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Presentation Outline S —

e Rationale for Network Metrics: Can the network support
synchronization? If so, what quality level can be
supported?

— Underlying principles of timing over packet networks
» Theoretical basis
= Primary cause of inaccuracy is packet delay variation (PDV)

e Metrics
— TDEV, min_TDEV
— Spread-separation

e Examples
— Gamma density function (white noise)
— 8-switch simulation with different loads (based on G.8261)

e Approximations of min_TDEV
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Timing over packet - principle 2

SEM'I!ECH

Slave time offset: t=7r+¢ :

ISR S R === T master Time offset
\ / RTD = round-trip delay estimate
L el ] 1 based on

PR A, E= > (t4 —T,—7T,+ tl) two packets

(two-way)

t, 1 i RTD = (t4 —3tT _tl)

1 1
Assumption: Ays =Agy = (Ej : (t4 —T,+7, —tl): (Ej RTD

1
error: Aes= (EJ(AMS ~Agy)

Time offset estimate error caused by asymmetry in transit delay

Frequency offset estimate based on two packets (one-way):

ag = 60D =)= (5,(0) =5, (1)) _ (A () = Ay ()

(tl(nZ) o tl(nl)) - (tl(nZ) o tl(nl))

Frequency offset estimate error caused by packet delay variation
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Timing transfer without =
Intermediate clocks SEMTECH
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Measurement sEMFECH

REF

“Master side” “Slave side”

SOUIrCe wmmm) destination

Source packets:
TOD nominally
uniformly spaced

»

time

Aus At destination: packet
TOA =
TOD+min_delay+PDV

A

»

time
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Network metrics S —

e Based on measurements of transit delay
—  Ays(n) = transit delay of nt" packet
—  Ays(n) = 45 + x(n)
e 4, = minimum delay (propagation)
e Xx(n) = packet delay variation (aka IPDV) (non-negative random variable)

— Assume that inter-packet interval is (approximately) constant

e {xX(N)} ={x(nT,)} (discrete-time signal with implied sampling rate of f, =
1/T,)

e Errors caused by non-zero nature of {x(n)}:
— Error in estimation of minimum delay (4,) affects time

— Variability of x(n) affects frequency (and time)
e White noise component can be reduced by averaging
» Oscillator performance restricts averaging time
 Short-term slope in {x(n)} affects slave frequency offset estimate
e Metrics quantify the “non-zero” nature of {x(n)}
— Permissible to ignore (some) packets deemed to have excessive
delay variation
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Network Metrics (spread-separation) cem¥ec

e |ntent of spread-separation metrics:

— ldentify the extent to which packets that have excess delay variation
can be discarded

— Retained packets are not uniformly spaced in time

e Basis: For a given A, discarding packets with delay > A is
permissible provided that
— The number of packets retained is statistically significant.

— The time interval over which there are no packets retained is
sufficiently small. That is, there should not be large time gaps in the
non-discarded data.

e Given a data set of N points, {x;; i = 0,1,2,...,(N-1)} with implied
sampling interval T, with min[x;]=A4, :
— Construct the set {i,; k=0,1,...,(K-1)} defined by 4, < x; £ 4,+4
— Spread-separation probability (4) = (K/N)
— Spread-separation-sigma ogg(4) = std. dev. of {(ix+1) — i)}
= Spread-separation-maximum = max. {(ix+1) — i)} ; (Max = 4- o55(4))
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TDEV, min_TDEV - definition S ——

e Given a data set of N points, {x;; i = 0,1,2,...,(N-1)} with
iImplied (equi-spaced) sampling interval z,:

e TDEV(r = n-7,) Is defined as:

+j-1 2

1 N-3n 1 n
TDEV (2)f = - 2% +X
[ (T)] 6(N _3n +1) J_Zo N ;(XHZH X|+n + XI)

e min_TDEV(zr = n-7,) is defined as:

o mind(xp ki <i<(n+ j-1)f-]
1 Z Zmin{(xi+n);j <i<(n+ j—1)}+

[min_TDEV (7)[ =
6(N —3n+1) min{(x, ) j<i<(n+j-1)]
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Gamma pdf SEMTECH
gamma pdf with variance = 10
1.00E-01
9.00E-02
8.00E-02 \ a=1
7.00E-02 \\
6.00E-02 a=2
% 5.00E-02 S"\Z
4,00E-02 7%‘:% "
3.00E-02 —
2.00E-02 / /

