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ABSTRACT 

The problem of keeping a tight requirement on the frequen
~y accuracy of clocks pacing digital telephone exchanges 

' 15 called network synchronization. A digital telephone 
network is here regarded as a collection of clocks. 
The frequencies of clock signals are viewed as realiza
tions of stochastic processes. A model for clock frequency 
is de~eloped for choosing between two concepts of synchro
nization: the plesiochronous method and the synchronous 
method. The result of choosing is that the plesiochronous 
method is not economically acceptable. Only expensive 
Cesium clocks will realize this method. Therefore, for 
national networks the synchronous method is suitable 
in spite of its higher complexity. The method uses virtu
ally continuous automatic frequency control at every 
exchange. One kind of synchronous method called mutual 
single-ended is elaborated and dimensioning diagrams 
are developed for parameters of the P+I+I2 frequency 
regulators and for the sizes of the elastic buffers. 

INTRODUCTION 

Timing the bit flow in a digital network is a fundamental 
problem. Network synchronization solves this problem 
by keeping the same frequency for all exchange clocks. 
Each exchange has a clock involved in two actions: on 
the one hand receiving the streams of bits coming from 
the connected digital exchanges, on the other hand con
trolling the switching network of the exchange and sending 
the switched bits out to other exchanges or ultimately 
to the users. Figure 1 illustrates the synchronization 
problem. 

To/from the network 

Figure 1. Network synchronization problem is keeping 
the frequency accuracy of clocks in digital exchanges 

Clock signals may be viewed as realizations of stochastic 
processes. Each signal can be modelled by a function 
with a few parameters covering, for example, how often 
and how accurate the adjustment of frequency is done. 
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The stochastic models for clock signals call for use 
of probability theory to calculate distributions of 
frequency differences between clocks. Some small differ
ences are actually allowed. Their size is determined 
by the requirement on the maximally allowed decrease 
in transmission quality. The requirement is expressed 
as slip rate objective. 

The effect of frequency differences is, namely, that 
when, for example, a bit stream arriving at an exchange 
has a frequency higher than the frequency of the exchange 
clock, all incoming bits cannot be switched directly, 
but must be temporarily kept in a so called elastic 
buffer. The number of bits simultaneously kept in the 
buffer is equivalent to the phase difference between 
the local clock and the clock of the remote exchange. 
The elastic buffer can only accommodate a small number 
of bits, e g 8 or 256 and is accordingly called a time 
slot or frame buffer. When the buffer is exceeded, a 
transmission disturbance, called slip, occurs, which 
means that 8 bits of information have either been lost 
or that 8 spurious bits have been inserted into the 
communication between the users. 

persisting frequency differences result in unceasing 
buffer excesses. The intensity of the excesses is called 
slip rate. 

2 THE PROBLEM 

The slip rate objective reflects how the subscribers 
will be affected. The objective may be related to the 
maximum tolerable frequency accuracy of clocks of each 
of the digital exchanges involved in the connection. 
This reflects how a telephone administration is affected. 
The relationship between the slip rate (SR) on a link 
connecting two exchanges and the frequency accuracy 
of the clocks (a) is 

a = 0.1736.SRx10-7 (1) 

where a is defined as the absolute value of normalized 
frequency deviation: (~f/f I. ~f is the frequency 
difference and f is the ngtwork frequency, specifically 
2.048 MHz. In fo~mula (1) SR has the dimension of 
slip/hour. The problem is thus that of keeping a desired 
frequency accuracy. 

Numerical example 

For the international digital network it has been recom
mended (CCIH Rec G .811, see Reference [1]) that the 
slip rate should, on the average, be less than one slip 
every 70 days per exchange. This requirement is today 
met only by an expensive type of clocks called Cesium. 
The synchronization of the international network will 
not be further treated here. Instead we will concentrate 
on national digital networks. 

