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[bookmark: _Hlk532311]	START OF PROPOSED CHANGES	
	 Start of Change 1 	
[bookmark: _Toc27761403]5.20	Time synchronisation budget for 5G system in integrated TSN networks
[bookmark: _Toc27761404]5.20.1	Description
[bookmark: _Toc27761405]5.20.1.1	Integration scenarios and clock synchronicity budget for the 5G system
Different scenarios and use cases for the integration of 5G networks with TSN networks are described in clause 5.2. Such integrated TSN networks contain a 5G network and one or more non-3GPP networks such as IEEE 802.1-based TSN networks. 
The requirements on the accuracy of the clock synchronization are with respect to synchronization domains (global time domain, working clock domain). In an integrated TSN network, the synchronization domain may cover both the 5G network and non-3GPP networks. 
If the 5G network is on the path of the sync messages in such an integrated TSN network, the available time synchronization budget for the 5G network is an important number. The two most important integration scenarios (see also Figure 5.20.1-1) for this use case of the time synchronization budget are
- clause 5.2.3.2 with one wireless link, see also Figure 5.2.3.2-1,
- clause 5.2.3.3 with two wireless links, see also Figure 5.2.3.3-1 (preferred scenario in industrial automation).
[image: ]5G sync budget

Figure 5.20.1.1-1: Important integration scenarios with 5G network on path of synchronization messages (cf. clause 5.2.3)
[bookmark: _Toc27761406]5.20.1.2	Terminology
The term time synchronization or synchronicity budget of the 5G system corresponds to the maximum absolute relative time error of the 5G system. 
Relative time error TER(A,B) is the difference between the time of clock A (TA) and the time of clock B (TB), i.e., TER(A,B) = TA – TB. (IEC/IEEE 60802 [14])
Maximum absolute relative time error max|TER| is the maximum of the absolute value of the relative time error. (IEC/IEEE 60802 [14])
Constant time error cTE is the time error or relative time error that is constant in time (i.e., static). (IEC/IEEE 60802 [14])
Dynamic time error dTE is the zero-mean, random component of the time error. (IEC/IEEE 60802 [14])
[bookmark: _Toc27761407]5.20.1.3	Constraints on time synchronization
Specific constraints on time synchronization in industrial networks have been identified in IEC/IEEE 60802 [14][12].
In time synchronization domains in wired IEEE 802.1-based industrial communication networks, the longest path between sync master and any sync device in the synchronization domain may be up to 64 hops. The required synchronization precision is ≤ 1 µs (maximum absolute relative time error max|TER| ≤ 1 µs (IEC/IEEE 60802 [14][12])) is between the sync master and any sync device in the synchronization domain.
Furthermore, constant time error and dynamic time error are distinguished in IEC/IEEE 60802 [14][12]. The limits of constant and dynamic time error are defined for each component of the path of the synchronization messages.
The time error limits are differently distributed in energy automation / smart grid. 
In energy automation/smart grid, tThe network time inaccuracy is required to be better than ±1 μs after crossing approximately 15 transparent clocks (50 ns time error each) or 3 boundary clocks (250 ns time error each) (IEC 61850-9-3 [15]). If all smart grid devices are directly connected to the 5G network, the corresponding time error budget for the 5G system is ≤ 1 µs750 ns. However, the 5G network may be integrated with non-3GPP time synchonized networks also in energy automation, or a boundary clock is needed to translate from different PTP profiles to the power utility profile (IEC 61850-9-3 [15]). This decreases the available time error budget for the 5G system. 
[bookmark: _Toc27761408]5.20.1.4	Determination of time synchronization budget for 5G system
In order to determine a useful and realizable time synchronization budget for the 5G system in integrated 5G / TSN networks, it is necessary to understand what fraction of the total end-to-end time synchronization precision the 5G system can take out (5G time synchronization budget).
The time synchronization budget for the 5G system depends on different factors:
-	The necessary time synchronization budget for the parts of the clock domain external to the 5G system. Depending on the use case scenario, there are some constraints in some but also some flexibility in others.
-	The integration scenario, requiring one or two wireless links on the path of the synchronization messages.
-	The used wireless technology, which have different synchronization capabilities.
The use case scenarios in clause 5.20.2 describe important uses of integrated 5G networks / non-3GPP networks with clock synchronization. For each use case scenario, the necessary parts of the clock domain external to the 5G system are described. Based on the requirements of the vertical domain on the clock synchronization in wired non-3GPP networks, the corresponding time synchronization budget for the parts of the clock domain external to the 5G system is derived.
For use case scenarios in industrial automation (manufacturing), the necessary number of external hops of the synchronization path is set in relation to the maximum allowed number of hops (see clause 5.20.1.3).
For use case scenarios in energy automation/smart grid, the external time synchronization budget is derived from the necessary external components and their synchronization error requirments (see clause 5.20.1.3).
The envisaged time synchronization budget for the 5G system is then the difference between the maximum absolute time error and the corresponding external time synchronization budget.
[bookmark: _Toc27761409]5.20.2	Pre-conditionsUse case scenarios
Integrated TSN network with 5G network on the path of the TSN sync messages, either with one wireless link or with two wireless links (see Figure 5.20.1.1-1).
[bookmark: _Toc27761410]5.20.2.1	Two manufacturing robots – wireless/wired
Figure 5.20.2.1-1 shows a working clock domain with two manufacturing robots. The manufacturing robot on the left-hand side has a wireless connection and contains a 5G UE, the other manufacturing robot has a wired connection and is connected through the UPF and the NW-TT to the 5G system. There is one wireless link on the path of the synchronization messages. Both manufacturing robots need to be synchronized with the sync master with precision ±1 µs in order to work together properly.
[image: ]
Figure 5.20.2.1-1: Use case scenario with two manufacturing robots (wireless/wired)
The sync master [M] of the working clock domain is usually located in the manufacturing robot with the wired connection.
Manufacturing robots similar to the ones depicted in Figure 5.20.2.1-1 usually consist of 
-	a communication connection (UE for 5G wireless link, switch for wired communicaiton)
-	a controller [C]
-	sensors [S] and actuators [A] as many as necessary for the mechnical control and working
-	a wired communication network for connecting (UE,) controller, sensors, and actuators.
Larger and more critical componets such as the controller are placed in the “foundational” part of the manufacturing robot, that is steadier. The UE will also be located in this area in order to have a more stable radio propagation characteristic compared to a fast-moving part of the robot arm.
Sensors and actuators are located, for instance, at each joint of the robot arm. They are connected to the controller in a wired line topology in order to have just a single communication wire going through the robot arm. The line topogoly can be up to 16 hops or even more. Wired connectivity is preferred due to its higher reliability for controlling the manufacturing robot. A reasonable set of varied use cases with manufacturing robots can be already covered with up to 8 hops in the industrial communication network internal to the manufacturing robot.

