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Introduction – 1

During the initial development of IEEE P802 1AS there wereDuring the initial development of IEEE P802.1AS, there were 
discussions that considered a Sync interval of 0.01 s and a Pdelay 
message interval of 0.1 s

Jitter/wander accumulation simulations performed at the time (see [3] and [4])Jitter/wander accumulation simulations performed at the time (see [3] and [4]) 
indicated that the end-to-end performance requirements for A/V applications could 
be met in a network of 7 hops from grandmaster to any  slave time-aware system 
(with suitable endpoint filter bandwidth)

After it was decided to include 802.11 links in the initial version of 
802.1AS, it was desired to increase the Sync interval to 0.1 s, or 
larger if possible, and the Pdelay message interval to 1 s, or larger if 

iblpossible
New simulations are needed to determine if the jitter/wander 
requirements can be with the longer inter-message intervals
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Introduction – 2
In addition, since the original simulations were performed, the method of g p
measuring rate offset between a slave time-aware system and the 
grandmaster was changed

Previously, the rate ratio of the grandmaster relative to the slave was measured directly 
using successive Sync messages
With the change, nearest neighbor rate ratio is measured using successive Pdelay_Resp 
messages
Nearest neighbor rate ratio relative to the grandmaster is accumulated in a TLVNearest neighbor rate ratio relative to the grandmaster is accumulated in a TLV 
contained in the Follow_Up message
This change needed to be added to the simulator

In addition the original simulator used a simplified model that had a fixedIn addition, the original simulator used a simplified model that had a fixed 
time step

The model of [1] and [2] was based on the IEEE 1588 Boundary Clock (though it differed 
in some aspects)so e aspec s)
The model of [3] and [4] was based on the IEEE 1588 peer-to-peer transparent clock, 
with syntonization performed using successive Sync message
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Introduction – 3

The modified simulator is discrete event basedThe modified simulator is discrete-event-based
The sending and receiving of Sync, Pdelay_Req, and Pdelay_Resp messages are 
modeled explicitly

•For simplicity, the time-aware systems are treated as one-step devices; theFor simplicity, the time aware systems are treated as one step devices; the 
performance impact of this is negligible

A fixed time step is used between successive discrete events to update filtered 
variables
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Hypothetical Reference Model (HRM)

Number of hops = N – 1 = 7

i.e., N = 8 nodes (time aware systems) 
b d f 1 t 8 ith th d tnumbered from 1 to 8, with the grandmaster as 

node 1
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Model Summary – 1

Model is discrete event; the events are the sending and receiving ofModel is discrete-event; the events are the sending and receiving of 
Sync, Pdelay_Req, and Pdelay_Resp messages
Each node contains a free-running clock, for which the following is 
specifiedspecified

Frequency tolerance y
•At initialization, the actual frequency offset is chosen randomly from a uniform 
distribution over [ ]distribution over [-y, y]

Frequency drift D
Phase measurement granularity
Parameters of power-law noise models:

•White Phase Modulation (WPM)
•Flicker Phase Modulation (FPM)
•White Frequency Modulation (WFM)
•Flicker Frequency Modulation (FFM)
•Random Walk Frequency (RWFM)
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Model Summary – 2

For the simulation cases here only the frequency tolerance and phaseFor the simulation cases here, only the frequency tolerance and phase 
measurement granularity are modeled; the drift and noise components are 
set to zero

These will be considered in future simulations after further consideration of theThese will be considered in future simulations, after further consideration of the 
maximum drift rate assumption for 802.1AS

•A maximum drift rate of 4 ppm/s is given in the AVB assumptions document [4]; however, 
a maximum rate of 1 ppm/s has been discussed in the AVB TG.  In addition, it has been 
indicated that both values may be overly conservative.

While the clock instability and drift are not considered in the current 
simulations, it is important that the magnitudes of these effects be 

f fconsidered and their impact be simulated if they are significant
For example, a linear drift rate of 4 ppm/s, i.e., 4000 ns/s2, results in a phase 
change of (0.5)(4000 ns/s2)(0.125 s)2 = 31 ns over a 0.125 s sync interval 
This is of the same order of magnitude as the phase measurement 
granularity
Depending on the magnitude of the drift, the sync interval, and the assumed 

ff f fmodel, the effect of clock instability may or may not be significant
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Model Summary – 3

Each link is associated with a delay modelEach link is associated with a delay model
For now, the link delay is fixed, but can be asymmetric

Times associated with messages; fixed for now
Sync interval
Pdelay interval
Pdelay turnaround time (time between receipt of Pdelay Req and sendingPdelay turnaround time (time between receipt of Pdelay_Req and sending 
of Pdelay_Resp)
Residence time (time between receipt of Sync by a node that is not the 
Grandmaster (GM), i.e., node j > 1 in slide 5, and sending of Sync to node ( ) j g y
j+1)
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Model Summary – 4
The basic operation of the simulator isp

generateInitialEvents(); /* Sending initial Sync by GM; sending initial
Pdelay_Req from node j to node j – 1, for j= 2, …, N */

while (timer <= endTime) {while (timer <= endTime) {
removeNextEvent();
computeFreeRunningClockTimesAtTimeOfNextEvent();g ()
computeUnfilteredSynchronizedTimeEstimateAtTimeOfNextEvent();
/* based on current estimate of rateRatio relative to GM and most 

recent (freeRunningTime synchronizedTime) association */recent (freeRunningTime, synchronizedTime) association /
computeFilteredSynchronizedTimeEstimateAtTimeOfNextEvent();
eventHandler();

}
The events are maintained in a linked list, in chronological order 
relative to global timerrelative to global timer
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Model Summary – 5

Filter model is the same as that used in [1] [4]Filter model is the same as that used in [1] – [4]
In setting the integration time step for the filter, the time between the 
current and next event is divided into the smallest number of time 
steps such that the size of the time step is not larger than a specifiedsteps such that the size of the time step is not larger than a specified 
maximum, i.e.,

If T = time between eventse be ee e e s
Δtmax = maximum time step (input parameter)
Δt = actual time stepΔt = actual time step
Then
Nsteps = ceil (T/ Δtmax )
Δt = T/Nstepssteps
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Model Summary – 6
The following is a high-level overview of the processing of each event g g p g
type
Sending Pdelay_Req event

Generate time stamp relative to free running clock (compute free runningGenerate time stamp relative to free-running clock (compute free-running 
time corresponding to current value of timer)
Schedule next sending of Pdelay_Req event and add to linked 

R i t f Pd l R tReceipt of Pdelay_Req event
Generate time stamp relative to free-running clock (compute free-running 
time corresponding to current value of timer)
Schedule sending of Pdelay_Resp event

Sending of Pdelay_Resp event
Generate time stamp relative to free-running clock (compute free-running p g ( p g
time corresponding to current value of timer)
Place Pdelay turnaround time in message structure
Schedule receipt of Pdelay Resp eventSchedule receipt of Pdelay_Resp event
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Model Summary – 6

Receipt of Pdelay Resp eventReceipt of Pdelay_Resp event
Generate time stamp relative to free-running clock (compute free-running 
time corresponding to current value of timer)
Comp te neighborRateRatioCompute neighborRateRatio

•A granularity for the neighborRateRatio computation can be specified 
(e.g., based on a given number of bits of precision for the computation)

C t i hb P D lCompute neighborPropDelay
Note that there is no new event to generate in this case

Sending of Sync eventg y
Generate time stamp relative to free-running time corresponding to current 
value of timer)
Compute residence time, corrected for cumulativeRateRatio, based on p , ,
time stamp and saved time stamp (relative to free-running timer) of most 
recently received Sync
Add residence time and current neighborPropDelay to correctionField
Schedule receipt of Sync at downstream node
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Model Summary – 6