1.00E-02 % k
0.00E+00 . | . . -.
0.00

10.00 20.00 30.00 40.00 50.00 60.00
X

Synthetic PDV data generated with a gamma pdf for different values of «
(1,2,3,4,5) and S chosen to keep standard deviation = 10 us. Note that
skewness decreases with increasing « ; a large value of skewness is
preferred for timing recovery. Implicit sampling interval is 100ms (10
packets per second).
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Spread-separation metrics >
(g aimma pdf) SEMTECH

spread-separation-
probability (gamma pdf
with various alpha)

spread-separation-sigma
(gamma pdf with various
alpha)
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& delay-varlation spread (microsec) @ delay-varilation spread (microsec)

Spread-separation-sigma provides a clear indication of the skewness of
the PDV distribution. Spread-separation-probability provides guidance as
to the PDV threshold applicable for packet selection.
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min_TDEV for Gamma pdf sEMYECH

Symmetricom TimeMonitor Analyzer
TDEY: No. Avg=1; Fo=1.000 MHz; 2007706/26; 11:25:00

10
usec

TDEVY

100
nsec

10
nsec

nsec 100.0 1.000 10.00 100.0 1.000
msec sec sec sec ksec

The slope of min_TDEV compared to TDEV provides an indication of
skewness of the PDV distribution.
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Simulation Exercises - pdf

Simulation of 8 switches and varying load (G.8261 Model 1 used for traffic pattern)

e, Sampes 1000

10% load " ‘3 90% load
99% load
S S Clearly, increasing load leads to:
L ~ T **Increase in mean value
" T 95% load . ;
50% load “ °a % Increase in variance
*Decrease in skewness

Probability distribution functions for the 5 cases simulated.
Assumed line rate = 1 Gb/s; clock noise (below SEC mask) added
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Simulation Exercises — Delay- -
S p re ad SEMTECH
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spread-separation-probability (8-switches spread-separation-sigma (8-switches with
with varying load) o varying load)
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E . I . é 5.00E+01 l0ad=90%
0 070 / — [0af=50% ‘E’ =|03d=95%
c E | 000,
E Oidn I / —load=95% % 3.00E+01
: :

P (]
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0.00 100.00 200.00 300.00 400.00 500.00 600.00 700.00 800.00 500.00 1000.00

spread variation {microsec) delay-variation spread (microsec)

Observation: spread-separation metrics can identify the increase in variance
and the decrease in skewness associated with increasing load.
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Simulation Exercise - TDEV L. —

Symmetricom TimeMonitor Analyzer

TDEV: No. Awvg=1: Fo=10.00 Hz; 2007/10/09; 14:28:58

1 (blue): Phase: Samples: 100000; Synthetic: probabilistic load. eta = variable; 2007/10709; 14:28:58
2 {red). Phase: Samples: 100000; Synthetic: probabilistic load, eta = variable; 2007/10/09; 14:30:33
3 (magenta): Phase; Samples: 100000; Synthetic: probabilistic load. eta = variable: 2007/10409; 14:32:10
4 {green): P1hase; Samples: 100000; Synthetic: probabilistic load, eta = variable: 2007/10709: 14:33:28

msecf---:

TDEY

10
usec f-

usec E

100 |
nsec |-

L

__________________

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

10
nsec [:

nsec 100.0 1.000 10.00 100.0 1.000
msec sec sec sec ksec

Observation: constant load generates a white-PM packet delay
variation. TDEV can identify increase in variance (but not skewness)
associated with change in load.
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Simulation exercise — varying load seanecr

e Load is either 10% or 90% with probability 0.7 and 0.3
e Load changed on 1000s boundary
e TDEV reflects the quasi-periodic behaviour of the PDV

[E i TimeMonitor

Anal
[TDEY: No. Avg=1: Fo=10.00 Hz;’ZDD?H 0/17:18:29:59
h 5 ples: 1000000; Synthetic: p ilisti

blue): Phase;

