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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: _GoBack]This is a resubmission of R1-1802717. In 3GPP SA1, the use case of industrial automation has been discussed and the requirement of jitter has been confirmed. In [1], two use cases are listed:
· [bookmark: OLE_LINK56][bookmark: OLE_LINK57][bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK62][bookmark: OLE_LINK63]In a closed-loop control application, the controller periodically submits instructions to a set of sensor/actuator devices, which return a response within a cycle time. The messages, referred to as telegrams, are typically small (≤ 56bytes). The cycle time can be as low as 2ms, setting stringent end-to-end latency constraints on telegram forwarding (1ms). Additional constraints on isochronous telegram delivery add tight constraints on jitter (1s), and the communication service has also to be highly available (99.9999%). 
· Multi-robot cooperation is a case in closed-loop control where a group of robots collaborate to conduct an action, for example, symmetrical welding of a car body to minimize deformation. This requires isochronous operation between all robots. For multi-robot cooperation, the jitter (1µs) is among the command messages of a control event to the group robots.
In last meeting, we had a paper [2] discussing the scenarios and requirements of time synchronization between UEs and providing initial considerations on the mechanism of time synchronization. In this paper, we discuss more about the mechanism of time synchronization and keep the same discussion on scenarios as last meeting. 
[bookmark: _Ref129681832]Scenarios and industry situation 
Scenarios and requirements
Industrial factory automation and smart grid are two important use cases for URLLC [3]. 
Industrial factory automation requires communications for closed-loop control applications, such as robot manufacturing, round-table production, machine tools, packaging and printing machines. In these applications, a controller interacts with large number of sensors and actuators integrated in a manufacturing unit. Any unsynchronized actions between these sensors and actuators may lead to a damage or interruption in the production line with possibly huge financial loss and safety problem. For example, the motion controller sends a command to the mechanical arm and informs how to act at specified time instant, if it is not synchronized with the controller, the arm will act in a wrong manner over time, which may fail to work or even hurt people. So, different UEs in industrial factory automation are required to cooperate at exactly the same time as shown in Figure 1.
[image: ]
[bookmark: _Ref502312956]Figure 1: Time synchronization between UEs for cooperation
Smart grid is another important use case which requires time synchronization. For example, as more and more distributed power source is used, determination of fault location in high-voltage lines is very important for system stability in distribution electricity. As illustrated in Figure 2, the electricity fault will generate two electricity waves at the fault location transmitted towards both ends of the electricity line. The waves can be detected by two UEs in both sides of the fault location. The two UEs record the time of receiving the wave and send the time to the server. As the two waves are generated simultaneously at the fault location, and given that the two UEs are synchronized and the distance between them is known, the server can calculate the fault location by the time information. The accuracy of time synchronization between the UEs directly impacts the error of the fault location determination. In most cases, 1µs accuracy is required to ensure at most 300m deviation in the distance.
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[bookmark: _Ref502321209][bookmark: _Ref503190878]Figure 2: Time synchronization between UEs for fault location in smart grid
[bookmark: OLE_LINK58][bookmark: OLE_LINK59][bookmark: OLE_LINK90]So it can be seen that devices in many industrial applications, such as industrial factory automation and smart grid, are required to be time-synchronized with each other. 
Observation 1: In many industrial application scenarios, such as the industrial factory automation and smart grid, time synchronization between devices is required to ensure the isochronous operation and network stability. 
For the moment, time synchronization in the industry is realized by industrial Ethernet, e.g. TSN (Time-Sensitive Networking). In 5G, 3GPP network can be also designed to provide the service of time synchronization among devices/UEs, i.e. UEs are synchronized to an absolute time (e.g. UTC time) through gNB to achieve indirect time synchronization between each other, because 3GPP network is more stable and adaptive than legacy wired/GPS solution. Firstly, time synchronization by 3GPP network is more adaptive due to its better support of mobility of devices, especially considering more and more mobile devices (e.g. robots) are used in the network. Secondly, GPS is expensive and may be unavailable due to bad weather or special locations, whereas time synchronization by 3GPP network is expected to be low cost and has high availability. 