The choice of the slip rate objective for a national 
network should be made when it is known which services 
are to be offered and also if any other services will 
be added in the future [2]. A general standard may, 
however, be used for most national networks and services. 
Such a standard value is an average of 1 slip per 5 hours 
on a connection involving 4 digital links, which means 
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passing S exchanges. It is assumed that nationaL caLLs 
wiLL pass Less than S exchanges. If we further assume 
that each exchange shouLd produce equaLLy many sLips, 
then each exchange is permitted to bring about 

sLip/S hours 
4 L,nks = 1 sLip/20 hours/exchange 

This sLip rate corresponds, according to formuLa (1), 
to a frequency accuracy of each cLock of 

a = 0.86x10-9 

3 THE ORGANIZATION OF THIS PAPER 

The cLock type, more economicaLLy appeaLing for nationaL 
appLications, is caLLed Quartz ~rystaL controLLed. 

The probLem of keeping the freg~ency accuracy of these 
cLocks better than e g 0.86x10 may be soLved using 
the so called network synchronization methods. One of 
these methods called plesiochronous permits manuaL fre
quency adjustments, whereas the other called synchronous 
uses some kind of continuous automatic frequency regula
tion. In order to choose between the methods we use 
a criterion which states that: 

If, in order to keep the frequency accuracy, the cLocks 
have to be adjusted more often than once a year, then 
we choose one of.the synchronous methods. Otherwise, 
we choose a ples,ochronous method. 

In order to apply this criterion we derive a formuLa 
for the mean value of the frequency accuracy of a Quartz 
cLock. To this end, in Chapter 4 we determine the distri
bution of the cLock frequencies. The distribution wiLL 
contain a number of parameters modeLling the frequency 
of a Quartz clock signal. EspeciaLly, one of the para
meters will be the time between frequency adjustments 
called adjustment time intervaL (h). 

In Chapter S the distribution of the cLock frequencies 
will be used to determine the mean value of their fre
quency accuracy. The mean value wiLL be compared to 
the objective of equation (1). As a result we establish 
a formula for the choice between the pLesiochronous 
and synchronous methods. 

In Chapter 6 we will give design rules for the pLesiochro
nous and synchronous methods. The synchronous methods 
wiLL be represented by a mutuaL single-ended type. For 
this type we caLcuLate the needed elastic buffer sizes 
and parameters of the frequency regulators. 

4 DISTRIBUTION OF FREQUENCY OF A QUARTZ CRYSTAL CON
TROLLED CLOCK 

The clock frequency (f) varies with time (t):f = f(t). 
This variation is essentially a Linear drift, referred 
to as "long-term stability", with superimposed random 
fluctuations, referred to as "short-term stability": 

Ht) f(O) + k·t + (t) (2) 

where k is a crystal parameter and (t) is a random 
component with zero mean representing the short-term 
stability. It is customary to relate the drift constant 
k to the nominal frequency fo of the clock: 

s (3) 

The parameter s is referred to as the (long-term) 
"stability" of the tLock. 

Initially (t = 0) the clock is adjusted to its nominal 
frequency f o' with more or less success. Let 
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llf (4) 

be the initiaL error versus f • Taking sand llf into 
formula (2) we get the model 0 

Ht) (S) 

This model describes the frequency variations of a par
ticuLar cLock. However, in the network there are a number 
of clocks, each with its specific stabiLity (s) and 
each initialLy calibrated to f with a specific error 
llf. Variations among the clo~ks in these respect~ is 

in fact the major source for frequency differences between 
cLocks and therefore sLips. To model these variations 
we treat llf and s in (S) as random variables and neglect 
the contribution from (t). More specificaLly we assume 
that 

(i) llf is 1)0rmaLty distributed with zero mean 
and standard deviation o·f 

/lo 

(ii) s is normalLy distributed with zero mean and 
standard deviation Os 

and that llf and s are independent. 

o~ ;s the standard de'viation of the initial frequency 
adjustment and may be taken as the accuracy of the equip
ment used for adjusting (e g frequency meter). 