Phase plot showing the change in
PDV characteristics on 1000s
boundaries

nsec 100.0 1.000 10.00 100.0 1.000 10.00
msec sec sec sec ksec ksec

TDEV and min_TDEV
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Simulation exercise - min_TDEV cenm¥ecn

Symmetricom TimeMonitor Analyzer

minTDEVY: No. Avg=1; Fo=10.00 Hz: 2007/10709: 14:07:01

1 (blue): Phase; Samples: 100000; Synthetic: probabilistic load, eta = variable; 2007/10709: 14:07:01
2 {red): Phase; Samples: 100000; Synthetic: probabilistic load, eta = variable: 2007/10/09; 14:09:47
3 (magenta): Phase; Samples: 100000; Synthetic: probabilistic load, eta = variable: 2007/10/09: 14:11:45
4 {green): P1hase; Samples: 100000; Synthetic: probabilistic load, eta = variable; 2007/10/09; 14:14:06

TooT-CoToT T ToooTo-r-o-o

FemFeremerrd

Load=95%

—

SLOPE = —(1/2)

nsec 100.0 1.000 10.00 100.0 1.000
msec sec sec sec ksec

min_TDEV can identify load (variance) as well as indicate skewness
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Impact of frequency offset sEMmTECH

Symmetricom TimeMonitor Analyzer
minTDEY: No. Avg=1: Fo=10.00 Hz; 2007/10/09; 14:43:07

10
usec
TDEV
100
LLEL L e N O N NS B -
10
nsec
1 1 :::::::‘ 1 :1:::11‘ | .:1::‘ |
nsec 100.0 1.000 10.00 100.0 1.000
msec sec sec sec ksec

Simulation with load = 10% ; added frequency offset = Oppb, 10ppb, 50ppb, 100ppb.
« TDEV is not affected by frequency offset.
 min_TDEV and spread-separation metrics are affected by frequency offset.
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Approximations of min_TDEV T -~

Symmetricom TimeMonitor Analyzer

TDEV: No. Avg=1; Fo=1.000 MHz: 2007/10/05; 10:24:56

1 (blue): Phase: Samples: 1000000; Filtered PDYV, 2007/10/05; 10:24:56
2 (red): Phase: Samples: 1000000; Filtered PDV: 2007/10/05; 10:24:56

100
usec [IIID

fffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff

TDEV \
10

! TDEV shows slope of — (1/2)
o ! . Indicative of white phase noise

__________________________________

usec [---o-oomi-

100
nsec [----

10 L B B . n Impact of additive

nsec 100.0 1.000 10.00 100.0 1.000 10.00 clock noise
msec sec sec sec ksec ksec

TDEV and min_TDEV computed for scenario with 50% load plus clock
noise (below SEC mask)
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Approximations of min_TDEV T -

e TDEV and min_TDEV are computed on the entire data-set
corresponding to a sampling rate of f;, = 1/,

e Approximations to min_TDEV can be obtained by computing
the TDEV on a reduced data-set corresponding to under-
sampling by a factor of N

— Choose minimum value out of every N samples

{X'(k7)} arian-
0 > Criterion: l N

l minimum

Raw PDV; sampling
rate = f, = 1/z,

TDEV and min_TDEV computed
on a grid of z,.

_________________________________________________________________________________________________________

Raw PDV; sampling
rate = f, = 1/, = f,/N

TDEV computed on a grid of 7;=N-7,
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Approximations of min_TDEV T -

Symmetricom TimeMonitor Analyzer
ITDEV; No. Awg=1; Fo=1.000 MHz; 2007/10/05; 10:24:56
1 (blue): Phase: Samples: 1000000; Filtered PDV: 2007/10/05; 10:24:56
2 (red): Phase: Samples: 1000000; Filtered PDV: 2007f10/05: 10:24:56
3 (magenta): Phase; Samples: 200000 Processed PDY: 2006/11/20; 11:25:00

100

usec [I7-
TDEV

10

usec

TDEV (under-sa
1
usec f---
TDEV (under-sampled) |7 i T R
= min_TDEV (original) |11 . I\
100 atz=1 G i F
nsec [-o- a o
min_TDEV (original)
nsec 100.0 1.000 10.00 100.0 1.000 10.00
msec sec sec sec ksec ksec

Under-sampling factor = 5
7, = 100ms; 7; = 500ms
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Approximations of min_ TDEV

