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	Abstract:
	This document contains the draft revision of the ITU-T Recommendation G.8273.2/Y.1368.2 that was agreed by Q13 during the plenary meeting in Geneva, 17-28 April 2023.



This draft revision is based on the latest published ITU-T G.8273.2/Y.1368.2 (2020) Amd. 2 (11/2022). 
This Draft revision is proposed for consent at the SG15 plenary meeting in Geneva, 17 - 28 April 2023.

Note to TSB: A non-breaking space for 1 PPS has been used.
Note to TSB: Several notes were added inside the document, they are related to changes in figures that need to be done by the TSB editor.
Note to TSB: [ITU-T G.8273] that is referenced in this document is a candidate for consent at this meeting (April 2023).  The reference has been updated to indicate the new revision dates of 2023 but it may need to be adjusted based on actual date of publication.
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Recommendation ITU-T G.8273.2/Y.1368.2 specifies minimum requirements for time and phase for telecom boundary clocks and telecom time synchronous clocks used in synchronization network equipment that operates in the network architecture as defined in Recommendations ITU-T G.8271, ITU‑T G.8271.1, ITU-T G.8275 and ITU-T G.8275.1. It supports time and/or phase synchronization distribution for packet-based networks.
This version of the Recommendation only applies to full timing support from the network.
These requirements apply under the normal environmental conditions specified for the equipment.
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[bookmark: OLE_LINK21][bookmark: OLE_LINK22]Timing characteristics of telecom boundary clocks and telecom time synchronous clocks for use with full timing support from the network
[bookmark: _Toc23168933][bookmark: _Toc26179600][bookmark: _Toc26179721][bookmark: _Toc38615345][bookmark: _Toc38615471][bookmark: _Toc42063804][bookmark: _Toc57895370][bookmark: _Toc100041104][bookmark: _Toc124855812][bookmark: _Toc125990702]1	Scope
This Recommendation specifies minimum requirements for time and phase synchronization devices used in synchronization network equipment that operates in the network architecture as defined in [ITU‑T G.8271], [ITU-T G.8271.1] and [ITU-T G.8275]. It supports time and/or phase synchronization distribution for packet-based networks.
This Recommendation allows for proper network operation for phase/time synchronization distribution when network equipment embedding a telecom boundary clock (T-BC) and telecom time synchronous clock (T-TSC) is timed from another T-BC or a telecom grandmaster (T-GM). The current version of this Recommendation addresses only the distribution of phase/time synchronization with the full timing support architecture defined in [ITU-T G.8275] and the related profile defined in [ITU‑T G.8275.1]. 
This Recommendation defines the minimum requirements for T-BCs and T-TSCs in network elements. These requirements apply under the normal environmental conditions specified for the equipment. The current version of this Recommendation focuses on the case of physical layer frequency support. Requirements related to the case without physical layer frequency support (i.e., the PTP only case) are for further study.
This Recommendation includes noise generation, noise tolerance, noise transfer and transient response for T-BCs and T-TSCs.
For T-BC and T-TSC classes A and B, this version of the Recommendation was developed based on the simulations done for time transport via precision time protocol (PTP) and frequency transport via [ITU-T G.8262] Option 1 (and via [ITU-T G.813] Option 1 as the requirements are identical). [ITU‑T G.8262] Option 2 and [ITU-T G.813] Option 2 are for further study. [ITU-T G.8262.1] is a higher accuracy clock compared to [ITU‑T G.8262], therefore it can also be used for T-BC and T‑TSC classes A and B
For T-BC and T-TSC classes C and D, this version of the Recommendation was developed based on the simulations done for time transport via PTP and frequency transport via [ITU-T G.8262.1].
For information on the applicability of ITU-T G.8273.2/Y.1368.2 requirements to a standalone T‑TSC or a T‑TSC embedded in an end application, refer to clause 7 of [ITU-T G.8271.1].
NOTE – This Recommendation does not modify the physical layer reference chain behaviour, according to [ITU‑T G.803] and [ITU-T G.8261]. This Recommendation does not exclude the use of other physical layer clocks (e.g., [ITU-T G.812] Type I) within the frequency transport network. The equipment specification of a T-BC assisted by a physical layer equipment clock, other than [ITU‑T G.8262] option 1 and [ITU-T G.8262.1], such as [ITU‑T G.812] Type I, is for further study.
[bookmark: _Toc23168934][bookmark: _Toc26179601][bookmark: _Toc26179722][bookmark: _Toc38615346][bookmark: _Toc38615472][bookmark: _Toc42063805][bookmark: _Toc57895371][bookmark: _Toc100041105][bookmark: _Toc124855813][bookmark: _Toc125990703]2	References
The following ITU-T Recommendations and other references contain provisions which, through reference in this text, constitute provisions of this Recommendation. At the time of publication, the editions indicated were valid. All Recommendations and other references are subject to revision; users of this Recommendation are therefore encouraged to investigate the possibility of applying the most recent edition of the Recommendations and other references listed below. A list of the currently valid ITU-T Recommendations is regularly published. The reference to a document within this Recommendation does not give it, as a stand-alone document, the status of a Recommendation.
[ITU-T G.703]	Recommendation ITU-T G.703 (2016), Physical/electrical characteristics of hierarchical digital interfaces.
[ITU-T G.781]	Recommendation ITU-T G.781 (2020), Synchronization layer functions for frequency synchronization based on the physical layer.
[ITU-T G.709]	Recommendation ITU-T G.709 (2020), Interfaces for the optical transport network.
[ITU-T G.803]	Recommendation ITU-T G.803 (2000), Architecture of transport networks based on the synchronous digital hierarchy (SDH).
[ITU-T G.810]	Recommendation ITU-T G.810 (1996), Definitions and terminology for synchronization networks.
[ITU-T G.812]	Recommendation ITU-T G.812 (2004), Timing requirements of slave clocks suitable for use as node clocks in synchronization networks.
[ITU-T G.813]	Recommendation ITU-T G.813 (2003), Timing characteristics of SDH equipment slave clocks (SEC).
[ITU-T G.8260]	Recommendation ITU-T G.8260 (2022), Definitions and terminology for synchronization in packet networks.
[ITU-T G.8261]	Recommendation ITU-T G.8261/Y.1361 (2019), Timing and synchronization aspects in packet networks.
[ITU-T G.8262]	Recommendation ITU-T G.8262/Y.1362 (2018), Timing characteristics of a synchronous equipment slave clock.
[ITU-T G.8262.1]	Recommendation ITU-T G.8262.1/Y.1362.1 (2022), Timing characteristics of an enhanced synchronous equipment slave clock.
[ITU-T G.8264]	Recommendation ITU-T G.8264/Y.1364 (2017), Distribution of timing information through packet networks.
[ITU-T G.8271]	Recommendation ITU-T G.8271/Y.1366 (2020), Time and phase synchronization aspects of telecommunication networks.
[ITU-T G.8271.1]	Recommendation ITU-T G.8271.1/Y.1366.1 (2022), Network limits for time synchronization in packet networks with full timing support from the network.
[ITU-T G.8273]	Recommendation ITU-T G.8273/Y.1368 (2023), Framework of phase and time clocks.
[ITU-T G.8275]	Recommendation ITU-T G.8275/Y.1369 (2020), Architecture and requirements for packet-based time and phase distribution.
[ITU-T G.8275.1]	Recommendation ITU-T G.8275.1/Y.1369.1 (2022), Precision time protocol telecom profile for phase/time synchronization with full timing support from the network.
[bookmark: _Toc23168935][bookmark: _Toc26179602][bookmark: _Toc26179723][bookmark: _Toc38615347][bookmark: _Toc38615473][bookmark: _Toc42063806][bookmark: _Toc57895372][bookmark: _Toc100041106][bookmark: _Toc124855814][bookmark: _Toc125990704]3	Definitions
[bookmark: _Toc23168936][bookmark: _Toc26179603][bookmark: _Toc26179724][bookmark: _Toc38615348][bookmark: _Toc38615474][bookmark: _Toc42063807][bookmark: _Toc57895373][bookmark: _Toc100041107][bookmark: _Toc124855815][bookmark: _Toc125990705]3.1	Terms defined elsewhere
This Recommendation uses the following terms defined elsewhere:
Definitions related to synchronization are contained in [ITU-T G.810] and [ITU-T G.8260].
[bookmark: _Toc23168937][bookmark: _Toc26179604][bookmark: _Toc26179725][bookmark: _Toc38615349][bookmark: _Toc38615475][bookmark: _Toc42063808][bookmark: _Toc57895374][bookmark: _Toc100041108][bookmark: _Toc124855816][bookmark: _Toc125990706]3.2	Terms defined in this Recommendation
None.
[bookmark: _Toc23168938][bookmark: _Toc26179605][bookmark: _Toc26179726][bookmark: _Toc38615350][bookmark: _Toc38615476][bookmark: _Toc42063809][bookmark: _Toc57895375][bookmark: _Toc100041109][bookmark: _Toc124855817][bookmark: _Toc125990707]4	Abbreviations and acronyms
This Recommendation uses the following abbreviations and acronyms:
1 PPS		One Pulse Per Second
cTE		Constant Time Error
dTE		Dynamic Time Error
eEEC		enhanced synchronous Ethernet Equipment Clock
EEC		synchronous Ethernet Equipment Clock
eSEC		enhanced Synchronous Equipment Clock
ESMC		Ethernet Synchronization Messaging Channel
GbE		Gigabit Ethernet
IWF		Interworking Function
MTIE		Maximum Time Interval Error
NE		Network Element
OTN		Optical Transport Network
PCS		Physical Coding Sublayer
PEC		Packet-based Equipment Clock
PRC		Primary Reference Clock
PRTC		Primary Reference Time Clock
PTP		Precision Time Protocol
SDH		Synchronous Digital Hierarchy
SEC		Synchronous Equipment Clock
SSM		Synchronization Status Message
SyncE		Synchronous Ethernet
T-BC		Telecom Boundary Clock
TDEV		Time Deviation
TE		Time Error
ToD		Time of Day
T-GM		Telecom Grandmaster
TR		timeReceiver  
TT		timeTransmitter
T-TSC		Telecom Time Synchronous Clock

[bookmark: _Toc23168939][bookmark: _Toc26179606][bookmark: _Toc26179727][bookmark: _Toc38615351][bookmark: _Toc38615477][bookmark: _Toc42063810][bookmark: _Toc57895376][bookmark: _Toc100041110][bookmark: _Toc124855818][bookmark: _Toc125990708]5	Conventions
None.
[bookmark: _Toc23168940][bookmark: _Toc26179607][bookmark: _Toc26179728][bookmark: _Toc38615352][bookmark: _Toc38615478][bookmark: _Toc42063811][bookmark: _Toc57895377][bookmark: _Toc100041111][bookmark: _Toc124855819][bookmark: _Toc125990709]6	Physical layer frequency performance requirements
The list of the applicable physical layer frequency interfaces is provided in clause 7.5.3.
[bookmark: _Toc23168941][bookmark: _Toc26179608][bookmark: _Toc26179729][bookmark: _Toc38615353][bookmark: _Toc38615479][bookmark: _Toc42063812][bookmark: _Toc57895378][bookmark: _Toc100041112][bookmark: _Toc124855820][bookmark: _Toc125990710]6.1	Synchronous equipment clock interfaces
Synchronous equipment clock interfaces used in combination with the telecom boundary clock (T‑BC) and telecom time synchronous clock (T-TSC) classes A and B are specified in [ITU‑T G.8262]. They generate and process Ethernet synchronization messaging channel (ESMC) messages as specified in [ITU‑T G.8264]. For optical transport network (OTN) equipment, it shall generate and process OTN synchronization message channel (OSMC) to transport SSM messages as specified in [ITU-T G.709].
Synchronous digital hierarchy (SDH) interfaces and SDH equipment clocks used in combination with the T-BC are specified in [ITU-T G.813] and generate and process synchronization status messages (SSMs) as specified in [ITU-T G.781].
NOTE – The ITU-T G.8273.2 T-BC model does not exclude the use of other physical layer clocks (e.g., [ITU‑T G.812] Type I) within the equipment related to the operation between the physical layer input to physical layer output interface behaviour, in accordance to the existing [ITU-T G.803] reference chain and [ITU-T G.8261] network limits. In such cases, the equipment behaviour related to the interaction between the physical layer input and the PTP output is for further study.
[bookmark: _Toc23168942][bookmark: _Toc26179609][bookmark: _Toc26179730][bookmark: _Toc38615354][bookmark: _Toc38615480][bookmark: _Toc42063813][bookmark: _Toc57895379][bookmark: _Toc100041113][bookmark: _Toc124855821][bookmark: _Toc125990711]6.2	Enhanced synchronous equipment clock interfaces
Enhanced synchronous equipment clocks used in combination with T‑BC and T-TSC are specified in [ITU‑T G.8262.1]. They generate and process Ethernet synchronization messaging channel (ESMC) messages as specified in [ITU‑T G.8264]. For OTN equipment, it shall generate and process OTN synchronization message channel (OSMC) to transport SSM messages as specified in [ITU-T G.709].
Enhanced synchronous equipment clock can be used in combination with all the T-BC and T-TSC classes. To achieve the required performance of T-BC and T-TSC classes C and D, they can only be used in combination with enhanced synchronous equipment clock as specified in [ITU‑T G.8262.1].
[bookmark: _Toc23168943][bookmark: _Toc26179610][bookmark: _Toc26179731][bookmark: _Toc38615355][bookmark: _Toc38615481][bookmark: _Toc42063814][bookmark: _Toc57895380][bookmark: _Toc100041114][bookmark: _Toc124855822][bookmark: _Toc125990712]7	T-BC packet layer performance requirements for full timing support from the network
See Appendix III for background information on performance requirements of the T-BC and T‑TSC.
NOTE 1 – The 1 PPS input pertains to telecom grandmaster functions and it is for further study.
NOTE 2 – The impact on 1 PPS and PTP performance due to 1000 BASE-T and 10G BASE-T link renegotiation is for further study.
[bookmark: _Toc23168944][bookmark: _Toc26179611][bookmark: _Toc26179732][bookmark: _Toc38615356][bookmark: _Toc38615482][bookmark: _Toc42063815][bookmark: _Toc57895381][bookmark: _Toc100041115][bookmark: _Toc124855823][bookmark: _Toc125990713]7.1	Time error noise generation
[bookmark: OLE_LINK15]The noise generation of a T-BC and a T-TSC represents the amount of noise produced at the output of the T‑BC/T-TSC when there is an ideal input reference packet timing signal.
Under normal, locked operating conditions, the time output of the T-BC and the T-TSC should be accurate to within the maximum absolute time error (TE) (max|TE|). This value includes all the noise components, i.e., the constant time error (cTE) and the dynamic time error (dTE) noise generation.
In order to support different performance requirements at the end application specified in Table 1 of [ITU-T G.8271] using different network topologies and network technologies, the maximum absolute time error, the time error and dTE noise generation requirements for T-BCs and T-TSCs are divided into four classes: Class A, Class B, Class C, and Class D.
At the precision time protocol (PTP) and 1 pulse per second (PPS) outputs, the maximum absolute time error (max|TE|) for T-BC/T-TSC is shown in Table 7-1. This includes all time error components (unfiltered).
Table 7-1 – Maximum absolute time error (max|TE|)
	T-BC/T-TSC Class
	Maximum absolute time error – max|TE| (ns)

	A
	100 ns

	B 
	70 ns

	C
	30 ns

	D
	For further study


NOTE – The values in Tables 7-1, 7-3, 7-4, 7-5, 7-6, 7-7, 7-8, and 7-9 are valid for 1 PPS interfaces and for 1GbE, 10GbE, 25GbE, 40GbE and 100GbE interfaces. Values for other interfaces are for further study. For 25GbE, 40GbE and 100GbE the accuracy can be severely impacted if Idle insertion/removal, alignment marker/ codeword marker insertion/removal is not accounted for. For 40GbE and 100GbE the accuracy can also be severely impacted if physical coding sublayer (PCS) lane distribution/merging is not accounted for.
For Class D, the maximum time error measured through a first-order low-pass filter with a bandwidth of 0.1 Hz, max|TEL|, is shown in Table 7-2.
Table 7-2 – Maximum absolute time error low-pass filtered (max|TEL|)
	T-BC/T-TSC Class
	Maximum absolute time error – max|TEL| (ns)

	D
	5 ns


The noise generation is divided into two components, the cTE and the dTE noise generation.
7.1.1	Constant time error noise generation (cTE)
At the PTP and 1 PPS outputs, the cTE generation is shown in Table 7-3.
Table 7-3 – T-BC/T-TSC permissible range of constant time error
	T-BC/T-TSC Class
	Permissible range of constant time error – cTE (ns)

	A
	±50

	B
	±20

	C
	±10

	D
	For further study


NOTE 1 – Constant time error definition and the method to estimate constant time error are defined in [ITU‑T G.8260]. For the purpose of testing the limits in Table 7-3, an estimate of constant time error should be obtained by averaging the time error sequence over 1 000 s.
NOTE 2 – Interfaces whose optical modules have uncontrolled asymmetric latency are for further study.
NOTE 3 – The constant time error (cTE) is measured at constant temperature (within ±1K).
7.1.2	Dynamic time error low-pass filtered noise generation (dTEL)
The dynamic time error low-pass filtered noise generation (dTEL) for a T-BC/T-TSC under constant temperature (within ±1 K) is shown in Table 7-4 and Table 7-5. A T-BC and a T-TSC class A or class B containing an Option 1 clock, as specified in [ITU‑T G.8262], or containing an enhanced synchronous equipment clock, as specified in [ITU‑T G.8262.1] should meet the limits for class A or class B. A T-BC and a T-TSC class C or class D containing an enhanced synchronous equipment clock, as specified in [ITU‑T G.8262.1] should meet the limits for class C or class D.
When the T-BC/T-TSC is operating in locked mode synchronized to both a wander-free time reference at the PTP input and a wander-free frequency reference at the physical layer frequency input, the MTIE and TDEV under constant temperature (within ±1 K) at the PTP and 1 PPS outputs, measured through a first-order low-pass filter with bandwidth of 0.1 Hz, should meet the limits in Table 7-4 and Table 7-5 respectively.
Table 7-4 – Dynamic time error low-pass filtered noise generation (MTIE)
for T-BC/T-TSC with constant temperature (within ±1 K)
	T-BC/T-TSC Class
	MTIE limit [ns]
	Observation interval τ [s]

	A
	40
	m ≤ τ ≤ 1 000
(Note)

	B
	40
	m ≤ τ ≤ 1 000
(Note)

	C
	10
	m ≤ τ ≤ 1 000
(Note)

	D
	For further study
	For further study

	NOTE – The minimum  value m is determined by packet rate of 16 packet per second (m = 1/16) or 1 PPS signal (m = 1).


