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Abstract

This application report describes metastable response in digital circuits. After defining the phenomenon itself, this report
describes a test circuit with which the response can be analyzed and gives test results. Using examples, the influence
metastability on the response of asynchronous circuits and measures for improving reliability are assessed.

1 Introduction

Designers of digital systems are constantly confronted with the problem of synchronizing two systems that operate at differen
frequencies. The problem is usually resolved by synchronizing one of the signals with the local clock generator using a
flip-flop. But such a solution, of necessity, leads to a violation of the operating conditions for the flip-flops as défieed in
data sheets, i.e., in these cases, the setup time and hold time are not maintained. Therefore, a flip-flop can go atilea metast
state, endangering the operability of the circuit and, thereby, the reliability of the whole system. The purpose of thjs report
first, to acquaint designers with the phenomenon of metastability in dynamic circuits (flip-flops) and, second, to look at test
results on the more common bipolar, CMOS, and BiCMOS circuit families. Using these data the designer can determine th
influence of metastable states in an application and take any necessary countermeasures.

2 Definition of Metastable State

Figure 1 illustrates the internal circuitry of a master/slave D-type flip-flop. Only those parts are shown that are dbmterest
the purpose of this application report. If there is a low on the CLK input, the emitters of transistors Q1 and Q2 (nflagxer flip-

go high so that they are turned off. By way of the D input, depending on the logic level applied here, there also istragh poten
on one of the two bases of the transistors. A positive edge on the CLK input means that, first, gates G2 and G3 are disable
As aresult of hole-storage effects, the outputs of these gates can maintain their output voltage for a certain timaeAt the sa
time, the emitters of the transistors go low. The transistor on whose base the higher voltage appeared conducts, while the ott
transistor remains turned off. The flip-flop composed of the two transistors is held in this stable state by feedbadR tesistors
and R2. At the same time, the slave flip-flop consisting of gates G4 and G5 is set to the new state and the new level appea

on the Q outputs.
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Figure 1. Bipolar Master-Slave D-Type Flip-Flop

Flip-flop operation, as described here, can only be ensured if the setup time and the hold time on the D input are maintaine
(see Figure 2). This means that for a short time before the positive edge on the CLK input (setup time) and a shorithe afterw
(hold time) the level on the D input must not change if the above function is to be executed correctly.
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Figure 2. Timing Conditions of a D-Type Flip-Flop

In synchronous systems this timing can be maintained easily. But the situation is different with asynchronous circuits, in
particular, synchronization circuits. Assume that, because of a change in level on the D input, the voltage on the taitput of ga
G2 goes from low to high, meaning that the voltage on the output of gate G3 goes from high to low, and that the clock signal
switches at the same time. If this happens at the instant when the difference in voltage between the two bases of transistors
Qland Q2 is virtually zero, the master flip-flop will not be able to adopt a stable, defined state. The logic statehiggheither

nor low. This is known as a metastable state. As a consequence, no defined state of the slave flip-flop is ensured under these
circumstances.

The output signal of this flip-flop also adopts an unstable or metastable state (see Figure 3). The noise of transistors Q1 and
Q2 (the master flip-flop forms a feedback amplifier) and interference penetrating from the exterior ensures that the master
flip-flop and, consequently, the slave revert to one of the two possible but unpredictable stable states after a certain time.
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Figure 3. Timing of Metastable States

In the case illustrated in Figure 3, output Q aofGhe slave flip-flop adopts a level that is between the proper low and high
levels. The output is in the metastable state of the master circuit consisting of transistors Qland Q2. The output voltages of
the master flip-flop do not correspond to the normal logic levels in a metastable state, so the internal voltage values can be
corrupted through the voltage gain of gates G4 and G5 (slave) to such an extent that the signals shown in Figure 4 are on the
output of the flip-flop. Curve A in Figure 4 illustrates the correct output signal. Curve B in Figure 4 shows that the slave, a
first, does not recognize the metastable state of the master. It is not until the latter goes out of the unstablersttgdhat a

can be detected on the output, expressing itself as a very slow output edge and appearing, in practice, as a much longer delay.
Curve C in Figure 4 shows that the metastable state of the master first generates a high level on the output of the slave. If t
master then reverts to a stable state, a low level will appear again on the output of the flip-flop. The inverted sigoahshapes

be viewed in the same way. The phenomena shown here are described with reference to a bipolar circuit, but the same effects
occur in CMOS and BiCMOS circuits.
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Figure 4. Different Output Signals in the Metastable State

