum adjustment rate are defined in the following requirements.
Table 7.1.2-1: Te Timing Error Limit
	Frequency Range
	SCS of SSB signals (KHz)
	SCS of uplink signals s(KHz)
	Te

	1
	15
	15
	[12]*64*Tc

	
	
	30
	[10]*64*Tc

	
	
	60
	[10]*64*Tc

	
	30
	15
	[8]*64*Tc

	
	
	30
	[8]*64*Tc

	
	
	60
	[7]*64*Tc

	2
	120
	60
	[3.5]*64*Tc

	
	
	120
	[3.5]*64*Tc

	
	240
	60
	[bookmark: OLE_LINK3][bookmark: OLE_LINK4][3]*64*Tc

	
	
	120
	[3]*64*Tc

	Note 1:		Tc is the basic timing unit defined in TS 38.211

Editor’s note: The final values of Te for 120KHz SSB SCS are subject to further discussions in further meeting, and may not be outside 3*64*Tc to 3.5*64*Tc.






The uplink transmit timing at the UE transmitter is determined by the TA adjustment accuracy. The UEs adjust the uplink frame transmit timing according to the TA adjustment indication as described in TS 38.213 [4], and the accuracy requirement of the TA adjustment is limited related to the subcarrier spacing in TS 38.133 [3].
	[bookmark: _Toc503256087]7.3.2.2	Timing Advance adjustment accuracy
The UE shall adjust the timing of its transmissions with a relative accuracy better than or equal to the UE Timing Advance adjustment accuracy requirement in Table 7.3.2.2-1, to the signalled timing advance value compared to the timing of preceding uplink transmission. The timing advance command step is defined in TS38.213.
Table 7.3.2.2-1: UE Timing Advance adjustment accuracy
	Sub Carrier Spacing, SCS kHz
	15
	30
	60
	120

	UE Timing Advance adjustment accuracy
	±256 Tc
	±256 Tc
	±128 Tc
	±32 Tc






There is no detection accuracy requirement for the uplink frame timing at the BS. Generally, the frame timing detection accuracy at the BS receiver may be better than the downlink frame timing detection at the UEs. It could assume that the uplink timing shall follow same as or smaller than the requirements of UE transmit timing Te. 



The TA adjustment indication for a subcarrier spacing of   kHz defined in TS 38.213 [4] indicates the change of the uplink timing relative to the current uplink timing as multiples of . Therefore, the indication error caused by the granularity of the TA adjustment is ±.
The total timing error for different subcarrier spacing is illustrated in the table 1 taking the downlink/uplink frame timing requirements into consideration, and represents the maximum timing deviation of the timers between BS the UEs. It is shown that the timing error varies with respect to the subcarrier spacing, and larger subcarrier spacing can improve the timing accuracy due to better frame timing detection and smaller granularity of TA adjustment. The total timing error for the time synchronization between BS and UEs is ±1236ns when SCS=15kHz, ±846ns when SCS=30kHz, and ±651ns when SCS=60kHz.
Observation 3: The total timing error for the time synchronization between BS and UEs is about ±1236ns when SCS=15kHz, ±846ns when SCS=30kHz, and ±651ns when SCS=60kHz. 
Table1. The total timing error for the time synchronization between BS and UEs
	Timing error type
	SCS (kHz)

	
	15
	30
	60

	BS transmit frame timing (TAE)
	[2]*64*Tc
	[2]*64*Tc
	[2]*64*Tc

	UE receiving frame timing (Te)
	[12]*64*Tc
	[8]*64*Tc
	[7]*64*Tc

	UE transmit frame timing (TA adjustment accuracy)
	[4]*64*Tc
	[4]*64*Tc
	[2]*64*Tc

	TA adjustment granularity
	[8]*64*Tc
	[4]*64*Tc
	[2]*64*Tc

	BS receiving frame timing

	[12]*64*Tc
	[8]*64*Tc
	[7]*64*Tc

	Total timing error
	[38]*64*Tc
(1236ns)
	[26]*64*Tc
(846ns)
	[20]*64*Tc
(651ns)