Table 7-5 – Dynamic time error low-pass filtered noise generation (TDEV) 
for T-BC/T-TSC with constant temperature (within ±1K)
	T-BC/T-TSC Class
	TDEV limit [ns]
	Observation interval τ [s]

	A
	4
	m < τ ≤ 1 000
(Note)

	B
	4
	m < τ ≤ 1 000
(Note)

	C
	2
	m ≤ τ ≤ 1 000
(Note)

	D
	For further study
	For further study

	[bookmark: _Hlk62820938]NOTE – The minimum  value m is determined by packet rate of 16 packet per second (m = 1/16) or 1 PPS signal (m = 1).


When temperature effects are included, the MTIE requirement is defined in Table 7-6 for a T‑BC/T‑TSC with physical layer frequency support; in this case the maximum observation interval is increased to 10 000 s.
Table 7-6 – Dynamic time error low-pass filtered noise generation 
(MTIE) for T-BC/T-TSC with variable temperature
	T-BC/T-TSC Class
	MTIE limit [ns]
	Observation interval τ [s]

	A
	40
	m ≤ τ ≤ 10 000
(Note)

	B
	40
	m ≤ τ ≤ 10 000
(Note)

	C
	10
	m ≤ τ ≤ 10 000
(Note)

	D
	For further study
	For further study

	NOTE – The minimum  value m is determined by packet rate of 16 packet per second (m = 1/16) or 1 PPS signal (m = 1).


NOTE – Guidelines for variable temperature testing are described in Appendix I of [ITU-T G.8273].
7.1.3	Dynamic time error high-pass filtered noise generation (dTEH)
For a T-BC/T-TSC Class A or Class B containing an Option 1 clock, as specified in [ITU‑T G.8262], or containing an enhanced synchronous equipment clock, as specified in [ITU‑T G.8262.1], and operating in a locked mode synchronized to both a noise-free time reference at the PTP input and a noise-free frequency reference at the physical layer frequency input, the peak-to-peak time error at the T-BC/T-TSC output interfaces, measured over a 1 000 second measurement interval, with a first-order high-pass filter of 0.1 Hz should be less than 70 ns.
NOTE – The value of 70 ns is a conservative limit based on the [ITU‑T G.8262] noise generation specification. This is based on the assumption that most of this noise is generated by the high-pass filtered noise of the [ITU‑T G.8262] oscillator. It is expected that implementations based on better clocks can result in significantly lower values. It is not intended and not assumed that the component of the high-pass filtered noise due to timestamp granularity is a major portion of the 70 ns.
For a T-BC/T-TSC Class C containing an enhanced synchronous equipment clock, as specified in [ITU T G.8262.1], and operating in a locked mode synchronized to both a noise-free time reference at the PTP input and a noise-free frequency reference at the physical layer frequency input, the peak-to-peak time error at the T-BC/T-TSC output interfaces, measured over a 1 000 second measurement interval, with a first-order high-pass filter of 0.1 Hz should be less than 30 ns.
NOTE – The value of 30 ns is a conservative limit based on the [ITU T G.8262.1] noise generation specification. This is based on the assumption that most of this noise is generated by the high-pass filtered noise of the [ITU T G.8262.1] oscillator. It is expected that implementations based on better clocks can result in significantly lower values. It is not intended and not assumed that the component of the high-pass filtered noise due to timestamp granularity is a major portion of the 30 ns.
The dynamic time error high-pass filtered noise generation (dTEH) is for further study for T‑BC/T‑TSC Classes D. 
Table 7-7 – Dynamic time error high-pass filtered noise generation for T-BC/T-TSC
	T-BC/T-TSC Class
	Maximum dTEH (peak to peak) (ns)

	A
	70

	B
	70

	C
	30

	D
	For further study



[bookmark: _Toc23168945][bookmark: _Toc26179612][bookmark: OLE_LINK18][bookmark: OLE_LINK16]7.1.4	Relative time error noise generation 
[bookmark: OLE_LINK17]The relative time error noise generation of a T-BC represents the difference between two timing signals carrying time. For the definition of relative time error (TER), see clause 3.1.24 of [ITU‑T G.8260].
[bookmark: OLE_LINK19]The maximum relative time error (max|TER|) between any two phase and time output ports (1 PPS, PTP) of a T-BC is for further study.
[bookmark: OLE_LINK36]NOTE 1 – The relative time error, max|TER|, cTER, dTERL, is required by some applications that have a relative time error requirement between two end applications, e.g., the case of cooperating radio units.
NOTE 2 – Some end applications or deployments may not need the relative time error requirement for proper operation.
7.1.4.1	Relative constant time error noise generation (cTER) 
For clock class C, the relative constant time error (cTER) between any two phase and time output ports (1 PPS, PTP) of a T-BC is shown in Table 7-7. For clock classes A, B and D, cTER is for further study.
Table 7-7 – T-BC permissible range of relative constant time error
	T-BC Class
	Permissible range of relative constant time error – cTER (ns)

	C
	±12


NOTE 1 – Relative constant time error definition and the method to estimate relative constant time error are defined in [ITU-T G.8260]. For the purpose of testing the limits in Table 7-7, an estimate of constant time error should be obtained by averaging the time error sequence over 1 000 s.
NOTE 2 – Interfaces whose optical modules have uncontrolled asymmetric latency are for further study.
7.1.4.2	Relative dynamic time error low-pass filtered noise generation (dTERL) 
For T-BC classes A, B, and D, dTERL is for further study.
For a class C T-BC containing an enhanced synchronous equipment clock as specified in [ITU‑T G.8262.1], the relative dynamic time error low-pass filtered noise generation (dTERL) between any two phase and time output ports (1 PPS, PTP) is shown in Table 7-8.
This applies under the following conditions:
–	the T-BC is operating in locked mode synchronized to both a wander-free time reference at the PTP input and a wander-free frequency reference at the physical layer frequency input;
–	the T-BC is operating under constant temperature (within ±1 K);
–	the output time signals from the two ports are both measured through a first-order low-pass filter of bandwidth 0.1 Hz before re-sampling to align the sampling instants, as described in [ITU-T G.8260].
Table 7-8 – Relative dynamic time error low-pass filtered noise generation (MTIE)
for T-BC with constant temperature (within ±1 K)
	T-BC Class
	MTIE limit [ns]
	Observation interval τ [s]

	C
	14
	m ≤ τ ≤ 1 000
(Note)

	NOTE – The minimum  value m is determined by packet rate of 16 packet per second (m = 1/16) or 1 PPS signal (m = 1).


The TDEV requirements for relative dynamic time error low-pass filtered noise generation are for further study.
[bookmark: _Toc23168946][bookmark: _Toc26179613][bookmark: _Toc26179733][bookmark: _Toc38615357][bookmark: _Toc38615483][bookmark: _Toc42063816][bookmark: _Toc57895382][bookmark: _Toc100041116][bookmark: _Toc124855824][bookmark: _Toc125990714]7.2	Noise tolerance
The noise tolerance of a T-BC/T-TSC indicates the minimum dynamic time error level at the input of the clock that should be accommodated while:
–	not causing any alarms;
–	not causing the clock to switch reference;
–	not causing the clock to go into holdover.
NOTE – There is no requirement related to cTE tolerance.
7.2.1	Noise tolerance for clock classes A and B
A T-BC/T-TSC classes A and B for use in the full timing support profile should be capable of tolerating the following levels of dTE and phase wander simultaneously:
–	dTE according to [ITU-T G.8271.1] network limit, clause 7.3 at the PTP input;
–	wander tolerance according to [ITU-T G.8262], clause 9.1.1 at the synchronous equipment clock input;
–	wander tolerance according to [ITU-T G.813], clause 8.1 at the SDH input.
7.2.2	Noise tolerance for clock class C
A T-BC/T-TSC classes C for use in the full timing support profile should be capable of tolerating the following levels of dTE and phase wander simultaneously:
–	dTE according to [ITU-T G.8271.1] network limit, clause 7.3 at the PTP input;
–	wander tolerance according to [ITU-T G.8262.1], clause 9 at the enhanced synchronous equipment clock input;
The noise tolerance for T-BC/T-TSC class D is for further study.
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The transfer characteristic of the T-BC/T-TSC determines its properties with regard to the transfer of time error from the PTP input interface to the PTP and 1 PPS output interfaces. It also accounts for the transfer of phase wander from the physical layer interface to the PTP and 1 PPS output interfaces.
NOTE 1 – For purposes of measuring the noise transfer, the impact of the test method may be critical. For example, it is known that some signal artefacts (known as sub-Nyquist artefacts) may be present due to improper test frequency selection. In particular, when using direct measurement methods or when measuring the noise transfer of a nonlinear filter, test signal frequencies that are equal to (m/n) multiplied by the Nyquist frequency, where (m/n) is a reduced fraction and m and n are small integers (e.g., less than 10) should be avoided. For instance, for a Nyquist frequency of 0.5 Hz, examples of frequencies that should be avoided are 0.1 Hz (m = 1, n = 5), 0.25 Hz (m = 1, n = 2), 0.3 Hz (m = 3, n = 5), 0.5 Hz (m = 1, n = 1), 0.7 Hz (m = 7, n = 5), 1 Hz (m = 2, n= 1), 2 Hz (m = 4, n = 1), etc. and frequencies very close to these frequencies. Other mathematical processing methods may be less restricted with the choice of frequencies used. However, frequencies of the type (m,1) should be avoided as they cannot be measured. Details on specific methods are for further study.
NOTE 2 – At all permissible noise input levels, the gain peaking from PTP to PTP, or from physical layer frequency to PTP is far lower than the permitted noise generation of the clock at the PTP and 1 PPS outputs. Therefore, it may be difficult to verify the gain peaking at either the PTP or 1 PPS outputs.
7.3.1	PTP to PTP and PTP to 1 PPS noise transfer
The bandwidth of a T-BC/T-TSC should not exceed 0.1 Hz and should not be less than 0.05 Hz.
In the passband, the phase gain of the T-BC/T-TSC should be smaller than 0.1 dB (1.1%).
NOTE 1 – Noise transfer only applies to dynamic time noise; there is no requirement related to cTE transfer.
NOTE 2 – See Note 1 and Note 2 in clause 7.4.
NOTE 3 – Since the PTP message rate is nominally 16 Hz, the maximum observable input frequency content would be 8 Hz.
NOTE 4 – When measuring on the 1 PPS output, the response to an input frequency component above 0.5 Hz will be measured as an aliased component.
7.3.2	Physical layer frequency to PTP and physical layer frequency to 1 PPS noise transfer for T-BC/T-TSC classes A and B
The output PTP signal and 1 PPS signal must correspond to the input physical layer frequency input signal on which a band-pass filter whose lower corner frequency is between 0.05 Hz and 0.1 Hz and whose upper corner frequency is between 1 Hz and 10 Hz has been applied.
In the passband, the phase gain of the synchronous equipment clock should be smaller than 0.2 dB (2.3%).
NOTE 1 – The above requirement applies to the case where a physical layer clock is implemented as per [ITU‑T G.8262] option 1 to assist the T-BC/T-TSC, where the filter bandwidth is between 1 Hz and 10 Hz. When a different physical layer clock is used with a lower filter bandwidth to assist the T-BC/T-TSC, such as [ITU-T G.812] Type I, the input physical layer frequency noise transferred to the output PTP (1 PPS) signal is further attenuated. The detailed characteristics of the T-BC/T-TSC based on clocks different from [ITU‑T G.8262] Option 1 and from [ITU-T G.8262.1] is for further study, such as the impact on Annex B (control of transients due to rearrangements in the physical layer frequency network), and noise accumulation in a chain of T‑BCs.
NOTE 2 – See Note 1 and Note 2 in clause 7.4.
NOTE 3 – When measuring on the PTP output, the response to an input frequency component above 8 Hz will be measured as an aliased component.
NOTE 4 – When measuring on the 1 PPS output, the response to an input frequency component above 0.5 Hz will be measured as an aliased component.
7.3.3	Physical layer frequency to PTP and physical layer frequency to 1 PPS noise transfer for T-BC/T-TSC classes C and D
The output PTP signal and 1 PPS signal must correspond to the input physical layer frequency input signal on which a band-pass filter whose lower corner frequency is between 0.05 Hz and 0.1 Hz and whose upper corner frequency is between 1 Hz and 3 Hz has been applied.
In the passband, the phase gain of the enhanced synchronous equipment clock should be smaller than 0.2 dB (2.3%).
NOTE 1 – The above requirement applies to the case where a physical layer clock is implemented as per [ITU‑T G.8262.1] to assist the T-BC/T-TSC, where the filter bandwidth is between 1 Hz and 3 Hz. When a different physical layer clock is used with a lower filter bandwidth to assist the T-BC/T-TSC, such as [ITU‑T G.812] Type I, the input physical layer frequency noise transferred to the output PTP (1 PPS) signal is further attenuated. The detailed characteristics of the T-BC/T-TSC based on clocks different from [ITU‑T G.8262.1] is for further study, such as the impact on Annex C (Control of the phase transient due to rearrangements in the enhanced physical layer network), and noise accumulation in a chain of T‑BCs.
NOTE 2 – See Note 1 and Note 2 in clause 7.4.
NOTE 3 – When measuring on the PTP output, the response to an input frequency component above 8 Hz will be measured as an aliased component.
NOTE 4 – When measuring on the 1 PPS output, the response to an input frequency component above 0.5 Hz will be measured as an aliased component.
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7.4.1	Transient response
7.4.1.1	PTP output and 1 PPS output transient response due to rearrangement of physical layer frequency transport and PTP network
The transient response of the T-BC/T-TSC due to a simultaneous or nearly coincident rearrangement of both the PTP network and the physical layer frequency transport is for further study.
7.4.1.2	PTP output and 1 PPS output transient response due to rearrangement of PTP network
The requirements for the cases of PTP-to-PTP and PTP-to-1 PPS transient response due to a rearrangement of the PTP network are for further study. 
For further information, refer to Appendix X of [ITU-T G.8271.1].
7.4.1.3	PTP output and 1 PPS output transient response due to rearrangement of physical layer frequency transport
The physical layer frequency to PTP and physical layer frequency to 1 PPS transient response due to a rearrangement of the physical layer frequency transport is specified in Annex B for clock classes A and B, and in Annex C for clock class C.
The physical layer frequency to PTP and physical layer frequency to 1 PPS transient response due to a rearrangement of the physical layer frequency transport is for further study for clock class D.
7.4.1.4	PTP output and 1 PPS output transient response due to long term rearrangement of physical layer frequency transport
When a T-BC/T-TSC loses all its physical layer frequency references, the T-BC/T-TSC may rely on a phase and time input. 
This requirement reflects the performance of the clock in cases when the physical layer frequency input is ideal followed by long-term rearrangement of the physical layer frequency input. The PTP input is ideal. See Appendix X for further details.
At the precision time protocol (PTP) and 1 pulse per second (PPS) outputs, over any period of S > 15 s (longer than specified in Annex C), the maximum absolute time error (max|TE|), excluding any constant time error (cTE), is constrained to below 58 ns for T-BC/T-TSC class C with constant temperature (within ± 1K) or variable temperature. The requirement is evaluated without a measurement filter on the TE samples. This requirement is for further study for T-BC classes A, B, and D.
Note: A measurement period of one hour for constant temperature and 10000s for variable temperature can be used for testing purposes. The constant time error should be estimated before the physical layer frequency reference is removed or degraded, so that it can be removed from the test results.
7.4.2	Holdover performance
The requirements in this clause bound the maximum excursions in the PTP and 1 PPS output signal during loss of PTP input and/or physical layer frequency input. Additionally, it restricts the accumulation of the phase movement during input signal impairments or internal disturbances.
Note: the requirement for the case of long-term rearrangement of physical layer frequency with an ideal PTP input is not considered holdover, and therefore is specified in 7.4.1.4 of this recommendation.
7.4.2.1	T-BC/T-TSC performance during loss of physical layer frequency assistance and loss of phase and time input reference
When a T-BC/T-TSC loses all its physical layer frequency and phase and time inputs, it enters the phase/time holdover state. Under these circumstances, the T-BC/T-TSC may rely on a local oscillator. 
This requirement reflects the performance of the clock in cases when the PTP input and physical layer frequency input are ideal followed by disconnection of the PTP input and physical layer frequency input.
The phase/time holdover (both physical layer and PTP inputs are lost) requirements applicable to a T-BC/T-TSC are for further study.
7.4.2.2	T-BC/T-TSC classes A and B performance with physical layer frequency assistance during loss of PTP input reference
When a T-BC/T-TSC classes A and B loses all of its input phase and time references, it enters the phase/time holdover state. Under these circumstances, the T-BC/T-TSC may rely on a physical layer frequency assistance reference traceable to a primary reference clock (PRC). 
This requirement reflects the performance of the clock in cases when the PTP input is ideal followed by disconnection of the PTP input. The physical layer frequency input is ideal.
The phase/time output will be measured through a first order low-pass filter with bandwidth of 0.1 Hz.
The phase/time performance during loss of PTP input reference requirements based on physical layer frequency applicable to a T-BC/T-TSC under constant temperature conditions is shown in Table 7-9 and Figure 7-1. Under constant temperature conditions (within ±1K) the maximum observation interval is 1 000 seconds.
Table 7-9 – Performance allowance during loss of PTP input (MTIE) 
for T-BC/T-TSC classes A and B with constant temperature
	MTIE limit [ns]
	Observation interval τ [s]

