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Abstract - Starting from a slave clock modcl, results describing the
impact of clock intermal noiscs on TIErms and ADEV arc
provided, based on theoretical analysis, computer simulations and
experimental measurcments. Comparison of the obtained results
allows to validate the numerical approach used for calculations.

1 - INTRODUCTION

The introduction of Synchronous Digital Hierarchy (SDH) based
networks [1] rises new important synchronization issucs to be care-
fully investigated in order to exploit SDH capabilities: one major
conscquence is that network operators are facing the problem of
designing a suitable synchronization distribution network. At pre-
sent, hot issues, both in the scientific community and within the re-
gulatory organisms, are the choice of meaningful quantities to cha-
racterize frequency stability and the impact of Slave Clock (SC)
internal noises on the stability of timing signals. As far as the
choice of stability quantities is concemned, in currcent regulations
[2,3] threc quantitics, mcasured both in independent and synchro-
nized clock configurations [4], have been adopted, namely the
Maximum Time Interval Error (MTIE), the root mean square TIE
(TIErms) and the Allan Variance (AVAR). Whilc the bchaviour
and the performance of independent clocks is widely investigated
in the literature [5,6,7], no extensive information and results are
provided on the stability of timing signals distributed by SCs, as
measured in synchronized configuration, even if this latler case is
of primary importance in designing synchronization clock chains,
in characterizing SC behaviour and in standardizing equipment
performance. In this work, slarting from a suitable SC model, rc-
sults of numerical calculations describing the impact of SC noises
on TIErms and AVAR arc provided. Besides the theorelicat analy-
sis, time domain computer simulations of diffcrent SCs were run,
whosc results, enforced by some cxperimental verification, confirm
the main conclusions derived from the clock model, validating, at
the same time, the numcrical approach.

2 - CLOCK STABILITY MEASURLS
In the telecommunications ficld, a clock is a device able to
supply a timing signal, idcally periodic,usable for the control of
tclccommunication systcms. A mathematical model describing an
actual timing signal s(t) is given by [5-7] s(f) = A sin®(¢), where A
is a constant amplitude cocfficient and ©(1) is the total instanta-
ncous phase expressed by

D) = 2701 + TDV o £ + (1) + D@y,

in which vg is the initial frequency of the clock; D is the linear
fractional frequency drift 131¢; Vyom is the nominal frequency; (0
is the random phase deviation and @y is the initial phasc.

The Time function T(f) of a clock is defincd, in terms of its to-
1al instantancous phase, as T(&) = @(1) / 27V ). The Time Lrror
function x(t) of a clock generating a Time function T(¥), relative to
a reference time T, (1), is defined as x(£) = T(¢) ~ Tyer (0.

In the frequency domain, the model most frequently used Lo re-
present oscillator phasc noise is the power-law modcl in which the
spectral density So(f) of @) is described by a sum of terms, each
varying as an integer power of the Fourier frequency

SeN= Ymof* OSf<fis SeN=0, f>fr, (1)

a=ny
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where ny, nz and the mg's are device dependent parameters and fj,
is an upper cut-off frequency. The most common noise types which
dominate in precision oscillators are: White Phase Modulation
(WPM), for a=0, Flicker PM (FPM), for a=-1, White Frequency
Modulation (WFM), for a=-2, Flicker FM (FFM), for a=-3 and
Random Walk FM (RWFM), for a=-4.

Time domain clock stability measurements are typically carried
out bascd on methods which, using digital counters, allow to ex-
tract a sampled version of the function x(¢): the sequence of N val-
ues x,=x[tyH(n-1)7o), where fq is the initial obscrvation time, T is
the sampling period and n=1,2,...,N, is used to estimatc the most
important lime domain stability quantities.