Analyzing the metastable state of flip-flops is difficult because the critical time window in which the unstable stateldescribe
may be generated is extremely short, about 10 to 100 ps.

In a circuit in which an asynchronous signal is synchronized with a clock, the mean time between failures (MTBF) in which
a failure (metastable state) occurs is calculated from the frequency of the asynchronoug,$igimalotbck frequency i),
and the duration of the critical time windowy)(t

R S
fin X foie Xty

For foik = 1 MHz, §,, = 1 kHz, andg = 30 ps, the result is:

MTBF = o

1

MTBF = 1 Hzx 1 MHz x 30 ps= 333s @
A designer using a flip-flop to synchronize two signals in this application cannot expect the maximum delays stated in the datz
sheets. To ensure reliable operation of the system, it is necessary to know how long to wait after the clock pulse aéifore the d
can be evaluated. Conventional test equipment is not capable of measuring these parameters. Therefore, a special test circ
is needed to determine the MTBF and the timeletween the clock edge and a valid signal on the Q output. Once these
parameters are known, the designer can choose the type of flip-flop to be used and after how much time valid data can t
expected.

3 Description of Test Circuit

The probability of a flip-flop going into a metastable state is at its greatest when the input gipaél@ys violates the
setup-time and hold-time conditions. This is the case when the state on the D input of a flip-flop changes with each clock edge
Any other relationship between the frequency of the signal on the D input and the clock frequency would reduce the probability
of the flip-flop that is to be tested going into a metastable state. The worst case is when the frgguendp¢fD input is
precisely one-half the clock frequencygj.

Figure 5 shows a simplified test circuit for determining the MTBF affiarta particular flip-flop. An oscillator (O1) with a
frequency of 1 MHz drives flip-flop FF1, which is configured as a 2:1 divider, thus satisfying the congitidh3 ¢k. To
increase the probability of the tested flip-flop going into a metastable state, the high/low or low/high transition cdithe sign
on the D input must jitter on the edge at the clock input. The width of this jitter should be equal to or greater thaofthe sum
the setup and hold times of the flip-flop being tested. So the output signal of flip-flop FF1 is applied to an intedrator (1) t
slows down the rise or fall time to about 30 g§ttt,). The signal obtained in this way is impressed on the delta signal of the
free-running oscillator O2 (f = 30 kHz) in comparator K1. This produces the data signal for the tested flip-flop FF2 puatthe out
of the comparator, with the positive or negative edge jittering by 30 ns. The signal of oscillator O1 is applied at thieesame ti
via delay line DL1 to the clock input of the flip-flop that is to be testedy{). This delay line compensates for the delays

of flip-flop FF1, integrator I, and comparator K1. It is chosen so that the jitter on the D input of the flip-flop to beatested

the setup and hold times stated in the data sheet (see Figure 6).
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Figure 5. Test Circuit for Examining the Metastable State
: .+ DINPUT

=

}

T "'l

Y =2 V/div CLOCK

Ons 20ns 40ns 60ns 80ns 100ns
Figure 6. Oscillogram of Clock and Data Signal on Flip-Flop FF2

The output of flip-flop FF2 is then applied to comparators K2 and K3, which form a window comparator. Their outputs adopt
the same state when there is a valid high or low level on the output of FF2 but adopt different states when the output voltage
(V) of the flip-flop is in an undefined range:

Viiming > Vo > Vigmay (3

The clock signal ¢ k2), delayed by the timetby delay line DL2, samples the comparator outputs after this same time and
sets flip-flops FF3 and FF4 accordingly. If there is a metastable state present at this time, the output of the exclusive-OR ga
goes high.