Symmetricom TimeMonitor Analyzer
TDEY: No. Avg=1; Fo=1.000 MHz; 2007/10/05; 10:24:56
1 {blue): Phase; Samples: 1000000; Filtered PDY. 2007/10/05; 10:24:56
2 (red): Phase; Samples: 1000000; Filtered PDY. 2007/10/05; 10:24:56
3 {(magenta): Phase: Samples: 100000; Processed PDV: 2006411/20; 11:25:00
100
usec [I::
TDEY
. TDEV
usec e
1 TDEV (under-sampled) i
1
usec
mpled)
= min_TDEV (original)
w0 L] atz=1
nsec |-
nsec 100.0 1.000 10.00 100.0 1.000 10.00
msec sec sec sec ksec ksec

Under-sampling factor = 10

7, = 100ms; z; = 1000ms
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Approximations of min_TDEV T -

Symmetricom TimeMonitor Analyzer
TDEY: No. Avg=1; Fo=1.000 MHz; 2007/10/05; 10:24:56
1 {blue): Phase; Samples: 1000000; Filtered PDY. 2007/10/05; 10:24:56
2 (red): Phase; Samples: 1000000; Filtered PDY. 2007/10/05; 10:24:56
B (magenta): Phase: Samples: 33333; Processed PDV: 2006/11/20: 11:25:00
100
usec [I::
TDEY
. TDEV
usec -
1
usec
100 1 Vo 1 R 1 R
nsec -- -
TDEV (under-sampled)
= min_TDEV (original)
nsec 100.0 1.000 10.00 100.0 1.000 10.00
msec sec sec sec ksec ksec

Under-sampling factor = 30
7, = 100ms; z; = 3000ms
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Approximations of min_TDEV T -

Symmetricom TimeMonitor Analyzer
ITDEV: No. Avg=1; Fo=1.000 MHz; 2007/10/05; 10:24:56
1 (blue): Phase: Samples: 1000000; Filtered PDY. 2007/10705; 10:24:56
€ (red): Phase: Samples: 1000000: Filtered PDY¥Y: 2007/10705; 10:24:56
3 (magenta): Phase: Samples: 10000: Processed PDY. 2006f11/20: 11:25:00
100
usec [-o
TDEY
10
usec |-
1 TDEV (un
usec [-°- -
100
nsec [---
TDEV (under-sampled) [ . |
= min_TDEV (original) | :
atrz=1g :
10 | R [ A R (I (T (I
nsec 100.0 1.000 10.00 100.0 1.000 10.00
msec sec sec sec ksec ksec

Under-sampling factor = 100
7, = 100ms; 7; = 10000ms
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Approximations of min_ TDEV
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100

TDEY

usec

Symmetricom TimeMonitor Analyzer
ITDEV: No. Avg=1; Fo=1.000 MHz; 2007/10/05; 10:24:56

1 (blue): Phase: Samples: 1000000; Filtered PDY. 2007/10705; 10:24:56
€ (red): Phase: Samples: 1000000: Filtered PDY¥Y: 2007/10705; 10:24:56
B (magenta): Phase: Samples: 1000; Processed PDV. 2006/11/20: 11:25:00

usec [.oC

________

______________________

usec [---

100

10
nsec

min_TDEV (original)

TDEV (un

nsec [---

atz=1¢

TDEV (under-sampled)
= min_TDEV (original)

100.0
msec

1.000

10.00

s5ec s5ec

100.0
sec

1.000

ksec

10.00

ksec

Under-sampling factor = 1000
7, = 100ms; z; = 100000ms
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Concluding Remarks semYECH

e The principal detriment to transferring timing over packet
networks is packet delay variation (PDV)
— Packets with excessive delay variation can be discarded

e Suitability of a packet network for distribution of timing can
be quantified using metrics

— spread-separation metrics are appropriate when the selected packets
are non-uniformly spaced over time

— TDEV and min_TDEV metrics are suitable when selected packets are
chosen over equal duration, contiguous, non-overlapping periods of
time

e TDEV and min_TDEV (together) provide useful information
on the efficacy of clock recovery methods

e Calculation of min_TDEV can be achieved by computing the
TDEV of under-sampled PDV sequences based on a
“minimum?” criterion
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