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Introductien

The problem of synchronization arises when independently operating synchronous
units communicate with each other. Because of the possibility that the signals
received at a unit may not be in proper synchronization with the internal clock of
that unit, the signals muet be gsynchronized bafore they are used in the internal
logic of that unit, This task is performed by a device called synchronizer that
delays the changes in signal levels in such a way that the changes take place at
the time Instances defined by the clock,

Synchronization iz a problem because no way is known for realizing & syn-
chronizer which workas correctly every time; under some critical conditions such as
when the incoming signal changes abt the same time as the clock pulse, the syn-
chronizer may fail to synchronize the signal [4, 15]. It is doubtful if a perfect
synchronizer can be physically realized,

The problem of arbitration which is to properly contrel the access of a ahgred
regource unit by several users is clogely related to the synchronization problem.
The source of difficulty with physical realization of both the arbiters and the
synchronizers is the same® a phenomenon ealled "gliteh" which every bistable element
such as g flip-flop [2,3,4,6,8,10,16] experiences, The glitch ariszes out of an um-
wanted unstable equilibrium state which is always present in addition to the two
stable states. 1lUnder certain critical conditioms, this unstable equilibrium state,
called a meta-stable state, leads to abnormal delays which can cause a synchronizer
or an arbiter to malfunction.

Our first cbjective in thie paper is ta explain the problem of synchronization
and arbitration and to show the relationship between them. The requirements of
arbitration for synchromous and asynchronous systems are ncot exactly the same; the
differences are crucial to the extent that even though it seems impossible to phy-

slcally realize the arbiter needed for synchronous sytems, the type of arbiter neeaded



for asynchronous systems is easily realized with electronic gates. A new circuit
for a perfect asynchroncus arbiter which is perhapa rhe smallest circult for such
a device is presented in this paper.

The second objective of the paper is to explore new structures for the arbiters
and synchronizers. We present an iterative structure for arbiters based on a new
concept for realizing arbiters. The iterative structure can provide arbiters and
synchronizers of arbitrarily low probability failure. The price paid of the reduced
probability of failure is an increase in thg delay of operation. One important
property of the iterative structure is that when two arbiters or synchronizers are
connected in tandem, the probability of failure for the new deviece is equal to the
product of the probabilities of fajlure of individual devices. We examine the con-
ditions under which multi-stage structures for synchronizers and arbiters are better
than the conventional two-stage structures. .

We suggest a set of parameters for comparing e flip-flop against another with
regard to their performance in gynchronizers and arbiters, and show how the per-
formance of the multi-stage synchronzers and arbiters can be derived from these

parameters of the qualicy of a flip-flop.



Synchronizers and Arbiters

The schematic diagram of a synchronizer is shown in Figure 1. A change in
the level at the output of the synchronizer corresponds to a change in the level
at the jnput, but the change at the output occurs only at the next clock pulse
following the level change in the input signal. If the input changes at the
same Etime as the clock pulse, the cutput may change either at that very clock
pulse or at the next clock pulse, but not in between the clock pulses. The phrase
"the output changes at a clock pulse' will mean that the output changes within a
fixed time following the initiatioﬁ (or the termination) of the clock pulse. To
ensure that the output does not miss ocut on any input changes, the succasaive
changes in the input must be separated by more than the time periocd of the clock
with which the signal is being aynchronized.

Consider the circuit shown in Figure 2. This circuit for the aynchronizer
works correctly except for the situation when the input signal changes at nearly
the same time as the eloeck pulse. In this situation an arbitrary amount of addi-
tional delay up to a clock period may be encountered in the cubput change because of
the problem arising out of the ‘'glitch' in the aperation of the flip-flop [2,3,4,7,10].

Before we take up the study of the glitch phenomenon and its effecﬁ on syn-
chronizers and arbiteres, we chall deseribe an elementary arbiter and show the
relationship between synchronizers and arbiters.

An arbiter is a two-input two-output device whosé schematic diagram is shown h
in Figure 3 [1,7,11,13]. The dotted line connecting an input and the corresponding
output are drawn in this particular illustration to emphasize that except for what-
ever delay that might be introduced by the arbirer as necessary, the signal levels
at the outputs correspond to the levels at the associated inputs, If we begin from -
the initial condition, wheﬁ the levels at all input and ocutput are 0, and change one

input level from 0 to 1, the corresponding output will change from O te 1, and
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Figure 1. A schematic diagram of a synchronizer.
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Figure 2. A circuit for an (imperfect) aynchronizer.



the arbiter will be said to be engaged., If the other input level is also now
changed to 1, the corresponding output will not change to 1 so long as the arbiter
remaing engaged to the first fnput. When the input that has engaged the arbiter
returns to 0, the corresponding output will change to 0 and the arbiter will be set
free to be engaged by the input that might be waiting to get through the arbiter,
Thus the funetion of the arbiter is merely to blaock some 0 to 1 changes in the in-
put from reaching the associated ocutput as long as is necessary to prevent both out-
puts from being at the level 1 at the same time. The critical operation of the
arbiter arises when both inputs change to level 1 at nearly the same time. In this
case the arbiter must choose which imput should get through and which should get
blocked; it fs not important what that choice is, but it is important that the
choice be made -- a task which seems impossible to always do in a fixed period of
time,

We will identify two kinds of arbiters based on the needs of the synchronous
systems and the asynchronoug systems. The arbiter needed in the synchronous systems
must operate within a fixed length of time, that is, if the arbiter is not engaged
and any one or both inputs changes to 1, the arbiter must get engaged to one of the
inputs and respond by changing the corresponding ocutput to 1 within a fixed length
of time, The arbiter is also required to respond within a fixed time when it is
set free by changing the input to 0., An arbiter which meets these requirements will

be called an arbiter with a time bound, or simply a gynchronous arbiter. The asyn-

chronous arbiter is not required to act within a time bound: an asynchronous ar-
biter which resolves conflicts quicker will be considered better but because of the
asynchronous nature of the enviromment no bound on the time is necessary.