This event is registered by the following counter. From the number N of metastable states detected within a certain time
interval (t), it is then possible to determine the mean time between two metastable states according to equation 4:
t

MTBF = N “
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Figure 7. Timing of Test Signals

With the circuit described here, it is possible to determine the time between two failures as a function of t)elfithes(t
relation is entered on a semilogarithmic scale, the metastable characteristic of the flip-flop being examined for the requirec
frequency of the input signalj{j is obtained.

Before discussing the test results, it is necessary to analyze the limitations of the test circuit, which influence Teoresult.
things can have a considerable influence on the test results: jitter of the input signal that is not centered on thal@ack sign
the delay of the evaluating circuit (K2, K3, FF3, and FF4).

If the edge of the input signaj{J does not jitter around the switching edge of the clock sigagk(f), the probability that
the flip-flop FF2 being tested will enter a metastable state is reduced. Care must be taken to ensure that the jiteit of the in
signal covers the time window formed by the setup and hold times.

In equation 1 itis assumed that the asynchronous signal alters in level randomly distributed over the clogkjperiqas(t

As shown in Figure 6, the signal on the D input of the device under test changes only in the mentioned timej)/\dxhsow (t

ns. The probability of the examined flip-flop being driven into the metastable state increases by the factor F:
_ bt _ lus

l:_'E_,-_BOns

©®)

The test results give the impression of a somewhat poorer response than can be expected in practice.

The evaluating circuit, consisting of comparators K1 and K2 and flip-flops FF3 and FF4, delays the output signal of the device
under test and thus influences the result. For example, the flip-flop being tested might have left the metastable state, but tt
outputs of comparators K1 and K2 have not yet responded (because of the delay of this part of the circuit) when the edge ¢
the clock signal ¢ k2) arrives on flip-flops FF3 and FF4. Itis difficult, in practice, to determine the magnitude of these errors
precisely. To keep the error as small as possible, extremely fast devices in ECL technology were used in this part of the te
circuit. This ensures that the uncertainty resulting from the delay of the comparators and the actual time of their sampling i
smaller than 2 ns. When evaluating the test results, this error was taken into consideration by an appropriate horizontal shi
of the line in Figure 8.

4 Test Results

Using the test circuit in Figure 5, different devices from the major logic families were examined with different vajues for t
The frequency ofdjx was 1 MHz, the frequency on the data inpy) (#as 500 kHz. The duration of the test was long enough

for a sufficient number of failures to appear. The number of failures was then divided by the test duration. This result is the
mean time between failures (MTBF) for a particular tilgg (The result was also recorded on a semilogarithmic scale for
further evaluation (see Figure 8).

Basically, circuits from the faster logic families also leave the metastable state faster. Different circuits of a logiledarady

virtually the same response, with only very slight deviations. This was to be expected because the same technology ar
practically identical circuit techniques are used within a logic family. The curves in Figure 8 are typical. In measurements on
circuits of the same type but from different fabrication batches, differences were noted that corresponded roughly to the
variation of the propagation delay times stated in the data sheets. An allowance for this variation should be made whel
calculating the worst case for a particular circuit. Also, devices of the same type from different producers exhibitadlsubstant
differences.



If other clock frequencies are used for testing, the probability of a metastable state occurring changes. The higheye freque

the greater is the probability that a metastable state will occur; the probability decreases for lower frequencies. With the da
derived from these experiments it is possible to devise an equation that describes the metastable response of a component for
any frequencies:

exp (T X t,) (6)

MTBF = Pt =
for X fin X To

To produce the worst case during a test, that is, the setup-and-hold timing conditions are violated as often as possible, the
frequency (f,) of the input signal is, as already mentioned, chosen to be one-half the clock freguen6y5(E k). On the
basis of this, equation 6 changes to:

exp (T Xt
MTBE = _&XP (T x 1) W)
05X fyu?2 X To
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Figure 8. Metastable Characteristic of Logic Circuits

Constants Jand T describe the metastable response of the circuit. These can be calculated for any circuit family from the
experimental data in Figure 8. As an example, the values for the ALS family are determined.