The two quantities that we consider, namely TIErms and Allan
Deviation ADEV (i.c., the squarc root of AVAR), arc sprcadly
used for the stability characterization of clock and timing signals.
The estimators of TIErms and ADEYV arc expresscd as follows

N-n
TIEms(t) = JVIT; Z(xm- —-x)%, 2
i=1

N-2n

1 2
ADEV(T) = . |—s—a——— 3 (Xisan —2Xin +x)°, 3
O ‘/2n213<N—2n) E( w2 )t

where T = nt is the so called observation interval.
The following integral relationships between the phasc noisc PSD
S,(N and cach of the two quantitics considered hold [5,7]

T 7 ‘

TIEmS(T)=\jm 0;. S o(fsin®(y)df C))
2 B .

ADEV(1) = re—— jo So(Nsin (/0 . )

As far as the characlerization of a single autonomous (or slavc)
clock is concerned, two different measurement sct-ups arc actually
of interest [4,7), as depicted in fig.1a and 1b.

@

a) x(6) b)

measurcrment x(f)

@ T measurement

MRC = Mcasuremenl Reference Clock ; SC = Slave Clock; PC = Primary Clock
Fig.1 - Configurations for clock stability measurcmcents: a) .indi—
pendent clock configuration; b) synchronized clock configuration.

In the first one the timing signal from a Primary Clock (PC) (or
from a frec running SC) is matched against the output of a
Mcasurement Reference Clock (MRC). In the sccond set-up, a SC
is slaved to the output of the MRC, in order to evaluale the instabi-
lities the SC adds to the reference timing signal while operating in
locked mode. Bolh mcasurcments are intended for in-lab
asscssment of autonomous or SC behaviour. The two
configurations dcpicted in fig.1 can be described as follows.

o Measurement of Time Error between Independent Clocks (sce
fig.1a): this casc occurs when cach onc of the two compared clocks
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opcrates independently of the other; in order 1o get meaningful
measurement results, the MRC must be sufficiently better per-
forming than the clock under test.

* Measurement of Time Error between Synchronized Clocks (sec
fig.1b): this case occurs when the two compared clocks arc part of
a synchronization distribution network and arc traceable to a same
master clock.

3 - DERIVATION OF THEORETICAL STABILITY MEASURE
BEHAVIOUR FROM A NOISY CLOCK MODEL
In our analysis we adopted the SC noise model shown in fig.2.
This model, derived from a morc general one proposed by Kroupa
[8], was also used in [9] for cvaluating the noisc accumulation ef-
fects along SC chains.

Phase Detector Vb { "Loop Filter
(P; + i
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: A
B
% )~ Ko
s
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Fig.2 - Slave clock noise model.

The mcaning of the quantitics shown in fig.2 is as follows:
¢; [rad] and g, [rad] arc the additive phasc noises on the SC in-
put and output signals respectively;
- Qvco [rad] is the phase noisc due to the Voltage Controlled
Oscillator (VCO);
Vpr [V] is the voliage noisc duc to phasc Detector and loop
Filter (DF);
Ky [V/rad) and K, [rad/(Vs)] are the phase detector and VCO
gains respectively;
- F(s) is the loop filter transfer function.

Internal noisc processes @yco and Vpp are characterized in
terms of PSD, denoted as Svcof) and Spg(f) respectively. The
power-law introduced in (1) was specialized as follows

-7 —6.75 -10.3
svco(f)=1?—3+mf—2+10 +1071%5 [rad® /Hz] (6)
10713
Spr(f) = +1077 [v2/Hz), M
Ja=10% Hz.

The chosen parameter values in (6) and (7) provide satisfactory
models of random fluctuations in clectronic devices and in com-
mercial quartz crystal oscillators [8,9].