An illustration of the use of an arbiter in the sharing of a function unit is

shown in Figure 4. The figure shows a function unit f which can be connected
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Figure 3, An arbiter.



either te the input regieters U and V and the output W or to the input registers

X and Y and the output Z. The connection points, u, v and w provide the physical
means for comnecting the function unit in the first arrangement and the connec-
tion points x, ¥ and z for connecting the function unit in the second arrangement.
For correct operation the [unction unit may be connected in either arrangement but
not both at any one time. Let us say that the first arrangement, where the func-
tion unit is connected to U, V and W, corresponds to the use of the function

unit by user 1, and the alternate arrangement corresponds to user 2. To prevent
both users from using the function unit af’the same time we introduce an arbiter
in the circuit as shown. Essentially this arrangement represents an asynchronous
aystem. To capture the function unit a user raises the level of its ready wire

to 1, If the arbiter is free, the arbiter iz engaged to that user and the 0 to 1
change on the ready input passes through the arbiter. The level of 1 at the output
connects the function unit to the appropriate registers by activating the necessary
connection points. The ¢ to ! change in the output of the arbiter reaches the
user on the acknowledge wire after a fixed delay which, let us say, is equal to
the time the function unit needs to complete its operation. Upon receiving the
acknowledge signal, the user uses the results and brings the level of the ready
signal back to 0 to release the functiom unit. The arbiter then brings the level
of the corresponding output to U and becomes 'free' to be engaged to the other
user, If the other user is waiting, the level of the associated ready wire will
be 1, and the arbiter will become engaged to that user. Basically, the function
of the arbiter is to resolve the conflicts that may arise in the use of the shared

function unit by the two users so as to maintain a consistent behavior.
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Figure 4. Resource sharing with arbiter.




Relationship Between Synchronizers and Arbiters

In this section we show how an arbiter with a bounded ﬁelay can be realized
from a synchronizer and the other way around. We also discuss single edge and
double edge synchronizers. First we take up the realization of an arbiter with
a bounded delay from a synchronizer.

Figure 5 shows how a two input arbiter with bounded delay can be realized
with synchronizers and standard circuit elements such as flip-flops, AND gates
and NOT gates. The first part of the.circuit consists of synchronizers which
synchronize both inputs to a clock so that the second part which is made of
synchronous logic, correctly realizes the necessary logic of the arbiter. If
the outputs of bath synchronizers switch to 1 at the same clock pulses (as can
happen when the inputs change at nearly the same time), the selection logic se-
_1ects user 2 and blacks the input from user 1, The blocking circuitry is necessary
to keep the other input blocked while the arbiter 1is engaged to one input. The
circuit works correctly because we have assumed that synchronizers are perfect and
that the gates have bounded delays.

We shall next examine how a synchronizer can be realized from the arbiters
with bounded delays. This will be done by realizing a single edge synchronizer
that synchronizes only the 0 to 1 transitions (the positive edges) and permits the
1 to 0 transitions (negative edges) to go through and reset the synchronizer inte
its initial condition without any obstruction. The double edge synchronizer, the
synchronizer which synchronizes both the positive and negative edges can be re-
alized by an arrangement shown in Figure 6 where the problem of synchronization 1is
broken up into the problem of synchronizing the positive going edge and the problem
of synchronizing the negative going edge, these tasks being performed by two sep-

arate parts which are combined at a C-element (Muller's C-element).



_10_

blocking selection
gireuit _ | circuit
u |1 F vl .
5 ! i L
|t 1 —>
p ! !
1! !
I ]
clock t ) i clock
i t
i | I
| !
il I
i I
.' [ ' I |
s — | FF > 2
B ) I |

cloek . G}l

Figura 5. 'A bounded delay arbiter realized from synchronizers.

clock

a
SI'
b

q s'

clock §' - a gingle edge synchronizer

Figure 6. A double edge synchromizer from single edge synchronizers.



-11-

The C-element prevents the output from changing until the synchronized signal is
f received from the appropriéte synchronizing unit [12]. Basically, for the 0 to 1
transitions the C-element behaves like an AND gate and for the 1 to QO transitions
like an OR gate; the C-element output assumes the value of the input either
when inputs are both 0 or both 1. In the remaining situations, in which
bath inputs are not the same, the C-element cutput maintains its current value,
A transition teble and a gate level implementation of the ¢ element is shown inm
Figure 7.

A single edge synchfonizer can be realized from the arbiter with a time
bound as shown in Figure 8. This configuration synchronizes only the 0 to 1
transitions. The 1 to 0 transitions go through without any obstruction. Notice

that an inverted clock signal is fed into one input of the arbiter so that the

arbiter is free to be engaged by the signal to be synchronized only at the
time defined by the inver ted clock pulse, The second arbiter is required only
i£ there is a possibility that some times the signals take legs time to get
through the arbiter than at other times, If the arbiter always takes the same
amount of time, the second arbiter can be replaced by an appropriate delay,

The double edge synchronizer can be realized by connecting two of these syn-
chronizers in an arrangement described earlier.

Above we have discussad the relationship between the synchronizers and the
synchronous arbiters which are needed in the synthesis of synchronous systems. In
asynchronous sysatems there 13 no need for synchronizing a éignal to a clock,but in-
stead synchronization takes the form: "Wait for a signal from system A and a sig-
nzl from syatem B befare initiating the action of syatem C." Synchronization of
this kind corresponds to the primitive 'join' in parallel programming languages.

Such aynchronization can be easily realized with Muller's C element [12]. There
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is no difficulty in realizing the C-element for use in synchronization because
there is no confliect involved as the synchronizer waits for both inputs before
gsending out a signal, There is no direct relationship between the arbiters and

synchronizers in asynchronous systems: the aynchronizers do not encounter any

conflict, but the arbiter must deal with conflicts.

The Meta-Stable State and Its Effects

All bistable devices have an unstable state in addition to the two stable.
states of the device (see the example of a seesaw in Figure 9). The unstable state
of equilibrium is intermediate between the two stable states and unfortunately the
device wmust pass through it on the way from one stable state to the other stable
state. [2,4,7].