Receipt of Sync eventReceipt of Sync event
Generate time stamp relative to free-running time corresponding to current 
value of timer)
Comp te correctedMasterTime (GM time estimate) hich is the s m ofCompute correctedMasterTime (GM time estimate), which is the sum of 
the preciseOriginTimestamp, correctionField, and neighborPropDelay)
Compute cumulativeRateRatio relative to GM using received 
cumulativeRateRatio and current neighborRateRatiocumulativeRateRatio and current neighborRateRatio
Compute unfiltered phase offset, which is the difference between the 
correctedMasterTime and current local clock time (the time stamp for 
receipt of the Sync)ece pt o t e Sy c)

•Note that the (time stamp, correctedMasterTime) becomes the current 
association of free-running and GM time
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Model Parameters Common to All Cases – 1 

Endpoint filter gain peaking = 0 1 dBEndpoint filter gain peaking = 0.1 dB
Residence time = 1 ms (fixed)
Pdelay turnaround time = 1 ms (fixed)
Link propagation delay = 500 ns (fixed)

Links are symmetric
PHY latency is assumed symmetricPHY latency is assumed symmetric

Phase (time) measurement granularity = 40 ns
Frequency measurement granularity = 2.328 x 10-10 (i.e., 
computations assumed to be done with 32-bit arithmetic)
No clock noise or clock instability (e.g., constant temperature is 
assumed))
Frequencies of free-running oscillators in nodes are chosen randomly 
at initialization within their tolerance range (a uniform distribution is 
assumed)assumed)
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Simulation Cases

Case sync 
interval 
(s)

Pdelay 
interval 
(s)

Endpoint 
filter 
bandwidth 
(Hz)

Free-
running 
oscillator 
frequency

Maximum 
time Step 
(s)

Simulation 
time (s)

(Hz) frequency 
tolerance 
(ppm)

1 0.01 0.1 0.01 ± 100 0.001 1001000
0.125 1.0
0.250 2.0

2 0 01 0 1 0 01 ± 5 0 001 100102 0.01 0.1 0.01 ± 5 0.001 10010
0.125 1.0
0.250 2.0

3 0.01 0.1 0.001 ± 100 0.001 10010
0.125 1.0
0.250 2.0
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Nomenclature for Referring to Case and Subcase

Each case and subcase is referred to by the following nomenclature:Each case and subcase is referred to by the following nomenclature:

Case x-y or x-y
wherewhere
x = case number (i.e., 1, 2, or 3)
y = a 2 or 3 digit integer where 0 y is the sync intervaly = a 2 or 3 digit integer, where 0.y is the sync interval 
for the subcase (i.e., ‘01’, ‘125’, or ‘250’) 

This notation is unambiguous for the cases/subcases g
here, because the same Pdelay interval is used with a 
given sync interval for the subcases here

Thi i t d l t ti itThis is not proposed as a general notation; it was 
simply convenient for this particular presentation
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Simulation Subcases

Subcase ‘01’ represents the sync interval and Pdelay interval (0 01 sSubcase 01  represents the sync interval and Pdelay interval (0.01 s 
and 0.1 s, respectively) previously found to give acceptable 
performance (with suitable endpoint filter bandwidth)
Subcase ‘125’ represents the desired sync interval and PdelaySubcase 125  represents the desired sync interval and Pdelay 
interval (0.125 s and 1.0 s)
Subcase ‘250’ represents a still longer sync interval and Pdelay 
i t l (0 250 d 2 0 )interval (0.250 s and 2.0 s)
Note that the longer sync and Pdelay intervals are chosen to be 
powers of 2 as required in both 802.1AS and IEEE 1588TM-2008
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Actual Frequency Offsets for Nodes 1 – 8 

The next slide gives the actual frequency offsets used in theThe next slide gives the actual frequency offsets used in the 
simulation cases

They were chosen randomly at initialization from a uniform distribution 
over the tolerance rangeover the tolerance range
Therefore, the values depended on the initial state (seed) of the random 
number generator
The same seed was used for all cases/subcasesThe same seed was used for all cases/subcases
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Actual Frequency Offsets for Nodes 1 – 8 

Node Cases 1 and 3 offset 
(ppm)

Case 2 offset (ppm)
(ppm)

1 0 (GM) 0 (GM)

2 6.4276 0.32138

3 -55.714 -2.7857

4 32.295 1.6147

5 53 950 2 69755 -53.950 -2.6975

6 38.774 1.9387

7 64.124 3.2062

8 -83.231 -4.1616
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General Notes on Reported Simulation Results

GM is node 1; final node is node 8GM is node 1; final node is node 8
Phase error (filtered and unfiltered) at GM is 0 (and therefore phase 
error results are not given for node 1)
Residence time is not needed (and therefore not computed or shown 
as a result) at nodes 1 and 8 (GM and final node, respectively)
Correction field value is not needed (and therefore not computed or ( p
shown as a result) at node 1 (GM); its value there is zero
Propagation time between nodes j and j+1 is relevant for j = 1, 2, …, 
77
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Case 1-01, Node 2 – Unfiltered Phase Error

Case 1-01 Node 2Case 1-01,Node 2
Unfiltered phase error
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 100 ppmLocal oscillator tolerance = +/- 100 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 1-01, Node 2 – Unfiltered Phase Error, after initial transient

Case 1-01,Node 2
Unfiltered phase error, initial transient removed
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 100 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 1-01, Node 2 – Filtered Phase Error
Case 1-01,Node 2,
Filtered phase error
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 100 ppm
(frequency offsets initialized randomly within tolerance range)(frequency offsets initialized randomly within tolerance range)
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Case 1-01, Node 1 to 2 Propagation Delay
Case 1-01,Node 1 to 2 propagation delay
( ft i iti li ti )(after initialization)
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 100 ppm
(f ff t i iti li d d l ithi t l )(frequency offsets initialized randomly within tolerance range)

525

el
ay

 (n
s)

515

520

P
ro

pa
ga

tio
n 

de

505

510

0 2000 4000 6000 8000 10000 12000
495

500

25

Time (s)

0 2000 4000 6000 8000 10000 12000



Case 1-01, Node 2 Results – 1
The unfiltered phase error at node 2 shows periodic jumps, on the p p j p
order of 20 ns, approximately every 1000 s
This is apparently due to periodic jumps, with 1000 s period, in the 
node 1 to node 2 propagation delay that are on the order of 20 nsode to ode p opagat o de ay t at a e o t e o de o 0 s
The jumps are due to truncation of the time stamp values to the next 
lower multiple of 40 ns, i.e., of the phase measurement granularity
R llRecall

2
)()(opDelayneighborPr 2314 TTTT −−−=

The time stamps T1 and T4 are taken at node 2
When T4 just crosses a multiple of 40 ns, the decrease in T4 due to 
truncation goes from 40 ns to 0 and neighborPropDelay increases by 20 ns

2

truncation goes from 40 ns to 0, and neighborPropDelay increases by 20 ns
When T1 just crosses a multiple of 40 ns, the decrease in T1 due to 
truncation goes from 40 ns to 0, and neighborPropDelay decreases by 20 ns
A jump does not occur if both time stamps cross or don’t cross a multipleA jump does not occur if both time stamps cross or don t cross a multiple 
of 40 ns; it only occurs when one time stamp crosses
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Case 1-01, Node 2 Results – 2

Since the Pdelay turnaround time is 0 001 s and therefore a multipleSince the Pdelay  turnaround time is 0.001 s and therefore a multiple 
of 40 ns, there is no corresponding effect due to T2 and T3 (but , in 
general, there would be)
The resulting phase error due to this effect can be reduced usingThe resulting phase error due to this effect can be reduced using 
propagation time averaging