In order to evaluate phase noisc PSD at the output of the SC,
transfer functions f(s), H o(s) and Hy(s) between SC input, noisc
injection points (A and B in fig.2) and output (point C) are requi-
red. A very straightforward analysis yiclds the expressions

KK F(s)
s+K oK F(s)’

_ KoF(s)
Ha)=17 KoK 4F(s)

H(s)=

s
[rad/ V], Hg(s) STKKLF)

Assuming mutually uncorrclatcd noises, with amplitude small
compared to the useful signals, supcrposition thcorem can be used
to derive the PSD Sq(f) of total output noisc @,. Since we are inter-
ested in evaluating the impact of internal noise sources only (i.c.,
©,=0) So() is simply

So() = Spr(NNH A (27 )P +Syco NHB(2T )P (rd? 11zl (8)

Substituting eqn.(8) for Sg(f) in eqns.(4) and (5), we can evalu-
atc TIErms and ADEV behaviours for SCs: analytical calculation
of such quantitics, cven for the simplest cases, proves quile cum-
bersome, and for some casc scems unfeasible. For this rcason a
computer program using numcrical intcgration algorithms was pre-
pared to cvaluate TIErms and ADEV. In order to asscss the accu-
racy of our numerical computations, firsily we considered the casc
of a frec running SC (sce fig.1a): in this condition no filtering ac-
tion is applied by the clock and it is quite casy to analytically de-
rive closed forms [5] for the intcgrals in (4) and (5). The results
obtained for this case arc shown in figs.3 and 4: the solid lincs rep-
resent the analytical results while different markers, for the various
noise types considered, refer 1o numerical integration.
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Fig.3 - Comparison of analytical (solid lines) and numerical
(different markers) results for TIErms.
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Fig.4 - Comparison of analytical (solid lines) and numerical
(diffcrent markers) results for ADEV.

The above results demonstrate the excellent performance of the
numerical algorithms adopted in our program and, as far as fig.4 is
concemed, confirm the well known [5,7] behaviours of ADEV as a
function of the noise types considered.

As a second case we considered the synchronized configuration
of fig.1b. We adopted a lead-lag low-pass transfer function [10] for
the loop filter and chosc the other parameters as follows:
Viom=2.048 MHz, K4=1 [V/rad], Ko=6.28 [rad/(V's)], SC band-
width B=5 mHz, SC damping factor {=3. In order to simplify the
analysis, the effects of the two noisc sources (A and B in fig.2)
were scparately considercd. In figs. 5 and 6 the resulls obtained
taking into account the VCO noise only arc reported: in these figu-
res the dashed lines represent the results for each single noisc com-
ponent of eqn.(6) whilc the solid lines represent the composite be-
haviour. Comparing fig.3 with fig.5 and fig.4 with fig.6 the strong
influence on TIErms and ADEV of the SC filtering action for
obscrvation intervals greater than 1/B=20s is evident.

The results obtained considering the DF noisc only arc shown
in figs.7 and 8: comparing these figures with figs.3 and 4, respecti-
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vely, the influence of the SC filtering action is revealed for obser-
vation intervals smaller than 1/B=20s.
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Fig.5 - Numecrical analysis results for TIErms in the presence of
VCO noisc.
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Fig.6 - Numcrical analysis results for ADEV in the presence of
VCO noise.
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Fig.7 - Numerical analysis results for TIErms in the presence of
DF noise.
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Fig.8 - Numerical analysis results for ADEV in the presence of DF
noise.

4 - EVALUATION OF STABILITY MEASURES BEHAVIOUR BY
COMPUTER SIMULATIONS

The derivation of theorclical behaviour of TIErms and ADEV
in sect.3 was carricd out in the frequency domain, based on the re-
lationships (4) and (5). Experimental evaluation of stability mecasu-
res is commonly performed in the time domain by mcans of csti-
mators such as those expressed in eqns. (2) and (3). In order to de-
rive uscful information about the expected results of measurcments
as function of clock noise type, a computer based time domain si-
mulation was attemptcd. First, two uniform pscudo-random noisc
scquences of length N=4096 were gencrated by means of a built in

function of the mathematical CAD softwarc used; then a Gaussian
Pseudo-random Noise (GPN) sequence was obtained, based on a
well known transformation formula [11], approximating a WPM
noise. Finally, spectral shaping was applied by filtering the GPN
sequence through a 1/2-order integrator [12] with transfer function
Hip(N=(G2n) 12 10 obtain a FPM noise; repcatedly filtering
through (/) yiclds WFM and FFM noiscs. Using the cstimators
(2) and (3) TIErms and ADEV werc cvaluated for the four noisc
sequences, getting the results shown in figs.9 and 10, respectively.
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Fig.9 - TIErms simulation results.
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Fig.10 - ADEV simulation results .