The achievable accuracy of OTA time synchronization
The achievable accuracy of OTA time synchronization is different related to the deploying scenarios. There are three typical time synchronization scenarios in the vertical applications.
Scenario1. UEs synchronized under the same BS, such as the robots nearby.
Scenario2. UEs synchronized under different BSs, such as in smart grid scenario.
Scenario3. Wireless UEs synchronized to the wired equipment, such as synchronization between the robots and the fixed equipment in the factory.
For scenario1, UEs have the same understanding about the common time source since they are indicated by a same BS. The accuracy of the time synchronization only depends on the frame timing between the BS and UEs. According to the Table 1, the timing accuracy between UE and BS is about ±1236ns under 15kHz subcarrier spacing, so the achievable accuracy between UEs within one cell is about ±1236ns for 15kHz subcarrier spacing, which cannot satisfy the requirement of ±1us. 30/60 kHz SCS could meet the requirements but may not be used in all deployments.
For scenario2, NR shall consider the effect of the cell phase between two BSs to the UEs time synchronization. For TDD transmission mode, the cell phase synchronization accuracy shall be better than 3us [3]. It restricts the misunderstanding of the time information indication to a smaller range of ±3us. The achievable accuracy for UEs in different cells is the summary of the frame timing accuracy and the cell phase synchronization accuracy, and is out of the requirement of the vertical applications. However, it should be noticed that the 3us accuracy between BSs is just a conservative requirement following the requirement in LTE with 15 kHz SCS. In NR, it can be expected the timing accuracy between BS can be much higher than LTE due to the advanced technology.
For scenario3. It assumes that the equipment in the wired networks has synchronized ideally to UTC time via e.g. PTP protocol. Thus, the achievable accuracy can be simply assumed be equal to the accuracy of UE synchronizing to the common time source, and depends on the timing and indication accuracy of the time information at the base station and the BS/UE frame timing analysed in the previous subsections.
For a summary, the requirement of ±1us time synchronization cannot be always fulfilled in current NR. 
Observation4: The requirement of ±1us time synchronization cannot be always fulfilled in current NR.

[bookmark: OLE_LINK58][bookmark: OLE_LINK59][bookmark: OLE_LINK90]Enhancements for the high accuracy time synchronization
The largest part of the synchronization error is the 10ms accuracy time information indication of the legacy SIB message in the analysis of OTA time synchronization. The base station shall improve the accuracy of the common time indication message to eliminate the indication error of reference time. For the location services based on OTDOA, the synchronization requirement for BS is 100ns [5], which forces BS to the time information of 50ns units at least. The same requirement shall be used in the high accuracy time synchronization services.

There are several enhancements to improve the frame timing accuracy based on the current NR system. The granularity of the TA adjustment indication results in a misunderstanding of ±, which is a considerable error in the frame timing synchronization, especially for the numerology of 15kHz subcarrier spacing. Some more accurate method may be designed for HATS to indicate the uplink frame timing in NR. The frame timing errors at BS and UE transmitter, TAE and TA adjustment accuracy, is about ±195ns caused by the imperfect RF operating circuit. The BS and UEs may add some measurement model for RF circuit to compensate the timing errors in the time synchronization, which shall be regarded as an implementation enhancement.
Based on the analysis above, BSs shall keep the time error between the BS local time and the common time source within 100ns, and thus, NR radio interface shall strive to decrease the error of the DL/UL framing timing from ±1263ns down to ±900ns. The achievable accuracy analysis shows that there is still some spaces for enhancing the accuracy of HATS. It can be expected that the requirement of ±1us timing accuracy between devices can be satisfied in NR with some enhancements, such as the higher accuracy timing information and enhanced time-synchronization mechanism between UE and BS.

Proposal 1: It can be expected that the requirement of ±1us timing accuracy between devices can be satisfied in NR with some enhancements, such as the higher accuracy timing information and enhanced time-synchronization mechanism between UE and BS.

Conclusions
In this contribution, the feasible of the time synchronization in NR is discussed, several improving aspects are provided to enhance the accuracy of the time synchronization. The observations and proposals are provided as follows.
Observation1. The accuracy of HATS (High Accuracy Time Synchronization) is determined by the accuracy of the downlink/uplink frame timing and the time indication from the base station.
Observation2: The time information indication with 10ms units maybe results in ±5ms error in the time synchronization. 
Observation 3: The total timing error for the time synchronization between BS and UEs is about ±1236ns when SCS=15kHz, ±846ns when SCS=30kHz, and ±651ns when SCS=60kHz. 
Observation4: The requirement of ±1us time synchronization cannot be always fulfilled in current NR.

Proposal 1: It can be expected that the requirement of ±1us timing accuracy between devices can be satisfied in NR with some enhancements, such as the higher accuracy timing information and enhanced time-synchronization mechanism between UE and BS.
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