Constant T determines the slope of the lines (for a semilogarithmic representation as in Figure 8, the e function appears as a
straight line). So the figure can be determined from the following equation:

In MTBF(2) — In MTBF(1)

T= (8)
1:>((2) - tx(l)
And in this case:

" 195 ns— 10.5 ns



To calculate constantd solve equation 7 ford:

Ty = 2xexp(Txt (10)
MTBF X fg2
So, in this case:
T, = 2 X exp (1.02x 19.5 (1)
100 x 102

By including the figures found for T angyTn equation 6, the equation that describes the metastable response of ALS circuits
is:

exp (1.02 x t,) (12)
fin X foge X 8.7 X 106

With this equation, describing the worst case, a designer can calculate the metastable response of ALS circuits for any give
input and clock frequencies. The corresponding equations for other digital circuits can be determined by the same method. Tt
values of constants (T) andd) for the most popular logic circuits are listed in Table 1.

MTBF =

Table 1. Constants Describing the Metastable Behavior

Family T (1/ns) To ()
Std-TTL 0.74 2.9x1074
LS 0.74 4.8x10°3
S 0.36 1.3x1079
ALS 1.0 8.7x1076
AS 4.0 1.4x 103
F 9.2 1.9x 108
BCT 151 1.14x 1076
ABT 3.61 33x1073
HC 0.55 1.46 x 1076
AC 2.8 1.1x 1074
First, equation 7 is logarithmized:
In MTBF = t, X T — In Tg — In(0.5 x fy,?) (13)

This shows that the constant (T) determines the slope of the lines and, consequently, has the greatest influence on the fail.
rate that can be expected. Constant (T) is in the exponent in equation 7, so it has a more than proportional effect on tf
probability that the output of a synchronization circuit will adopt a stable state. This means, in turn, that those liégjic circu
are best suited for this purpose where the constant (T) is a high figure, as in AC, AS, ABT, and F circuits. The cigcuits of th
other families come into question when the circuit has a sufficiently long settling time. CongfghagTa much smaller
influence on the characteristics of the circuits. It produces a parallel shift of the lines in the diagram in Figure & thithoug
figures for this constant differ by several powers of ten in the different circuit families, the influence of the conssilht T is

far more dominant.

5 Circuitry Measures

Itis not possible to prevent metastability in flip-flops, so systems must be designed so that, to a sufficient degrb#ityf proba

no malfunctions appear in the circuitry. The possible errors and how to avoid them are explained with reference to the circui
in Figure 9. The circuit in question is the interrupt input of a computer system. External interrupts are normally asynchronous
to the timing of a system, so an appropriate synchronization stage (FF1) must be provided. If this flip-flop goes inabblemetast
state, for the reasons mentioned, the voltage levels on its output are no longer defined; in extreme cases they aee close to
threshold voltages of the following circuit. Assume that gate G1, which collects the interrupt signals of different sources and
signals the presence of an interrupt to the state control of the computer, accepts the metastable level as a valignaterrupt si
But the priority encoder, which is responsible for generating the appropriate interrupt vector, does not recognize this signa



(in such a case differences in the threshold voltage of the individual circuits of just a few millivolts are enough tecreate t
situation described here). The result is that the interrupt is triggered in the state control, but the wrong interrupt vector i
generated, causing a dramatic malfunctioning of the computer. This result is aggravated by the fact that such errors are
practically undetectable, even with high-grade instruments like logic analyzers. The sampling clock of the logic analyzer most
likely will not sample the signals in question in the examined circuit at the critical moment. It is also highly improlbbable tha
the threshold voltage of this test instrument will have exactly the same value as the circuit examined, meaning thatthe abnorm
operating state cannot be detected without a special, cumbersome test setup.