	22 + 40 τ0.1
	1 ≤ τ ≤ 100

	22 + 25.25 τ0.2
	100 < τ ≤ 1 000
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Figure 7-1 – Performance allowance during loss of PTP input (MTIE) 
for T-BC/T-TSC with constant temperature
The phase/time performance during loss of PTP input reference requirements based on physical layer frequency applicable to a T-BC/T-TSC under variable temperature conditions is shown in Table 7‑10 and Figure 7-2. Under variable temperature conditions the maximum observation interval is 10 000 seconds.
Table 7-10 – Performance allowance during loss of packet signal input (MTIE) 
for T-BC/T-TSC classes A and B with variable temperature
	MTIE limit [ns]
	Observation interval τ [s]

	22 + 40 τ0.1 + 0.5 τ
	1 ≤ τ ≤ 100

	72 + 25.25 τ0.2
	100 < τ ≤ 1 000

	for further study
	1 000 < τ ≤ 10 000
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Figure 7-2 – Performance allowance during loss of PTP input (MTIE) 
for T-BC/T-TSC classes A and B with variable temperature
NOTE – Guidelines for variable temperature testing are described in Appendix I of [ITU-T G.8273].
7.4.2.3	T-BC/T-TSC classes C and D performance with physical layer frequency assistance during loss of PTP input reference
When a T-BC/T-TSC classes C and D loses all of its input phase and time references, it enters the phase/time holdover state. Under these circumstances, the T-BC/T-TSC may rely on a physical layer frequency assistance reference traceable to a primary reference clock (PRC). 
This requirement reflects the performance of the clock in cases when the PTP input is ideal followed by disconnection of the PTP input. The physical layer frequency input is ideal.
The phase/time holdover (with physical layer frequency assistance during loss of PTP input reference) requirements applicable to a T-BC/T-TSC classes C and D are for further study.
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The requirements in this Recommendation are related to reference points which may be internal to the equipment or network element (NE) in which the T-BC/T-TSC is embedded and are therefore not necessarily available for measurement or analysis by the user. Consequently, the performance of the T-BC/T-TSC is not specified at these internal reference points, but rather at the external interfaces of the equipment.
Note that not all of the interfaces below need to be implemented on all equipment.
7.5.1	Phase and time interfaces for T-BC/T-TSC classes A and B
The phase and time interfaces specified for the equipment in which the T-BC/T-TSC may be contained are:
–	Ethernet interface carrying PTP messages;
	NOTE – Ethernet interfaces can combine synchronous Ethernet for frequency and PTP messages. These interfaces may also carry other traffic in addition to PTP traffic.
–	ITU-T V.11-based time/phase distribution interface, as defined in [ITU-T G.703] and [ITU‑T G.8271];
–	1 PPS 50 Ω phase-synchronization measurement interface, as defined in [ITU-T G.703] and [ITU-T G.8271];
–	other interfaces are for further study.
7.5.2	Phase and time interfaces for T-BC/T-TSC classes C and D
The phase and time interfaces specified for the equipment in which the T-BC/T-TSC may be contained are:
–	Ethernet interface carrying PTP messages;
	NOTE 1 – Ethernet interfaces can combine Synchronous Ethernet for frequency and PTP messages. These interfaces may also carry other traffic in addition to PTP traffic.
	NOTE 2 – Ethernet interfaces can be used as measurement interfaces.
–	1 PPS 50 Ω phase-synchronization measurement interface, as defined in [ITU-T G.703] and [ITU-T G.8271];
	For the measurement of T-BC/T-TSC Class-C and Class-D, the following requirements apply:
–	The measurement reference point of the 1 PPS 50 Ω measurement interface should be set to the 50% 1 PPS signal level
–	The cable delay should be accurately determined and compensated for
–	A high-quality cable with a maximum length of 3 m should be used
–	other interfaces are for further study.
7.5.3	Frequency interfaces
The frequency interfaces specified for the equipment in which the T-BC/T-TSC may be contained are:
–	2 048 kHz interfaces according to [ITU-T G.703] with additional jitter and wander requirements as specified herein;
–	1 544 kbit/s interfaces according to [ITU-T G.703] with additional jitter and wander requirements as specified herein;
–	2 048 kbit/s interfaces according to [ITU-T G.703] with additional jitter and wander requirements as specified herein;
–	STM-N traffic interfaces;
–	synchronous Ethernet interfaces;
	(NOTE – Ethernet interfaces can combine PTP and synchronous Ethernet. These interfaces may also carry other traffic in addition to PTP and ESMC traffic.)
–	other interfaces are for further study.
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Telecom boundary clock and telecom synchronous clock models
(This annex forms an integral part of this Recommendation.)
Figure A.1 illustrates a telecom boundary clock and telecom synchronous clock models.
Note to TSB: In Figure A.1 replace “SLAVE” with “TR” and “MASTER” with “TT”. Replace “1PPS” with “1 PPS” (no-breaking space between 1 and PPS).


Figure A.1 – Telecom boundary clock and telecom synchronous clock models
NOTE 1 – The physical layer frequency signal may be bidirectional for SyncE/SDH.
NOTE 2 – The "Physical layer clock" includes a selection mechanism as there may be multiple inputs.
NOTE 3 – T-BC functional model is also applicable to the T-TSC, except for the PTP timeTransmitter side (the T‑TSC functional model includes the 1 PPS and ToD interface). Physical layer frequency output (e.g., SyncE) is optional for T-TSC.
Figure A.1 shows a functional model of a telecom boundary clock and telecom synchronous clock. It is not intended to specify any specific implementation. Any implementation specific detail is outside the scope of this Recommendation.
The packet timing signal is processed by the packet processing block, the timestamps are sent to the packet time and to the packet-based equipment clock (PEC) blocks for further processing. The time information carried in the timestamps are used as an input to the time control to generate the time information to control the local time scales. Delay asymmetry established by means beyond the scope of the protocol-layer messages can be provided as a correction term. The frequency information carried in the timestamps is used in the PEC to generate the local frequency.
The time selector block may select either the time information recovered from the timestamps, or the local time input (e.g., 1 PPS+ time of day (ToD)).
The frequency selector block may select either the frequency information recovered from the timestamps, or the frequency recovered from a physical layer clock (e.g., synchronous Ethernet, or SDH).
[bookmark: _Toc23168951]The timing service monitor block provides monitoring of a timing service received by the clock according to key performance indicators. As an example, it may monitor the PTP timing service by analysing the PTP timestamps from the packet processing block (timeReceiver side) and raise an unusable alarm based on implementation specific criteria.
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Control of the phase transient due to rearrangements in the
physical layer network
(This annex forms an integral part of this Recommendation.)
NOTE 1 – This annex is valid for T-BCs and T-TSCs classes A and B embedding a physical layer physical clock per [ITU-T G.8262] (e.g., SyncE). A T-BC and T-TSC shall properly limit the generation of phase/time error due to a rearrangement of the physical layer frequency transport (e.g., SyncE, SDH) by using ingress QL information (e.g., ESMC message). In the worst-case, the input signal frequency will experience a rearrangement transient as detailed in Figure 12 of [ITU-T G.8262] and Figure 12 of [ITU‑T G.813]. When a physical layer frequency network rearrangement occurs, the T-BC or T-TSC may experience an initial output transient when the physical layer frequency input loses PRC‑traceability and a second output transient when or after the physical layer frequency input again becomes PRC‑traceable. The absolute value of T-BC and T‑TSC output phase error shall meet the following requirements when these transients occur: the T-BC output phase error at the PTP and 1 PPS outputs and the T-TSC output phase error at the 1 PPS output shall not exceed the mask of Figure B.1 and Table B.1.
NOTE 2 – The mask of Figure B.1 assumes that the physical layer frequency input signal loses PRC traceability at time zero and becomes traceable again at 15 s (i.e., the physical layer frequency input transient is completed by 15 s). The re-establishment of PRC‑traceability will be earlier in smaller rings; the exact time depends on the number of synchronous equipment clocks in the ring and the exact values of the SSM message delays. The mask is extended to 50 s to allow time for the T‑BC and the T-TSC to either re-acquire the physical layer frequency input signal or begin using the T-BC and the T-TSC filter again after PRC-traceability has been re-established.
The physical layer frequency input transient test is done without a measurement filter and should exclude any constant time error. Ideally, the absolute value of unfiltered dTE is desired.
See Appendix II for background on the assumptions and derivations for the masks of Figure B.1 and Table B.1.
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Figure B.1 – Phase error limit for PTP and 1 PPS output phase error transient after the startof the physical layer frequency input transient
Editor’s note: Figure B.1 needs to be updated to replace “SyncE” in the figure. It will be updated before the draft is submitted for consent.
Table B.1 – T-BC and the T-TSC output phase transient mask for PTP and 1 PPS output transient after start of physical layer frequency rearrangement (at and just after loss of -traceability by the physical layer frequency input signal)
	Time S after start of Physical layer frequency  input transient  (s)
	T-BC and the T-TSC output absolute 
phase error (ns)

	0 ≤ S < 2.4
	200 + 50 S

	2.4 ≤ S < 14.25
	50 + 270 e –2π(0.05)(S – 2.4)

	14.25 ≤ S < 15.5
	180 

	15.5 ≤ S < 25.5 
	115 

	25.5 ≤ S ≤ 50
	50 + 65 e –2π(0.05)(S – 25.5)


NOTE 3 – As per [ITU-T G.8264] SSM might be disabled by the operator. The impact on the mitigation of time error due to physical layer frequency network rearrangement when not using SSM is under the responsibility of the operator and is for further study.
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Control of the phase transient due to rearrangements in the
enhanced physical layer network
(This annex forms an integral part of this Recommendation.)
NOTE 1 – This annex is valid for T-BCs and T-TSCs class C embedding an enhanced physical layer physical clock per [ITU-T G.8262.1].
A T-BC and T-TSC shall properly limit the generation of phase/time error due to a rearrangement of the physical layer frequency transport (e.g., enhanced SyncE) by using ingress QL information (e.g., ESMC message). In the worst-case, the enhanced physical layer signal will experience a rearrangement transient as detailed in Figure 6 of [ITU-T G.8262.1]. When an enhanced physical layer frequency network rearrangement occurs, the T-BC or T-TSC may experience an initial output transient when the enhanced physical layer frequency input loses PRC traceability and a second output transient when or after the enhanced physical layer frequency input again becomes PRC traceable. The absolute value of T-BC and T TSC output phase error shall meet the following requirements when these transients occur: the T-BC output phase error at the PTP and 1 PPS outputs and the T-TSC output phase error at the 1 PPS output shall not exceed the mask of Figure C.1 and Table C.1 below.
NOTE 2 – The mask of Figure C.1 assumes that the enhanced physical layer frequency input signal loses PRC traceability at time zero and becomes traceable again at 15 s (i.e., the enhanced physical layer frequency input transient is completed by 15 s). The re-establishment of PRC traceability will be earlier in smaller rings; the exact time depends on the number of synchronous equipment clocks in the ring and the exact values of the SSM message delays. The mask is extended to 50 s to allow time for the T BC and the T-TSC to either re-acquire the enhanced physical layer frequency input signal or begin using the T-BC and the T-TSC filter again after PRC-traceability has been re-established.
The enhanced physical layer frequency input transient test is done without a measurement filter and should exclude any constant time error. Ideally, the absolute value of unfiltered dTE is desired.
See Appendix II for background on the assumptions and derivations for the masks of Figure BC.1 and Table C.1.
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Figure C.1 – Phase error limit for PTP and 1 PPS output phase error transient after the start of the enhanced physical layer frequency input transient
Table C.1 – T-BC and the T-TSC output phase transient mask for PTP and 1 PPS output transient after start of enhanced physical layer frequency input transient (at and just after loss of PRC-traceability by the enhanced physical layer frequency input signal)
	Time S after start of physical layer frequency input transient (s)
	T-BC output absolute phase error (ns)

	0 ≤ S < 2.4
	40+ 10S

	2.4 ≤ S < 13.75
	20 + 44e –2π(0.05)(S – 2.4)

	13.75 ≤ S < 14.5
	21.3

	14.5 ≤ S < 15.5
	31.3

	15.5 ≤ S < 25.5
	31

	25.5 ≤ S ≤ 50
	20 + 11 e –2π(0.05)(S – 25.5)


NOTE 3 – As per [ITU-T G.8264] SSM might be disabled by the operator. The impact on the mitigation of time error due to physical layer frequency network rearrangement when not using SSM is under the responsibility of the operator and is for further study.



Appendix I

Mitigation of time error due to physical layer frequency input transients
(This appendix does not form an integral part of this Recommendation.)