This was initially described in [5]
A companion presentation [6] (to the current one) gives initial results 
comparing the jitter/wander performance with and without propagation 
time averaging

Th t d t t k t k t t l filt d h iThe steady-state peak-to-peak total unfiltered phase error is 
approximately 100 ns
The steady-state peak-to-peak total filtered phase error is 
approximately 20 ns

The 0.01 Hz endpoint filter removes the fast variation, but the slow 
variation of magnitude 20 ns, due to the propagation time, remains 
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Case 1-01, Node 2 to 3 Propagation Delay
Case 1-01,Node 2 to 3 propagation delay
(after initialization)(after initialization)
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 100 ppm
(frequency offsets initialized randomly within tolerance range)(frequency offsets initialized randomly within tolerance range)
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Case 1-01, Node 2 to 3 Propagation Delay, Detail of First 500 s

Case 1-01,Node 2 to 3 propagation delay
(after initialization)
detail of first 500 s
Sync Interval = 0.01 s
Pdelay Interval = 0 1 sPdelay Interval = 0.1 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 100 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 1-01, Node 3 Results – 1

The node 2 to node 3 propagation time measurement shows a muchThe node 2 to node 3 propagation time measurement shows a much 
faster variation than the node 1 to node 2 measurement

The period is on the order of 8 – 10 s, i.e., it is much less than the 1000 s 
obtained for the node 1 to node 2 propagation time measurementobtained for the node 1 to node 2 propagation time measurement 

The period depends on the particular frequency offset between the 
adjacent nodes, because the jump occurs only when T4 is truncated 
and T is not truncated or vice versaand T1 is not truncated, or vice-versa
In general, the period is longer for smaller frequency offsets, but 
there are exceptions to this
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Case 1-01, Node 3 – Unfiltered Phase Error, after initial transient

Case 1-01,Node 3
Unfiltered phase error, initial transient removed
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/ 100 ppmLocal oscillator tolerance = +/- 100 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 1-01, Node 3 – Filtered Phase Error
Case 1-01,Node 3
Filt d hFiltered phase error
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 100 ppm
(f ff t i iti li d d l ithi t l )(frequency offsets initialized randomly within tolerance range)
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Case 1-01, Node 2 – Residence Time

Case 1-01,Node 2 residence time
(after initialization)
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.01 HzEndpoint filter BW  0.01 Hz
Local oscillator tolerance = +/- 100 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 1-01, Node 3 Results – 2
The unfiltered phase error at node 3 shows the same 20 ns jumps, 
with period of approximately 1000 s, as shown by node 2
However, the peak-to-peak unfiltered phase error (in steady-state) is 
now approximately 180 ns, compared to 100 ns for node 2
The increase in the peak-to-peak is due to the added variation in 
node 2 to node 3 propagation time and node 2 residence time

40 ns variation for node 2 to node 3 propagation time40 ns variation for node 2 to node 3 propagation time
40 ns variation for node 2 residence time

The periods of these effects are small compared to 1000 s
Therefore, the resulting unfiltered phase variation at node 3 has the 20 ns 
jumps, with period of 1000 s, due to the node 1 to node 2 propagation time 
measurement, and the much faster variation due to node 2 to node 3 
propagation time and node 2 residence timepropagation time and node 2 residence time
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Case 1-01, Node 3 Results – 2

The peak to peak filtered phase error is approximately 25 nsThe peak-to-peak filtered phase error is approximately 25 ns
The filtered phase error shows the same 20 ns jumps as the unfiltered 
phase error
Bet een j mps the peak to peak ariation is appro imatel 4 nsBetween jumps, the peak-to-peak variation is approximately 4 ns
This is much smaller than 20 ns, though still exceeds some of the 
application MTIE masks (jitter/wander requirements); this will be discussed 
shortlyshortly
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Case 1-01, Node 8 – Unfiltered Phase Error, after initial transient

C 1 01 N d 8Case 1-01,Node 8
Unfiltered phase error, initial transient removed
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/ 100 ppmLocal oscillator tolerance = +/- 100 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 1-01, Node 8 – Filtered Phase Error
Case 1-01,Node 8
Filt d hFiltered phase error
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 100 ppm
(f ff t i iti li d d l ithi t l )(frequency offsets initialized randomly within tolerance range)
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Case 1-01, Node 8 Results

The peak to peak unfiltered phase error at node 8 is approximatelyThe peak-to-peak, unfiltered phase error at node 8 is approximately 
480 ns
The 20 ns jumps with 1000 ns period are no longer visible on the 
scale of the plotscale of the plot

The unfiltered phase error at node 8 includes the sum of the propagation 
times between each successive pair of nodes, plus the residence times at 
the intermediate nodes (nodes 2 – 7)the intermediate nodes (nodes 2 – 7)
For this example, only the node 1 to 2 propagation time shows the long 
period phase jumps

Th k t k filt d h t d 8 i i t l 36The peak-to-peak, filtered phase error at node 8 is approximately 36 
ns

The 20 ns phase jumps are evident here; the larger variation in the 
unfiltered phase that masked them has been removed by the filteringunfiltered phase that masked them has been removed by the filtering
Between jumps, the unfiltered phase variation is approximately 17 ns
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Case 1-01, Filtered Phase Error MTIE

Case 1-01, MTIE - unfiltered phase error
Sync Interval = 0 01 s

Node 2
Node 3
Node 4
Node 5
Node 6
Node 7
Node 8Sync Interval = 0.01 s

Pdelay Interval = 0.1 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 100 ppm
(frequency offsets initialized randomly within tolerance range)
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Uncompressed SDTV (SDI Signal)
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WCDMA TDD BTS
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Case 1-01, Node 1 – 8 Jitter and Wander (MTIE) Results

The previous slide shows MTIE results for the filtered phase at nodesThe previous slide shows MTIE results for the filtered phase at nodes 
1 – 8, along with various MTIE masks

The MTIE masks are equivalent to jitter and wander requirements for the 
respective applicationsrespective applications
The MTIE masks for uncompressed video, MPEG video, and consumer 
and professional audio are taken from [7] and the references given there
The MTIE masks for CDMA CDMA2000 and WCDMA cellular baseThe MTIE masks for CDMA, CDMA2000, and WCDMA cellular base 
stations are equivalent to the requirements given in [8] and [9] (and are 
derived using the methodology of [7])
The MTIE mask for Femtocell base stations is equivalent to theThe MTIE mask for Femtocell base stations is equivalent to the 
requirements given in [9] (and is derived using the methodology of [7])

All the requirements are met by the filtered phase at the egress of 
each node with the exception of the uncompressed standardeach node, with the exception of the uncompressed standard 
definition (SDI video) signal
The filtered phase meets the uncompressed standard definition video 
signal requirement at node 2 but exceeds it at nodes 3 8 (justsignal requirement at node 2, but exceeds it at nodes 3 – 8 (just 
barely at node 3)
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Case 1-125, Node 2 – Unfiltered Phase Error, after initial transient
Case 1-125,Node 2
U filt d h i iti l t i t dUnfiltered phase error, initial transient removed
Sync Interval = 0.125 s
Pdelay Interval = 1.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 100 ppm
(frequency offsets initialized randomly within tolerance range)(frequency offsets initialized randomly within tolerance range)
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Case 1-125, Node 2 – Filtered Phase Error
Case 1-125,Node 2
Filtered phase errorFiltered phase error
Sync Interval = 0.125 s
Pdelay Interval = 1.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 100 ppm
(frequency offsets initialized randomly within tolerance range)(frequency offsets initialized randomly within tolerance range)
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Case 1-125, Node 3 Results