From Other
Interrupt Sources >1
>
Interrupt to
P State Control
| -
Asynchronous > ® »
Interrupt
D Q
Clock
HPRI/BIN
0 Interrupt
Vector
1 oF——»
2 1 -
3
Priority
Encoder

Figure 9. Interrupt Synchronization

Actual figures can be used to calculate the reliability or error rate (MTBF) of the above circuit. The data used are:

Type of flip-flop SN74ALS74
Mean frequency of asynchronous interrupt signal in =f10 kHz
System clock frequency cik = 10 MHz
Setup time of following circuit &=25ns

At the output of the synchronization stage, the settling tig)és(talculated as follows:
=7 — 1l (14)
_ 1
25 MHz
Taking equation 6 and the values of Table 1:
exp (1.0 x 25 ng
25 MHz x 10 kHz x 8.8 x 106

This error rate is much too high. To reduce it, there is, first of all, the possibility of using circuits that exhibit honiech s

settling time and, therefore, leave the metastable state faster. As mentioned previously, these are the components in which the
constant (T) is high, e.g., circuits of the SN74AS series. If you make the same calculation for an SN74AS74, the mean time
between two failures (MTBF) is 2.4 x 4byears, ensuring adequate reliability.

ty — 15 ns= 25 ns (15)

MTBF = = 3273 s= 54 min (16)

However, there are many applications in which you cannot just switch to a different family of circuits, e.g., where
programmable circuits are used and one type of flip-flop is prescribed for all parts of the densely integrated circuitry. One
remedy in this case is the use of a two-stage synchronization circuit (see Figure 10).
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Figure 10. Two-Stage Synchronization Circuit

The second flip-flop receives the output signal of the first stage one clock period later and can go into a metastdple state on
if its input conditions are also violated. That is, the output of the first flip-flop is still metastable during its setajol dinae.

So the critical input frequencifp) of the second stage is calculated from the reciprocal of the mean time between two failures
of the first stage:

£ 1 _ Fing X fa X To 17)
@ = MTBF() )
exp |:T/<fc|k+tsu):|

If you again take equation 6 and insert ;h&j value calculated here as the input frequency, the result, assuming that the same
type of flip-flop is used in both stages of the synchronization circuit, is:

exp (T —t,) (18)

MTBF(2) = fin X T X To

or

exp (T X t) X exp{T X (fclk{ [Su)] (19)

fine) X foke X Top

MTBF(2) =

Now, go back to the synchronization circuit of the interrupt input that was described previously. Using one SN74ALS74
flip-flop, the MTBF was 54 minutes. Again, assuming that the second flip-flop is sampled after 25 ns, the result is:

exp (1.0 x 25n9
(z57) X 25 MHz x 8.8 x 10-¢

54 mi

MTBF(2) = = 2 million years (20)

By selecting the right component or the right circuit, excellent reliability can be achieved without any difficulty, even in
time-critical applications. In the example shown above, the problem was resolved by incorporating an additional flip-flop
stage, and without having to resort to especially fast circuit families. This was possible, for the most part, becauselan extra

of one clock period in the interrupt input has no marked effect on system characteristics. In most modern microprocessors thel
are already appropriate circuits integrated (like the above two-stage synchronization circuit), which is why the engineer only
has to take particular measures when designing special interrupt control circuits). With the READY input of a microprocessor,
for example, things are different. For this kind of input there are setup and hold times specified in the data sheetsdesthe d

as with flip-flops, that must be maintained. The integration of an extra flip-flop in the processor, reducing the prdbability o
errors through metastable states, is not wise because such a circuit would extend each bus cycle by one clock period
synchronous systems also and, in most cases, the processor works synchronously with the assigned memory. Such integrat
is not acceptable. For asynchronous operation an additional synchronization stage must be provided externally (see
Figure 12). To arrive at a reliable circuit and avoid unnecessary delays, the critical times must be analyzed closely. This nov
will be done for the TMS320C25 microprocessor. Figure 11 shows the timing conditions of the READY input and the
associated clock signals CLKOUT1 and CLKOUT2.
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Figure 11. Timing Conditions of READY Signal in TMS320C25

