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1 Introduction

In industrial automation, many communication standards have been adopted for different production lines that are unconnected in different manufacturing cells. However, the trend of network convergence in industry is unalterable in the Industry 4.0 era, wherein more and more industrial equipments need to access the control system. In order to reduce the cost of network upgrading, existing industrial networks cannot be completely replaced by 5G networks in a very short time, which results in the long term coexistence between 5G networks and traditional industrial networks, namely heterogeneous industrial networks. In addition, for industrial automation, real-time (RT) communication which requires a timely delivery for messages is crucial for many applications, e.g., process control and motion control. Furthermore, sequential operations play a key role in ensuring the cooperation among industrial robots. In this contribution, we introduce heterogeneous industrial networks and their requirements to support RT communication and multi-robot cooperation in RAN. 
2 Discussion

Nowadays, many industrial communication standards have been adopted for different production lines that are unconnected in different manufacturing cells. However, the trend of network convergence in industry is unalterable to implement Industry 4.0, and more and more industrial devices need to access the control system. Heterogeneous industrial measurement and control systems consist of different communication systems. Thus, industrial field bus and traditional industrial wireless networks coexist with each other, as a result of which heterogeneous industrial networks are formulated. Specifically, heterogeneous industrial networks include both wired and wireless networks. The wired industrial networks such as industrial field bus include Ethernet for Plant Automation (EPA), Powerlink, and ProfiNet. The wireless industrial networks include Wireless HART, ISA 100.11a, Wireless Networks for Industrial Automation-Process Automation (WIA-PA), Wireless Networks for Industrial Automation-Factory Automation (WIA-FA) and so on.
Figure 1 illustrates the typical heterogeneous industrial networks. It contains two subdomains, WIA-PA system and WIA-FA system. WIA-PA is employed for process automation with the common requirements of 99.9% reliability and 10 ms latency, while WIA-FA is adopted for factory automation with the common requirements of 99.99% reliability and 1ms latency. The main applications of WIA-PA involve remote monitoring of process data and health statues of devices, including automated guided vehicle (AGV), machine tool, and industrial robot. The main application of WIA-FA is automatic control systems which require high real-time and high reliability for communication among controllers, sensors, transmitters, and actors. The common cases include electronic equipment, machine tool, automobile and other discrete manufacturing industry. 
As ultra reliable and low latency communication (URLLC) in 5G will achieve 99.999% reliability and 1 ms latency, it will satisfy most of the industrial automation. However, existing industrial networks cannot be completely replaced by URLLC in a short term due to cost, energy consumption, security and many other factors. Thus, in the long term, URLLC will coexist with the traditional industrial networks, namely heterogeneous industrial network. 
Observision1: URLLC will coexist with the traditional industrial networks to formulate heterogeneous industrial networks in the near future.
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Figure 1. Illustration of heterogeneous industrial networks.

In industrial automation, many applications require reliable packet transport with bounded latency. For example, a violation of communication deadlines for the sensor or control data from the production facility would cause unacceptable consequences. Current industrial network standards usually adopt Time Division Multiple Address (TDMA) to ensure RT, e.g., Wireless HART, WIA-PA, and ISA 100.11a. For industrial field bus, e.g., EPA, Powerlink, and ProfiNet, they adopt divided time slots to transmit RT data. In Time-Sensitive Networking (TSN) [1], the transmission of packets in different queues is also executed at the egress ports during the scheduled time windows. In the above systems, packet transmission is all based on slotted time. RT packets from different devices are transmitted in predefined time windows of loop interval without the risk of interfering with each other. Namely, time slot based packet transmission is a general and effective approach to realize RT commination. However, clock offset among devices will lead to a disorder or overlap of time slots, which results in the packet collision or loss. Therefore, RT couldn’t be guaranteed. Moreover, data without time information is usually meaningless. At the same time, some applications require the collaborative operation of industrial robots, e.g., polishing and welding in automobile production line.  To support the above applications, time synchronization among the devices is important.  
Each device’s time is obtained by counting the output pulse of internal crystal oscillator, which is affected by the crystal oscillator’s accuracy. Moreover, the difference of intrinsic properties between crystal oscillators and the interference in factory environment have a negative impact on clock timing. Therewith, the clock offset among devices can even achieve several seconds after online. The synchronization accuracy cannot satisfy the requirements of RT communication and collaborative operation. 

Observation2: In industrial automation, time synchronization among the devices is required to ensure RT communication and collaborative operation. 

Different communication systems have different synchronization mechanisms including clocks of various inherent precision, resolution, and stability [2]. It will affect the synchronization performance. At the same time, as the time synchronization standard of TSN, IEEE 802.1 AS-2011 offers synchronization in wired-wireless networks [3]. Therefore, time synchronization in industrial automation system should support heterogeneous industrial networks.
For the time synchronization in heterogeneous industrial networks, gNB is the master clock of the network. Gateway (GW) is the master clock of local domain. Two devices synchronize with each other in synchronization with the master clock. Sometimes, devices in different domains need collaboration to complete the production. Therefore, time synchronization among the devices in heterogeneous industrial wireless networks consists of three cases, as shown in Figure 2:
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Figure 2. Illustration of time synchronization in heterogeneous industrial networks.
· Case 1: Time synchronization among the URLLC devices:
gNB provides the time source, all of the URLLC devices synchronize with gNB.

· Case 2: Time synchronization among the devices in the same domain:
GW provides the time source; all of the devices in the domain synchronize with GW.

· Case 3: Time synchronization among the devices in different domains:

gNB provides the time source. Each GW has at least two ports–the slave port synchronizes with gNB, the master provides the time source for the devices in the domain. Firstly, Devices in different domains synchronize with each GW respectively, and then realize synchronization with gNB.
Observision3: In industrial automation, time synchronization should support heterogeneous industrial networks.
Time synchronization is important for industrial automation, but it has not been considered in the study of URLLC. Considering the demands of industrial automation, we propose to study wireless time synchronization among devices with the support of heterogeneous industrial networks.
3 Conclusions
Observision1: URLLC will coexist with the traditional industrial networks to formulate heterogeneous industrial networks in the near future.
Observation2: In industrial automation, time synchronization among the devices is required to ensure RT communication and collaborative operation. 
Observision3: In industrial automation, time synchronization should support heterogeneous industrial networks.
Proposal: Study wireless time synchronization among the devices with the support of heterogeneous industrial networks.
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