The unfiltered phase error at node 2 for the 0 125 s sync interval andThe unfiltered phase error at node 2 for the 0.125 s sync interval and 
1.0 s Pdelay interval case is very similar (appears almost identical) to 
the 0.01 s sync interval and 0.1 s Pdelay interval case
The node 1 to node 2 propagation delay here (see backup material atThe node 1 to node 2 propagation delay here (see backup material at 
end) shows the same characteristic as in case 1-01
The filtered error shows the same 20 ns phase jumps with period of 

i t l 1000approximately 1000 s
However, there is greater filtered phase variation between jumps, 
most likely due to the longer sync interval
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Case 1-125, Node 8 – Unfiltered Phase Error, after initial transient

Case 1-125,Node 8,
Unfiltered phase error, initial transient removed
Sync Interval = 0.125 s
Pdelay Interval = 1.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 100 ppmpp
(frequency offsets initialized randomly within tolerance range)
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Case 1-125, Node 8 – Filtered Phase Error

Case 1-125,Node 8,
Filtered phase error (initial transient removed)
Sync Interval = 0.125 s
Pdelay Interval = 1.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 100 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 1-125, Node 8 Results

The unfiltered phase error at node 8 for case 1 125 is approximatelyThe unfiltered phase error at node 8 for case 1-125 is approximately 
480 ns, i.e., it is approximately the same as for case 1-01

The variance of the unfiltered phase error is slightly reduced

The filtered phase error for case 1-125 is approximately 48 ns, 
compared to 36 ns for case 1-01

The 20 ns phase jumps are evident, and the variation between phase 
j l (i i i d 30 d 1 fjumps are larger (i.e., it is now around 30 ns, compared to 17 ns for case 
1-01)
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Case 1-125, Filtered Phase Error MTIE

Case 1-125, MTIE - unfiltered phase error
Sync Interval = 0 125 s

Node 2
Node 3
Node 4
Node 5
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Node 8Sync Interval = 0.125 s

Pdelay Interval = 1.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 100 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 1-125, Node 1 – 8 Jitter and Wander (MTIE) Results

MTIE has increased for observation intervals longer thanMTIE has increased for observation intervals longer than 
approximately 0.01 s
All the requirements other than for the standard definition SDI video 
signal are still met though the results are somewhat closer to thesignal are still met, though the results are somewhat closer to the 
high-definition SDI video mask

The filtered phase MTIE now exceeds the standard definition mask at the 
egress of all the nodes (for case 1 01 it was within the mask at node 2)egress of all the nodes (for case 1-01, it was within the mask at node 2)

Overall, the results are not appreciably different when the sync 
interval is increased to 0.125 s and the Pdelay interval to 1.0 s

The meeting or not meeting of the requirements is the same in 
both subcases
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Case 1-250, Filtered Phase Error MTIE

Case 1-250, MTIE - unfiltered phase error
Sync Interval = 0 250 s

Node 2
Node 3
Node 4
Node 5
Node 6
Node 7
Node 8Sync Interval = 0.250 s

Pdelay Interval = 2.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 100 ppm
(frequency offsets initialized randomly within tolerance range)
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MPEG-2, no network transport
Digital Audio, consumer interfaces
Digital Audio, professional interfaces
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WCDMA TDD BTS
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Case 1-250, Node 1 – 8 Jitter and Wander (MTIE) Results

Detailed results for case 1 250 (0 250 s sync interval 2 0 s PdelayDetailed results for case 1-250 (0.250 s sync interval, 2.0 s Pdelay 
interval) are contained in backup material
MTIE results are very similar to case 1-125
Overall, the results are not appreciably different when the sync 
interval is increased to 0.250 s and the Pdelay interval to 2.0 s, 
compared to cases 1-01 and 1-125

The meeting or not meeting of the requirements is the same in all 
subcases
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Case 2-01, Node 2 – Unfiltered Phase Error after initial transient

Case 2-01,Node 2
Unfiltered phase error initial transient removedUnfiltered phase error, initial transient removed
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppm
(frequency offsets initialized randomly within tolerance range)(frequency offsets initialized randomly within tolerance range)
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Case 2-01, Node 2 – Filtered Phase Error

Case 2 01 Node 2Case 2-01,Node 2
Filtered phase error
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/ 5 ppmLocal oscillator tolerance = +/- 5 ppm
(frequency offsets initialized randomly within tolerance range)

25

ro
r (

ns
)

15

20

te
re

d 
ph

as
e 

er
r

5

10

Fi
l

-5

0

52

Time (s)

0 2000 4000 6000 8000 10000 12000



Case 2-01, Node 2 – Filtered Phase Error, Detail after 5000 s

Case 2-01,Node 2,
Filtered phase error, detail after 5000 s
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 2-01, Node 1 to 2 Propagation Delay

Case 2-01,Node 1 to 2 propagation delay, p p g y
(after initialization)
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppmLocal oscillator tolerance  /  5 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 2-01, Node 2 Results – 1
Case 2 differs from case 1 in that the frequency tolerance of each q y
node is ±5 ppm instead of ±100 ppm

The intent was to see the effect of small but nonzero frequency offsets

As in case 1-01 the filtered and unfiltered phase at node 2 and theAs in case 1-01, the filtered and unfiltered phase at node 2 and the 
node 1 to node 2 propagation delay show 20 ns phase jumps

However, now the period is greater than 1000 s
The actual value of the period is not clear from the results as the simulation time•The actual value of the period is not clear from the results, as the simulation time 
was 10010 s

As in case 1-01, the steady-state peak-to-peak total unfiltered phase 
error is approximately 100 nserror is approximately 100 ns
As in case 1-01, the steady-state peak-to-peak total filtered phase 
error is approximately 20 ns

The peak-to-peak phase variation between the 20 ns phase jumps is 
approximately 0.31 ns
The 0.01 Hz endpoint filter removes the fast variation, but the slow 

i ti f it d 20 d t th ti ti ivariation of magnitude 20 ns, due to the propagation time, remains 
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Case 2-01, Node 2 to 3 Propagation Delay
Case 2-01,Node 2 to 3 propagation delay
(after initialization)(after initialization)
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppm
(frequency offsets initialized randomly within tolerance range)(frequency offsets initialized randomly within tolerance range)
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Case 2-01, Node 3 to 4 Propagation Delay

Case 2-01 Node 3 to 4 propagation delayCase 2 01,Node 3 to 4 propagation delay
(after initialization)
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppmpp
(frequency offsets initialized randomly within tolerance range)
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Case 2-01, Node 4 to 5 Propagation Delay
Case 2-01,Node 4 to 5 propagation delay
(after initialization)
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppm
(f ff t i iti li d d l ithi t l )(frequency offsets initialized randomly within tolerance range)
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Case 2-01, Node 5 to 6 Propagation Delay

Case 2-01 Node 5 to 6 propagation delayCase 2 01,Node 5 to 6 propagation delay
(after initialization)
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppmLocal oscillator tolerance  /  5 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 2-01, Node 6 to 7 Propagation Delay
Case 2-01,Node 6 to 7 propagation delay
(after initialization)
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppm
(f ff t i iti li d d l ithi t l )(frequency offsets initialized randomly within tolerance range)
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Case 2-01, Node 7 to 8 Propagation Delay

C 2 01 N d 7 t 8 ti d lCase 2-01,Node 7 to 8 propagation delay
(after initialization)
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppmLocal oscillator tolerance = +/- 5 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 2-01, Propagation Delay Results

The preceding slides show that the propagation delays betweenThe preceding slides show that the propagation delays between 
successive nodes in case 2-01 experience 20 ns phase jumps with 
various periods

The periods range from approximately 2000 s to greater than 10000 sThe periods range from approximately 2000 s to greater than 10000 s
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Case 2-01, Node 8 – Filtered Phase Error
Case 2-01,Node 8
Filt d hFiltered phase error
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppm
(f ff t i iti li d d l ithi t l )(frequency offsets initialized randomly within tolerance range)
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Case 2-01, Node 8 Filtered Phase Error Results