Consider a bistable electrical device such as a flip-flop which consists of
two NOR gates. When both the set and reset inputs are at level 0, the £lip-flap
has two stable states, one corresponding to the:output level being ¢ and the other
corresponding to the output level being 1. To see that the flip-flop has an inter-

mediate state of eqiilibrism:ealled .the hetar-stable state, we must treat the flip-flop

as an electrical device. Thé two gates of the flip-flop, each of which behaves
as an amplifier, are connected in a closed circuit (Figure 10). To determine
the points of equilibrium we could open the loop and examine the open 1loop
transfer function y = f£(x). The points of equilibrium are then given by the
solutions to the equations y = £{x) and y = x, which correspond to the inter-
gection of the transfer functiom and the y = x line in Figure 11l. In that fig-
ure, & and b are points of stable equilibrium and ¢ is a point of unsatable

equilibrium. In the unstable equilibrium the levels at the output of the flip-
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flop are intermediate betweén the levels correaponding to lagical 0 and. l.
The flip-flop in a synchronizer may enter inte the meta-stable state 1f
the input signal changes at the same time as the clock pulse Dbecause
under this condition the pulse reaching Che flip-flop (the.set input of the flip-

flop in Figure 2) may not have enough strength to completely flip the flip-flop,

and depending on the relatiwe timing of the signal and the clock pulse, the pulse
may have just enough stremgth to bring the flip-flop &nto the meta-stable
state and leave it there. In this case the output of the flip-flop rises Lo

a value intermediate between 0 and 1 and remains there until the flip=flop

leaves the_meta-s:ab;e state and goes to one of the two sgable states.

Both the duration for which the flip-flop stays in the meta-stable state and the
gstable state to which it goes from the meta-stable state are uncertain (Figufe 12).
Thus, under the eritical aperation, the sy;chronizer output goes to an inter-
mediate value and later either goes to l or falls to 0 at a time which is not
rnecessarily the time defined by the clock pulses (Figure 13). Both the inter-
mediate value and the changes taking place anywhere between the clock pulses con-
stitutes an incorrect operation for the synchronizer [2,4].

The intermediate level can be suppressed from the output i{f the synchromnizer
is modified by connecting a Schmitt trigger between the synchromizing flip-flop
and the output (Figure 14). The Schmitt trigger acts as a threshold gate whose
threshold is set high for the 0 to 1 transitions and low for the 1 to Q transi-
tions. In effect the Schmitt trigger prevents the output from changing until the
synchronizing flip-flop comes out of the meta-stable state and definitively en-

ters into the opposite stable state; if the flip-flop in the meta-stable state

falls back to the original state, the output is not affected.
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The above modification eliminates the problem of intermediate level at the
output, but the synchronizer still has the defect that under the critical con-

dition the output may not be synchronized with the clock.

Parameters of a Flip-Flop

We shall now focus our attention on the measures of the quality of a flip-
fleop, the critical element affecting rthe performance of the synchronizers and
arbiters. The objective Ls to find parameters which will (1) permit comparison
of one flip~flop against another and (i1) enable us to derive the measures of
quality for synchronizers and arbiters. There are three parameters of a flip-flop
which directly affect the synchronizers and arbiters: (i) an effective conflict 
window Wc which is a measure of how easily a flip-flop may enter the meta-stable
state, (ii) a time constant 5 which is a m;asure of how long a flip-flop may stay
in the meta-stable state and (iii) 4gs the normal time the flip-flop takes to

operate (i.e. the time of operation when there is no conflict),

We shall first exﬁlain the parameter ¢. Laboratory experiments and
theoretical studies have shown that the probability that a flip-flop will still
be in the meta-stable state at time A given that it was in the meta-stable state at
time 0 is given by an exponential distribution P{A)==e-A!T-(Figure 15)[%3,4,6,8,9,14].
The exponential distribution is completely characterized by a time constant 7
which is a2 good measure of the quality of the flip-flop with regard to how
easily it leaves the meta-stable state; smaller r means that the flip-flop quickly
leaves the meta-stahble state.

If we were to perform an experiment in which a mmber of identical flip-

flops are put into the meta-stable state at time 0 and cbservation 13 made
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of the mumber of them in meta-stable state at various times, we would also get
an exponential plot with the same time constant. That is, if at t%me_O s0me
number k of flip-flops are in themeta-stable state then at time A, k x e_afT
number of them would be found in the meta-stable state. This distributian,
obtained through experiment, gives ps a basis for measuring r,

We nemt discuss a measure of how easily a flip-flop might enter the meta-
stable state. We expect that the probability of the flip-flop entering the meta-
state would be highest when the signal change and the clock puise coincide, and
the probability would decrease as the temporal zeparation between the
~ clock and the’ change in the signal is increased. There é?éféévetai"iﬁastibﬁé'ﬁe"‘
must face at once, At what time after the clock pulse must we observe the flip-flap
to determine if it entered the meta-stable gtate; we cannot observe the flip-
flop immediately after the clock pulse because the flip-flop has some inherent
delay Ay > the time for which the flip-flop does not respond in any case. We
cannot wait too long either because that might give the flip-flop a chance to
get out of the meta~stable state. Therefore a good suggestion is to obszerve
the f£lip-flop at ﬁﬂ units of time after the clock pulse where 50 is the normal delay;
this is the time in which the flop-flop is expected to switch to the appropriate -

stable state if there is no conflict. But even this suggeation has some difficulties

beéﬁuse chservation of the meta-stable state at Ag ig obstfucted by ﬁhe fact
that as the temporal separation between the clock and the signal change
decreases,the flip-flop may take longer than 4y to respond in any manner.
Therefore, the best we can do i3 to estimate the probebility of the flip-flop
being in meta-stable state at ﬁD by observing the behavior of the flip-flop at

a later time. This can be done by conducting an experimént in which

the temporal separation between the clock and the signal change is kept constant

and a plot similar to the one for measurement of 7 is made.
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This graph can be extrapolated backwards until it meets Ao to give the estimated