Observation 2: Time synchronization through 3GPP network is expected to provide a more adaptive and stable solution than the legacy solution with GPS.
Situation of time synchronization in IEEE and 3GPP
[bookmark: OLE_LINK4]Time-Sensitive Networking (TSN) is a set of standards under development by the Time-Sensitive Networking task group (TSN TG) of the IEEE 802.1 working group. The charter of the TSN TG is to provide deterministic services through IEEE 802 networks, i.e. guaranteed packet transport with bounded low latency, low packet delay variation, and low packet loss [4]. The TSN task group was formed at November 2012 by renaming the existing Audio / Video Bridging Task Group and continuing its work. The name changed as a result of extension of the working area of the standardization group, because it became clear that streaming data can also be Control, like that used in Automotive & Industrial. The standards define mechanisms for the time-sensitive transmission of data over Ethernet networks. In [5], the end-to-end time synchronization requires that any two time-aware devices should be synchronized to within 1μs.
Observation 3: IEEE started the research and standardization of TSN for Industrial control in 2012, which includes ultra-reliable and low latency as well as 1µs time synchronization.
As the Introduction section mentions, in 3GPP SA1, a further communication requirement defined as “jitter” has been confirmed for the use case of industrial automation. The “jitter” is required to be no more than 1s to ensure the isochronous telegram delivery in a closed-loop control application. And the time synchronization between devices is an essential part to meet the 1s jitter requirement.
In RAN#78, the motivation and possible solutions of time synchronization between UEs has been illustrated in [6]. And the object of URLLC for LTE has been updated accordingly as below [7]. From the description in WID, it can be seen that URLLC for LTE begins to study solutions of enabling the accurate time-synchronization between UEs.
“The objective of this work item is to identify and specify solutions to support ultra reliable and low latency communication for LTE having rather diverse service requirements. The work item should also identify and specify solutions allowing the network to provide timing information at high granularity to enable more accurate time-synchronization for UEs. …”
[bookmark: OLE_LINK1]Observation 4: 3GPP SA1 has confirmed that the 3GPP system shall support a very low jitter (1µs) in Industrial control, which requires time synchronization between devices.
Observation 5: URLLC for LTE has added the high accuracy time synchronization between UEs to its WI object.
In NR, the synchronization procedures mainly include cell search and TA adjustments. Cell search is the procedure by which a UE acquires time and frequency synchronization with a cell and detects the physical layer Cell ID of that cell, and the PSS and SSS are transmitted to facilitate cell search. The TA processing is to help UE adjust uplink transmission timing so that the uplink signals can reach the gNB on time. It can be found that current NR mainly focuses on the time synchronization between gNB and UE for the purpose of correct receiving and demodulation for downlink/uplink signal, and has not studied the concept of time synchronization between UEs yet.
[bookmark: OLE_LINK3][bookmark: OLE_LINK2]So we propose to study OTA time synchronization between UEs with 1s accuracy in 3GPP RAN.
Proposal: Study and specify ±1us timing accuracy between devices in NR.
Discussion on time synchronization mechanism
[bookmark: _Ref505700698]NTP – Network Time Protocol
NTP (Network Time Protocol) is a protocol of time synchronization which is designed to enable different nodes in the IP network be synchronized to a common time resource, i.e. UTC. In general, NTP uses a dendritical structure, in which there are different stratums of time servers, to realize the time synchronization among devices. The time server in upper stratum has shorter distance to the UTC resource and higher time accuracy. During the synchronization processing in NTP, time server can decide its time information by referring to the time information of its upper stratum and/or the peer stratum.
In most locations in the internet, NTP can provide time service at about 1~50ms accuracy. NTP utilizes the RTT time estimation to ensure the adequate accuracy of time synchronization. The working theory of NTP is introduced as follows.
a) The slave server sends an NTP message to the master server, and the NTP message carries a time stamp which represents the time when the NTP message leaves the slave server.
b) The master server receives the NTP message from slave server, and adds a time stamp , which represents the time when the NTP message arrives at the master server.
c) The master server sends the NTP message back to the slave server, and adds a time stamp which represents the time when the NTP message leaves the master server.
d) The slave server receives the NTP message from master server, and adds a time stamp , which represents the time when the NTP message arrives at the slave server.