The node 8 filtered phase error shows the cumulative effect of 20 nsThe node 8 filtered phase error shows the cumulative effect of 20 ns 
phase jumps in the propagation delays between the successive 
nodes, and the residence times in the intermediate nodes
In some cases the phase jumps are sufficiently close together in timeIn some cases, the phase jumps are sufficiently close together in time 
that the filtering reduces the magnitude to less than 20 ns
The peak-to-peak phase variation is approximately 44 ns after the 
i iti l h t i tinitial phase transient

It is actually not clear whether the initial phase excursion should be 
considered a transient; one possible way of determining this would be to 
run the simulation for a longer time and see if comparable phaserun the simulation for a longer time and see if comparable phase 
excursions occur in the future
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Case 2-01, Filtered Phase Error MTIE

Case 2-01, MTIE - unfiltered phase error
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s

f 0 01
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Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppm
(frequency offsets initialized randomly within tolerance range)

1e+10

Uncompressed SDTV (SDI Signal)
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MPEG-2, after network transport
MPEG-2, no network transport
Digital Audio, consumer interfaces
Digital Audio, professional interfaces
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WCDMA TDD BTS
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Case 2-01, Node 1 – 8 Jitter and Wander (MTIE) Results

The initial transient (initial 1000 s) is excluded from the MTIEThe initial transient (initial 1000 s) is excluded from the MTIE 
computation
As in case 1-01, all the requirements are met by the filtered phase at 
the egress of each node with the exception of the uncompressedthe egress of each node, with the exception of the uncompressed 
standard definition (SDI video) signal
The filtered phase meets the uncompressed standard definition video 
i l i t t d 2 6 b t d it t d 7 dsignal requirement at nodes 2 – 6, but exceeds it at nodes 7 and 

8(just barely at node 7)
The filtered phase MTIE results are slightly less than the 
corresponding results for case 1-01 for observation intervals between 
0.1 s and 1.0 s
The long-term MTIE results are slightly more than the corresponding 
results for case 1-01

As indicated earlier, it is not clear whether the initial large phase excursion 
should be considered a transient; a longer simulation time could indicate if 
similar excursions occur in the future
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Case 2-125, Node 8 – Filtered Phase Error

Case 2 125 Node 8Case 2-125,Node 8
Filtered phase error
Sync Interval = 0.125 s
Pdelay Interval = 1.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppmLocal oscillator tolerance  /  5 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 2-125, Filtered Phase Error MTIE

Case 2-125, MTIE - unfiltered phase error
Sync Interval = 0.125 s
Pdelay Interval = 1.0 s

Node 2
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Node 5
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Node 8

Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 2-250, Node 8 – Filtered Phase Error
Case 2-250,Node 8
Filtered phase errorFiltered phase error
Sync Interval = 0.250 s
Pdelay Interval = 2.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppm
(frequency offsets initialized randomly within tolerance range)(frequency offsets initialized randomly within tolerance range)
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Case 2-250, Filtered Phase Error MTIE

Case 2-250, MTIE - unfiltered phase error
Sync Interval = 0.250 s
Pdelay Interval = 2.0 s
Endpoint filter BW 0 01 H

Node 2
Node 3
Node 4
Node 5
Node 6
Node 7
Node 8Endpoint filter BW = 0.01 Hz

Local oscillator tolerance = +/- 5 ppm
(frequency offsets initialized randomly within tolerance range)
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Cases 2-125 and 2-250, Node 1 – 8 Jitter and Wander (MTIE) Results – 1 

Detailed results for case 1 250 (0 250 s sync interval 2 0 s PdelayDetailed results for case 1-250 (0.250 s sync interval, 2.0 s Pdelay 
interval) are contained in backup material
MTIE results are very similar to case 2-01
The initial transient (initial 1000 s) is excluded from the MTIE 
computation; as indicated earlier, it is not clear whether this initial large 
phase excursion should be considered a transient

a longer simulation time could indicate if similar excursions occur in the 
future

As in cases 1-01, 1-125, 1-250, and 2-01, all the requirements are met 
by the filtered phase at the egress of each node, with the exception of 
the uncompressed standard definition (SDI video) signal
The filtered phase meets  the uncompressed standard definition video p p
signal requirement at node 2, but exceeds it at nodes 3 – 8
The filtered phase MTIE results are slightly above the corresponding 
results for case 2-01results for case 2 01
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Cases 2-125 and 2-250, Node 1 – 8 Jitter and Wander (MTIE) Results – 1 

The filtered phase MTIE results are slightly less than theThe filtered phase MTIE results are slightly less than the 
corresponding results for cases 1-125 and 1-250, respectively, for 
observation intervals less than approximately 1.0 s, and slightly more 
than the corresponding results for cases 1-125 and 1-250,than the corresponding results for cases 1 125 and 1 250, 
respectively, for longer observation intervals
As in the case 1 subcases, the results are not appreciably 
different when the sync interval is increased to 0 250 s and thedifferent when the sync interval is increased to 0.250 s and the 
Pdelay interval to 2.0 s, compared to cases 1-01 and 1-125

The meeting or not meeting of the requirements is the same in all 
subcasessubcases
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Case 3-01, Node 2 – Filtered Phase Error

Case 3 01 Node 2Case 3-01,Node 2
Filtered phase error
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.001 Hz
Local oscillator tolerance = +/- 100 ppmLocal oscillator tolerance = +/- 100 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 3-01, Node 3 – Filtered Phase Error
Case 3-01,Node 3
Filtered phase errorFiltered phase error
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.001 Hz
Local oscillator tolerance = +/- 100 ppm
(frequency offsets initialized randomly within tolerance range)(frequency offsets initialized randomly within tolerance range)
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Case 3-01, Node 8 – Filtered Phase Error
Case 3-01,Node 8
Filtered phase error
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.001 Hz
Local oscillator tolerance = +/- 100 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 3-01, Filtered Phase Error MTIE

Case 3-01, MTIE - unfiltered phase error
Sync Interval = 0.01 s
Pd l I l 0 1

Node 2
Node 3
Node 4
Node 5
Node 6
Node 7

Pdelay Interval = 0.1 s
Endpoint filter BW = 0.001 Hz
Local oscillator tolerance = +/- 100 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 3-125, Node 2 – Filtered Phase Error
Case 3-125,Node 2
Filt d hFiltered phase error
Sync Interval = 0.125 s
Pdelay Interval = 1.0 s
Endpoint filter BW = 0.001 Hz
Local oscillator tolerance = +/- 100 ppm
(f ff t i iti li d d l ithi t l )(frequency offsets initialized randomly within tolerance range)
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Case 3-125, Node 3 – Filtered Phase Error

Case 3-125,Node 3,
Filtered phase error (initial transient removed)
Sync Interval = 0.125 s
Pdelay Interval = 1.0 s
Endpoint filter BW = 0.001 Hz
Local oscillator tolerance = +/- 100 ppmpp
(frequency offsets initialized randomly within tolerance range)
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Case 3-125, Node 8 – Filtered Phase Error

Case 3-125,Node 8,
Filtered phase error (initial transient removed)
Sync Interval = 0.125 s
Pdelay Interval = 1.0 s
Endpoint filter BW = 0.001 Hz
Local oscillator tolerance = +/- 100 ppmpp
(frequency offsets initialized randomly within tolerance range)
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Case 3-125, Filtered Phase Error MTIE

Node 2

Case 3 125 MTIE unfiltered phase error

Node 2
Node 3
Node 4
Node 5
Node 6
Node 7
Node 8
Uncompressed SDTV (SDI Signal)
U d HDTV (SDI Si l)Case 3-125, MTIE - unfiltered phase error