probability of the Elip-flop being in meta-stable gstate at time 8g-
Comprehensive information about how easily a flip-flop gets into a

meta-stable state would then be given by a plot of the probability of the

flip-flop being in the meta-stable state at time &0 against the ;emporal

separation between the clock and the signal change. This much information

is, however, not generally needed especially when the signals to be

aynchronized can be agsumed to be completely asynchronous with respect to the

clock which Ls generally the case. Under these circumstances a measure cslled

the effective conflict window Wc which is equal to the area of the above plot of

probabllity against time is sufficient for our purposes (Figure 16). The effective
conflict window has a very useful intuitive interpretation: the conflict window
Wc can be imagined gs a window extending from - % Wc Eo + % Wc and, for the
purposes of computing overall performance,-we could say that the flip-flop
always enters into the meta-stable state if the temporal separation between the
clock and signal change falls within this window and does not enter the meta-
stable state if it does not. Thua, the smaller the conflict window, fewer
will be the times the flip-flop will enter intc the undesired meta-stable state.

Both parameters s and Wc can be &étermined By an experiment which inﬁéiveé
repeated trials in which the temporal separation between the signal and the
clock is uniformly varied over the tange ‘§/2 to £/2 when€ is larger than the
absolute conflict window.

The outcome of the experiment is a plot of the number of observations of
meta-stable state against time measured from the clock pulse. As we have said
previously this plot will be exponential (Figure 17). The time comstant t that

we desire is the time constant of this curve, and if the curve is described by
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-(a-a /T
the expression mxe ¢ » the conflict window will be given by the expression

=2y £ where n is the total number of trials. Therefore, the expression for
" (-8} /v

<

the plor of probability can also be written as % X wc X &
We can use these parameters of the flip-flop to compute the measuwc, of the
quality of a synchronizer. The measures ara very similar to the measures

for a flip-flop; an effecrive error window and a delay. When a single flip-

flop is used as a synchronizer, the error window 15 the same as the conflict
window of the flip-flop. By.cascading stages of synchronizer, however, the
effective error window can be decreased to any desired degree but at the expanse
of increased delay, A twoc stage svnchronizer ig shown in Figure 18. For this
synchronizer to fail both stages must fail. This happens only if the first
stage fails and causes such delay that the signal reaches the second stage in
its conflict window.

To estimate the error window of the combined synchronizer we can imagine
an ;iperiment in which n trials are performed varying the separation between the
clock and the signal uniformly over ~£/2 tor /2, The expected number of times the
first stage will be in the meta-stable state at time A is given by the expression
a = (a-pg) /7
E X Wc % e (see the paragraph ahove), Therefore, the expected number of

times the first stage will come out of the meta-stable state in the interval of

time from A - (L/2)W to A + (I/Z)NC, the eritical interval, will be
-{a- (lfz)wc'&O)f{'T _n e'(&"‘(lf'z)wc'-ﬁo)f”l’

g ¥ Wc X & =y Wc » which is equal ro
“ -(a-ag)/T We/2m -l /2¢
Echxe ¥ (e - e I
=(A=A )T W
If chzT is small, this expression reduces to ? % WE % e 0 % :% .

This is the expected number of times the first synchronizer will leave the meta-
stable state in the range g - (1/2)wc to A+ (1/2)Wc. If we assume that the prob-

ability of the meta-stable state switching to state 1 is 1/2, the expected number
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of times the first stage will experience delay in the said range will be
. -(a=ag)iT W

7 X g-x Wc X e ¥ :% . This expression also represents che expected num-
ber of times both stages will fail because a delay in the range from A - (IIZ)NC
te A+ (1/2)wc causes the signal from the first stage to arrive at the second
stage in the conflict window. Therefore, the error window for the two-stage syn-

chronizer ias given by

~(a-ag) e W

W = -—
e Wc x e X 27

The above expression could also be derived in the following manner very help-
ful for an intuitive perception of the problem. Because the n trials are distri-
buted uniformly from -£/2 to £/2, and the conflict window is Wc wide, the expected
number of times the first stage will fail is ? ¥ wc. Furthermore, given that the
first stage has failed, the probability that the failure will lead to a delay in

] -(a-ag) /T 1

the conflicf(zizd§7 of the next stage is 3 X (e ¥ :) X W, . In this ex-
presgion, e 0777 X - is the probabilit?(:fzsiﬁy distribution obtained by
taking the negative of the derivative of e 07T with respect to A. It will be

-(a-ag) /T
recalled that e is the expression for the plot of the probabilicy of the
synchronizer being in the meta-stabie state at time A given that It was in the
meta-stable state at time AO. The negative of the derivative of this expression
gives the rate at which the synchronizer leaves the meta-stable state at time A.
The term wc comes from the faet that ;he conflict window is Wc wide. The product
of Wc and the above stated rate of exit at A gives the expected number of times
the synchronizer will leave the meta-stable state in the said critical interval.
The term % in the expression comes from the agsumption that the synchronizer is

equally likely to go to state 0 as ig likely to go to state 1. The expected num-

ber of times both stages fail is therefore equal to

'(ﬁ‘&o)fT

n 1 1
£ X wc X% X e X . X W
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and from this we get the expression for error window

v e HE '(A‘&u)/T
o c ¥z X®

This expression shows that the error window of the two stage synchronizer
decreases exponentially with the delay between atages. Furthermore, for any
given A, the error window for the two stage synchronizer is narrower than the

(A'ﬁo)fw

single stage synchronizer by a factor of éL ¥ e .
c

Iterative Structures for Synchronizers

tThe analysis of the two stage synchronizer has shown that the error window
can be reduced exponentially with delay. It is, therefore, possible to reduce the
probability of the synchronizer failure cauged by the meta-stable state much below
the probability of failure of the synchronizer due to the physical failure of the
electronic components. But as the speed of the digital system is pushed to the
limi;, the synchronizer delay required to achieve this deaired degree of reliability
becomes unacceptably large. Since things are being pushed ta the limit, it is
reasonable to ask 1f 1t is possible to improve the reliability of the synchronizer
beyond what is possible with the two-stage synchronizer. In particular we are
interestea in exemining if a multi-stage iterative structure could give a syn-
chronizer of lower probability of error thanm the two-stage synchronizer.