NOTE – This appendix is valid for T-BCs and T-TSCs classes A and B.
Appendix II, clause II.1.2 of [ITU-T G.8271.1], illustrates hypothetical reference models for the transport of phase/time via PTP with physical layer frequency support. Figure II.2 of [ITU‑T G.8271.1] illustrates the congruent scenario, where the frequency and phase/time transports follow the same synchronization path. Figure II.3 of [ITU-T G.8271.1] illustrates the non-congruent scenario, where the frequency and phase/time transports follow different synchronization paths. A rearrangement of the physical layer frequency, e.g., SyncE, transport results in phase/time error at each T-BC, the T-TSC and the end application.
In the congruent scenario, the time error due to the physical layer frequency network (e.g, SyncE, SDH) rearrangement can be reduced to an acceptable level if the physical layer signal is rejected after the physical layer transient is detected. Note that the rejection of the physical layer signal is an implementation method. This method permits switching temporarily, for a short period, upon detection of a physical layer frequency input failure (e.g., using the SSM information), from a mode where physical layer frequency input support is used for frequency transport to a mode where only the PTP messages are used to recover frequency; after the physical layer frequency input reconfiguration is completed, the mode of operation is still expected to become again based on physical layer frequency input for frequency transport. Specifically, the physical layer frequency input signal is rejected when the SSM indicating the physical layer frequency input signal is no longer PRC-traceable is received by the synchronous equipment clock collocated with that T-BC or T-TSC, and the physical layer frequency input signal is again used at a time Treacq after receipt of the SSM indicating the physical layer frequency input signal is again PRC-traceable is received by the synchronous equipment clock collocated with that T-BC or T-TSC.
In the non-congruent scenario, the time error will be acceptable if the T-BCs, T-TSC and end application have maximum bandwidth of 0.1 Hz and maximum gain peaking of 0.1 dB, and if the frequency plane clocks collocated with the T-BCs, T-TSC and end application are synchronous equipment clocks. This is true whether or not the physical layer frequency input transient is rejected at each T‑BC/T‑TSC.
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Derivation of T-BC/T-TSC output transient mask due 
to physical layer frequency network rearrangement
(This appendix does not form an integral part of this Recommendation.)
NOTE 1 – This appendix is valid for two types of T-BC and T-TSC:
· T-BC/T-TSC embedding a SEC (e.g., classes A and B T-BC) and assuming the physical layer frequency input signal (e.g., SyncE/SDH) undergoes the transient of Figure 12 of [ITU-T G.8262] at the input port of the T-BC of interest, 
· T-BC/TSC embedding an eSEC (e.g., class C T-BC) and assuming the enhanced physical layer frequency input signal (e.g., SyncE) undergoes the transient of Figure 6 of [ITU-T G.8262.1] at the input port of the T-BC of interest.
 Class D clocks are for further study.
NOTE 2 – The derivation of T-BC output transient mask due to physical layer frequency network rearrangement explained in this Appendix is also applicable to case of the T-TSC.
The absolute value of T-BC output phase transient due to a physical layer frequency network rearrangement is derived for the following two mitigation schemes: 
a)	Reject the physical layer frequency input signal on receipt of the SSM that indicates the physical layer frequency input is no longer PRC-traceable, and
b)	Turn off the T-BC filter on receipt of the SSM that indicates the physical layer frequency input is no longer PRC-traceable
In the derivation for physical layer frequency, the input transient is assumed to be as specified in Figure 12 of [ITU-T G.8262], with the initial 120 ns phase change starting at time zero and the final 120 ns phase change ending 15 s later. In the derivation for the enhanced physical layer frequency, the input transient is assumed to be as specified in Figure 6 of [ITU-T G.8262.1] with the initial 10 ns phase change starting at time zero and the final 10 ns phase change ending 15 s later. The output transients for schemes (a) and (b) are obtained and the transient mask is taken as the upper envelope of these two output transients.
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The T-BC output phase error mask of Figure B.1 of Annex B of this Recommendation is based on two possible techniques for mitigating the output phase error due to the HRM2 (hypothetical reference model 2) rearrangement for T-BC/T-TSC classes A and B. Similarly, the T-BC output phase error mask of Figure C.1 of Annex C of this Recommendation is based on the same two mitigation techniques, for T-BC/T-TSC class C.
With the first technique, the physical layer frequency clock (e.g., EEC) co-located with the T-BC informs the T-BC that the physical layer frequency input is no longer PRC-traceable when the physical layer frequency clock receives the SSM indicating this. When the T-BC is notified, it rejects the physical layer frequency input transient and operates in the PTP only mode (i.e., without the use of physical layer frequency input to recover frequency). When the physical layer frequency clock switches a second time and is again PRC‑traceable, it informs the T-BC. The T-BC then reacquires the physical layer frequency input signal. The T-BC typically waits at least 10 s after it is informed that the physical layer frequency input is again traceable to reacquire the physical layer frequency input, to ensure that the physical layer frequency transient is completed; however, the important condition is that the mask of Figure B.1 (for T-BC/T-TSC classes A and B) or Figure C.1 (for T-BC/T-TSC class C) is satisfied (i.e., the T-BC can reacquire the physical layer frequency input signal before 10 s have elapsed if it can satisfy the mask).
With the second technique, the physical layer frequency keeps being used for the recovered frequency, however the T-BC filter is turned off when the T-BC is notified by the SEC/eSEC that the physical layer frequency input is no longer traceable (i.e., when the SEC/eSECreceives the SSM indicating this). The turning off of the filter means that it is no longer applied to the incoming PTP signal (as a low-pass filter) or to the physical layer frequency input signal (as a high-pass filter). When the T-BC is notified by the physical layer frequency clock that the – synchronous equipment clock is again traceable, the filter is again turned on. As with the first technique, the T-BC typically waits at least 10 s after it is informed that the physical layer frequency input is again traceable to turn the filter on, to ensure that the physical layer frequency input transient is completed; however, the important condition is that the mask of Figure B.1 (for T-BC/T-TSC classes A and B) or Figure C.1 (for T-BC/T-TSC class C) is satisfied (i.e., the T-BC can turn the filter back on before 10 s have elapsed if it can satisfy the mask). To avoid a transient when the T-BC filter is turned back on, the filter continues to operate on the physical layer frequency input signal (with the physical layer frequency input transient present) and the PTP signal and the state of the filter is computed throughout the transient (i.e., at each sampling instant). However, the filter output is not used while the filter is turned off; the computations are done only so that the filter state will be known. When the filter is turned back on, the computed filter state at that instant is used as the initial state.
The mask of Figure B.1 (for T-BC/T-TSC classes A and B) is obtained by computing the absolute value of T-BC filter output phase error history, for each of the above techniques, assuming the physical layer frequency input undergoes the transient of Figure 12 of [ITU-T G.8262]. With each technique, it is found that the T-BC filter output history contains an initial transient when physical layer frequency input traceability is lost and a second transient when or shortly after physical layer frequency input traceability is regained. The actual duration of the time interval between the two transients depends on how large the physical layer frequency clock network is (the interval is longer for larger clock networks). However, in Figure 12 of [ITU-T G.8262] the time interval between the start of the initial transient (i.e., the first 120 ns phase change at a rate of 7.5 ppm) and the start of the second transient (i.e., the second 120 ns phase change at a rate of 7.5 ppm) is 14.984 s.
Similarly, the mask of Figure C.1 (for T-BC/T-TSC class C) is obtained by computing the absolute value of T-BC filter output phase error history, for each of the above techniques, assuming the enhanced physical layer frequency input undergoes the transient of Figure 6 of [ITU-T G.8262.1]. With each technique, it is found that the T-BC filter output history contains an initial transient when enhanced physical layer frequency input traceability is lost and a second transient when or shortly after enhanced physical layer frequency input  traceability is regained. The actual duration of the time interval between the two transients depends on how large the enhanced physical layer frequency clock network is (the interval is longer for larger clock networks). However, in Figure 6 of [ITU-T G.8262.1] the time interval between the start of the initial transient (i.e., the first 10 ns sudden phase change) and the start of the second transient (i.e., the second 10 ns sudden phase change) is 15s.
The steady-state T-BC noise generation requirements are provided in clause 7.1.
The physical layer frequency input transient test is done without a measurement filter and should exclude any constant time error. Ideally, the absolute value of unfiltered dTE is desired.
The Simulations done for T-BC classes A and B showed that the unfiltered dTE does not exceed 80 ns peak-to-peak. While selected results were not highly asymmetric, they did exhibit some asymmetry. To allow margin for some asymmetry, it will be assumed that the unfiltered dTE max|TE| is 50 ns. It is further assumed that the 50 ns maximum dTE is due to steady-state physical layer frequency clock noise accumulation and timestamp granularity. Any phase error due to the physical layer frequency network rearrangement is added to this. In addition, this value does not include cTE. For testing purpose, if it is not convenient to remove cTE, this should be added to the mask derived below, i.e., the total max|TE| from Table 7-1 (100 ns for class A and 70 ns for class B) should be used instead of the assumed 50 ns zero-to-peak for dTE.
Similarly, for enhanced physical layer frequency for T-BC class C, a value of 20 ns for the unfiltered dTE is used. For testing purpose, if it is not convenient to remove cTE, this should be added to the mask derived below, i.e., the total max|TE| from Table 7-1 (30 ns for class C) should be used instead of the assumed 20 ns zero-to-peak for dTE.
In all cases, we assume the T-BC input is a PTP packet timing signal with mean Sync message rate of 16 messages/s. If other assumptions were made, e.g., if the input timing signal were 1 PPS instead of PTP, or if packet selection were performed that caused the mean rate of selected Sync message to be less than 16 messages/s, these cases would need to be analysed. In addition, the T-BC output phase computed is the actual phase (time) error; there is no additional measurement filter.
Note that:
·  in Figure III.2 of [ITU-T G.8273], which gives the physical layer frequency input transient used in testing T-BC classes A and B, the 120 ns phase changes and 50 ns/s phase rate of change are reduced to 104 ns and 45 ns/s respectively. This was done to allow some margin in the test. The mask is derived here using the input transient of Figure 12 of [ITU-T G.8262].
· [bookmark: _Hlk130388089]in Figure III.3 of [ITU-T G.8273], which gives the enhanced physical layer frequency input transient used in testing T-BC class C, the 10 ns phase changes and 10 ns/s phase rate of change are reduced to 7 ns and 9 ns/s respectively. This was done to allow some margin in the test. The mask is derived here using the input transient of Figure 6 of [ITU-T G.8262.1].
In addition, Appendix III of [ITU-T G.8273] presents three test cases. In the analysis here, we make conservative assumptions to produce a single mask that is applicable to all three test cases. In particular, the input transient of Figure 12 of [ITU-T G.8262] (and Figure 6 of [ITU-T G.8262.1] for enhanced physical layer frequency) is assumed to be the transient output of the upstream synchronous equipment clock, which is input to the T-BC (but subject to the assumptions of the two schemes). This is subject to the assumptions that (a) in Test case 1 of Appendix III of [ITU‑T G.8273] the filtering of the synchronous equipment clock can be neglected and (b) in Test case 2  of Appendix III of [ITU-T G.8273] the output of the synchronous equipment clock does not exceed the mask of Figure 12 of [ITU-T G.8262] (and Figure 6 of [ITU-T G.8262.1] for enhanced physical layer frequency) when the physical layer frequency signal input to interface Y (Figure III.1 of [ITU-T G.8273]) is cut off. Test case 3 of Appendix III of [ITU-T G.8273] is less stringent, because in this method the ESMC QL is changed but no physical layer frequency input transient is applied.
The following are the assumptions made in computing the T-BC output phase error due to the physical layer frequency network rearrangement, using the first technique, i.e., rejection of the physical layer frequency input transient:
a)	The physical layer frequency input transient to class A and B T-BC at interface Y of Figure III.1 of [ITU-T G.8273] is given by Figure 12 of [ITU-T G.8262]. Similarly, the enhanced physical layer frequency input transient to class C T-BC at interface Y of Figure III.1 of [ITU-T G.8273] is given by Figure 6 of [ITU-T G.8262.1].
b)	The input PTP packet signal (i.e., carried by Sync and Delay_Req messages) is perfect, i.e., there is no phase error associated with this signal.
c)	The T-BC filter bandwidth is 0.05 Hz. This is the minimum T-BC and T-TSC bandwidth. It is modelled as a first-order filter and gain peaking is not modeled.
d)	The SEC/eSEC co-located with the T-BC receives an input SSM, indicating the physical layer frequency input signal is no longer PRC-traceable. This occurs 500-2 000 ms after the transient begins and represents the holdover message delay, i.e., THM. Clause 5.14 of [ITU-T G.781] specifies that THM is in this range.
e)	The SEC/eSEC co-located with the T-BC sends to the T-BC, via interface Z of Figure III.1 of [ITU‑T G.8273], an SSM indicating it is no longer PRC-traceable between 0 and 200 ms after it receives the changed SSM. This is the non-switching message delay (see clause 5.14 of [ITU-T G.781]). This delay is due to software processing in the SEC/eSEC .
f)	The physical layer frequency input transient is rejected by the T-BC after a time interval has elapsed following the receipt of the SSM. This delay is due to software processes in the T-BC; it is approximated as having an upper bound that is equal to the non-switching message delay, i.e., 200 ms in clause 5.14 of [ITU-T G.781] and a lower bound of zero.
g)	There is a 30 ns phase jump at the class A and B T-BC input when the physical layer frequency input is rejected and a 60 ns phase jump when it is reacquired (simulations showed that max|TE| for HRM2, for a chain of 20 T-BCs, could be kept to within 200 ns with these phase jumps). 
Similarly, there is a 10 ns phase jump at the class C T-BC input when the enhanced physical layer frequency input is rejected and a 10 ns phase jump when it is reacquired (simulations showed that max|TE| for HRM2, for a chain of 20 class C T-BCs, could be kept to within 100ns with these phase jumps).
h)	The initial part of the physical layer frequency input transient is a 7.5 ppm phase ramp over 16 ms, followed by a 50 ns/s phase ramp, followed by a 30 ns phase jump when the physical layer frequency input signal is rejected. Based on (d), (e) and (f), the earliest the rejection can occur is at 0.5 s (500 ms) after the PRC-traceability is lost. The latest the rejection can occur is at 2.4 s (2 400 ms) after PRC-traceability is lost. The 30 ns phase jump can therefore occur anywhere between 500 ms and 2.4 s; to accommodate the worst case, we should take the envelope of all possibilities. For this envelope, we have an initial 7 500 ns/s slope until the time error changes by 120 ns, followed by a 50 ns/s slope to time 500 ms, followed by a 30 ns phase step, followed by a 50 ns/s slope to time 2 400 ms. A constant 50 ns phase is added to this entire transient to account for the phase error due to steady-state physical layer frequency clock phase noise (see above).
Similarly, the initial part of the enhanced physical layer frequency input transient has a sudden phase jump of 10ns, followed by a 10 ns/s phase ramp, followed by a 10 ns phase jump on the 1 PPS or PTP output when the physical layer input signal is rejected. Based on (d), (e) and (f), the earliest the rejection can occur is at 0.5 s (500 ms) after the PRC-traceability is lost. The latest the rejection can occur is at 2.4 s (2 400 ms) after PRC-traceability is lost. The 10 ns phase jump on the 1 PPS or PTP output can therefore occur anywhere between 500 ms and 2.4 s; to accommodate the worst case, we should take the envelope of all possibilities. For this envelope, we have an initial 10 ns jump, followed by a 10 ns/s slope to time 500 ms, followed by another 10 ns phase jump, followed by a 10 ns/s slope to time 2 400 ms. A constant 20 ns phase is added to this entire transient to account for the phase error due to steady-state enhanced physical layer frequency clock phase noise.
i)	The phase increases described in (g) are assumed to be rapid enough that they are above the 0.1 Hz T-BC filter corner frequency. Since the T-BC filter acts as a high-pass filter on the physical layer frequency input signal, this initial part of the physical layer frequency input transient is passed through the filter approximately unaffected and the effect of the high-pass filtering can be ignored. This assumption is conservative, as accounting for the high-pass filter could only decrease the output phase error.
	NOTE – There exist signals for which the zero-to-peak and peak-to-peak values are increased by high-pass filtering, e.g., a square wave whose period is much longer than the high-pass filter time constant, i.e., much smaller than the high-pass filter corner frequency. However, the signal of Figure 12 of [ITU-T G.8262] above is not in this category, and neither is the one of Figure 6 of [ITU-T G.8262.1].
j)	At 2.4 s, the SSM is received by the T-BC and the physical layer frequency input signal is rejected. The T-BC output phase error is an exponential decay with time constant 1/(2π*0.05 Hz) due to the relaxation of the filter.
k)	At time 14.984 s after the start of the transient, the physical layer frequency input signal undergoes a 120 ns phase change, at a rate of 7.5 ppm and is traceable again. This phase jump has minimal impact on the T-BC output as the physical layer signal is currently rejected in this mitigation scheme. Between 180 ms and 500 ms after this (this is the range for the switching message delay specified in clause 5.14.1 of [ITU‑T G.781]), the synchronous equipment clock sends an SSM indicating this to the T‑BC. At some time within 10 s of this, the physical layer frequency input signal is restored and there is a 60 ns phase step, followed by an exponential decay with time constant 1/(2π*0.05 Hz) to the 50 ns level. This means that the 60 ns phase step can occur at any time between 14.984 s + 0.18 s = 15.164 s, and 14.984 s + 0.5 s + 10 s = 25.484 s. The resulting mask will be taken as the upper envelope of all possible 60 ns phase steps in the range 15.164-25.484 s, with each phase step followed by an exponential decay.
Similarly, at time 15 s after the start of the transient, the enhanced physical layer frequency clock undergoes another sudden 10ns phase jump and is traceable again. This sudden phase jump has minimal impact on the T-BC output as the enhanced physical layer signal is currently rejected in this mitigation scheme. Between 180 ms and 500 ms after this (this is the range for the switching message delay specified in clause 5.14.1 of [ITUT G.781]), the enhanced synchronous equipment clock sends an SSM indicating this to the T-BC. Some time within 10 s of this, the enhanced physical layer frequency input is restored and there is a 10 ns phase jump, followed by an exponential decay with time constant 1/(2π*0.05 Hz) to the 20 ns level. This means that the 10 ns phase jump on the 1 PPS or PTP output can occur at any time between 15 s + 0.18 s = 15.18 s, and 15 s + 0.5 s + 10 s = 25.5 s. The resulting mask will be taken as the upper envelope of all possible 10 ns phase jumps in the range 15.18-25.5 s, with each phase step followed by an exponential decay.
The following assumptions were made in computing the T-BC output phase error due to the physical layer frequency network rearrangement, using the second technique, i.e., turning off the T-BC filter:
l)	This assumption is the same as assumption (a) above for rejection of the physical layer frequency input signal.
m)	This assumption is the same as assumption (b) above for rejection of the physical layer frequency input signal.
n)	This assumption is the same as assumption (c) above for rejection of the physical layer frequency input signal.
o)	This assumption is the same as assumption (d) above for rejection of the physical layer frequency input signal.
p)	This assumption is the same as assumption (e) above for rejection of the physical layer frequency input signal.
q)	The T-BC filter is turned off after a time interval has elapsed following the receipt of the SSM. This delay is due to software processes in the T-BC; it is taken to have an upper bound equal to the non-switching message delay, i.e., 200 ms in clause 5.14 of [ITU‑T G.781], and a lower bound of zero. When the next Sync message is received, an immediate correction to the time is made. While this Sync message carries the GM time, the T-BC phase error immediately after the correction is not zero because the most recent mean propagation delay computation was, in worst-case, based on previously received Sync and Delay_Req messages whose arrival and departure, respectively, were timestamped during the physical layer frequency input transient. The mean propagation delay is given by [(T4 – T1) – (T3 – T2)]/2. If we assume that the time interval between the receipt of the most recent Sync and the most recent Delay_Req is, in worst-case, two mean Delay_Req intervals, then the error in mean propagation delay is equal to the accumulated phase error over these two mean Delay_Req intervals, divided by 2. This value is (2)(0.0625 s) (50 ns/s)/2 = 3.125 ns for [ITU-T G.8262], and (2)(0.0625 s) (10 ns/s)/2 = 0.625ns ns for [ITU-T G.8262.1]. Then, the T-BC phase error due to the physical layer frequency input transient decreases to 3.125 ns above the 50 ns steady-state error, or 53.125 ns, when this next Sync message is received. Similarly, the T-BC phase error due to the enhanced physical layer frequency input transient decreases to 0.625 ns above the 20 ns steady-state error, or 20.625 ns, when this next Sync message is received.  This occurs at most 0.125 s later, or at 2.525 s (i.e., at most two mean Sync intervals, since it is assumed that the actual time between Sync messages is bounded by 2 mean Sync intervals). When the next Sync message after this one is received, which is at most 0.125 s after 2.525 s, or 2.65 s, the T-BC phase error decreases to 50 ns (in case of SEC) or 20 ns (in case of eSEC). .
r)	For SEC, between 2.65 s and when the physical layer frequency input signal is again traceable, at 14.984 s, the physical layer frequency input signal has a 50 ns/s frequency offset. This means that, since T-BC filtering is turned off, the T-BC phase error increases by (50 ns/s)(0.125 s) = 6.25 ns over the interval between successive Sync messages (the inter-message interval is taken as 0.125 s because clause 6.2.8 of [ITU-T G.8275.1] specifies that the actual Sync interval should not exceed two mean Sync intervals). When the next Sync message is received, this component of the phase error decreases to zero and then increases again until the next Sync message is received. The actual output transient over this time interval is a sawtooth. Since, as will be seen later, the time error for the first technique (i.e., rejecting the physical layer frequency input transient) is larger over most of the interval between 2.45 s and 14.984 s, we approximate this component of error by simply adding a constant 6.25 ns. Then, in (q) above, we approximate the error as 59.375 in the range 2.525-2.65 s, and 56.25 ns in the range 2.65‑14.984 s.
For eSEC, between 2.4 s and when the signal is again traceable, at 15 s, the signal has a 10 ns/s frequency offset. This means that, since T-BC filtering is turned off, the T-BC phase error increases by (10 ns/s)(0.125 s) = 1.25 ns over the interval between successive Sync messages (the inter-message interval is taken as 0.125 s because clause 6.2.8 of [ITU-T G.8275.1] specifies that the actual Sync interval should not exceed two mean Sync intervals). When the next Sync message is received, this component of the phase error decreases to zero and then increases again until the next Sync message is received. The actual output transient over this time interval is a sawtooth. Since, as will be seen later, the time error for the first technique (i.e., rejecting the enhanced physical layer frequency input transient) is larger over most of the interval between 2.4 s and 15 s (actually until 13.75 s), we approximate this component of error by simply adding a constant 1.25 ns. Then, in (q) above, we approximate the error as 20.625 ns + 1.25 ns = 21.875 ns in the range 2.525-2.65 s, and 20 ns + 1.25 ns = 21.250 ns in the range 2.65-15 s.
s)	When the physical layer frequency input is again traceable, at 14.984 s, the second 120 ns phase change over 16 ms interval (i.e., a 7.5 ppm phase ramp) appears on the T-BC output. This 120 ns phase error lasts for at most 2 Sync intervals (i.e., as indicated above, this is the longest interval that elapses before the next Sync message is received, because clause 6.2.8 of [ITU‑T G.8275.1] specifies that the actual Sync interval should not exceed two mean Sync intervals) and then the error is immediately corrected because the T-BC filter is still turned off. The SSM is received between 180 ms and 500 ms later (i.e., in the range 15.164 s to15.484 s) indicating the physical layer frequency input is again traceable and the T-BC filter is turned back on between 0 and 10 s later (i.e., in the range 15.164 s to 25.484 s). As was the case when the T-BC filter was turned off (see (q) above), there is still phase error due to the fact that the most recent Sync and Delay_Req messages, which were used for the most recent propagation delay measurement, occurred during the transient when the physical layer frequency clock reacquires its reference. In this case, the worst-case is when T2 was taken just when the physical layer frequency input again became traceable, and T3 was taken 0.125 s later. The phase error during this interval between the T3 and T2 timestamps is [(0.016 s) (7500 ns/s) + (0.125 s – 0.016 s) (0 ns/s)]/2 = 60 ns. Then, on receipt of the next Sync message after the T-BC filter is turned on, the T-BC phase error decreases to 56.25 ns + 60 ns = 116.25 ns. When the next Sync message is received 0.125 s after this, the T-BC phase error decreases to 50 ns.
Similarly, when the enhanced physical layer frequency input is again traceable, at 15 s, the second 10 ns phase sudden change appears on the T-BC output. Before the next Sync message is received (in the range of 15 s to 15.125 s), the time error would be added with the second 10ns phase sudden change, i.e., 21.25 ns + 10 ns = 31.25 ns. Then the error is corrected down to 20ns after next received Sync and Delay_Resp messages, which is maximum 125 ms later, because the T-BC filter is still turned off and the 10ns/s ramp is no longer present on the input. The SSM is received between 180 ms and 500 ms later (i.e., in the range 15.180 s to 15.500 s) indicating the physical layer is again traceable and the T-BC filter is turned back on between 0 and 10 s later (i.e., in the range 15.180 s to 25.500 s). The T-BC phase error stays 20 ns after turning on the low pass filter.
II.2	Construction and simplification of the physical layer frequency input transient limit
The above assumptions (a) – (q) produce the T-BC output transients given in Tables II.1 and II.2. In addition to these assumptions, the physical layer frequency input signal was assumed to again be PRC-traceable after 15 s. The transients are continued to 50 s after the loss of traceability. The transients are shown in Figure II.1.
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Figure II.1 – T-BC output phase error histories for each of the two techniques, assuming physical layer frequency input transient starts at time zero
Table II.1 – T-BC output phase error history using scheme 
(a) (rejection of physical layer frequency input transient)
	Time S after start of physical layer frequency input transient (s)
	T-BC output absolute phase error (ns)