The slave server can calculate the time offset from the master server based on the four time stamps. Suppose the propagation delays of the two directions are same, and denote the time offset between the slave server and master server by , then the slave server can list two equations as follows. Through the equation set, the slaver server can calculate the time offset with the master server and then synchronize to the master server. 

According to the working theory of NTP introduced above, it can be found that a key assumption during the synchronization processing is that the propagation delays of the two directions are supposed to be same. However, in the real internet, the propagation delays of the two directions are different in most cases due to various service providers and network paths etc. So the asymmetry of the delays in the two transmission directions is the main source of the timing error in NTP.
[bookmark: _Ref505701552]PTP – Precision Time Protocol
PTP (Precision Time Protocol) is a protocol of time synchronization which is designed to enable the time synchronization among devices in the Ethernet, also known as IEEE 1588. The working theory of PTP is similar with NTP, both of which are utilizing the two-way transmissions to estimate the offset between the master clock and the slave clock with the assumption of the symmetry of the propagation delays in two directions. 
In addition, PTP introduces the technique of generating time stamp in hardware to reduce the asymmetry of the propagation delays in two transmission directions. In NTP, the time stamp is usually generated in software level, which leaves much uncertainty caused by the processing in both sides of the transmitter and receiver. This uncertainty finally has impact on the accuracy of time synchronization since the processing from the software to the moment of transmitting/receiving brings more asymmetry to the propagation delays in two directions. PTP uses time stamp in hardware to overcome this problem, and adds a specific follow-up message to carry the time stamp information. The general processing based on PTP is provided as follows.
a) The master clock sends a sync message to the slave clock, and records the time stamp  when the sync message leaves the master clock.
b) The slave clock receives the sync message from master clock, and records the time stamp  when the sync message arrives at the slave clock
c) [bookmark: OLE_LINK5]The master clock sends a follow-up message to indicate slave clock the time stamp .
d) The slave clock sends a request message to the master clock, and records the time stamp  when the sync message leaves the slave clock.
e) The master clock receives the request message from slave clock, and records the time stamp  when the sync message leaves the master clock.
f) The master clock sends a response message to indicate slave clock the time stamp  .

The slave clock can also calculate the time offset from the master clock through the similar equation set as described in section 3.1. PTP based on IEEE 1588V2 can provide time synchronization at about x us accuracy, which is much better than NTP since PTP generates time stamp in hardware and uses advanced synchronization algorism e.g. BMC (Best Master Clock).
High Accuracy Time Synchronization over wireless in 3GPP
According to the description in section 3.1 and section 3.2, the time synchronization based on the handshake mechanism between master and slave clock has been proved to be a reliable and feasible solution to help devices get synchronized to each other. In 5G, the similar principle can also be considered. The time synchronization between any devices in TSN is realized by IEEE 1588 precise time protocol in which all the slave clock is synchronized with the master clock. Similarly, to achieve the goal of time synchronization between any two devices, the Base Station playing a role of centralized controller in the cellular network can be viewed as the master clock naturally and the UEs can perform as a slave clock.
The devices which require time synchronization may be under different BSs, e.g. robots at different locations and belonging to different BSs and need to finish an operation synchronously. In this case, since BSs may be not time synchronized between each other, it is not enough to only let device be time-synchronized to its own BS. Furthermore, it is possible that a wireless device requires being time-synchronized to a wired device, e.g. there are both new wireless devices and old-version wired devices in a factory which need to perform an operator synchronously. In this scenario, only the time synchronization to BS cannot help a wireless device be synchronized to another wired device. So we have the observation that only the time synchronization between device and BS cannot meet the requirement of time synchronization between devices. Instead, to meet the requirement of time synchronization between devices in various scenarios, UE should be time synchronized to an absolute/common time resource, e.g. like UTC time.