The expression for the effective error window of the two-stage synchromizer
gshows that the probability of failure goes down exponentially with the overall
delay of the synchronizer. Is there any way for improving upon the time congtant
of this exponentlal function through cascading of synchronizers? The following

analysis gives an affirmative answer to this gquaestion.
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Conéi&er 4 two-stage and a k-stage synchronizer which have the same overall
delay (Figure 19); the k-stage synchronizer has A unit of delay between each stage
" and the two-stage synchronizer has a (k-1) % A unit delay between the bwo Stages,
The k-stage synchronizer will fail only if 311 stages of the synchroniier fail

to eynchronize the signal. The probability that ith stage will fail given that

“(A‘AO)I7
the stage i-1 has failed isi—- ¥ e - Therefore, the error window of the
"1 bt 1, o-(k=l)a/
k-stage synchronizer ig W, x (chi;~x e ) T, The error window
) 1 ﬂO/T _(k_l\;\ r.
for the two-stage synchronizer ig W X Gﬂ X oo Xe ) x S This shows

that whether the error window of the k-stage synchronizer is smaller gg“lgrger
tha;*;;; two- stage synchronlzer depends on whether the quantity (2T/W Je U
is greater than or less rhan i; if it is greater than 1 then the error window of
the k-stage synchronizer will be smaller than the two sfage synchronizer. There-
fore, we call this quﬁntity the figure of gégi;, uy of the flip-flop., The error
window of the two-stage synchronizer is uk_z times that of the k stage synchronizer.
If U is less than 1, the two-stage gsynchronizer gives the smallest error
window, but if _ is Breater than 1, the best arrangement consists of as many stages
as iz possible (it is assumed that the permissible delay is large enough t£o accommo-
date two stages, otherwise the single stage synchronizer would be the only possi-
bility and one would have to be gatisfied with an error window equal to W }. Since
the overall delay of the synchronizer 1s fized, the maximum number of gstages is
realized when A is made as small as possible. The delay A, which is the delay
between two successive stages, can in no case be made smaller than AO’ the propaga-

tion delay of the synchronizer under mormal conditions. In a practical circuit, A

will have to be slightly larger than &0 to avoid some undesired behavior of flip-flops
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A multi-stage synchronizer against the two-atage gsynchronizer.
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at a delay in the vieinity of AO. For example, it is obgerved experimentally
that when the separation between the clock and the signal change fs reduced, the
normal delay of a flip-flop increases slightly befors non-predictable effects
due to the meta-stable state are encountered. IFf A is not greater +chau the
maximum such delay, the stages leading to the last stage can all be made to fail
in amanner so as to put the signal In the conflict region of the final stage by a
guitable choice of separation between the input and the clock,

Even if u is equal to 1, the k-stage synchronizer may have zn advantage
over the two-stage synchronizer when high clock rates are being used. The maximum
clock rate with which the two-stage synchronizer can be used is ?E:T§E:Ea while

which is at least

the k-stage synchronizer can be used with clock rate A}ﬁo
{(k-1) times that for Fhe twao-stage synchronizer, The ability to use higher clock
rates without degrading the error window ig importaut when the intermal clock rate
of the system to which a communication link is conmnected is gso high that the time
between clock signals is not sufficiently long to achieve synchronization with the
desired reliability,

We will now study the expression for the error window Eurther to show that
the figure of merit of a flip-flop is a paramter of the same significance as the
time constant 7. Suppose we keep the time delay between stages of a muelti-stage
synchronizer fixed at A and change the number of stages to obtain the desired
low error window. Let p, the figure of merit, be expressed as eA/T' where A

1
is the delay of each stage and 7' is a conscant such that p = eA;T - The expression

for the error window of the multi-stage synchronizer now becomes

R Y R S Y2

e c
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where (k-1)p + 8y la the overall delay of the synchronizer. If the total time

is denoted by T, the expression assumes the form

- t - A (lf'r*l-l/'r'
w=wxeT!’T xeT/TXeo ‘)

which shows that the error window decreases exponentially with the overall delay
on account of two exponentiazts, one arising directly out af the time constant r
and the other out of the figure of merit of the flip-flop. Furthermore, because
the figure of merit, the delay A and the time constant 7' are related by the
expression u = e'ﬁth, for a given figure of merit 1f the delay between the stages
is reduced, the time constant t' will be reduced proportionately, i.e. the smaller
the delay, the smaller will be the time constant T, which is very desirable. Thus,

even this analysis suggests that pA should be made as small as possible.

A Synchronizer Without a Time Eound

Even though synchronization of the signal within a fixed number of clock
periods is desirable, this is not an absolute requirement; what 1s essential is
that cthe signal transitions be properly synchronized to the clack as early as pos-
sible. A synchronizer which takes only a few (perhaps just a single) clock period
to perform its task most of the times but takes an arbitrary number of clock periods
some of the times should be acceptable, Surprisingly even such a synchronizer,
which now does not have the atrict requirement that it must operate in a fixed
number of clock periods, cannot be physically realized,

This reaaon why such a synchronizer cammot be Physically realized ia that a single
edge synchronizer with & bound can be realized from two single edge synchronizers which

take a bounded number of clock periods when there is no conflict and take an unbounded
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number of clock perieods when there g a conflict as shown in Figure 20. The signal is

sent directly to one syunchronizer and through a delay to the other synchronizer,
The delay is large enough so that at most one of the two synchronizers may ex-
perience critical operation. The one which experiences critical opcidtion either
opérates at the same time as the other or is delayed in its action. The rising
edge at the output, which is obtained by taking a logical OR of both synchronizers
is defined by the synchronizer which responds first -- the one that does not
eéncounter critical operation., The output thus responds to the input in just the
time needed when there is no critical operation, which is bounded,

It may be recalled that a eingle edge synchronizer synchronizes only, say,

0 to 1 transitions; the 1 to @ transitions go through unobstructed and initialize
the synchronizer. It_may further be recalled that a double edge synchronizer can
be reélized from two single edge synchronizers (Figure 6).