	0 ≤ S < 0.016
	50 + 7500S

	0.016 ≤ S < 0.5
	170 + 50(S – 0.016)

	0.5 ≤ S < 2.4
	224.2 + 50(S – 0.5)

	2.4 ≤ S < 15.164
	50 + 269.2e –2π(0.05)(S – 2.4)

	15.164 ≤ S ≤ 25.484
	110 + 269.2 e –2π(0.05)(S – 2.4)

	25.484 ≤ S ≤ 50
	50 + 60.193 e –2π(0.05)(S – 25.484)


Table II.2 – T-BC output phase error history using scheme 
(b) (turning off T-BC filter during physical layer frequency input transient)
	Time S after start of physical layer frequency input transient (s)
	T-BC output absolute phase error (ns)

	0 ≤ S < 0.016
	50 + 7500S

	0.016 ≤ S < 2.525
	170 + 50(S – 0.016)

	2.525 ≤ S < 2.65
	59.375

	2.65 ≤ S < 14.984
	56.25

	14.984 ≤ S < 15.0
	56.25 + 7 500(S – 14.984)

	15.0 ≤ S < 15.125
	176.25

	15.125 ≤ S < 15.25
	116.25

	15.25 ≤ S ≤ 50
	50


Figure II.1 and Table II.2 show that the output transient for scheme (b) (turning off the T-BC filter during the transient) contains a very sharp, narrow peak between 14.984 s and 15.25 s, i.e., over a period of 0.266 s. This peak is due to the second phase jump of 120 ns beginning at 14.984 s and ending at 15 s. In a test, the test set would have to begin and end the phase jump at exactly these times, otherwise the actual peak would occur at slightly different times and the equipment might fail. It would be desirable to allow some margin for the test set; this can be done by allowing the phase jump to begin as early as 14.5 s and end as late as 15.5 s (i.e., allow the phase jump to occur at any time during a 1 s interval). If this is done, the mask for scheme (b) should be computed as the envelope of all possible output transients with the second phase jump occurring during this interval. The modified output mask for scheme (b) is shown in Figure II.2 and Table II.3.
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Figure II.2 – T-BC output phase error histories for each of the two techniques, assuming physical layer frequency input transient starts at time zero, and allowing 1 s of margin for the time of second 120 ns phase jump for scheme (b)
Table II.3 – Modified T-BC output phase error history using scheme (b) 
(turning off T-BC filter during physical layer frequency input transient), allowing 1 s of margin for time of second 120 ns phase jump
	Time S after start of physical layer frequency input transient (s)
	T-BC output absolute phase error (ns)

	0 ≤ S < 0.016
	50 + 7 500 S

	0.016 ≤ S < 2.525
	170 + 50 (S – 0.016)

	2.525 ≤ S < 2.65
	59.375

	2.65 ≤ S < 14.5
	56.25

	14.5 ≤ S < 14.516
	56.25 + 7 500 (S – 14.5)

	14.516 ≤ S < 15.375
	176.25

	15.375 ≤ S < 15.5
	116.25

	15.5 ≤ S ≤ 50
	50


Finally, note that the Figure II.2 and Table II.3 mask is still somewhat complex for observation intervals in the range 14.5-15.5 s. The mask can be simplified by allowing it to take on the maximum level in this range, i.e., 176.25 ns. The result is given in Figure II.3 and Table II.4.
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Figure II.3 – T-BC output phase error histories for each of the two techniques, assuming physical layer frequency input transient starts at time zero, and allowing 1 s of margin for the time of second 120 ns phase jump for scheme (b)
Table II.4 – Modified T-BC output phase error history using scheme (b) (turning off T-BC filter during physical layer frequency input transient), allowing 1 s of margin for time 
of second 120 ns phase jump
	Time S after start of physical layer frequency input transient (s)
	T-BC output absolute phase error (ns)

	0 ≤ S < 0.016
	50 + 7 500 S

	0.016 ≤ S < 2.525
	170 + 50 (S – 0.016)

	2.525 ≤ S < 2.65
	59.375

	2.65 ≤ S < 14.5
	56.25

	14.5 ≤ S < 15.5
	176.25

	15.5 ≤ S ≤ 50
	50


[bookmark: _Toc23168955][bookmark: _Toc26179622][bookmark: _Toc26179742][bookmark: _Toc38615366][bookmark: _Toc38615492][bookmark: _Toc42063825][bookmark: _Toc57895391][bookmark: _Toc100041125][bookmark: _Toc124855833][bookmark: _Toc125990723]II.3	T-BC output phase transient mask for the physical layer frequency network rearrangement case
The T-BC output phase transient mask for the physical layer frequency rearrangement case is taken as the upper envelope of the two output transients of Tables II.1 and II.4 and Figure II.3 above. This is given by the mask of Figure II.4 and Table II.5 below.
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Figure II.4 – Upper envelope of masks of Figure II.3 and Table II.4
Table II.5 – Upper envelope of masks of Figure II.3 and Table II.4
	Time S after start of physical layer frequency input transient (s)
	T-BC output absolute phase error (ns)

	0 ≤ S < 0.016
	50 + 7 500 S

	0.016 ≤ S < 0.5
	170 + 50 (S – 0.016)

	0.5 ≤ S < 2.4
	224.2 + 50 (S – 0.5)

	2.4 ≤ S < 14.3776
	50 + 269.2 e –2π(0.05)(S – 2.4)

	14.3776 ≤ S ≤ 14.5
	56.25

	14.5 ≤ S < 15.5
	176.25

	15.5 ≤ S < 25.484
	110 + 269.2 e –2π(0.05)(S – 2.4)

	25.484 ≤ S ≤ 50
	50 + 60.193 e –2π(0.05)(S – 25.484)


Further simplifications are possible. First, in Figure II.4 and Table II.5, the limit of 56.25 ns for observation intervals between 14.3776 s and 14.5 s is of very short duration. The mask can be simplified by extending the limit of 176.25 ns, currently for observation intervals between 14.3776 s and 14.5 s, to the range 14.3776-14.5 s and rounding the lower end of the range to 14.25 s. The result is given by the mask of Figure II.5 and Table II.6 below.
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Figure II.5 – Upper envelope of masks of Figure II.3 and Table II.4 after applying simplifications in the range 14.25-14.5 s
Table II.6 – Upper envelope of masks of Figure II.3 and Table II.4 after applying simplifications in the range 14.25-14.5 s
	Time S after start of physical layer frequency input transient (s)
	T-BC output absolute phase error (ns)

	0 ≤ S < 0.016
	50 + 7 500 S

	0.016 ≤ S < 0.5
	170 + 50 (S – 0.016)

	0.5 ≤ S < 2.4
	224.2 + 50 (S – 0.5)

	2.4 ≤ S < 14.25
	50 + 269.2 e –2π(0.05)(S – 2.4)

	14.25 ≤ S < 15.5
	176.25

	15.5 ≤ S < 25.484
	110 + 269.2 e –2π(0.05)(S – 2.4)

	25.484 ≤ S ≤ 50
	50 + 60.193 e –2π(0.05)(S – 25.484)


Second, the portion of the mask in the third region, which extends from 0.5 s to 2.4 s, may be extended into the first two regions (0 to 0.5 s). This will increase the mask in the first two regions. However, note that the mask already increases rapidly during the first 0.5 s and that 170 ns of the increase occurs over the first 0.016 s. Third, values are rounded up to at most three significant figures. Fourth, the second to last region, which extends from 15.5 s to 25.484 s, is replaced by the maximum value of the mask in this region, i.e., 115 ns after the rounding up described above. This may be done because the total decay in the value of the mask in this region is less than 5 ns. The final result is given by the mask of Figure B.1 and Table B.1 of Annex B of this Recommendation.
II.4	Construction and simplification of the enhanced physical layer frequency input transient limit
The above assumptions (a) – (q) produce the T-BC output transients given in Tables II.7 and II.8. In addition to these assumptions, the enhanced physical layer frequency input was assumed to again be PRC-traceable after 15 s. The transients are continued to 50 s after the loss of traceability. The transients are shown in Figure II.6.
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Figure II.6 – T-BC output phase error histories for each of the two techniques, assuming enhanced physical layer frequency input transient starts at time zero

Table II.7 – T-BC class C output phase error history using scheme 
(a) (rejection of enhanced physical layer frequency input transient)
	Time S after start of enhanced physical layer frequency input transient(s)
	T-BC output absolute phase error (ns)

	0 ≤ S < 0.5
	30 + 10S

	0.5≤ S < 2.4
	40 + 10S

	2.4 ≤ S < 15.18
	20 + 44e –2π(0.05)(S – 2.4)

	15.18 ≤ S < 25.5
	30 + 44e –2π(0.05)(S – 2.4)

	25.5 ≤ S ≤ 50
	20 + 10 e –2π(0.05)(S – 25.5)


Table II.8 – T-BC class C output phase error history using scheme 
(b) (turning off T-BC filter during enhanced physical layer frequency input transient)
	Time S after start of enhanced physical layer frequency input transient (s)
	T-BC output absolute phase error (ns)

	0 ≤ S < 2.4
	30 + 10S

	2.4 ≤ S < 2.525
	20.625

	2.525≤ S < 2.65
	21.875

	2.65 ≤ S < 15
	21.25

	15.0 ≤ S < 15.125
	31.25

	15.125 ≤ S < 50
	20


Figure II.6 and Table II.8 show that the output transient for scheme (b) (turning off the T-BC filter during the transient) contains a very sharp, narrow peak between 15 s and 15.125 s, i.e., over a period of 0.125 s. This peak is due to the second phase jump of 10 ns beginning at 15 s. In a test, the test set would have to begin and end the phase jump at exactly these times, otherwise the actual peak would occur at slightly different times and the equipment might fail. It would be desirable to allow some margin for the test set; this can be done by allowing the phase jump to begin as early as 14.5 s and end as late as 15.5 s (i.e., allow the phase jump to occur at any time during a 1 s interval). If this is done, the mask for scheme (b) should be computed as the envelope of all possible output transients with the second phase jump occurring during this interval. The modified output mask for scheme (b) is shown in Figure II.7 and Table II.9. 
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Figure II.7 – T-BC output phase error histories for each of the two techniques, assuming enhanced physical layer frequency input transient starts at time zero, and allowing 1 s of margin for the time of second phase jump for scheme (b)

Table II.9 – Modified T-BC output phase error history using scheme (b) 
(turning off T-BC filter during enhanced physical layer frequency input transient), allowing 1 s of margin for time of second 10 ns phase jump
	Time S after start of enhanced physical layer frequency input transient (s)
	T-BC output absolute phase error (ns)

	0 ≤ S < 2.4
	30 + 10S

	2.4 ≤ S < 2.525
	20.625

	2.525 ≤ S < 2.65
	21.625

	2.65 ≤ S < 14.5
	21.25

	14.5 ≤ S < 15.5
	31.25

	15.5 ≤ S ≤ 50
	20



II.5	T-BC output phase transient mask for the enhanced physical layer frequency network rearrangement case
The T-BC class C output phase transient mask for the enhanced physical layer frequency case is taken as the upper envelope of the two output transients of Tables II.7 and II.9.
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Figure II.8 – Upper envelope of masks of Figure II.7 
Table II.10 – Upper envelope of masks of Table II.7 and Table II.9
	Time S after start of enhanced physical layer frequency input transient (s)
	T-BC output absolute phase error (ns)

	0 ≤ S < 0.5
	30 + 10S

	0.5≤ S < 2.4
	40 + 10S

	2.4 ≤ S < 13.75
	20 + 44e –2π(0.05)(S – 2.4)

	13.75 ≤ S < 14.5
	21.25

	14.5 ≤ S < 15.5
	31.25

	15.5 ≤ S < 25.5
	30 + 44e –2π(0.05)(S – 2.4)

	25.5 ≤ S ≤ 50
	20 + 10 e –2π(0.05)(S – 25.5)