The manufacturing robot with the wired connection and containing the sync master needs at least 2 hops between the sync master and the UPF/NW-TT. However, this might not be possible in all cases. There are many working clock domains in a factory overlapping in a single 5G system, so it might be difficult to connect all sync masters and UPFs/NW-TTs within 2 hops. A minimum of 4 hops provides the necessary flexibility. In the general case, the number of hops also depends on the structure of the wired industrial communication network between sync masters and 5G system. The structure of the wired industrial communication network usually follows the hierarchically structure of the production processes and machines. This can be covered with up to 16 hops in the general case.
A similar reasoning applies for an alternative scenario where the sync master is in the wired backbone.
Table 5.20.2.1-1 gives the resulting 5G system time synchronization budget for three scenarios with two manufacturing robots, one connected to the 5GS wirelessly, the other wired:
· Robot-8 scenario: A reduced number of hops within the manufacturing robot (8 hops) and a reduced number of hops (4 hops) between the UPF/NW-TT and the wired manufacturing robot. This provides sufficient flexibility to cover a reasonable set of varied use cases with manufacturing robots.
· Robot-16 scenario: An increased number of hops within the manufacturing robot (16 hops) and a reduced number of hops (4 hops) between the UPF/NW-TT and the wired manufacturing robot.
· General scenario: broad applicability due to increased numbers of hops on both sides (manufacturing robot, connection between sync master and 5GS), but also the most difficult to achieve.
It is proposed to consider the robot-8 scenario for 5GS time synchronization budget requirement (800 ns).
Table 5.20.2.1-1: Time synchronization budget for 5G system – two manufacturing robots (wireless/wired)
	Use case scenario
	External time synchronization budget (left robot)
	External time synchronization budget (right robot)
	External time synchronization budget
	5G system time synchronization budget