It then foLLows that the clock frequencies at a particu
lar epoch t are normaLLy distributed with mean 

m f 
o 

and standard deviation 

(6) 

(7) 

S CRITERION FOR THE CHOICE BETWEEN THE PlESIOCHRONOUS 
AND THE SYNCHRONOUS METHODS 

The absoLute frequency differences between interconnected 
cLocks must be kept below the vaLue specified by equa
tion (1). Let us therefore caLcuLate the mean of the 
absolute frequency difference between an arbitrary pair 
of clocks i and j, i e E {If. - f.n • Because the 
cLocks are independent, the'f. a~d f. are aLso inde
pendent. Further, because the'freque~cies are ' normally 
distributed, the differences wilL aLso be normal. From 
equations (6) and (7) we get that the mean value of 
(f i - f j) is 

mu. _ f.) = 0 
, J 

(8) 

and the standard deviation is 

o(f. - f.) 
, J 

(9) 

This gives 

E{lf. - f.1} = If· a 
, J . n (f i - f j) 

(10) 

The criterion for the choice between the pLesiochronous 
and the synchronous methods is established by demanding 
that the quantity determined by equation (10) is less 
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than or equal to the frequency accuracy objective defined 
by (1); thus 

\If .\"2.f 0 • y a~ + 

or (11) 

Numerical example 

The range of the accuracy of the adjustment equipment 
-6 -10 is usually between 10 and 10 (ab. values). The 

range of Quartz clock stabilities is usually between 

10-7 and 10-10 per day ( as values). Those values permit 

a longest adjustment time interval of 8 days if the 

value of a in criterion (11) is 0.86x10-9 • In other 

words, we have to adjust the clocks once a week in order 

not to risk a slip rate higher than 1 slip/20 hours/ex

change. 

6 DIMENSIONING OF SYNCHRONIZATION METHODS 

The criterion for the choice of the synchronization 
method was stated in Section 3 where it was said that 
in order to apply the plesiochronous method the adjustment 
time interval must not be shorter than one year. This 
rules out the possibility of using any of the Quartz 
clocks in digital exchanges. The conclusion of the crite
rion (11) is also that the plesiochronous method requires 
Cesium clocks. These would mean a heavy cost burden 
and may, for this reason, only be used in international 
transit exchanges. 

°If we still want to use Quartz clocks and keep the slip 
rate below 1/20 hours/exchange, we should use one of 
the synchronous approaches. The main feature of these 
methods is that all use automatic frequency control 
at each exchange. 

A consequence of this is that the slip rate gets down 
to zero during fault-free operation. However, we may 
still use the stochastic models of clocks. This time 
not for dimensioning for a constant slip rate but for 
an arbitrary low probability of a single slip occurrence 
in the process of starting up the frequency control 
system. 

The synchronous methods, presented with increasing 
sophistication, are: 

master-slave 
hierarchical master-slave 
mutual single-ended 
mutual double-ended 

The description of principles of operation of these 
methods is found in [2]. 

The difference between the synchronous methods lies 
in the way of composing the reference signal whose fre
quency will be attained by all the clocks in the course 
of regu lat i o_n. 

6.1 DIMENSIONING OF THE MUTUAL SINGLE-ENDED METHOD 

To exemplify the dimen~ioning of synchronous methods 
we choose the mutual single-ended method. The method 
is favoured in medium or big networks with a mesh struc· 
ture of transmission links. A rule of thumb is that 
small networks have less than 5-7 exchanges intercon
nected by digital links not longer than 15-20 km. So 
defined the networks suitable for the single-ended 
method ~re found in muLtiexchange areas of cities and 
on all transit levels of the network hierarchy. 
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The single-ended method is preferred because it offers 
higher reliability compared to other methods, and the 
complexity of the method is still acceptable. 

The concept of the method is to control the frequency 
of each exchange clock to equal the mean value of fre
quencies of the surround1ng exchanges. 

In the following we describe the dimensioning of the 
implementation at present developed at L M Ericsson 
for AXE 10 exchanges (see Ref [3]). 

Description of the single-ended method 

The frequency controlling is done in a time discrete 
phase locked loop (see Figure 2). The input to the loop 
is composed of the sum of phase offsets between the 
local clock and the surrounding clocks. Those phase 
offsets are measured each constant time interval (h), 
thus the name time discrete control. The offsets equal 
the number of information bits over or below the 50X 
fill of elastic buffers. The aim of the method is to 
keeo ohase offsets within the buffers. 