Sync Interval = 0.125 s
Pdelay Interval = 1.0 s
Endpoint filter BW = 0.001 Hz
Local oscillator tolerance = +/- 100 ppm
(frequency offsets initialized randomly within tolerance range)

Uncompressed HDTV (SDI Signal)
MPEG-2, after network transport
MPEG-2, no network transport
Digital Audio, consumer interfaces
Digital Audio, professional interfaces
CDMA/CDMA2000 BTS
WCDMA TDD BTS
Femtocell

1e+5

1e+6

1e+7

1e+8

1e+9

1e+10

M
TI

E
 (n

s)

1e 1

1e+0

1e+1

1e+2

1e+3

1e+4

1e-4 1e-3 1e-2 1e-1 1e+0 1e+1 1e+2 1e+3 1e+4 1e+5
1e-5

1e-4

1e-3

1e-2

1e-1

80

Observation Interval (s)



Case 3-250, Node 2 – Filtered Phase Error
Case 3-250,Node 2
Filtered phase errorFiltered phase error
Sync Interval = 0.250 s
Pdelay Interval = 2.0 s
Endpoint filter BW = 0.001 Hz
Local oscillator tolerance = +/- 100 ppm
(frequency offsets initialized randomly within tolerance range)(frequency offsets initialized randomly within tolerance range)
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Case 3-250, Node 3 – Filtered Phase Error
Case 3-250,Node 3
Filt d h i iti l t i t dFiltered phase error, initial transient removed
Sync Interval = 0.250 s
Pdelay Interval = 2.0 s
Endpoint filter BW = 0.001 Hz
Local oscillator tolerance = +/- 100 ppm
(f ff t i iti li d d l ithi t l )(frequency offsets initialized randomly within tolerance range)

10

12

er
ro

r (
ns

)

4

6

8

Fi
lte

re
d 

ph
as

e 
e

0

2

4

0 2000 4000 6000 8000 10000 12000

F

-6

-4

-2

82

Time (s)

0 2000 4000 6000 8000 10000 12000



Case 3-250, Node 8 – Filtered Phase Error

Case 3-250 Node 8Case 3 250,Node 8
Filtered phase error, initial transient removed
Sync Interval = 0.250 s
Pdelay Interval = 2.0 s
Endpoint filter BW = 0.001 Hz
Local oscillator tolerance = +/- 100 ppmoca osc ato to e a ce / 00 pp
(frequency offsets initialized randomly within tolerance range)
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Case 3-250, Filtered Phase Error MTIE

Case 3-250, MTIE - unfiltered phase error
S I t l 0 250

Node 2
Node 3
Node 4
Node 5
Node 6
Node 7
Node 8
U d SDTV (SDI Si l)Sync Interval = 0.250 s

Pdelay Interval = 2.0 s
Endpoint filter BW = 0.001 Hz
Local oscillator tolerance = +/- 100 ppm
(frequency offsets initialized randomly within tolerance range)
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WCDMA TDD BTS
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Cases 3-01, 3-125 and 2-250 Filtered Phase and Jitter/Wander (MTIE) Results - 1

Case 3 differs from case 1 only in the filter bandwidth (0 001 Hz forCase 3 differs from case 1 only in the filter bandwidth (0.001 Hz for 
case 3, versus 0.01 Hz for case 1)

Therefore, the results for unfiltered phase, propagation delay, residence time 
(and all other quantities that don’t depend on the endpoint filter) are the(and all other quantities that don t depend on the endpoint filter) are the 
same
It is only necessary to show results for filtered phase error and jitter/wander 
(MTIE)( )

Filtered phase and MTIE results are very similar for the three cases
MTIE for cases 3-125 and 3-250 are slightly larger than for case 3-01, but all 
three cases meet the MTIE masks for all the applicationsthree cases meet the MTIE masks for all the applications

As in the case 1 subcases, the results are not appreciably different 
when the sync interval is increased to 0.250 s and the Pdelay 
interval to 2 0 s compared to cases 1 01 and 1 125interval to 2.0 s, compared to cases 1-01 and 1-125
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Cases 2-125 and 2-250, Node 1 – 8 Jitter and Wander (MTIE) Results – 1 

The filtered phase MTIE results are slightly less than theThe filtered phase MTIE results are slightly less than the 
corresponding results for cases 1-125 and 1-250, respectively, for 
observation intervals less than approximately 1.0 s, and slightly more 
than the corresponding results for cases 1-125 and 1-250,than the corresponding results for cases 1 125 and 1 250, 
respectively, for longer observation intervals
As in the case 1 subcases, the results are not appreciably 
different when the sync interval is increased to 0 250 s and thedifferent when the sync interval is increased to 0.250 s and the 
Pdelay interval to 2.0 s, compared to cases 1-01 and 1-125

The meeting or not meeting of the requirements is the same in all 
subcasessubcases
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Summary and Conclusions – 1

Jitter/Wander accumulation simulation results have been presentedJitter/Wander accumulation simulation results have been presented 
based on current P802.1AS specifications
Results have been presented for

C t ti f i t l (0 01 ) d Pd l i t l (0 1 )Current assumptions for sync interval (0.01 s) and Pdelay interval (0.1 s)
Longer sync and Pdelay intervals

•0.125 s (sync) and 1.0 s (Pdelay)
•0.250 s (sync) and 2.0 s (Pdelay)

Simulation cases have considered
Endpoint filter bandwidths of 0.01 Hz and 0.001 Hzp
Full-range frequency tolerances (±100 ppm) and tighter tolerances (±5 ppm)

Did not consider
Local clock/oscillator noise/instability
Variability in sync interval, Pdelay interval, Pdelay turnaround time, residence 
time, and PHY latencyy
Multiple replications to obtain statistics on MTIE
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Summary and Conclusions – 2

These initial results indicatedThese initial results indicated
No appreciable difference when the sync interval is increased 
to 0.125 s or 0.250 s, and the Pdelay interval to 1.0 s or 2.0 s, 
compared to the current assumptions of 0 01 s for synccompared to the current assumptions of 0.01 s for sync 
interval and 0.1 s for Pdelay interval
Note that the above conclusion is for cases that ignored clock 
i t bilit d d iftinstability and drift

•Depending on the magnitude of the drift, the sync interval, and the 
assumed model, the effect of clock instability and drift may or may 
not be significantnot be significant

There can be low-frequency (long-period) phase jumps that 
are multiples of 20 ns, due to 40 ns phase measurement 

l itgranularity
•A companion presentation [6] (to the current one) looks at the possibility of 
reducing the effect of this using propagation time averaging
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Future Work

The following items should be considered in future workThe following items should be considered in future work
Local clock/oscillator noise/instability

•Need assessment of whether current AVB assumption of 4 ppm/s 
i f d if i li i d if h li imaximum frequency drift rate is realistic and, if not, what a realistic 

maximum frequency drift rate would be (and some indication of the 
dynamics/assumed model for the frequency instability

V i bilit i i t l Pd l i t l Pd l t d tiVariability in sync interval, Pdelay interval, Pdelay turnaround time, 
residence time, and PHY latency
Multiple replications to obtain statistics on MTIE
Propagation time averaging (see [6] for initial consideration)
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Case 1-01, Node 7 to 8 Propagation Delay

Case 1-01,Node 7 to 8 propagation delay, p p g y
(after initialization)
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 100 ppmpp
(frequency offsets initialized randomly within tolerance range)
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Case 1-125, Node 1 to 2 Propagation Delay

Case 1-125,Node 1 to 2 propagation delay, p p g y
(after initialization)
Sync Interval = 0.125 s
Pdelay Interval = 1.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 100 ppmpp
(frequency offsets initialized randomly within tolerance range)
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Case 1-125, Node 2 to 3 Propagation Delay