	Two manufacturing robots (wireless/wired) – proposed scenario
	8 hops  130 ns
	4 hops  70 ns
	200 ns
	800 ns

	Two manufacturing robots (wireless/wired) – long robot scenario
	16 hops  250 ns
	4 hops  70 ns
	320 ns
	680 ns

	Two manufacturing robots (wireless/wired) – general scenario
	16 hops  250 ns
	16 hops  250 ns
	500 ns
	500 ns




5.20.2.2	Two manufacturing robots – both wireless 
Figure 5.20.2.2-1 shows a working clock domain with two manufacturing robots. Both manufacturing robots have a wireless connection to the 5G system and contain a 5G UE. There are two wireless links on the path of the synchronization messages. Both manufacturing robots need to be synchronized with the sync master with precision ±1 µs in order to work together properly.
[image: ]
Figure 5.20.2.2-1: Use case scenario with two manufacturing robots (both wireless)
The sync master [M] of the working clock domain is usually located in one of the manufacturing robots. 
Manufacturing robots similar to the ones depicted in Figure 5.20.2.2-1 follow the same description as given in clause 5.20.2.1. Again, the length of the synchronization path between the UE and all sync devices can be up to 16 hops or even more.
The manufacturing robot containing the sync master needs 2 hops between the sync master and its UE since typically the sync master is located close to the UE, connected by a time-aware switch [Sw].
Table 5.20.2.1-1: Time synchronization budget for 5G system – two manufacturing robots (wireless/wired)
	Use case scenario
	External time synchronization budget (left robot)
	External time synchronization budget (right robot)
	External time synchronization budget
	5G system time synchronization budget

	Two manufacturing robots (both wireless) – robot-8 scenario
	8 hops  130 ns
	2 hops  40 ns
	170 ns
	830 ns

	Two manufacturing robots (both wireless) – robot-16 scenario
	16 hops  250 ns
	2 hops  40 ns
	290 ns
	710 ns



5.20.2.3	Smart Grid use case scenario - PMUs
TR 22.804 clause 5.6.5 describes the use case of phasor measurement units (PMUs) connected via 5G to a server in the smart grid backbone. The PMUs need a high synchronization precision between each other (±1 µs) in order to provide exact time stamping of voltage waves. These voltage waves are due to faults in a power line. The exact time stamping allows to compute the location of the fault in the power line.
The sync master may be located in the 5G system.
The phasor measurment units (PMUs) are equipped with a 5G UE that connects with the PMU through a switch (see Figure 5.20.2.3-1. Due to the use of different time synchronization profiles in the 5G network and in the PMUs, an additional border clock is needed between the UE and the PMU according to IEC 61850-9-3 [15]. The border clock translates between the different PTP profiles, here into the power utility profile IEC 61850-9-3 [15].
The crossing of the border clock allows a maximum time error of ≤ 250 ns (IEC 61850-9-3 [15]).

[image: ]
Figure 5.20.2.4-1: Use case scenario for PMUs in smart grid
The crossing of the border clock allows a maximum time error of 250 ns (IEC 61850-9-3 [15]).
Table 5.20.2.4-1: Time synchronization budget for 5G system – smart grid - PMUs
	Use case scenario
	External time synchronization budget (PMU side, after UE)
	External time synchronization budget (smart grid intranet)
	External time synchronization budget
	5G system time synchronization budget

	Smart Grid – PMUs
(connected through border clock)
	250 ns
	none 
	250 ns
	750 ns



5.20.2.4	Global time domain – industrial automation
The time-sensitive networking profile for industrial automation [14] defines besides the local working clock domains also a global time domain (see TS 22.104 [2] Annex D). The global time domain is used for applications that require a global (natural) time, such as sequence of events. The required synchronization precision is ±100 µs [14].
Energy automation/Smart Grid does not distinguish between global time and working clock. The specific clock synchronization requirments of the smart grid use cases need to be considered.
Table 5.20.2.4-1: Time synchronization budget for 5G system – global time domain – industrial automation
	Use case scenario
	External time synchronization budget (after 5GS)
	External time synchronization budget (sync master – 5GS)
	External time synchronization budget
	5G system time synchronization budget