Buffers 

f1 

Regulator 

fn 

Local clock 

Figure 2. A phase locked loop for the single-ended syn
chronization method 

The main part of the loop is a regulator with transfer 
function G. The function G is determined from a so called 
stability criterion. It says that the buffer fill should 
approach 50X in spite of disturbances which include 

linear clock frequency drift 
initial frequency differences 
line jitter 

The first two disturbances are taken care of by the 
P+I+12 regu~ator. P stands for proportional part, 
I for integrator and 12 for double integrator. 

Jitter are phase shifts generated in the transmission 
lines. It has been shown in 4 that in order to have 
a stable network with P+I+I2 regulator despite jit-
ter one of the clocks must not be regulated. An ex
cha~ge with an unregulated clock is called a "sink" 
or a "reference". The first term aims at viewing the 
unregulated exchange as a storage place for all the 
jitter generated in the network. The term "reference" 
stems from the fact that the whole network will eventu
ally attain the same frequency as that of the unregu
Lated cLock. 

The main parameters of the single-ended method are: 

values of the regulator constants 
elastic buffer sizes 

Values of the P+I+12 regulator constants 

There are three constants k , k , k corresponding to 
the three parts of the regu~atof, n~mely P, I, and 12 
respectiveLy. These constants determine the transfer 
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function G of the frequency regulators at each station. 
They are calculated for a fixed number of clocks (n) 
interconnected in a so called worst-case pattern. Such 
a pattern results in the largest time constant and is 
thus most inert to regulation. Dimensioning a network 
for the worst-case means that the stability of a par
ticular network is guaranteed in spite of link failures 
as long as the number of exchanges does not exceed n. 
The worst-case network is a chain with one of the end 
exchange clocks unregulated !see Figure 3). 

. Unregulated clock 

\. e----e------e- ----~ 
1 2 3 n-1 n 

Figure 3. A worst-case network with not more than n 
clocks and with one sink is a single chain 

In Table 1 we find values of the regulator constants 
for a number of network sizes. 

TABLE 1 

n k k1 k2 0 

5 -0.625.10-1 -0.6238.10-1 -0.2365.10-3 

10 -0.625.10-1 -0.6247" 10-1 -0.5332.10-4 

100 -0.625.10-1 -0.625.10-1 -0.4868.10-6 

500 . -0.625.10-1 -0.625.10-1 -0.1932.10-7 

Buffer si zes 

The second parameter of the mutual single-ended method 
is the size of elastic buffers. The size must be such 
that it will be, at least for most of the times, greater 
than the estimated phase offsets. The offsets arise 
because it takes some time (actually equal to the time 
constant) before the regulators can compensate them 
out; The buffer sizes depend thus on the function of 
the regulator. 

The disturbances causing phase offsets are, as previous
ly assumed, the linear clock frequency drift (s) and 
the initial frequency differences (6f). They may be 
regared as stochastic processes each with its own power 
spectrum (R , R6 ). Consequently, we may calculate how 
these spect~a are amplified by the closed control loops 
of the clock regulators. The sum of the amplified spectra 
of the disturbances must then be accommodated in the 
buffers. In other words, the buffer fill (F) consists 
of the disturbances passed through a filter which equals 
the closed loop response of the regulated network (see 
Figure 4). 

Linear 

~~riuency , Rs :IL--------I ~~i IBUffer !BUffer 

_. fill , F size, B 

Initial 
freQ.u.ency, Rll Single.ended 
differences network with 

P+I+12 regulators 

Buffer 

Fig~re 4. The composition of the buffer fill 
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Thus 

(12) 

where R is the power spectrum of the process describing 
the buf~.er fill. I and. I are the amplification factors 
for clock drift ana frequ~ncy difference ·respectively. 
Table 2 contains values of I and 16 for different 
network si zes n (see Ref [5] ~ • 

TABLE 2 

n Is 16 

5 0.17.106 0.67"103 

10 0.15.107 0.13.104 

100 0.16.1010 0.13.105 

500 0.21.1012 0.66.105 

R equals the square of frequency change caused by clock 
d~ift during one adjustment interval h, thus 

(13) 

R6 equals the variance of the initial frequency differ
ences, thus 

(14) 

In order to determine the suitable buffer size we use 
the following design rule: 

.( 15) 

If we assume that the buffer fill has a normal distri
bution then rule (15) says that at least 99.9% of the 
start-ups of the network will be slip-free for the assumed 
behaviour of the disturbances~ 

After a successful start-up, the network will be synchro
nized and the slip rate will be zero. An unsuccessful 
start-up will result in slips in some of the buffers. 
One way to proceed is to disconnect and try again. 