For synchronization purposes, the negative edge of the clock CLKOUT1 is used. The READY signal must, when referred to
this event, be valid after a time git= 30 ns. A D-type flip-flop, as required in this application, is triggered with the positive
edge, so the CLKOUT1 signal has to be inverted. The SN74AS04 inverter that is used for this delays the clock signal by a
maximum of §4 =5 ns. The system clock frequencydg £ 10 MHz. Assuming that the mean data ratgis 6 MHz and

that a flip-flop of the type SN74ALS74 is used, equation 6 and Table 1 produce:

exp|T X (tg—t 21

MTBE = p[ ( pR pd)] (21)
felours X fo X To

MTBE = exp [1.0 X (30 ns— 5 n9] _ 163 s ©22)

10 MHz X 5 MHz x 8.8 x 10-6

In this case, a synchronization error can be expected about every 2.3 min, which, as experience shows, leads to a crash, making
it unacceptable. If you use an SN74AS74 flip-flop instead, the MTBF is more acceptable:

exp [4.03 X (30 ns— 5 n9g]

= = 9 (23)
MTBF = 10 MHz x 5 MHz x 14 x 10° ~ 2-98% 107 years
Figure 12 illustrates the circuit in question.
Asynchronous 74
Ready
D Q Ready
TMS320C25
1 CLKOUT1
SN74AS04

Figure 12. Synchronization of READY Input

6 Integrated Synchronization Circuits
There is nothing more obvious than integrating the two-stage synchronization devices described previously into one circuit

in order to reduce the component count in a system. Figure 13 shows the circuit of such a synchronization stage in an
SN74AS4374B.
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Figure 13. Logic Diagram of SN74AS4374B Synchronization Circuit

This integration produces additional advantages in terms of metastable response and, thus, system reliability. Thegirst flip-f
requires no buffer stage at its output, which is largely responsible for the delay of the flip-flop, so its delay is clynsiderab
shorter than with an SN74AS74, for example. This time saving (about 1 to 2 ns) is then available in addition for stabilization
of the first flip-flop if it goes into a metastable state. Furthermore, the D input of the second flip-flop does not nagd an in
buffer stage, thus reducing the setup time at this point by about 0.5 to 1 ns. The time gained here is also availdiziatfonstabi

of the first stage after a metastable state.

Constants (T) and gJ for this flip-flop were derived experimentally and are:
T=24and § =396x 10°° (24)

In a two-stage synchronization circuit, as shown in Figure 13, the mean time between two failures is calculated using
equation 25:

exp [T x (ﬁ)] X exp (T X ty) (25)

MTBF =
fin X fore X Top

For simplicity, it is assumed that the first flip-flop has time to stabilize, which corresponds to precisely the clocKlperiod.

time t, is again the time by which the output of the second flip-flop is evaluated later by the following circuit, that is, the time
that the second flip-flop has for stabilization. In most cases, it also corresponds to the period of the clock frequeticy reduce
by the setup time of the following circuit.

7 Summary

The metastable characteristic of a flip-flop in a synchronization circuit determines, to a large degree, the reliapgitgmofa s
On the basis of what has been said in this report, the designer can decide what type of flip-flop should be used in a give
application and to what extent the metastable response will be manifest.

From the experimental data in Figure 8 it can be seen that fast logic circuits, like those of the series SN74AS, SN74F, 74AC
or SN74ABT, exhibit the best metastable response. These devices have a very short setup-and-hold time window, thus reduci
the probability that they will go into a metastable state. Apart from this, they return to a stable state much fastewvé they h
gone metastable. But ALS, LS, or HC circuits, for example, can also produce satisfactory results if the clock frequency in the
application is low enough. When choosing a flip-flop, the speed requirements of a system must be considered.
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