	Global time domain – industrial automation
	16 hops  250 ns
	many
	relaxed
	relaxed



There are no further requirments on the 5G time synchronization budget for a global time domain in industrial automation, if only a synchronization precision of 100 µs is required for the global time domain (under the condition of available working clock domains with synchronization precision of ≤ 1 µs).
5.20.3	Service FlowsDiscussion
Synchronization messages are exchanged between the sync master and the sync devices. The time synchronization mechanisms within the 5G network stay within the available time synchronization budgets assigned to the 5G system.
The scenarios in 5.20.2 result in several clusters for 5GS time sync budgets, see also Table 5.20.3-1:
· ~800 ns of synchronicity budget for the 5GS (robot-8 scenarios). With installation guidelines in place, that limit the number of hops for an optimized network layout of the non-3GPP network, this sync budget level is sufficient.  This is the proposed value for the 5GS time synchronization budget requirement.
· 750 ns of synchronicity budget for the 5GS (smart grid-PMU scenario). The 5GS-external synchronicity budget accounts mainly for the necessary border clock, which is special to smart grid use cases.
· ~700 ns of synchronicity budget for the 5GS (robot-16 scenarios). If installation guidelines are in place, that enforce an optimized network layout of the wired non-3GPP network, this sync budget level is sufficient.
-	500 ns of synchronicity budget for the 5GS (general scenario). 
Table 5.20.3-1: Synchronicity budget requirements for the 5G system
	Integration scenario
(one/two wireless links)
	Clock synchronicity requirement
	Synchronicity budget requirement for 5GS
	Scenario

	two wireless links
	±1 µs
	830 ns
	two manufacturing robots (both wireless) – robot-8

	one wireless link
	±1 µs
	800 ns
	two manufacturing robots (wireless/wired) – robot-8

	one wireless link
	±1 µs
	750 ns
	smart grid – PMU (connected through border clock)

	one wireless link
	±1 µs
	680 ns
	two manufacturing robots (wireless/wired) – robot-16

	two wireless links
	±1 µs
	710 ns
	two manufacturing robots (both wireless) – robot-16

	one wireless link
	±1 µs
	500 ns
	two manufacturing robots (wireless/wired) – general



[bookmark: _Toc27761411]5.20.4	Post-conditionsvoid
The clock synchronization in the synchronization domain stays within the required precision of ≤ 1 µs.
[bookmark: _Toc27761412]5.20.5	Existing features partly or fully covering the use case functionality
Clock synchronization requirements on synchronization precision with respect to the synchronization domain in clause 5.6.1 of TS 22.104:
The 5G system shall support a mechanism to process and transmit IEEE1588v2 / Precision Time Protocol messages to support 3rd-party applications which use this protocol.
The 5G system shall support a mechanism to synchronise the user-specific time clock of UEs with a global clock.
The 5G system shall support a mechanism to synchronize the user-specific time clock of UEs with a working clock.
The 5G system shall support two types of synchronization clocks, the global time domain and the working clock domains.
The global time domain shall provide time synchronization with precision of ≤ 1 µs.
NOTE 1:	Some use cases require only a precision of ≤ 100 µs for the global time domain if a working clock domain with precision of ≤ 1 µs is available.
NOTE 2:	The required precision is between the sync master and any device of the global time domain.
The working clock domains shall provide time synchronization with precision of ≤ 1 µs. 
NOTE 3:	The required precision of ≤ 1 µs is between the sync master and any device of the clock domain.
NOTE 4:	Different working clock domains are independent and can have different precision.
The 5G system shall be able to support arbitrary placement of sync master functionality and sync device functionality in integrated 5G / non-3GPP TSN networks.
The 5G system shall be able to support clock synchronization through the 5G network if the sync master and the sync devices are served by different UEs. (Flow of clock synchronization messages is in either direction, UL and DL.)
TS 22.104 Table 5.6.2-1 specifies the synchronicity requirements for different use cases, e.g. < 1 µs synchronicity for motion control and industrial control-to-control communication. 
[bookmark: _Toc27761413]5.20.6	Potential New Requirements needed to support the use case
5G service performance requirements on the clock synchronization budget assigned to the 5G system in integrated TSN networks (5G network and non-3GPP networks, e.g. IEEE 802.1-based TSN networks):
[PR-5.20.6-001] The time synchronization budget assigned to the 5G system in integrated 5G TSN networks for the global time domain shall be at most 800 ns[x ns].
[PR-5.20.6-002] The time synchronization budget assigned to the 5G system in integrated 5G TSN networks for a working clock domain shall be at most 800 ns[x ns].
NOTE:	The clock synchronization precision between the sync master and any sync device in the synchronization domain is ≤ 1 µs in the above potential new requirements (in both, global time domain and working clock domain).