Case 1-125,Node 2 to 3 propagation delay, p p g y
(after initialization)
Sync Interval = 0.125 s
Pdelay Interval = 1.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 100 ppmpp
(frequency offsets initialized randomly within tolerance range)
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Case 1-125, Node 2 to 3 Propagation Delay, Detail of First 500 s

Case 1-125,Node 2 to 3 propagation delayp p g y
(after initialization)
detail of first 500 s
Sync Interval = 0.125 s
Pdelay Interval = 1.0 s
Endpoint filter BW = 0.01 Hzp
Local oscillator tolerance = +/- 100 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 1-125, Node 7 to 8 Propagation Delay
Case 1-125,Node 7 to 8 propagation delay
(after initialization)
Sync Interval = 0.125 s
Pdelay Interval = 1.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 100 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 1-125, Node 3 – Unfiltered Phase Error, after initial transient

Case 1 125 Node 3Case 1-125,Node 3
Unfiltered phase error, initial transient removed
Sync Interval = 0.125 s
Pdelay Interval = 1.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/ 100 ppmLocal oscillator tolerance = +/- 100 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 1-125, Node 3 – Filtered Phase Error
Case 1-125,Node 3
Filtered phase error (initial transient removed)
Sync Interval = 0.125 s
Pdelay Interval = 1.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 100 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 1-250, Node 2 – Unfiltered Phase Error, after initial transient

Case 1-250,Node 2
Unfiltered phase error, initial transient removed
Sync Interval = 0.250 s
Pdelay Interval = 2.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance +/ 100 ppmLocal oscillator tolerance = +/- 100 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 1-250, Node 3 – Unfiltered Phase Error, after initial transient

C 1 250 N d 3Case 1-250,Node 3
Unfiltered phase error, initial transient removed
Sync Interval = 0.250 s
Pdelay Interval = 2.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/ 100 ppmLocal oscillator tolerance = +/- 100 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 1-250, Node 8 – Unfiltered Phase Error, after initial transient

Case 1 250 Node 8Case 1-250,Node 8
Unfiltered phase error, initial transient removed
Sync Interval = 0.250 s
Pdelay Interval = 2.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 100 ppmLocal oscillator tolerance = +/- 100 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 1-250, Node 2 – Filtered Phase Error

Case 1-250,Node 2,
Filtered phase error, initial transient removed
Sync Interval = 0.250 s
Pdelay Interval = 2.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 100 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 1-250, Node 3 – Filtered Phase Error
Case 1-250,Node 3
Filtered phase error, initial transient removed
Sync Interval = 0.250 s
Pdelay Interval = 2.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 100 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 1-250, Node 8 – Filtered Phase Error

Case 1-250,Node 8,
Filtered phase error, initial transient removed
Sync Interval = 0.250 s
Pdelay Interval = 2.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 100 ppmpp
(frequency offsets initialized randomly within tolerance range)
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Case 1-250, Node 1 to 2 Propagation Delay
Case 1-250,Node 1 to 2 propagation delay
(after initialization)
Sync Interval = 0.250 s
Pdelay Interval = 2.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 100 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 1-250, Node 2 to 3 Propagation Delay

Case 1-250,Node 2 to 3 propagation delay, p p g y
(after initialization)
Sync Interval = 0.250 s
Pdelay Interval = 2.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 100 ppmpp
(frequency offsets initialized randomly within tolerance range)
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Case 1-250, Node 7 to 8 Propagation Delay
Case 1-250,Node 7 to 8 propagation delay
( ft i iti li ti )(after initialization)
Sync Interval = 0.250 s
Pdelay Interval = 2.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 100 ppm
(frequency offsets initialized randomly within tolerance range)(frequency offsets initialized randomly within tolerance range)
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Case 2-01, Node 3 – Unfiltered Phase Error, after initial transient

Case 2 01 Node 3Case 2-01,Node 3
Unfiltered phase error, initial transient removed
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/ 5 ppmLocal oscillator tolerance = +/- 5 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 2-01, Node 8 – Unfiltered Phase Error, after initial transient

Case 2-01 Node 8Case 2 01,Node 8
Unfiltered phase error, initial transient removed
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppmpp
(frequency offsets initialized randomly within tolerance range)
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Case 2-01, Node 3 – Filtered Phase Error

Case 2-01 Node 3Case 2 01,Node 3
Filtered phase error
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppmpp
(frequency offsets initialized randomly within tolerance range)
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Case 2-01, Node 3 – Filtered Phase Error, Detail of 2000 – 4000 s

Case 2-01,Node 3
Filtered phase error, detail of 2000 - 4000 s
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppm
(f ff t i iti li d d l ithi t l )(frequency offsets initialized randomly within tolerance range)
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Case 2-01, Node 4 – Filtered Phase Error

Case 2-01,Node 4Case 0 , ode
Filtered phase error
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppmLocal oscillator tolerance  /  5 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 2-01, Node 5 – Filtered Phase Error

C 2 01 N d 5Case 2-01,Node 5
Filtered phase error
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/ 5 ppmLocal oscillator tolerance = +/- 5 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 2-01, Node 6 – Filtered Phase Error
Case 2-01,Node 6
Filtered phase errorFiltered phase error
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppm
(frequency offsets initialized randomly within tolerance range)(frequency offsets initialized randomly within tolerance range)
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Case 2-01, Node 7 – Filtered Phase Error
Case 2-01,Node 7
Filtered phase error
Sync Interval = 0.01 s
Pdelay Interval = 0.1 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppm
(frequency offsets initialized randomly within tolerance range)

100

rro
r (

ns
)

40

60

80

ilt
er

ed
 p

ha
se

 e

0

20

40

F

-40

-20

0

117

Time (s)

0 2000 4000 6000 8000 10000 12000



Case 2-125, Node 2 – Unfiltered Phase Error after initial transient

Case 2-125,Node 2,
Unfiltered phase error, initial transient removed
Sync Interval = 0.125 s
Pdelay Interval = 1.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppm
(f ff t i iti li d d l ithi t l )(frequency offsets initialized randomly within tolerance range)
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Case 2-125, Node 3 – Unfiltered Phase Error, after initial transient

C 2 125 N d 3Case 2-125,Node 3
Unfiltered phase error, initial transient removed
Sync Interval = 0.125 s
Pdelay Interval = 1.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppmpp
(frequency offsets initialized randomly within tolerance range)
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Case 2-125, Node 8 – Unfiltered Phase Error, after initial transient

Case 2-125,Node 8,
Unfiltered phase error, initial transient removed
Sync Interval = 0.125 s
Pdelay Interval = 1.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 2-125, Node 2 – Filtered Phase Error
Case 2-125,Node 2
Filtered phase error
Sync Interval = 0.125 s
Pdelay Interval = 1.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 2-125, Node 3 – Filtered Phase Error

Case 2-125 Node 3Case 2 125,Node 3
Filtered phase error
Sync Interval = 0.125 s
Pdelay Interval = 1.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppmpp
(frequency offsets initialized randomly within tolerance range)
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Case 2-125, Node 4 – Filtered Phase Error

Case 2-125 Node 4Case 2 125,Node 4
Filtered phase error
Sync Interval = 0.125 s
Pdelay Interval = 1.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppmLocal oscillator tolerance  /  5 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 2-125, Node 5 – Filtered Phase Error

Case 2-125 Node 5Case 2 125,Node 5
Filtered phase error
Sync Interval = 0.125 s
Pdelay Interval = 1.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppmLocal oscillator tolerance  /  5 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 2-125, Node 6 – Filtered Phase Error

Case 2-125,Node 6,
Filtered phase error
Sync Interval = 0.125 s
Pdelay Interval = 1.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppmpp
(frequency offsets initialized randomly within tolerance range)
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Case 2-125, Node 7 – Filtered Phase Error

