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Intraduction

Most digital systems are synchronoua in nature. That.ia they berfotm a
single stei: of their task in response to an internal clock ti&k. Fr'aquentlg,-
these systems must respond to external signals as uell - for example a
computerlracaiving interrupts. In generat auch a system, at every clock tick
must "decide” whether to continue uith Ité norma.l stream-of.ap.eration, or
respond to the external signal. This requires deciding whether the externatl
signat is true or faise (B or 1) before cnntfnuing operation. Since the
machine must execute a processing step at each clock tick there is a bounded
amount of time to make this decision. One might arg.us that it wouid be

sufficient to use some bounded number of clock ticks, or even a potentialiy

unbounded number, provided we had some means of knouing at which tick the

dacision was finally made. Houever, these alternate criteria ére ean| iy shoun
to be equivalent [E].

A.devica calied a :yuchrunize} is used by the receiver to aid this
decision process. Such a device is depicted schematicaliy in figure 1. The
desired operation of the dévice 5ia s'imple.' He assume that the synchronizer
is originally reset - ita autput is f_a_l_g.ﬂg-. At some time t,, a clock puiase
(which is generated by the receiver} arrives at the synchronizer. [f the
external signal is true, then the output of the aynchronizer will be true at
some flred time ty = t, + vy, uhers 74 in the intrinsic delay of the
synchronizer. Otheruise the output is false, Using such a device the receiver

can examine the output of S at some time t, > t4, as shown in figure 2, to.



datermine if the external signal was asserted at the laat clock tich. If it
uas, it may choose to take Qune action, for example start an interrupt routliha
at the next clock tick.

The questicn arises as to what occurs if the external signal changes
at about the same time as the clock;.luithout lase of generality, we will
assume that the signal changes only from false to true 18 ta 1)
ésgnchronounly. and resumes the false atate only when instructed ta do so by
the receiver.) Waually, cne only cares that tha decision of the synchronizer
be made by time t,. 1f the external aignal changes toco close to the clock and
is "missed” (l.e. the output uf the synchronizer remains false) then the next
clock pulse will result in the output changing to true by time t,.
Unfortunately it is not known how to achieve such behaviour in practice. In
this note we wilt brieflg'diucuau anomolous synchronizer operatieon, and
analyze the behaviour of one coﬁmon approach to iuproving sunchronizer
pear formance,

The Problem

All kpown techniques for building synchronizers use a bistable device
called a2 ¢lip flop or its equivalent, It-haa been pruvén_bg Hurtado (4] that
for synchronizers built in this fashion

1) Regions of metastability exist. That ia under certain conditions, a
flip flop's output will assume a value intermediate betueen true and
falee, or uill oscillate betuesn thess tuo levels. Which of the tuo
{anomolous) behaviours is exhibited is a function of the technoiogy
used to implement the flip flop, and is essentially independent of
hou it was driven into the metastable region,

2} 1f a synchronizer ia in its matastable region, it 4ill remain there
indefinately in the absenss of any sxternal signais or noise,

Fitip flops tend to enter’ their regions of metastabiiity uhen the.skeu

betueen the arrival of the clock pulse and the external signal changing from



fatse to true is smali. The metastable region is aluays exited since all real

systems contain noise. Houever, flip'flups have been obssrved to take from tuo
to ten times their nominal delay times to leave the metastable region [2].

The ditficulty is compounded by the fact that for any synchronizer
constructed of bistable elements, one t;‘annal he cerlc-:in that the synchrohizer will have
sottled at any time ¢ > t4. In fact it is only determinable probabal istical ly, and
is given by a function of the form

P{t} & {probability that the sgnchrunize?-hés not exi ted

the metastable region by time t. » tst

= ga-t/T

uhere o, ¢4, and r, are dependent on the circuit
' implementation and the clock' frequency.

~He.can get a feel for the magnitude of the times involved by

consldering a concrete example. Suppose we use a schottky TTL D #lip flop for

the sunchronizer element, and a system clock period of 358 nanoseconds. Then
v~ l.lns, @~ 2, and ry ~ 18 na. (7}

Thus the nominal settiing time of the flip flop }a 18 ns. If we choose to
observe the output of the device 2@ns after the clack, gnd_ue assume thét
input signals arrive at the flip flop at a rate of lﬁdfsecond._then He get a
failure rate of about 2/sacond, [f we increase to to 38ns then the failure
rate becomes about }/Hour, And if ue walt 4Bns -4 timea the nominal delau-*
then the failure rate drops to once per year, o

| One might ask if some circuit technigue might reduce theauaiting_time

for a given reliability. Uhile there are soms circuits that do lmproﬁe

rellability substantially, they have large overhead in terms of circuitry (13,

Also they tend to have rather large rqy ubich seems to indicate that there is

some eort of inherent trade-nf{ betuween refiabifity and time [6). Here we



wish to demonstrate that one common and an intuitively appeal ing approach to
achieving higher reliablity for a given delay, in fact provides only a very
nodest improvement by doing 8 "gedanken experiment”.