	[bookmark: _Hlk39842613]
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	



	 End of Change 1 	

[bookmark: _Hlk532547]	 Start of Change 2 	
[bookmark: _Toc27761415]6.1	Industrial Ethernet integration
This clause contains merged and consolidated potential service requirements related to Industrial Ethernet integration, which includes time synchronization, different time domains, integration scenarios, and support for time-sensitive networking (TSN).
[MPR-22832-6.1-00a]	The 5G system shall be able to support four synchronization domains on a UE.
NOTE:	The four synchronization domains are used, for example, as two synchronization domains for global time and two working clock domains. One pair of global time and working clock is used as redundant synchronization domains for zero failover time.
[MPR-22832-6.1-00b]	The 5G system shall be able to support arbitrary placement of sync master functionality and sync device functionality in integrated 5G / non-3GPP TSN networks.
[MPR-22832-6.1-00c]	The 5G system shall be able to support clock synchronization through the 5G network if the sync master and the sync devices are served by different UEs. (Flow of clock synchronization messages is in either direction, UL and DL.)
[bookmark: _Hlk16022852][MPR-22832-6.1-00d]	The 5G System shall be able to support up to 128 synchronization domains (with different synchronization domain identifiers / domain numbers), including for UEs connected through the 5G network.
[MPR-22832-6.1-00e]	The 5G system shall provide a suitable means to support the management of the merging and separation of working clock domains, that is interoperable with the corresponding mechanisms of TSN and IEEE 802.1AS.
[MPR-22832-6.1-00f]	The 5G system shall support the fully distributed model for configuration of time-sensitive networking.
[MPR-22832-6.1-00g]	The 5G system shall support the fully distributed model for configuration of time-sensitive networking that is aligned with Multiple Stream Registration Protocol (MSRP, IEEE 802.1Q [9]), IEEE P802.1CS Link-local Registration Protocol (LRP) [10], and IEEE P802.1Qdd Resource Allocation Protocol (RAP) [11].
[MPR-22832-6.1-00h]	The 5G system shall support the user-network / network-network interface for the dynamic configuration of the fully distributed model for time-sensitive networking.
[MPR-22832-6.1-00i] The time synchronization budget assigned to the 5G system in integrated TSN networks for the global time domain shall be at most 800 ns[x ns].
[MPR-22832-6.1-00j] The time synchronization budget assigned to the 5G system in integrated TSN networks for a working clock domain shall be at most 800 ns[x ns].
NOTE:	The clock synchronization precision between the sync master and any sync device in the synchronization domain is ≤ 1 µs in the above potential new requirements (in both, global time domain and working clock domain).

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	



Table 6.1-1: Relation between merged and new potential service requirements from use cases
	Merged Potential Service Requirement (clause 6)
	Based on New Potential Service Requirements (clause 5)
	Merged Potential Service Requirement (clause 6)
	Based on New Potential Service Requirements (clause 5)

	[MPR-22832-6.1-00a]
	[PR-5.2.6-001]
	[MPR-22832-6.1-00e]
	[PR-5. 4.6-001]
[PR-5. 4.6-002]

	[MPR-22832-6.1-00b]
	[PR-5.2.6-003]
	[MPR-22832-6.1-00f]
	[PR-5.15.6-001]

	[MPR-22832-6.1-00c]
	[PR-5.2.6-002]
	[MPR-22832-6.1-00g]
[MPR-22832-6.1-00i]
[MPR-22832-6.1-00j]
	[PR-5.15.6-002]
[PR-5.20.6-001]
[PR-5.20.6-002]

	[MPR-22832-6.1-00d]
	[PR-5.3.6-001]
[PR-5.3.6-002]
	[MPR-22832-6.1-00h]
	[PR-5.15.6-003]



	 End of Change 2 	
	END OF PROPOSED CHANGES	
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