Case 2-125,Node 7,
Filtered phase error
Sync Interval = 0.125 s
Pdelay Interval = 1.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppmpp
(frequency offsets initialized randomly within tolerance range)
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Case 2-125, Node 1 to 2 Propagation Delay

Case 2 125 Node 1 to 2 propagation delayCase 2-125,Node 1 to 2 propagation delay
(after initialization)
Sync Interval = 0.125 s
Pdelay Interval = 1.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppmLocal oscillator tolerance = +/- 5 ppm
(frequency offsets initialized randomly within tolerance range)

525

la
y 

(n
s)

515

520

P
ro

pa
ga

tio
n 

de

505

510

0 2000 4000 6000 8000 10000 12000

P

495

500

127

Time (s)

0 2000 4000 6000 8000 10000 12000



Case 2-125, Node 2 to 3 Propagation Delay
Case 2-125,Node 2 to 3 propagation delay
( ft i iti li ti )(after initialization)
Sync Interval = 0.125 s
Pdelay Interval = 1.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppm
(f ff t i iti li d d l ithi t l )(frequency offsets initialized randomly within tolerance range)
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Case 2-125, Node 3 to 4 Propagation Delay
Case 2-125,Node 3 to 4 propagation delay
(after initialization)
Sync Interval = 0.125 s
Pdelay Interval = 1.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 2-125, Node 4 to 5 Propagation Delay
Case 2-125,Node 4 to 5 propagation delay
(after initialization)(after initialization)
Sync Interval = 0.125 s
Pdelay Interval = 1.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppm
(frequency offsets initialized randomly within tolerance range)(frequency offsets initialized randomly within tolerance range)
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Case 2-125, Node 5 to 6 Propagation Delay
Case 2-125,Node 5 to 6 propagation delay, p p g y
(after initialization)
Sync Interval = 0.125 s
Pdelay Interval = 1.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppmpp
(frequency offsets initialized randomly within tolerance range)
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Case 2-125, Node 6 to 7 Propagation Delay
Case 2-125,Node 6 to 7 propagation delay
( ft i iti li ti )(after initialization)
Sync Interval = 0.125 s
Pdelay Interval = 1.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppm
(f ff t i iti li d d l ithi t l )(frequency offsets initialized randomly within tolerance range)
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Case 2-125, Node 7 to 8 Propagation Delay

Case 2-125 Node 7 to 8 propagation delayCase 2 125,Node 7 to 8 propagation delay
(after initialization)
Sync Interval = 0.125 s
Pdelay Interval = 1.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppmLocal oscillator tolerance  /  5 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 2-250, Node 2 – Unfiltered Phase Error after initial transient

Case 2-250 Node 2Case 2 250,Node 2
Unfiltered phase error, initial transient removed
Sync Interval = 0.250 s
Pdelay Interval = 2.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppmLocal oscillator tolerance  /  5 ppm
(frequency offsets initialized randomly within tolerance range)

80

er
ro

r (
ns

)

40

60

nf
ilt

er
ed

 p
ha

se
 e

-20

0

20

U
n

-60

-40

20

134

Time (s)

0 2000 4000 6000 8000 10000 12000



Case 2-250, Node 3 – Unfiltered Phase Error, after initial transient

Case 2-250,Node 3,
Unfiltered phase error, initial transient removed
Sync Interval = 0.250 s
Pdelay Interval = 2.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppmpp
(frequency offsets initialized randomly within tolerance range)
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Case 2-250, Node 8 – Unfiltered Phase Error, after initial transient

Case 2-250,Node 8
U filt d h i iti l t i t dUnfiltered phase error, initial transient removed
Sync Interval = 0.250 s
Pdelay Interval = 2.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppm
(f ff t i iti li d d l ithi t l )(frequency offsets initialized randomly within tolerance range)
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Case 2-250, Node 2 – Filtered Phase Error

Case 2-250,Node 2,
Filtered phase error
Sync Interval = 0.250 s
Pdelay Interval = 2.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 2-250, Node 3 – Filtered Phase Error
Case 2-250,Node 3
Filt d hFiltered phase error
Sync Interval = 0.250 s
Pdelay Interval = 2.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppm
(f ff t i iti li d d l ithi t l )(frequency offsets initialized randomly within tolerance range)
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Case 2-250, Node 4 – Filtered Phase Error

Case 2 250 Node 4Case 2-250,Node 4
Filtered phase error
Sync Interval = 0.250 s
Pdelay Interval = 2.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/ 5 ppmLocal oscillator tolerance = +/- 5 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 2-250, Node 5 – Filtered Phase Error
Case 2-250,Node 5
Filtered phase error
Sync Interval = 0.250 s
Pdelay Interval = 2.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppmpp
(frequency offsets initialized randomly within tolerance range)
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Case 2-250, Node 6 – Filtered Phase Error
Case 2-250,Node 6
Filtered phase errorFiltered phase error
Sync Interval = 0.250 s
Pdelay Interval = 2.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppm
(frequency offsets initialized randomly within tolerance range)(frequency offsets initialized randomly within tolerance range)
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Case 2-250, Node 7 – Filtered Phase Error
Case 2-250,Node 7
Filtered phase errorFiltered phase error
Sync Interval = 0.250 s
Pdelay Interval = 2.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppm
(frequency offsets initialized randomly within tolerance range)(frequency offsets initialized randomly within tolerance range)
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Case 2-250, Node 1 to 2 Propagation Delay

Case 2-250,Node 1 to 2 propagation delay, p p g y
(after initialization)
Sync Interval = 0.250 s
Pdelay Interval = 2.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppm
(frequency offsets initialized randomly within tolerance range)
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Case 2-250, Node 2 to 3 Propagation Delay
Case 2-250,Node 2 to 3 propagation delay
(after initialization)(after initialization)
Sync Interval = 0.250 s
Pdelay Interval = 2.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppm
(frequency offsets initialized randomly within tolerance range)(frequency offsets initialized randomly within tolerance range)
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Case 2-250, Node 3 to 4 Propagation Delay
Case 2-250,Node 3 to 4 propagation delay
( ft i iti li ti )(after initialization)
Sync Interval = 0.250 s
Pdelay Interval = 2.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppm
(f ff t i iti li d d l ithi t l )(frequency offsets initialized randomly within tolerance range)
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Case 2-250, Node 4 to 5 Propagation Delay
Case 2-250,Node 4 to 5 propagation delay
(after initialization)(after initialization)
Sync Interval = 0250 s
Pdelay Interval = 2.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppm
(frequency offsets initialized randomly within tolerance range)(frequency offsets initialized randomly within tolerance range)
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Case 2-250, Node 5 to 6 Propagation Delay
Case 2-250,Node 5 to 6 propagation delay
(after initialization)
Sync Interval = 0.250 s
Pdelay Interval = 2.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppmpp
(frequency offsets initialized randomly within tolerance range)
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Case 2-250, Node 6 to 7 Propagation Delay
Case 2-250,Node 6 to 7 propagation delay
(after initialization)(after initialization)
Sync Interval = 0.250 s
Pdelay Interval = 2.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppm
(frequency offsets initialized randomly within tolerance range)(frequency offsets initialized randomly within tolerance range)
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Case 2-250, Node 7 to 8 Propagation Delay
Case 2-250,Node 7 to 8 propagation delay
( ft i iti li ti )(after initialization)
Sync Interval = 0.250 s
Pdelay Interval = 2.0 s
Endpoint filter BW = 0.01 Hz
Local oscillator tolerance = +/- 5 ppm
(f ff t i iti li d d l ithi t l )(frequency offsets initialized randomly within tolerance range)
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