We chose to obtain a synchronizer with a bound from single edge synchronizers
because the realization of a single edge bounded synchronizer from the unbounded
single edge synchronizers is most easily accomplished. This fs so because the 0
to 1 transitions (tha ones which are not synchronized} regset the synchronizer.
Resetting the synchronizer is neécessary to prevent a component synchronizer thar
is still in the meta-stable state due to the previous action from affecting the
next instance of synchronization., A double edge synchronizer without bounds that
is provided with a reset Input can also be used easily.

The above scheme for obtaining a bounded delay synchronizer can also use
synchronizers that produce a synchroaized signal in k or fewer clock instances when
no econflict 18 involved and produce an unsynchronized output after k+1 clock in-
stances (counting the one at which the signal arrives) when there is a confliet. The
fact that the output of the synchronizer is guaranteed not to change in the interval

between ktD and k + 15t clock Instances is a fact of crucial impertance.
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Iterative Structures for Arbiters

In this section we shall focus our attention on iterative structures for
arbiters with a time bound, i.e. the arbiters needed in synchronous systems.

We will define 2 single stage arbiter called a limited resolutiom acbiter and

show how the desired arbiter can be obtained by cas:ading limited resolution
arbiters, We will also analyze the error window of these arbiters and derive the
éondition under which amulti-stage arbiter is better than the two-stage arbiter.

In the construction of a limired resolution arbiter we need a blocking

element, designated as B, that has 2 block input b, and a transmit input E.

A circuit realization of the P element (shown in Figure 21) consists of a flip-
flop constructed from two NAND gates and a threshold NOT gate which is conmected to
the ocutput of one of the NAND gates. The threshold of the threshold gate ig ad-
justed lower than the level of the meta-stable state of the flip-flop. The input
of the NAND gate to which the threshold element is connected is designated the
Ltransmit input and the input of the other NAND gate is designated the ylggg input.
The operation of this circult is explained below.

Initially both inputs are at level O_and the output is also at level 0. If the
transmit input is changed to 1 while the block Input is held at 0, the output will
change to 1. But if the block input is raised to 1 before the Eransmit input is
changed to 1, the output will remain at 0. The situation in which both the block
and the transmit inputs change to 1 at nearly the same time represents a conflict
gituation in which the flip-flop component of the eircuit may enter into the meta-
stable state causing uncertainty about when, if at all, the output will change to 1,
Since the threshold of the NOT gate is adjusted lower than the lavel at the meta-
stable state, the output changes only when the flip-flop comes out of the meta-
stable state and settles into the state in which the flip-flop output connected to

the NOT gate is low.
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The limited resolution arbiter i3 composed of two blocking elements con-
nected in the criss-cross arrangement shown in Figure 22. If one Input of the
limited resolutioﬁ arbiter is changed to 1 while the other one is held at Q, the
associated output will change to 1, and at the same time the blocklng element as-
soclated with the otrher input will be put in the blocked condition, If the other
'inpuf should now change to 1, this change will be blocked from reaching the output.
The limited resclution arbiter, therefore, performs arbitration correctly if the
Signals are separated in time by a duration ar least equal to the sum of the time
that a signal at the transmit input of the block element takes to appear at the
output under normal condition and the time a signal at the block input takes tro
(completely) block the blocking element. Twice this duration of time is ecalled
W_, the (absolute) resolution window of the 1imitaed regolution arbiter: the

Ta

{absolute) resclution window extends Ffrom - % Wfa to + % Wra' In oyr diacussion,
the statement that the deparation between two signals falls within the (absolute)
resolution window will means that the temporal separation between the gignals falls
within the range - % Wra to +,% wra' Thua we can say that the limited resolution
arbiter performs correctly as long as the signals do not falil within the absolute
regolution window of the arbiter,

If the two gignals to the limited resolution arbiter arrive simzltaneously,
they will both manage to get through the arbiter because neither one will be able
ta block the other and the arbiter will have failed to perform arbitration, 1In
this case nefther of the signals that passed through the arbiter will experience
any uncertain delays, The situation in which the signals marginally fall within the
resolution window is the one in which uncertain delays may be encountered in the

second signal because ip this case the eutput from the first signal will try to block

the gsecond signal just as it arrives at the blocking element causing a conflict whiech
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may give rise to uncertain delays. Note that only the second sigmal (the one that
comes late) has the possibility of being delayed; the first signal experiences only
the normal delay.

To understand how cascading can improve the resclution, consider for the
moment an idealized limited resclution arbiter: if the signals do not fall within
the resoluticn window it guccessfully blocks one input and if they fall within the
resolution window then both signals pass through experiencing only the normal delay.
We have thus agsumed for the time being that conflict asituation does not arise.

Two idealized limited regolution arbiters can be comnected in tandem as showm
in Figure 23 to realize a perfect (infinite resolution) arbiter. This structure ex-
ploits the fact that if both signals get through the idealized limited resolution
arbiter, they will be within the resciution window at the output of the arbiter be-
cause this happens only when the input signals are within the resolution window,and
the limited resolution arbiter being ideal, both signals experience only the normal
delay. 1If one of the signals is now purposefully delayed by more than the resolu-
tion window, we can be certain that the signals will be cutside the resolution win-
dow, and, therefore, the signals will be sure to be resolved at the gecond limited
tesolution arbiter., If the idealized limited resolution arbiters are replaced by
the ordinary ones, the arrangement will not give a perfect arbiter, but it will be
a much improved arbiter over the single limited resclution arbiter. 1In fact unlike
the single limited resolution arbiter, the two-stage arbiter cannot be made to fail
with certainty by choice of separation between signals, Therefore, it will be
necessary to talk about the measure of the quality of arbiters in terms of an ef-
fective error window as im the case of the synchronizers.

let us lock into the details of how the two-stage arbiter may fall to perform
correctly. Suppose signal 2 comes first and signal 1 comes just when signal 2 is
blocking signal 1. The resulting conflict may cause signal-l to be delayed by just

the amount necessary for signal 1 and the deliberately delayed signal 2 to reach
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Figure 23. A two~stage arbiter
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the second stage nearly simultaneously {(within the resolution window of the second
limited resolution arbiter). In this case both of the signals will go through the
second stage, and the arbiter will have failed to perform its stated task, Note
that there is no possibility of incorrect operations when signal 1 comes first and
signal 2 comes later because any confliect at the blocking element assocciated with
gignal 2 will only help increase the desired delay in the path of signal 2.