Inserting (12), (13), and (14) into (15) gives 

From Diagram 1 we can read buffer sizes for a range 
of a between 10-8 and 10-1Q per day, and a range of a

6 s -7 -8 
between 2.5x10 and 10 • h ranges from 0.25 secs to 

30 secs. 

For the chosen range of adjustment time intervals the 
effect of clock stability becomes negligible and formula 
(16) may be simplified to 

(16' ) 

where we used fa 2.048 MHz. 
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Dimensioning diagra~s were developed for the choice 
of constants of the frequency regulators and for the 
choice of elastic buffer sizes. 

The design rule for the buffer sizes is 

B ~ 6 . aA~ x10 6 

where a
A

. is the accuracy of the adjustment equipment 
and I -is a factor which depends on the size and con

, figur~ion of the network. I~ has been evaluated in 
the paper. 

The design rule is valid for clock adjustment intervals 
shorter than 30 secs when time discrete P+I+12 fre
quency regulators are used at each exchange. The regu
lators are designed to compensate for the disturbances 
consisting of linear clock drifts ~nd initial frequency 
errors. The values of the constants of the regulator 
are found in the paper. 

-I ' t::. = 1 
ri IT ,I 1 I I I I I IH IH 

n, 
of num~e r 8-bit time slot buffer is sufficient for networks of 

exc • up to 50 exchanges if their clocks will §e initially 
adjusted with accuracy of better than 10- ._7f the accu
racy of the adjustment is lower, e g 2.5x10 buffers 
have to be correspondingly l"arger. However, a 256-bit 
frame buffer will be sufficient for a network of 50 

3 IH t "r II ~ t l l l l l l l lfl-l 1--

5 10 20 50 100 300 500 

Diagram 1. Elastic buffer sizes for a network of n digital 
exchanges. Applies for time discrete single-ended control 
with P+I+12 regulators and regulation time interval 
up to 30 secs. a~ is the accur~cy of the initial frequency 
adjustment of Quartz clock~. 

Diagram 1 may be used also for determining the accuracy 
of the adjustment equipment for a fixed buffer size 
and adjustment interval. For instance, an 8-bit time 
slot buffer would be enough for a network ~~ 50 clocks 
initially adjusted with the accuracy of 10 • 

CONCLUSIONS 

The problem of keeping the desired frequency accuracy 
of clocks pacing digital telephone exchanges is accom
plished by either of two methods. One is called plesio
chronous and the other synchronous. The first is imple
mented simply by using stable clocks which may be adjusted 
only very infrequently, e g once a year. This method 
results in a certain, however acceptably low, level 
of disturbances called slips. The other method, the 
synchronous one, gives a slip-free system as a result 
of automatic and continous frequency control of clocks. 
The control system has a disadvantage of being complex. 
The criterion for the choice between methods is 

If the above inequality is satisfied for a combination 
of clock stability (a ) and accuracy of the adjustment 
equipment (aA), then ~he plesiochronous method wi II 
be chosen. 

It turns out that only one expensive type of clocks 
(Cesium) satisfies the inequality. Therefore the plesio
chronous method is unsuitable for use in national digital 
telecommunication networks. 

The inequality is easily satisfied as a result of any 
kind of synchronous method. Especially we elaborated 
the mutual single-ended method which is both reliable 
and not unacceptably complex. 

The mutual single-ended method permits use of inexpensive 
Quartz crystal controlled clocks. The requirements on 
the initial frequency accuracy of clocks, before connec
tion to the synchronization system, are quite modest 
and are easily attained using inexpensive equipment. 

ITC-9 

clocks. 
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