Observation 6: To meet the requirement of time synchronization between devices, UE needs to be time synchronized to an absolute/common time resource. 
Besides using the BS as the master clock mentioned above, there are some other possible alternatives. For example, the master clock can be set into core network or application layer etc., then the synchronization processing between master clock and UE can be referred to NTP or PTP mechanism. However, if applying the NTP-like mechanism to the HATS (High Accuracy Time Synchronization) in 5G, the millisecond-level accuracy is far from the requirement of 1us. If applying the PTP-like mechanism, there are two questions need to be considered. The first is that the PTP-like mechanism needs device to generate time stamp in hardware to ensure the high accuracy of time synchronization, whose feasibility should be considered carefully. The second is the possible confusion of the logical function partition in current 3GPP network architecture. For example, if the master clock is set into the core network, then the core network should carry the information of time stamp, which might be generated in e.g. physical layer. But according to the consistent understanding, it looks strange to let core network understand the information generated in physical layer. So these questions should be carefully considered while directly applying NTP/PTP mechanism to 5G. 
On the other hand, taking the BS as the master clock is easier to be standardized, because the transmissions in cellular network are based on time synchronization, i.e. UE has already obtained time synchronization with BS through legacy Downlink Synchronization and TA processing before entering connective mode or message transmission. 
Initial considerations on the time synchronization between UE and absolute time through BS
In this section, we provide some initial considerations on the mechanism of UE getting time synchronization to absolute time through gNB.
UE can acquire time synchronization to an absolute/common time resource through the gNB. An example processing can include three aspects as follows. The first aspect is the time synchronization between gNB and the absolute time e.g. UTC time, which helps gNB achieve time synchronization with an absolute time. The second aspect is the time synchronization between gNB and UE, which helps UE achieve time synchronization with gNB. The third aspect is the time-information indication from gNB to UE, which enables UE be finally synchronized to the absolute time. Through the three processes, UEs can get time-synchronized with each other, as the Figure 3 shows.
a) gNB acquires time synchronization to an absolute time source e.g. UTC time.
b) UE acquires time synchronization to gNB.
c) Time-information indication from gNB to UE.

[image: ]
[bookmark: _Ref502334432]
[bookmark: _Ref502336289]Figure 3: General processes to realize time synchronization between UEs
For the time synchronization of gNB to the absolute time e.g. UTC time or GPS time, it is mainly related to the gNB implementation, and 3GPP RAN can consider to give some guidelines or requirements for the accuracy of time synchronization between gNB and the absolute time. 
For the time synchronization between gNB and UE, some enhancements based on the current downlink synchronization/tracking and uplink TA processing and/or some new mechanisms to further reduce the timing error between UE and gNB can be considered to provide more accurate time synchronization between gNB and UE. 
For the indication of the time information from gNB to UE, the methods similar with SIB-16 in LTE can be considered to help UE finally be time-synchronized to the absolute time with acceptable accuracy.
Conclusions
The scenarios and requirements of time synchronization between UEs are discussed in this paper. And some initial considerations on time synchronization are also provided in this paper. Several observations and proposals are provided as follows.
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Observation 1: In many industrial application scenarios, such as the industrial factory automation and smart grid, time synchronization between devices is required to ensure the isochronous operation and network stability. 
Observation 2: Time synchronization through 3GPP network is expected to provide a more adaptive and stable solution than the legacy solution with GPS.
Observation 3: IEEE started the research and standardization of TSN for Industrial control in 2012, which includes ultra-reliable and low latency as well as 1µs time synchronization.
Observation 4: 3GPP SA1 has confirmed that the 3GPP system shall support a very low jitter (1µs) in Industrial control, which requires time synchronization between devices.
Observation 5: URLLC for LTE has added the high accuracy time synchronization between UEs to its WI object.
Observation 6: To meet the requirement of time synchronization between devices, UE needs to be time synchronized to an absolute/common time resource. 
Proposal: Study and specify ±1us timing accuracy between devices in NR.
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