Further simplification is proposed in a similar way as done in Appendix II.3:  the portion of the mask that extends from 0.5 s to 2.4 s, may be extended into the first regions (0 to 0.5 s). This will increase the mask in the first two regions. Also, values are rounded up to at most three significant figures. Finally, the centre regions, which extends from 15.5 s to 25.5 s, are replaced by the maximum value of the mask in this region, i.e., 31 ns after the rounding up described above. This may be done because the total decay in the value of the mask in this region is less than 5 ns. The final result is given by the mask of Figure II.9 (reused as C.1 of Annex C) and Table II.11 (reused as C.1 of Annex C) of this Recommendation.
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Figure II.9 – Final upper envelope
Table II.11 – Upper envelope of masks of Table II.10 after applying simplifications 
	Time S after start of enhanced physical layer frequency input transient (s)
	T-BC output absolute phase error (ns)

	0 ≤ S < 2.4
	40+ 10S

	2.4 ≤ S < 13.75
	20 + 44e –2π(0.05)(S – 2.4)

	13.75 ≤ S < 14.5
	21.3

	14.5 ≤ S < 15.5
	31.3

	15.5 ≤ S < 25.5
	31

	25.5 ≤ S ≤ 50
	20 + 11 e –2π(0.05)(S – 25.5)
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Background to performance requirements of the T-BC/T-TSC
(This appendix does not form an integral part of this Recommendation.)
Annex A describes a detailed model of a telecom boundary clock and telecom synchronous clock. Figure III.1 is a simpler representation showing the timing signal flows between the main functional blocks during normal operation.
Note to TSB: In Figure III.1 replace “slave” with “timeReceiver” and “master” to timeTransmitter. Change “1 pps” with “1 PPS”.
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Figure III.1 – Model of T-BC/T-TSC showing signal flows in normal operation

NOTE – The term "PTP output" only applies to T-BC in this appendix.
From this diagram, it can be seen that there are basically two clocks in a T-BC/T-TSC, a frequency clock locked to the physical layer frequency input, and a time clock locked to the PTP input. The frequency clock refers to clocks defined in [ITU-T G.8262], [ITU-T G.813], and [ITU-T G.8262.1]. The two clocks are shown in Figure III.2:
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Figure III.2 – Simplified model of T-BC/T-TSC showing clocks
Since the 1 PPS output is a measurement point intended to reflect the performance of the time clock, it is expected that it should be broadly equivalent to the PTP output, aside from the different noise characteristics of the respective signal types.
Therefore, there are three primary timing flows in a T-BC/T-TSC:
1)	PTP time input to PTP and 1 PPS time/phase outputs; 
2)	Physical layer frequency input to physical layer frequency output;
3)	Physical layer frequency input to PTP and 1 PPS outputs.
[bookmark: _Toc23168957][bookmark: _Toc26179624][bookmark: _Toc26179744][bookmark: _Toc38615368][bookmark: _Toc38615494][bookmark: _Toc42063827][bookmark: _Toc57895393][bookmark: _Toc100041127][bookmark: _Toc124855835][bookmark: _Toc125990725]III.1	Noise generation requirements
The noise generation of a clock is defined as the noise (normally phase wander) at the output of the clock, with a wander-free reference at the input of the clock.
The noise generation at the physical layer frequency output is affected only by the physical layer frequency input, and is defined by [ITU-T G.8262], [ITU-T G.813], and [ITU-T G.8262.1].
The PTP and 1 PPS signals are the output of the time clock within the T-BC/T-TSC. For these outputs noise basically means time error. This can be defined by three parameters:
1)	cTE – the mean value of the time error function, measured over a long observation interval;
2)	dTE – the variation of the time error function;
3)	maximum time error (max|TE|) – the maximum absolute value of the time error.
For a T-BC/T-TSC, the maximum noise generation is defined in terms of cTE and dTE. The max|TE| parameter is generally used for network limits.
There are two inputs that can affect the output of the Time Clock, the physical layer frequency input and the PTP input. Therefore, the noise generation at the PTP and 1 PPS outputs is defined as the noise present at the output with a time-error free time reference at the PTP input, and a wander-free frequency reference at the physical layer frequency input. This is shown in Figure III.3:
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Figure III.3 – Noise generation of a T-BC/T-TSC
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The noise tolerance of a T-BC/T-TSC is the maximum level of noise at the inputs of a T-BC/T-TSC that should be tolerated while continuing to work normally. In the real network, both inputs of a clock may be noisy at the same time, therefore the noise tolerance requirements are defined to apply simultaneously on both inputs.
For the PTP input, noise tolerance is defined in terms of the dTE of the input signal. cTE is not considered, since PTP is effectively "blind" to cTE; it cannot detect constant time error at its input without additional information (e.g., asymmetry measurements). The amount of dTE is based on network limit in [ITU-T G.8271.1].
For the physical layer frequency input, the maximum phase wander that should be tolerated is described in [ITU-T G.8262], [ITU-T G.813], and [ITU-T G.8262.1].
There are no output performance requirements on the output of the T-BC/T-TSC during a noise tolerance test. This is because the T-BC/T-TSC is a node within a chain. The noise accumulation through the chain is governed by the noise generation of the clock, and the network limits provide the overall limit on the performance of the chain. A clock is merely expected to work normally during a noise tolerance test, i.e., not switch references, generate any alarms, or go into holdover.
Noise tolerance is shown in Figure III.4:
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Figure III.4 – Noise tolerance of a T-BC/T-TSC
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The noise transfer of a clock describes how any noise present on the input of a clock is passed to the output of the clock. It is basically the transfer function of the clock, and is usually expressed in terms of bandwidth, since the clock acts a filter to the noise.
As discussed before, there are three primary signal flows through a T-BC/T-TSC, as shown in Figure III.5:
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Figure III.5 – Signal flows through a T-BC/T-TSC
Each of these flows has a bandwidth associated with it. The PTP to PTP (and PTP to 1 PPS) bandwidth is explicitly defined in clause 7.3.1, as a low-pass filter with a maximum bandwidth of 0.1 Hz, and a minimum bandwidth of 0.05 Hz.
The physical layer to physical layer frequency bandwidth is defined in [ITU-T G.8262], [ITU‑T G.813], and [ITU-T G.8262.1].
NOTE 1 – SEC (synchronous equipment clock) is a generic term representing the SDH equipment clock [ITU‑T G.813], the Ethernet equipment clock (EEC) [ITU-T G.8262] and the OTN equipment clock (OEC) [ITU-T G.8262].
NOTE 2 – eSEC (enhanced synchronous equipment clock) is a generic term representing the enhanced Ethernet equipment clock (eEEC) [ITU-T G.8262.1] and the enhanced OTN equipment clock (eOEC) [ITU‑T G.8262.1].
For the physical layer frequency to PTP (and physical layer frequency to 1 PPS) path, the physical layer frequency signal is first low-pass filtered by the SEC or eSEC, then high-pass filtered by the time clock. This is because the time clock acts as a low-pass filter to its time input, but as a high-pass filter to its frequency input. This is a natural consequence of how the clock functions – basically it follows the time input at low frequencies, to stay locked to the time reference, but follows the frequency input at high frequencies (e.g., in between PTP packets, the frequency input provides the "ticking" to maintain the time output).
Therefore, the cumulative effect is a band-pass function, with the lower cutoff at 0.05-0.1 Hz, and the upper cutoff at 1-10 Hz. Table III.1 summarizes the transfer functions, while Figure III.6 shows generalized schematics of the transfer functions.
Table III.1 – Transfer functions applicable to a T-BC/T-TSC
	Input/output on the T-BC/T-TSC
	Transfer function

	PTP input to PTP output
PTP input to 1  PPS output
	0.05-0.1 Hz low-pass filter

	Physical layer frequency input to physical layer frequency output ([ITU-T G.8262], 
[ITU-T G.813])
	1-10 Hz low-pass filter

	Physical layer frequency input to physical layer frequency output ([ITU-T G.8262.1])
	1-3 Hz low-pass filter

	Physical layer frequency input ([ITU-T G.8262], [ITU-T G.813]) to PTP output
Physical layer frequency input ([ITU-T G.8262], [ITU-T G.813]) to 1  PPS output
	[0.05-0.1; 1-10] Hz band-pass filter (Note)

	Physical layer frequency input ([ITU-T G.8262.1]) to PTP output
Physical layer frequency input ([ITU-T G.8262.1]) to 1  PPS output
	[0.05-0.1; 1-3] Hz band-pass filter (Note)

	NOTE – The band-pass filter description of the system behaviour from physical layer input to PTP/1_PPS output is representative of the expected behaviour. See Notes in clause 7.3.2, clause C.2.3.2, and clause D.2.3.2. 


a)	PTP to PTP (or 1 PPS) transfer function schematic.
b)	Physical layer frequency to physical layer frequency transfer function schematic.
c)	Physical layer frequency to PTP (or 1 PPS) transfer function schematic.
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Figure III.6 – Generalized transfer function schematics of a T-BC/T-TSC
It should be noted that the diagrams in Figure III.6 are generalized schematics. The actual transfer function will be more rounded, and include the gain peaking defined in clause 7.3. In particular, the band-pass filter may not contain a flat area due to the closeness of the low-pass and high-pass corner frequencies.
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There are two types of holdover available in a T-BC/T-TSC. The first is where the T-BC/T-TSC loses its PTP time reference, but not the physical layer frequency reference, as shown in Figure III.7. In this case, the stable frequency reference is used to keep the time output "ticking" at approximately the correct rate. Since the long-term frequency of the physical layer frequency is traceable to a PRC, this is likely to maintain the correct time over a reasonable period of time.
The performance requirements to be met in this physical layer frequency-assisted holdover mode are not defined at present, and are for further study.
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Figure III.7 – Physical layer frequency-assisted holdover
The second type is where both inputs are lost simultaneously, as shown in Figure III.8. The time output is then maintained using the local oscillator, but this is not expected to maintain accurate time for more than a few seconds, due to the drift rate of the oscillator. The performance requirements to meet in unassisted holdover are for further study.
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Figure III.8 – Unassisted holdover


[bookmark: _Toc23168961][bookmark: _Toc26179628][bookmark: _Toc26179748][bookmark: _Toc38615372][bookmark: _Toc38615498][bookmark: _Toc42063831][bookmark: _Toc57895397][bookmark: _Toc100041131][bookmark: _Toc124855839][bookmark: _Toc125990729]Appendix IV

Consideration on T-TSC embedded in end applications
(This appendix does not form an integral part of this Recommendation.)
A time synchronization deployment is comprised of many network clocks such as primary reference time clocks (PRTCs), T-GM, T‑BC, T-TSC and end application time clocks. Two time synchronization deployment cases are shown in Figure 7-1 of [ITU-T G.8271.1]. In those deployment cases there is an 'end application time clock' that is shown as providing the output clock at interface D. The requirements of these end application time clocks and the performance at interface D is outside the scope of this Recommendation.
When the T-TSC is embedded inside the end application, as shown in deployment case 1 of Figure 7‑1 of [ITU-T G.8271.1] the combination of the T-TSC and the end application time clock is implementation specific, where the combined performance may not behave as a stand-alone T-TSC described in this Recommendation. The T-TSC output interfaces may not be available external to the equipment for measurement.
In many end applications there is a need to have coherent frequency and time synchronization and/or to generate coherent frequency and time outputs. In such cases, it is important to properly design the end application time clock to implement the coherency.
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Performance estimation for cascaded media converters acting as T-BCs 
and for T-BC chains
(This appendix does not form an integral part of this Recommendation.)
[ITU-T G.8273] describes the ''back-to-back'' testing of devices such as media converters, where the connecting interface may not be Ethernet and hence a suitable tester may not be available. This appendix discusses how to estimate the budget to use for back-to-back testing of such devices, where each device is allocated the budget equivalent to a single T-BC. A pair of such devices is modelled here as a pair of T-BCs, so the analysis can just as well apply to a pair of cascaded T-BCs and can be extended to a longer chain of cascaded T-BCs.
NOTE 1 – The analysis in this appendix is based on T-BCs of the same class, i.e., a chain containing solely Class A, solely Class B, or solely Class C. Similar analysis can be applied to class D; this is for further study. A T-BC chain with mixed T-BC classes may require different analysis and is for further study. Also, the performance of cascaded clocks may depend on the specific media interconnecting the clocks.
[bookmark: _Toc23168963][bookmark: _Toc26179630][bookmark: _Toc26179750][bookmark: _Toc38615374][bookmark: _Toc38615500][bookmark: _Toc42063833]NOTE 2 – Appendix IV.3 of [ITU-T G.8271.1] gives more details on the accumulation of time error in a chain of clocks.
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The budget for the noise generation of a pair of cascaded T-BCs can be estimated as follows:
1)	Constant time error limit (cTE)
	cTE accumulates linearly in a chain of devices. For example, if each device has a cTE of 50 ns, the total cTE after two devices will be 100 ns.
2)	Dynamic time error limit – low pass filtered (dTEL)
	dTEL accumulates as noise power.
	The accumulation of maximum time interval error (MTIE) of dTEL is approximately the square root of the sum of squares of MTIE of the individual dTEL components. For example, if each device has a dTEL whose MTIE is 40 ns, the MTIE of the total dTEL after N devices e is √N · 40 ns; for N = 2, this is:

For the purposes of this estimation, the value is rounded up to 60 ns for classes A and B. For Class C, it is 15 ns, as MTIE of dTEL for the single T-BC is 10 ns rather than 40 ns.
	TDEV of dTEL accumulates, like MTIE of dTEL, as the square root of the sum of the squares of TDEV of the individual dTEL components. For example, if each device has a dTEL with TDEV of 4 ns, the TDEV of the total dTEL after two devices is: 

For the purposes of this estimation, the value is rounded up to 6 ns for classes A and B. For Class C it is 3 ns, as TDEV of dTEL, for the single T-BC is 2 ns rather than 4 ns.
	NOTE – MTIE and TDEV are functions of the observation interval . In the examples of this section, MTIE and TDEV are constant, i.e., each can take on only a single value, over the respective ranges of observation interval of interest. Given this, the explicit indication of the dependence of MTIE and TDEV on  can be omitted. If MTIE or TDEV vary with , the value at the desired observation interval should be used.
3)	Dynamic time error limit – high pass filtered (dTEH)
	dTEH from the first device is mostly removed by filtering in the second device. Therefore, the dTEH of the combination is mainly due to the second device. For example, if each device has a dTEH whose peak-to-peak value is 70 ns, the peak-to-peak value of the total dTEH after two devices still is 70 ns.
4)	Maximum absolute time error limit – unfiltered max|TE|
[bookmark: _Hlk31235043]	The maximum absolute time error (max|TE|) of the T-BC is the maximum of the absolute value of the total time error, including all components, i.e., cTE, dTEL, and dTEH. 
	In calculating max|TE|, the symmetry of dTEH should be considered. dTEH is the result of passing dTE through a high-pass measurement filter. The high-pass filter removes any zero-frequency component, i.e., the time average, of dTE, which means that the time average of dTEH is zero. However, in general dTEH need not be symmetric, i.e., the peak (maximum) and trough (minimum) values of dTEH need not have the same absolute value. In the symmetric case, the trough value is the negative of the peak value, and the peak-to-peak value is equal to twice the peak value. In this case, one-half the peak-to-peak value contributes to max|TE|. The other extreme is the completely asymmetric case, where the peak value is equal to the peak-to-peak value and the C is zero. In this case, the full peak-to-peak value contributes to max|TE|. The general case is somewhere between these two extremes.
	The following two equations, denoted Method 1 and Method 2, show how max|TE| is calculated under the assumptions that dTEH is completely asymmetric and dTEH is symmetric, respectively. These equations follow Case 1 of Appendix IV of [ITU‑T G.8271.1], which assumes that dTEL is symmetric. The equations are based on Eq. (IV-13) of [ITU-T G.8271.1].
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]	Method 1 (dTEH is assumed to be completely asymmetric, and the peak-to-peak value is used).


	Method 2 (dTEH is assumed to be symmetric, and one-half of the peak-to-peak value is used).