Theoreti_cal and laboratory atudies have shown that the probability
that a fliﬁ flop is metastable at time t, given that it was metastable at time
B is o~ t/", Thus ue can regard P{t) as having two parts:

Plt) = P{flip flop i» metastable @ vyl x
Piflip flop is metastable @ t > ry|mptastability & ¢4l
& Py x Pg
Thus the constant « (equation top of page 3} is a measure of the synchronizers
propensity to enter the metastable region. r characterizes the synchronizers
ability to exit the metastavle region, and la sometimes referred to as the
synchronizers figure of merit. _

Clearly, Pg is some function of the skew between the clock and the
signal to be synchronized, and it i3 referred to as the abselute conflict window.
Houever, suppose we only allou input.u to the synchronizer that yield a uniform
distribution of skeus betueen the sighal and clock. Then if ue are only
interested in the statistics of the a'gnc:hronizer, ue can regard Py as having a
uniform height 1 distributidn. with an area equal to the area of the "real"
Py. Thig neu'prnhability; Eg ia callad the cﬁﬁmﬁﬂclmﬂfﬁclnﬁndam..lt ia a unit
step from {-Hco/2,Wc/21, Hheré Wg I8 the area under the distribution function
of Py. This simplification has an appealing intuitive interpretation. [t may
be understood to imply that the flip flop never enters the wetastable state
for skeHs > HWg/2, and alway: enters the metastable region for a skew time <
He/2, '

We can furthef justify this simplification by considering an

auperiment consisting of a large fumber of identical trials on a single flip



ftop. In each trial we choogse a sken time from a uniform:diatribution oyeb tha
interval [-T,T) and apply a pair of inputs to the synchroni zer consisting of a
clock an& an input signal with the selected skew. At each triaf qé observe
the flip flop at time t4. At the end of tha experiment weé compute the ratio of
the number af trials in khich ue observed a flip flup-in.thé métastable stata
to the total riumber of trials. From this number R, we cnmpute the uidth of
the effectfve confliict windon as T/H Notice that there is no uay to
d|9t|ngu15h by the experiment betuean a flip flop With. behaV|ours Py and Wg,
Critical ta this observatnon is 1he fact that the shewu times be taken from a
uniform distribution, srnce otheruise we could deduce the shape of Pu,bg
selectively concentrating the skeu times in various regions.

In order to do our gedanken experiment, first consider an exper iment
consisting of a large number of -triats N. At éach trial we choose a skew time
betuween the clock and input signal te tha synchronizer from a Qniform
distribution with width [-T/2,T/2], wherae T ie seleéted so that the
probabiiitg of anomoloua hehaviour is negligibie {ive, T »> Ug). Now ue apply
the signals té the synchronizer and test whather its output is metastabla at
times rq, 214, 374, . . . . Ue Will obtain 5 curve ae aﬁaun in figure 3. From
this curve ue can weasure v, and.Hc.r

| We can apply é similar analygis to one likely candidate for an-
tmproved synchranizer, which is shown in figure 4, -If seems that this dév?ce
Would be superior to a single synchronizer B since in order for it to féil.'
the first aynchronizer must faii and
1) Exit the metastable region within the effective conflict window of the
second synchronizer.
or

2) Remain in the metastab!s regian through tlme te + 8 + Ue/2, uhere te In
the clock time of the first synchronizer,
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Equivalently, the 2 stage sunﬁhronizer faiia if the first flip flop is
metastable for some time t _2 te + 4 - Uc/2.
For an experiment consisting of N trials of the kind just described
(uhere we observe the output of the sscond egnéhronizar of the tuo stage
synchronizer $8'), the number of times §' will fail is simply
(IN/T) x Wg o~ B-1H/2D) 1) [2): {t, = @ for simplicity)

assuming that both subcomponents of §', have P(t) = Hga~{t-Tal/T

So the effective conflict window of the twa stage synchronizer §'

My @ Uea™ (8- (We/2) -y} /7

is improved by a factar
o~ 18- Ucr2) -1}/

It appears that the probablility of metastability for the {wo stage
synchronizer Py(t), ie improved by a facter axponant}al in 8. This conclusion
is unfounded houwever. The root of this confusion is that the increased minimum

delay time of 4’ is ignored. The relevant comparison then is the ratio I of
| Pit}) = uca'[t-fd]lff to .
Pa(t) = Uyg e~ (t-(2rabl ) /r

This can be simptified to yisid

[ o o= (20a+ (/20 ) /e

Notice that the .improvement is constant and not exponential in &, For a

" achottky ftip flop and a 358ns clock we find that &

I ~10°%



an improvemert of about nine orders of magni tude. Though this impruvement may
seem-auesome. it must be remembered that the same improvement is possible by
waiting another 28na uith a single atage flip flop. Thus with schottky
technology, the extra flip flop improves things by about 28ns. Until it is
discavered how to buiia synchronizers githout bistable aslements, this
speed/harduare/rel iabi ity tradecff seems llkely to remain,

This ubiquitous problem fs often referred to as the synchronizer
problem. Even non-synchronous systems sometimes must com? to grips with it_—
for example a dynamic memory i.e. one which must periodicaliy refresh jts
contents, Though the memory ia truly an asgnchrnnuus device, it muat decide
betueen grantung a read/urite request, and rafrashing itself. 1f too long a

time elapses betusen refreshes, the information in the memory is lost, The

system is similar to a synchromous one in that a decislon must be mads between

tuo operations in a bounded amount of time.
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