We will now obtain an expression Ffor the effective error windows of the two-
stage and the multi-stage arbiters in terms of the paramegters of the blocking ele-
ment B just as the effective error window ?f the multi-gstage synchronizer was ob-
tained in terms of rhe parameters of the flip-flop. The time constant t and the
conflicet window Wc of the blacking element correspond to the parameters v and wc
of the flip-flop in the circuit of the element and the propagation delay ﬁﬂ is
equal to the sum of the propagation delay of the flip-flop and the delay of the
NOT gate. The effective resolution window #r of a limited resolution arbiter is
a statistical parameter defined as followa: Consider an experiment in which n
ingtances of arbitration are performed varying the temporal separation between the
two signals uniformly Ffrom ~£/2 to §/2 where £ iz larger than the absolute resolution
window, If the number of times the arbiter fails to block a signal is m, the ef-
fective resolution window Wf of the limited resolution arbiter is equal to E xE.
The effective resolution window is approximately equal to 2&0, twice the normgl
propagation delay of the B element.

The effective error window We of an arbiter (single as well as milti-stage
arbiter)_is estimated by imagining & similar experiment in which the temporal sep-
aration between the two signals to the arbiter iz varied uniformly from -£/2 to giz
units of time and n instances of arbitration are rerformed. If the estimated num-

ber of times the arbiter fails ia m then the effective error window We is E X g.
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It may be noted that the error window of a gingle stage arbiter is equal to the
regolution window Wr by definition. Again as in the case of the multi-stage syn-
chronizer, the wmulti-stage arbiter will fail only 1f all stages of it fail. For
this to happen all stages except the last two stages must experience « conflick
which regults in such delays as to cause the next stage to confliet, and the last
but one stage should result in such delay as to cause both signals to arrive with-
in the resolution window of the last stage.

With the aid of the timing diagram of Figure 2%4a, the expected error window

for the two-stage arbiter can be calculated to be

~{A+A (1200 =A ) /g
W, x (e 0 r 70 x%x%xw)

E“N
]

- 2M )

= Wc X e X E: .

In the expression the first term comes from the width of the conflict window which
is W;; and the remaining terms give the probability that the firast stage will

delay input 1 by an amount that will cause both inputs te arrive in the resolution
window of the second stage. A delay in the range {A + 30 + (1/2)Wr) T (1/2)wr will
cause the two aignals to be in the resolution window. With the aid of the timing

diagram of Figure 24b, the error window of the n stage arbiter can be calculated to

be
W x ¢ “(athyagdit 4 v 382 = (kg (L7200 _-p o) .
e e X (e X 2c X ¥ X € X 20
n-2
- W S(AHQL2W e oW
=2ch(eﬂhxﬁ) X e r x-if

In order to examine whethesr a multi-gstage arbiter is ény better thanm a two-
gtage arbiter, we will now examine a two-stage arbiter and an n-stage arbiter of

equal overall delay (see Flgure 25). The expressiona for the error windows for

both of then are:
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-40-

n-
W Q@+ Y e W
n _ -als e -
W = W,ox (e X 3. ) X e X 2o
2 T (@-La+@-2)85+(1/2)0 )/ W
we xx Wc ¥ e x E
n=-2 a-2
W -(A+@/2W )/ W -An/T
_ -Alt e r X 0 2z
=W, x (e xZT) X e X 3o0%x (e ch)
2 e Bt TR,
The ratio welwz = qjt X e ) = . Thecefore, the effective error window
<

of the n stage arbiter where n is larger than 2 will be smaller than the two-stage
arbiter if and only if the figure of merit i ig greater than 1, The multi-stage
arbiter represents the best arrangement if the figure of merit of the bloacking ele-
ment 1s greater tham 1, otherwise the twu-séage arbiter is the best,

It should be noted that regardless of when the two signals arrive at the
arbiters discussed above and regardleas of what goes on inside the arbiters, at least
one signal comes out of the arbiter within a fixed length of time. There is, how=-
ever, the possibility thac the arbiter may fail to stop the other input signal from
going through the arbiter. The usefulness of this device depends on the sbility to
reduce the probability of such failures to an acceptable low value, We have already
examined how this can be achieved. Next we turn our attention to arbiters which do
not necessarily act in a fixed length of time but which never fall to block ona of

the ioputs,
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Arbiters Without Time Bounds

Asynchronous speed independent circuits can tolerate arbiters that may oot
necessarily act within a fixed length of time provided the arbitration is per-
formed correctly, i.e. the arbiter does not fail to block one input signal. Since
the gbility to construct a synchronizer without a time bound is seriously in doubt,
one might question whether a perfect arbiter without any time bound {(asynchronous
arbiter) can be realized. The gituation here is, however, elightly different, and
it is indeed possible to phyailcally realize a perfect arbiter without a time bound,
Such arbiters have been constructed by thﬁ_researchera at the University of Wash-
ington at St, Louis [7,11,5]; the principles on which these constructions are
based are similar to those explained in a pateut on real time detection of Flip~flop
resclution by Adams {1]., These constructions employ high and low threshold elements
to detect the meta-steble state and the Outp;ts af the arbiter are prevented from
changing so long as the meta-stable state persists.