	The value of max|TE| in Table V.1 is the average of the values computed using Methods 1 and 2.
Table V.1 summarizes noise generation estimation for a pair of media converters based on the classes A, B, and C T-BC noise generation specifications. The values in Table V.1 are computed as described in points 1-4 above.
Table V.1 – Noise generation estimation for a pair of media converters
	
	Based on Class A T-BC
	Based on Class B T-BC
	Based on Class C T-BC

	
	Single 
T-BC
	Pair of media converters
	Single 
T-BC
	Pair of media converters
	Single 
T-BC
	Pair of media converters

	cTE (ns)
	±50
	±100
	±20
	±40
	±10
	±20

	dTEL MTIE (ns)
	40
	60
	40
	60
	10
	15

	dTEL TDEV (ns)
	4
	6
	4
	6
	2
	3

	dTEH 
(peak-to-peak, ns)
	70 
	70
	70
	70
	30
	30

	max|TE| (ns)
	100
	160
	70
	100
	30
	45


NOTE 1 – The values for a single Class A, Class B, and Class C T-BC are defined in clause 7.1.
The above methodology can be extended to chains exceeding a pair of T-BCs. Consider N as the number of T-BCs:
1)	For cTE, since the accumulation is additive, the value for the chain is the cTE for a single device multiplied by N. For five Class C T-BCs this is 5· 10 = 50 ns.
2)	For quantities such as dTEL MTIE and dTEL TDEV, which have a square root of sum of squares accumulation, if the respective value for a single T-BC is x, the calculation is:

As an example, for the case of five class C T-BCs (with a dTEL TDEV value of 2 ns each), the dTEL TDEV for the five T-BCs is:

[bookmark: _Toc23168964][bookmark: _Toc26179631][bookmark: _Toc26179751][bookmark: _Toc38615375][bookmark: _Toc38615501][bookmark: _Toc42063834][bookmark: _Toc57895400][bookmark: _Toc100041134][bookmark: _Toc124855842][bookmark: _Toc125990732]V.2	Noise tolerance
This clause applies to the cases of two cascaded T-BCs.
For noise tolerance, the input stimulus should be the same as defined in clause 7.2, with none of the cascaded clocks raising alarms, switching references or going into holdover.
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This clause applies to the cases of two cascaded T-BCs.
The noise transfer performance estimation for back-to-back T-BC is as follows:
The noise PTP-to-PTP and PTP-to-1 PPS transfer of the output of the cascaded media converter equipment clocks would have: 
–	A maximum gain of 0.2 dB;
–	A maximum bandwidth of 0.1 Hz;
–	A minimum gain of -6 dB for frequencies less than or equal to 0.05 Hz.
NOTE 1 – The minimum bandwidth specified for one T-BC is 0.05 Hz. If two clocks whose 3 dB bandwidths are 0.05 Hz are cascaded, the overall gain of the cascaded clocks taken together is −6 dB for frequencies less than or equal to 0.05 Hz. The 3 dB bandwidth of the cascaded clocks taken together is less than 0.05 Hz.
NOTE 2 – This clause does not add or modify requirements contained in the normative sections of this Recommendation.
NOTE 3 – The noise transfer test of one single media converter equipment clock could be done in isolation via its other interfaces, i.e., 2 048 kHz, 2 048 kbit/s or Ethernet.
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This clause applies to the cases of two cascaded T-BCs.
The transient response and holdover performance of pair of cascaded clocks is for further study.
For the holdover performance with physical layer frequency assistance (as defined in clause 7.4.2.1), the performance will depend on whether the physical layer frequency signal is still available if the technology-dependent interface fails.
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Choice of frequencies for measuring noise transfer
(This appendix does not form an integral part of this Recommendation.)

NOTE – This appendix is valid for T-BCs and T-TSCs classes A,B and C.
Note 1 in clause 7.3 provides some guidelines on the choice of frequencies used to measure the noise transfer of a T-BC. These guidelines are intended to ensure that the measured results properly reflect the response of the T-BC, and are not compromised by the presence of sub-Nyquist artefacts.
Sub-Nyquist artefacts are described in the paper by Isaac Amidror [b-Amidror]. This paper shows that where a tone frequency is sampled at a closely related frequency, a "sub-Nyquist artefact" frequency exists at a frequency ε, where: 

where:
	ft =	tone frequency
	fs =	sampling frequency
	m, n 	are small integers
	ε 	is a small frequency difference, and can be positive or negative.
This can be seen in Figure VI.1. Here, the sampling frequency fs = 1 Hz, and the tone frequency ft = 0.495 Hz, giving m = 1, n = 2, and ε = −0.005 Hz:
[image: ]
Figure VI.1 – Sub-Nyquist artefact for m = 1, n = 2, ε = −0.005 Hz
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In Figure VI.1 it can be seen that while the artefact itself follows a frequency of 0.005 Hz (period of 200 s), there is an envelope pattern that repeats at 0.01 Hz (period of 100 s). In fact, this envelope pattern repeats at a frequency of: 

Figure VI.2 shows m = 1, n = 4 and ε = −0.005 Hz, giving a tone frequency of 0.245 Hz. It can be seen that this time the envelope repeats at a frequency of 0.02 Hz:[footnoteRef:1] [1:  	Some literature (e.g., the Amidror paper) refer to the pattern as consisting of several interlaced envelopes at the artefact frequency, ε. In this document, the envelope repeat period refers to the period between crests of the overall envelope pattern.] 
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Figure VI.2 – Sub-Nyquist artefact for m = 1, n = 4, ε = 0.005 Hz
Figure VI.3 shows m = 3, n = 4 and ε = −0.005 Hz. Again, the envelope repeats at 0.02 Hz (n * ε), but the tone frequency is now 0.745 Hz because of the different value of m.
[image: ]
Figure VI.3 – Sub-Nyquist artefact for m = 3, n = 4, ε = −0.005 Hz
When measuring noise transfer, it is the peak-to-peak magnitude of the output response that is measured. Therefore, the frequency of the envelope repeat should be high enough to give sufficient repeats of the envelope in a reasonable measurement period. Since this is related to the artefact frequency (ε), it can be controlled by setting the artefact frequency appropriately. It should be noted that where n is large, the envelope repeat frequency may approach or even exceed the tone frequency. In these cases, it loses its meaning.
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Care should be taken that the artefact frequency is chosen correctly. For example, in Figure VI.4, m = 1, n = 2, and ε = 0.125 Hz. In this case, the envelope never quite gets to +1 or −1 at its peak values, resulting in about a 0.7 dB loss in amplitude.
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Figure VI.4 – Sub-Nyquist artefact for m = 1, n = 2, ε = 0.125 Hz
This is because the artefact frequency is both too high relative to the sample rate (i.e., there are not enough samples in each artefact period), and also it is an integer divisor of the sampling rate (1/8), therefore every 16th sample occurs at the same phase of the artefact frequency.
Therefore, the artefact frequency should be chosen against the following criteria:
–	low frequency relative to both the sampling rate and tone frequency, to ensure sufficient points in each period;
–	not close to an integer divisor of the sampling rate;
–	high enough that the envelope repeat period is reasonable, ensuring measurement times are not excessively long.
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Table VI.1 shows tone frequencies that could potentially be used to measure the transfer response of a T-BC. These tone frequencies assume a PTP event message rate (Sync and Delay_req) of precisely 16.000 Hz. When the message rate is not precisely 16.000 Hz (the allowed range in the standard is 16 Hz ± 30% for Sync and 16 Hz +0% to −30% for Delay_req), this will generate sub‑Nyquist artefacts at different frequencies and therefore will require different input tone frequencies than shown in the table.
These tone frequencies have been chosen according to the following criteria: 
1)	The tone frequencies are separated by approximately a factor of two, giving both good coverage of the frequency space, and equal spacing on a logarithmic axis.
2)	The artefact frequency ε is fixed at 0.015 times the nominal tone frequency, to ensure enough points in each artefact period. 
3)	The envelope frequency is fixed at 0.015 Hz at the 1 PPS output, to permit reasonable measurement times (200 s per frequency, apart from the lowest frequencies which require longer measurement times).
4)	The range of frequencies extends more than a decade either side of the specified T-BC filter bandwidth range of 0.05 to 0.1 Hz.
5)	For frequencies 0.03125 Hz and below, the n value is greater than 16 even for the 1 PPS output. Therefore, there is no requirement to adjust the nominal tone frequency.
6)	The same frequencies may be used to measure at both the PTP and 1 PPS outputs, to allow the tests to be conducted concurrently.
Table VI.1 – Possible tone frequencies for measuring frequency response of T-BCs
	Nominal frequency, Hz
	Tone frequency, Hz
	16 pkts/s PTP
	1 PPS output

	
	
	m, n
	epsilon, 
Hz
	envelope, Hz
	m, n
	epsilon, 
Hz
	envelope, Hz

	0.00390625
	0.00390625
	No requirement to adjust the nominal frequency (n ≥ 32)
	No requirement to adjust the nominal frequency (n ≥ 32)

	0.0078125
	0.0078125
	
	

	0.015625
	0.015625
	
	

	0.03125
	0.03125
	
	

	0.0625
	0.0615625
	1, 256
	−0.0009375
	n/a 
(>0.5*ft)
	1, 16
	−0.0009375
	−0.015

	0.125
	0.123125
	1, 128
	−0.001875
	
	1, 8
	−0.001875
	−0.015

	0.25
	0.24625
	1, 64
	−0.00375
	
	1, 4
	−0.00375
	−0.015

	0.5
	0.4925
	1, 32
	−0.0075
	−0.24
	1, 2
	−0.0075
	−0.015

	1
	0.985
	1, 16
	−0.015
	−0.24
	1, 1
	−0.015
	Aliased component at 0.015 Hz

	2
	1.985
	1, 8
	−0.015
	−0.12
	2, 1
	−0.015
	

	4
	3.985
	1, 4
	−0.015
	−0.06
	4, 1
	−0.015
	

	8
	7.985
	1, 2
	−0.015
	−0.03
	8, 1
	−0.015
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The frequency response of the clock is not completely defined in clause 7.3.1. In order to evaluate the performance of the clock, the following five criteria are recommended:
1)	The minimum implementation should have a gain reduction of at least that of a first-order, −20 dB/decade filter for frequencies above the maximum permitted bandwidth.
2)	The maximum permitted gain peaking for frequencies below the maximum permitted bandwidth should be 0.1 dB.
3)	The maximum attenuation for frequencies below the minimum permitted bandwidth should be 3 dB.
4)	The attenuation at the maximum permitted bandwidth point should be at least 3 dB.
5)	The maximum attenuation at frequencies above the minimum permitted bandwidth should be undefined.
The maximum and minimum acceptable gain at different frequencies is given in Tables VI.2 and VI.3, and is shown in Figure VI.5. Any measured response within the grey zone is considered acceptable. This is before taking into account any noise generation of the clock. The expected response is similar for Class A, B and C clocks.
Although Figure VI.5 could be interpreted as having a 'range' of acceptable frequency responses in the passband, once the filter response of the implementation has been established, it is expected that the frequency response will not change over time.
Table VI.2 – Maximum gain for PTP to PTP filter implementation (Classes A, B and C)
	Frequency range, Hz
	Maximum gain, dB
	Notes

	f < 0.1
	0.1
	1

	0.1  f < 1
	
	2

	f ≥ 1
	–20
	3

	NOTE 1 – This is the maximum phase gain in the passband, per clause 7.3.1.
NOTE 2 – Formula is based on a first-order low-pass filter response, using the maximum bandwidth from clause 7.3.1.
NOTE 3 – Attenuation in the band above 1 Hz should be at least 20 dB.


Table VI.3 – Minimum gain for PTP to PTP filter implementation (Classes A, B and C)
	Frequency range
	Minimum gain, dB
	Notes

	f < 0.05
	−3 dB
	(Note)

	f > 0.05
	No minimum gain specified
	

	NOTE – This is the minimum gain in the pass band.


[image: ]
Figure VI.5 – Frequency response of acceptable PTP to PTP filter implementation 
(Classes A, B and C)
When measuring the performance of the clock, the noise generation of the clock should be taken into account. There are several methods that can be used to do this:
1)	Allow up to ±50 ns for noise generation. This is based on the difference between the maximum absolute time error and the constant time error a T-BC of 50 ns (100 ns and 50 ns respectively for Class A T-BCs; 70 ns and 20 ns, respectively for Class B T-BCs).
2)	Measure the actual noise generation of the T-BC, and use this as the allowance. For example, the allowance could be ±x ns, where x is the peak to peak amplitude of the measured noise generation. This has the potential to be more accurate than the first method, but there is a risk that the DUT may be falsely declared as failing the test if the noise generated during the noise transfer test is different from when the noise generation was measured. Note that the test failure is caused by this method, not caused by the tested clock.
3)	Use a least-squares estimation algorithm to remove the noise generation of the clock, and estimate the output amplitude of the sine wave test tone. This is capable of estimating the amplitude to a reasonable precision with a good level of confidence, provided the added noise is white phase modulation. The accuracy of this method when the added noise has different characteristics (e.g., random walk, other power-law noise types, or sinusoidal noise) is for further study.
4)	Use a pulse-amplitude modulation method to re-construct the original signal. This involves taking a Fourier transform of the output to recover the tone frequency and its amplitude.
Table VI.4 lists each test frequency, with the permitted gain and expected output amplitude, both with and without added noise. The amount of noise, N, is dependent on which of the four methods is being used. The input tone amplitude used is 200 ns, based on the PTP noise tolerance of the clock. This table could be used as pass/fail criteria for the noise transfer of the clock.
Table VI.4 – Maximum and minimum expected output amplitudes at test frequencies 
for PTP-to-PTP and PTP-to-1 PPS noise transfer measurement (Classes A, B and C)
	Test frequency, Hz
	Peak-to-peak input amplitude, ns
	Permitted gain, dB
	Peak-to-peak output amplitude (clean), ns
	Peak-to-peak output amplitude, with ±N ns added noise, ns

	
	
	Maximum
	Minimum
	Maximum
	Minimum
	Maximum
	Minimum

	0.00390625
	200
	0.1
	–3
	205
	140
	205 + N
	140 – N

	0.0078125
	200
	0.1
	–3
	205
	140
	205 + N
	140 – N

	0.015625
	200
	0.1
	–3
	205
	140
	205 + N
	140 – N

	0.03125
	200
	0.1
	–3
	205
	140
	205 + N
	140 – N

	0.0615625
	200
	0.1
	n/a
	205
	n/a
	205 + N
	n/a

	0.123125
	200
	–4
	
	130
	
	130 + N
	

	0.24625
	200
	–8.5
	
	80
	
	80 + N
	

	0.4925
	200
	–14
	
	40
	
	40 + N
	

	0.985
	200
	–19.9
	
	25
	
	25 + N
	

	1.985
	200
	–20
	
	20
	
	20 + N
	

	NOTE 1 – The frequencies in the above table assume an input PTP event message rate of precisely 16.00 messages/s. For other rates, different tone frequencies should apply as described earlier.
NOTE 2 – The maximum amplitude values in the table have been rounded up to the nearest 5 ns in order to account for measurement equipment accuracy, while the minimum amplitude values have been rounded down to the nearest 5 ns.
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The frequency response of the clock is not completely defined in clause 7.3.2. In order to evaluate the performance of the clock, the following criteria are recommended:
1)	The minimum implementation should have a gain reduction of at least that of a first-order, −20 dB/decade filter for frequencies below the minimum permitted lower corner frequency, and above the maximum permitted upper corner frequency.
2)	The maximum permitted gain peaking for frequencies between the minimum permitted lower corner frequency and the maximum permitted upper corner frequency should be 0.2 dB. 
3)	The maximum attenuation for frequencies between the maximum permitted lower corner frequency and the minimum permitted upper corner frequency should be 3 dB.
4)	The attenuation at the maximum permitted upper and minimum permitted lower corner frequencies should be at least 3 dB.
5)	The maximum attenuation at frequencies below the maximum permitted lower corner frequency and above the minimum permitted upper corner frequency should be undefined.
The maximum acceptable gain at different frequencies is given in Tables VI.5 for Classes A and B, and VI.6 for Class C. The minimum acceptable gain for all classes of clock is shown in Table VI.7. Figure VI.6 shows the bandpass frequency response when the T‑BC or T-TSC is assisted by a physical layer clock specified in [ITU-T G.8262] option 1 (for Classes A, B) or [ITU-T G.8262.1] (for Class C). The response when the T-BC or T‑TSC is assisted by a different physical layer, such as [ITU-T G.812] Type I, is for further study.
Any measured response within the grey zone is considered acceptable. This is before taking into account any noise generation of the clock.
Although Figure VI.6 could be interpreted as having a 'range' of acceptable frequency responses in the passband, once the filter response of the implementation has been established, it is expected that the frequency response will not change over time.
Table VI.5 – Maximum gain for Physical layer frequency to PTP filter implementation (Classes A and B)
	Frequency range, Hz
	Maximum gain, dB
	Notes

	f  0.005
	–20
	1

	0.005 < f  0.05
	
	2

	0.05 < f < 10
	0.2
	3

	f ≥ 10
	
	4

	NOTE 1 – Attenuation in the band below 0.005 Hz should be at least 20 dB. 
NOTE 2 – Formula is based on a first-order high-pass filter response, using the minimum bandwidth from clause 7.4.2.
NOTE 3 – This is the maximum phase gain in the passband, per clause 7.3.2.
NOTE 4 – Formula is based on a first-order low-pass filter response, using the maximum bandwidth from clause 7.4.2.


Table VI.6 – Maximum gain for Physical layer frequency to PTP filter implementation (Class C)
	Frequency range, Hz
	Maximum gain, dB
	Notes

	f  0.005
	–20
	1

	0.005 < f  0.05
	
	2

	0.05 < f < 3
	0.2
	3

	f ≥ 3
	
	4

	NOTE 1 – Attenuation in the band below 0.005Hz should be at least 20 dB. 
NOTE 2 – Formula is based on a first-order high-pass filter response, using the minimum bandwidth from clause 7.4.2.
NOTE 3 – This is the maximum phase gain in the passband, per clause 7.3.2.
NOTE 4 – Formula is based on a first-order low-pass filter response, using the maximum bandwidth from clause 7.4.2.