Recalling thc discussion in scct.3 thesc results can be
interpreted as representing the stability of a frec running clock.
Further, to investigate the filtering action of the control loop
opcerating when the clock is phase locked to an input reference,
cach of the four scquences was passcd through a digitally
simulated high-pass (HP) filter to obtain clock output phasc noisc
due to a VCO noise source of that type; according to our clock
model, only WPM and FPM noiscs were passcd through a digitally
simulated low-pass (LP) filter to obtain output phase noisc duc to a
DF noise source. Calculation of (2) and (3) on these filtered
sequences gave the results shown in figs.11 and 12, for the HP
filtering case (normalized cut-off frequency f. =0.01), and in
figs.13 and 14, for the LP filtering case (fc =0.01): these results
confirm those obtained by the numerical calculation in the
frcquency domain, assuming that the fig.1b mecasurement
configuration applics.

5 - ANALYSIS OF RESULTS

Examination of results from numcrical calculations and mcasu-
rement simulations allows to identify asymptotical behaviour of
TIErms and ADEV for cach type of intemal noisc which may af-
fcct clocks: in tab.1 thesc behaviours are reported in terms of suit-
able power-law type functions of T, for TIErms and ADEV respec-
tively. The case of unfiltered and HP filtered noise sources were
considered for cach of the four noisc types, while for the casc of
LP filtcred noise sources only WPM and PPM werce cvaluated,
since these scem Lo be the noisc types encountered in real PLL
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phase detectors and loop filters. Note that for the case of filtered
noise, in general, two asymptotical laws can be identificd: onc ap-
plies at T values definitely below 1/B, the other at T values much
greater than 1/B. This circumstance can actually play a significant
role in differentiating free-running and locked SC noise perfor-
mance.
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Fig.11 - TIErms simulation results for HP filiered sequences.
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Fig.12 - ADEYV simulation results for HP filtered sequences.
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Fig.13 - TIErms simulation results for LP filtcred scquences.
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Table 1
TIEms ADEV

Noise |No filter| HP filter LP filier | No filter| HP filter | LP filter

1<B !B e8! r<BlitsBheaB o8}
WPM| @ | 10 |10 |412| 10 | g1 {g-l|x-1)g-1|g-l
FPM| =0 | et0 |10 ) ¢ [ 2| ¢t |21z 1] 10 j2!
WFM| 12 |2 0 | - | - | ¢12 |¢12)¢-1] - | -
FiM| * LA A R S Bl T

* Not analytically convergent; - Not calculaled

Basecd on a high performance time counter, cxperimental mea-
surcments on the clock of a telephone exchange, having B=5 mHz,
were performed. As an example, the ADEV measurement results
arc reported in fig.15, which confirm the main indications stcm-
ming from both the theoretical and simulation approachcs.
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Fig.15 - ADEYV cxperimental results.
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6 - CONCLUSIONS

In this paper the impact of slave clock internal noise sources on
the behaviour of stability measures was analyzed following both an
analytical derivation approach and a simulation based time domain
evaluation. Two well known stability measures, i.c., TIErms and
ADEV, and both free-running and locked slave clock operation
modes were considered. The good agrecement between results of
the two diffcrent approaches, enforced by some experimental con-
firmation, encourage the effort in pursuing on the way of clock
modeling as a powerful tool for designing synchronization
networks.
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