A cirecuit for an asynchronous arbiter employing these principles is shown in
Figure 26. This circuit has a set-reset flip-flop for each input to the arbiter,
Initially, the admit signal is at level 1, and a signal of 1 on any of the inputs
can set the associated flip-flop, 1If none of the flip-flops enter fnta the meta-
stable state, the output associated with the input of the higheat priority changes
to 1. We will next discuss the operation of the arbiter under the critical condition,

Imagine a sitvation in which input 2 changes to 1 first and suppose that while
admit signal is changing to 0 to block the input gates, input 1 also chanpes to 1.
The resulting conflict may cause the flip-flop asacciated with input 1 to enter into
the meta-stable state. The cutput gates remain blocked at thig time because of the
delay element in the path of wait signal which keeps wait at level 0 long enocugh

for the meta-stable state detection circuitry congigting of threshold gates H and L
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Figure 26, A circuit for asynchronous arbiter based on the
detection of the meta-stable state.



“bh=

to produce the block signal. The detection circuitry for flip~flop 1 preduces
output of 1 because the high and low threshold gates produce outputs 0 and 1,
respectively because the level at the meta-atable state is in between the high and
low thresholds. The signal from the detector keeps the output gates blocked as
long as the meta-gtable state persists. When the flip-flop leaves the meta-stable
state there are two possible outcomes depending on whether the meta-stable changes
to stéte 0 or state 1. 1In the first case, the block signal is removed aend output
2' changes to 1, and in the other case the priocrity signal changes to 0, reflecting
the fact that flip-flop 1 has higher priority, output 2' is blocked, and the level

at output 1 changes to 1.

We now prese;t.another circuit realization of an asynchroncus arbiter
{Figure 27) which is congiderably simpler. The cifcuit consists of one flip-flop
and two threshold eleﬁants. The flip-flop is conskructed of rtwo NAND gates and
the threshold elements are NOT gates whose threshold is adjusted lower than the
level at the meta-stable state.

Briefly the operation of the circuit is explained as follows: initially both
inputs are at level 0. 1In this condition the circuit consisting of the two NAND
gates (che flip-flop) is not in its bistable condition as both outputs of the flip-
flop circult are forced to be at level 1., In the conventiocnal use of a flip-fiop
this condition is avoided, but here it is used to a great advantage., When either
signal at the input changes to I, the circuit will become a bistable circuit, 1If
only one input changes to 1, the circuit settles into che proper staeble state
without any hesgitation. But if both inputs change simultaneously, the circuit may
enter into the meta-sable state. In this case the lavels at the output of both
NAND gates of the flip-flop circuit come down to some intermediate value from 1 and
stay there until the circuit comes out of the meta-atable state at which point one

of them goes all the way to O and the other returns to 1. The threshold of one of the
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NOT gates ias then crossed, and the corresponding output of the arbiter becomes 1.
The process of arbitration is thus completed.

The proper operation of the above cireuit requires that the bistable circuit
must not experience large oscillations either when it enters or when it leaves the
meta-stable state. Otherwise the threshold elements will not be successful in
performing their task of blocking the output. Some but not all practical cirecuits
have been observed to havé such smooth entry and exit inte and ocut of the meta-
stable state, Furthermore the chuicg of the threshold levels must allow for varia-
tions in the meta-stable state level arising out of such factors as variations in
temperature and the device characteristics. These variations can in some cases
be so large as to leave no margin for the selection of the fixed threshold level
(Charey (5]). The problem due to the variations in the meta-stable state level and
the oscillations can be eliminated by a difference amplifier scheme which operates
on the difference in the two output lives of the flip-flop instead of their absolute
values [11, 3]. The above discussion equally applies to the circuits for the syn-
chronizers and the blocking elements discussed earlier.

Figure 28 shows the modified circuit for the asynchronous arbiter using dif-
ference amplifiers which now play the role of the threshold NOT gates. Output is
produced by a difference amplifier when the ocutputs of the flip-flop differ by an
amount larger than the level set by the offser voltage. It may be noted that both
in the initfal condition and the meta-stable state the outputs of the flip-flop
have the same level (except for a amall variation due to the differences in the
characteristics of the two NAND gates that constitute the flip-£flop), but when the
flip-flop comes out of the meta-stable state, the difference assumes its full value

23 one side goes to the low level and the other to the high level.
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Conglugion

In conclusion we note that the synchronizers and arbiters are closely related.
The ability to perform synchronization implies the ability to realize an arbiter
with a time bound. Furthermore, the ability to perform synchronization without the
congtraint that it must be performed within a bounded mumber of clock periods also
implies the ability to realize an arbiter with a time bound because the synchronizer
with a time bound can be realized from a synchronizer without a time bound. Since
the ability to physically realize a {perfect) arbiter with a time bound is geriously
in doubt, neither the bounded delay synchronizer nor the unbounded delay synchron-
izer seems to be physically realizable. On the other hand the unbounded delay
arbiters can be easily realized with electronie circuits; the abilicy to realize an
unbounded delay arbiter does not imply the ability to realize a bounded delay arbiter.

Both synchronizers and arbiters have interesting solutions in iterative struc-
tures, The iterative structures allow some additional characteristics of a fiip-
flop"to contribute towards improving the performance of the synchronizers and arbiters
in vwhich they are used. The parameters of a flip-flop that have been identified per-
mit a direct comparison of the quality of the flip-flops as regards their use in syn-
chronizers and arbiters. The figure of merit, for example, completely determines
whether a flip~flop is suitable for use in the iterative structure.

In LSI circuits, the constraint that all components muat be on the same integral
substrate and that all components must be realized from one integral process, could
Testrict the freedom to control some characteristics of a flip=-flop and leave some
characteristics free to be controlled as desired, Iterative structures could be
very useful in this situation if some of the parameters which independently contri-

bute towards the performance are free to be controlled.
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It iz hoped that this paper will give the readers a better understanding

of the synchronizers and arbiters and help the designers of digital systema in

realizing more reliable implementations of systems when the preblems of syn-

chronization and arbitration must be faced.
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