Table VI.7 – Minimum gain for Physical layer frequency to PTP filter implementation (Classes A, B and C)
	Frequency range
	Minimum gain, dB

	f < 0.1
	No minimum gain specified

	0.1  f  1
	−3

	f > 1
	No minimum gain specified
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Figure VI.6 – Frequency response of acceptable Physical layer frequency to PTP filter implementation (Classes A, B and C)
NOTE – Since the PTP message rate is 16 Hz, it will not be possible to measure the frequency response above the Nyquist rate of 8 Hz. This means it might not be possible to verify the upper corner frequency of the bandpass filter.
When measuring the performance of the clock, the noise generation of the clock should be taken into account. The same methods as described above may be used to do this. 
The input tone amplitude used is the maximum permitted at each tone frequency, based on the wander tolerance of the synchronous equipment clock, as defined in Figure 7 of [ITU-T G.8262]. Table VI.8 could be used as pass/fail criteria for the noise transfer of the Class A and B clocks, while Table VI.9 could be used as pass/fail criteria for the noise transfer of the Class C clocks. 
Table VI.8 – Maximum and minimum expected output amplitudes at test frequencies for Physical layer frequency to PTP and Physical layer frequency to 1 PPS noise transfer measurement (Classes A and B)
	Test frequency, Hz
	Peak-to-peak input amplitude, 
ns
	Permitted gain, 
dB
	Peak-to-peak output amplitude (clean), 
ns
	Peak-to-peak output amplitude, with ±N ns added noise, ns

	
	
	Maximum
	Minimum
	Maximum
	Minimum
	Maximum
	Minimum

	0.00390625
	2 000
	–20
	n/a
	200
	n/a
	200 + N
	n/a

	0.0078125
	2 000
	–16.2
	
	310
	
	310 + N
	

	0.015625
	2 000
	–10.5
	
	600
	
	600 + N
	

	0.03125
	1 000
	–5.5
	
	530
	
	530 + N
	

	0.0615625
	500
	0.2
	
	515
	
	515 + N
	

	0.123125
	250
	0.2
	–3
	260
	175
	260 + N
	175 – N

	0.24625
	250
	0.2
	–3
	260
	175
	260 + N
	175 – N

	0.4925
	250
	0.2
	–3
	260
	175
	260 + N
	175 – N

	0.985
	250
	0.2
	–3
	260
	175
	260 + N
	175 – N

	1.985
	250
	0.2
	n/a
	260
	n/a
	260 + N
	n/a

	3.985
	250
	0.2
	
	260
	
	260 + N
	

	7.985
	250
	0.2
	
	260
	
	260 + N
	

	NOTE 1 – The frequencies in the above table assume an input PTP event message rate of precisely 16.00 messages/s. For other rates, different tone frequencies should apply as described earlier.
NOTE 2 – The maximum amplitude values in the table have been rounded up to the nearest 5 ns in order to account for measurement equipment accuracy, while the minimum amplitude values have been rounded down to the nearest 5 ns



	Table VI.9 – Maximum and minimum expected output amplitudes at test frequencies for Physical layer frequency to PTP and Physical layer frequency to 1 PPS noise transfer measurement (Class C)

	Test frequency, Hz
	Peak-to-peak input amplitude, 
ns
(see Note 3)
	Permitted gain, 
dB
	Peak-to-peak output amplitude (clean), 
ns
	Peak-to-peak output amplitude, with ±N ns added noise, ns

	
	
	Maximum
	Minimum
	Maximum
	Minimum
	Maximum
	Minimum

	0.00390625
	2 000
	–20
	n/a
	200
	n/a
	200 + N
	n/a

	0.0078125
	2 000
	–16.2
	
	310
	
	310 + N
	

	0.015625
	2 000
	–10.5
	
	600
	
	600 + N
	

	0.03125
	1 000
	–5.5
	
	530
	
	530 + N
	

	0.0615625
	500
	0.2
	
	515
	
	515 + N
	

	0.123125
	250
	0.2
	–3
	260
	175
	260 + N
	175 – N

	0.24625
	250
	0.2
	–3
	260
	175
	260 + N
	175 – N

	0.4925
	250
	0.2
	–3
	260
	175
	260 + N
	175 – N

	0.985
	250
	0.2
	–3
	260
	175
	260 + N
	175 – N

	1.985
	250
	0.2
	n/a
	260
	n/a
	260 + N
	n/a

	3.985
	250
	–4.4
	
	155
	
	155 + N
	

	7.985
	250
	–9.1
	
	90
	
	90 + N
	

	NOTE 1 – The frequencies in the above table assume an input PTP event message rate of precisely 16.00 messages/s. For other rates, different tone frequencies should apply as described earlier.
NOTE 2 – The maximum amplitude values in the table have been rounded up to the nearest 5 ns in order to account for measurement equipment accuracy, while the minimum amplitude values have been rounded down to the nearest 5 ns.
NOTE 3 – The peak-to-peak input amplitude assumes that the enhanced synchronous equipment clock in the T-BC can accept input wander up to wander tolerance level 2, as described in clause 9.2 of [ITU-T G.8262.1]. Lower amplitude tones should be used if level 1 wander tolerance is required.
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Synchronization IWF F-P node limits
(This appendix does not form an integral part of this Recommendation.)

[ITU-T G.8275] specifies the concept of a synchronization interworking function (IWF), where a node is used to translate between different segments of a network that are running different PTP profiles.
For a synchronization IWF F-P node, distributing PTP timing from a full timing support profile to a partial timing support profile, the clock performance limits mainly consider the full timing support type of network used on the timeReceiver port, regardless of the partial timing support used on the timeTransmitter port.
Therefore, all limits applied to the full timing support clocks in the scope of this Recommendation may also apply to such a synchronization IWF F-P node, even if it is not strictly a full timing support one.
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Measurement of relative time error between two T-BC output ports
(This appendix does not form an integral part of this Recommendation.)
[bookmark: _Toc57895411][bookmark: _Toc100041145][bookmark: _Toc124855853][bookmark: _Toc125990743]VIII.1	Introduction
Clause 7.1.4 defines two new relative time error generation limits between any two outputs of T-BC. This appendix provides additional information on how to measure and estimate the relative time error generation between ports.
[bookmark: _Toc57895412][bookmark: _Toc100041146][bookmark: _Toc124855854][bookmark: _Toc125990744]VIII.2	Definition of relative time error
Relative time error (TER) is defined in [ITU-T G.8260] as "the difference between two timing signals carrying time". In the case of a T-BC, the two timing signals are the output ports of the same clock. 
For two output ports, A and B, relative time error can be expressed mathematically, it can be expressed in two ways:

	(the difference between the times indicated by each port A and B at time instant t)

	(the difference between the time errors of each port at time instant t, relative to the same reference)
From this, quantities such as cTER, dTER and max|TER| may be defined:
	(the difference between the mean values of the two time error measurements)
d 
					(the difference in TER since the start of the measurement at time t0. This is similar to TIE in conventional wander measurements)
	(the maximum absolute value of TER(t) over the entire set of measurement samples)
It should be noted that the new specifications defined in this Recommendation apply to low-pass filtered data, and therefore the two time error measurements should have a low-pass measurement filter of 0.1Hz bandwidth applied to them before computing the relationships.


[bookmark: _Toc100041147][bookmark: _Toc124855855][bookmark: _Toc125990745]Appendix IX

PTP noise tolerance testing for T-BC and T-TSC clocks
(This appendix does not form an integral part of this Recommendation.)
The PTP noise tolerance of a T-BC or T-TSC is defined as the maximum amount of noise the device is required to tolerate at its inputs without generating alarms, switching references, or going into holdover. The limits at both the PTP and physical layer frequency inputs are defined in clause 7.2. These limits should be tolerated at both inputs simultaneously.
This appendix describes how to generate suitable test signals to check conformance with this requirement. The description in this appendix concentrates on the non-enhanced case (i.e., T-BC classes A and B). Similar methods may be used for the enhanced case (T-BC classes C and D), but some changes in detail will be required.
[bookmark: _Toc100041148][bookmark: _Toc124855856][bookmark: _Toc125990746]IX.1	Testing set-up for PTP noise tolerance testing
The general testing set-up for PTP noise tolerance testing of a T-BC or T-TSC is shown in Figure IX.1.
[image: ]
Figure IX.1 – PTP noise tolerance testing of a T-BC or T-TSC
Note to TSB: In Figure IX.1 replace “1pps” with “1 PPS”.
The measurement system is timed by a central time reference clock. The PTP GM and the time/phase error measurement block are both timed from this same time reference.
The bi-directional time/phase error generator block applies time error to both directions of the PTP flow, and also phase error (wander) to the physical layer frequency signal. The time error sequences are generated by means of a noise model, with the parameters chosen to generate a delay distribution with properties similar to the network limits defined in clauses 7.3 and 7.5 of [ITU‑T G.8271.1].
Phase wander sequences are also generated using a similar model for application to the synchronous equipment clock input. These are matched to the network limits defined in clause 9.2.1 of [ITU‑T G.8261].
The output from the clock under test is either a 1 PPS/ToD (for a T-TSC) or PTP over Ethernet (for a T-BC). This can be measured relative to the time reference, although this is solely for information, as the noise tolerance requirements in clause 7.2 do not specify a limit on the output of the clock.
[bookmark: _Toc100041149][bookmark: _Toc124855857][bookmark: _Toc125990747]IX.2	Time/Phase error noise model
The tolerance limit for dTE at the PTP input of a T-BC is derived from the sum of the PRTC noise, plus the noise generated by the network, plus a suppressed physical layer frequency rearrangement transient, as described in Annexes B and C. Similarly, the tolerance limit for physical layer frequency input is also derived from the sum of the PRC noise, plus the noise generated by the network, plus a rearrangement transient.
One approach to generating test sequences to verify the noise tolerance is to use power-law noise signals, such as white noise and flicker noise, to model the phase noise generated by the PRTC and the network clocks. The transients can then be superimposed on top of the noise sequence.
White noise has the property of equal energy at all frequencies, i.e., the energy is uniform for the entire frequency band. On a TDEV plot, white noise slopes downwards with increasing observation interval. As the observation interval increases, each decade represents a tenth of the bandwidth of the previous decade, hence the white noise energy within that decade decreases. As a consequence, white noise is easy to average away – to reduce the noise energy more, simply average over a longer period.
Flicker noise (or self-similar noise), on the other hand, has the property of equal energy in each decade of bandwidth. For example, the band from 1 to 10 Hz contains the same energy as the band from 10 to 100 Hz, even though the bandwidth is ten times higher in the second case. This means that it is not possible to average away flicker noise, as increasing the averaging period simply maintains the same energy level. On a TDEV plot, flicker noise is represented by a flat line, with the TDEV value being the same for every observation interval.
Therefore white noise is good for representing higher frequency noise components (the dTEH component), while the lower frequencies (dTEL) can be represented with flicker noise. Several filtered flicker noise sequences can be combined to match the breakpoints in the MTIE or TDEV masks to be modelled.
The basic combination process is shown in Figure IX.2.
[image: ]
Figure IX.2 – Combination of noise sequences
1)	White noise and flicker noise sequences are created, each with a packet rate of 16 packets/s.
2)	The flicker noise sequences are each smoothed with a moving average filter. The length of the moving average window is chosen to match breakpoints on the MTIE mask. The diagram shows two separate flicker noise sequences, but depending on the complexity of the noise limit, one might be sufficient, or possibly even three might be required.
3)	A physical-layer frequency rearrangement transient is also included. For the PTP input, this is based on the mitigation methods described in Appendix II. The position of this transient within the overall sequence can be controlled. For the physical layer clock, the transient is based on the rearrangement transient described in clause 11.1 of [ITU‑T G.8262].
4)	All four sequences are combined in a weighted sum. The weights and the moving average periods are determined to match the network limit as closely as possible.
The same process may be used to generate both the bi-directional time error for PTP time signals, and phase wander for the physical layer frequency.
An example of the two-way PTP time error generated by this process is shown in Figure IX.3. The suppressed physical layer rearrangement transient can be clearly seen in this example as a negative-going spike at about 4 300 s. The MTIE of this pattern is shown in Figure IX.4.
[image: C:\Users\Tim Frost\Pictures\CalnexChartTIMEERROR2019-06-10_11-25-28.png]Suppressed phy-layer rearrangement transient

Figure IX.3 – Example power-law noise test sequence
[image: Chart
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Figure IX.4 – MTIE plot of power-law noise test sequence
[bookmark: _Toc100041150][bookmark: _Toc124855858][bookmark: _Toc125990748]IX.3	Explanation of Transients
The clock under test has to be able to tolerate both a suppressed transient on the PTP input, and a rearrangement transient on the physical layer frequency input. Depending on whether the paths of the PTP and physical layer frequency signal are congruent or non-congruent (see Appendix II of [ITU-T G.8271.1]), these transients may or may not be simultaneous.
The congruent case (HRM-2 in Appendix II of [ITU-T G.8271.1]), is shown in Figure IX.5. A rearrangement transient is generated when a fault occurs in the primary physical layer frequency signal of the T-BC preceding the clock under test. The shape of this transient is described in clause 11.1 of [ITU-T G.8262] (or [ITU-T G.8262.1] for enhanced clocks). This transient is passed both to the co‑located BC, and to the next T-BC downstream (the clock under test). The co-located BC is required to take avoiding action (as described in Annexes B and C), so only a suppressed transient is seen on the PTP input of the clock under test. The shape of this suppressed transient is described in Appendix II.
Therefore the congruent case results in two simultaneous transients for the clock under test: a suppressed transient at the PTP input, and a rearrangement transient at the physical layer frequency input, plus the appropriate changes in QL-value on the ESMC at the correct time relative to the transient events.
[image: ]
Figure IX.5 – Congruent model (HRM-2)
In the non-congruent case (HRM-3), the physical layer frequency signal is assumed to come from an independent source, and hence there will be no simultaneous rearrangement transients at the both the PTP and physical layer frequency inputs. There may be a rearrangement transient at the physical layer input at an unrelated time, with the associated ESMC changes.
The non-congruent case is shown in Figure IX.6:
[image: ]
Figure IX.6 – Non-congruent model (HRM-3)
[bookmark: _Toc100041151][bookmark: _Toc124855859][bookmark: _Toc125990749]IX.4	Clock output requirements
In the presence of maximum noise at its input, a T-BC or T-TSC should maintain normal operation. In particular, it should:
•	not cause any alarms (see Note 1);
•	not cause the clock to switch reference;
•	not cause the clock to go into holdover.
NOTE 1 – There may be alarms in response to the ESMC messages due to the mitigation schemes required by Annexes B and C. Provided these are not caused by failure of the clock to tolerate the input noise applied, they are acceptable during this test.
There is no defined limit on the maximum time error at the output of a clock under these conditions, therefore any measurement of the output time error of the clock is for information only.
[bookmark: _Toc100041152][bookmark: _Toc124855860][bookmark: _Toc125990750]IX.5	Noise model parameters
The parameters of the noise model required to generate noise patterns meeting the various tolerance limits are for further study.
[bookmark: _Toc57895413][bookmark: _Toc100041153][bookmark: _Toc124855861][bookmark: _Toc125990751]
Appendix X

Derivation of T-BC/T-TSC output transient response due to long term rearrangement of physical layer frequency transport
(This appendix does not form an integral part of this Recommendation.)
NOTE – This appendix is valid for T-BC and T-TSC class C embedding an enhanced physical layer clock per [ITU-T G.8262.1].
When the physical layer frequency of a T-BC/T-TSC has a long-term rearrangement (longer than 15s assumed by the short-term rearrangement), the T-BC/T-TSC may only rely on a phase and time input, and the max|TE| requirement of the T-BC/T-TSC output is specified by Clause 7.4.1.4 of this recommendation.
The max|TE| of Clause 7.4.1.4 is derived for the following two mitigation schemes: 
a)	Reject the eSEC signal when enhanced physical layer frequency input signal is no longer PRC-traceable, and
b)	Turn off the T-BC filter when enhanced physical layer frequency input signal is no longer PRC-traceable
X.1	Background on assumptions for and derivation of T-BC output max|TE| requirements
In the derivation of the requirements, the physical layer input transient is assumed to have a phase jump of 10 ns due to the long-term rearrangement, as described in clause 11.1 of [ITU-T G.8262.1]. A second phase jump of 10 ns is also assumed to occur when the physical layer reference was recovered.
With the exceptions listed below, the assumptions used in Appendix II.1 are very similar to the assumptions used to derive the requirements for max|TE| of Clause 7.4.1.4. The exceptions are:
1.	The enhanced physical layer frequency input signal is not traceable to a PRC reference for a long period of time (longer than 15 s);
2.	For scheme a), the characteristics of the noise of the PTP clock is based on G.8262 option 2 noise generation;
3.	For scheme b), a waiting time of 600s before the T-BC filter is turned back on is used;
4.	The requirement of Clause 7.4.1.4 is specified with max|TE| instead of max|dTE|, which is used by the assumptions of Appendix II.1.
X.2	Derivation of T-BC/T-TSC output max|TE| requirements
The worst case scenario is considered to derivate the requirements for clause 7.4.1.4, and therefore the assumptions used for mitigation scheme 1 are considered.
The noise generation of [ITU-T G.8262] option 2 is used for the T-BC/T-TSC during the long-term rearrangement of its physical layer input. According to Table 4 of [ITU-T G.8262], MTIE is 60 ns  at observation intervals larger than 10s. Therefore, the derivation of the requirements for dynamic time error would be as follows:
1.	Take into consideration ½ of the MTIE mask of the option 2 of [ITU-T G.8262] , i.e.,  60ns/2 = 30ns;
2.	Take into consideration 10ns of phase jump when the physical layer clock is no longer PRC-traceable (note that, by the time the second transient happens, PTP has already corrected the first transient, so there is no need to add another 10ns for the second transient);
3.	Take into consideration timestamp noise, i.e., 8ns.
Therefore, a max|dTE| of 48ns is considered. Considering 10ns margin to account for other errors, max|dTE| excluding any constant time error (cTE) of 58ns can be used. For testing purposes, if it is not possible to remove cTE from a test measurement, then the requirements defined in Clause 7.4.1.4 is increased by 10 ns (cTE of T-BC/T-TSC class C), this would result in a value of max|TE| of 68ns.
The same requirement applies for constant and variable temperature conditions.
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