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Abstract

Most digital systems have at least one asynchronous input, where the input signal has no
time reference with the system clock. These signals must first be synchronized before they
can be used by the rest of the system. The most common device used for synchronization
is the simple flip-flop. Due to the lack of a time reference between the asynchronous input
and the system clock, there exists a small but finite probability that the flip-flop will go

into a metastable state (in which the output is neither a logic zero nor a logic one).

Many integrated circuits, such as the TTL family and programmable logic devices
(PLDs), have been fully characterized for their metastable characteristics. More recently,
reconfigurable Field Programmable Gate Arrays (FPGAs) are used in system design. For
these FPGAs only limited metastability characteristics are available, and these c}}aracteris-

tics are a function of the specific design which they implement.

In this thesis, the theory of calculating the mean time before failure (MTBF) of synéhroni-
zation is reviewed. Characterization of The AT&T Optimized Reconfigurable Cell Array
(ORCA) FPGA was performed using both simulation and experimental methods. With
these characterization data, system designers will be able to reduce synchronization fail-

ures.

Various design techniques have been evaluated which reduce the probability of synchro-
nizer failures. Two of these techniques have been examined here in detail, the cdascaded

synchronizer and the multiple cycle synchronizer, both of which increase the MTBF by a




power of N. A comparison of several different commercial devices was made, with
emphasis on the maximum operating frequency that each device could sustain while main-
taining a mean time before failure of ten years. In this comparison, the AT&T ORCA

FPGA was found to have the highest operating frequency.



1.0 Introduction

Synchronization refers to coincidence in time. In digital systems, synchronization is
obtained when all components share a common periodic signal (clock). This clock con-
trols the operations and interactions of all the components. Because the components use
the same common clock it is easy to analyze, simulate, and test the system. For the system
to be fully synchronous, all input and output timing must be derived from this clock. Usu-
ally, however the system has at least one asynchronous input, and is therefore it is not fully

synchronous.

Asynchronism is defined as lack of concurrence, or absence of synchronism. In a digital
system, an asynchronous input has no time relationship to the system clock, and therefore
can occur anywhere within the system clock period. Examples of asynchronous inputs
include bus arbitrations, telecommunications, I/O interfaces (e.g. a computer keyboard),
and data acquisitions. To utilize an asynchronous signal, it must be first synchronized by
the clock before being used by the system. The circuit used for synchronization most com-

monly is the simple flip flop.

Flip-flops have specific requirements which must be met for the device to operate cor-
rectly. Two specific requirements are setup time and hold time. Setup time is defined as the
time allowed for the data signal to remain stable prior to the active edge of the clock. Hold
time is the time allowed for the data signal to remain stable after the active edge of the
clock signal. If the input signal violates either one of these conditjons, the flip flop will

operate in an anomalous behavior. This behavior is avoided in a synchronous system by



insuring that the design meets all the setup time and the hold time requirements. Because a
synchronous system has a common time reference, this is a trivial task. Unfortunately,
with an asynchronous input there is no time reference between the input and the system
clock. The input can occur with equal probability anywhere within the clock period.
Therefore, at some point in time, the asynchronous signal will violate the flip-flop’s setup

and hold conditions, causing an anomalous output.

The anomalous behavior of the flip-flop is called metastability. Metastable is a Greek word
meaning in-between. Here, the flip-flop is in-between logical states of a one or a zero. The
behavior of the output during metastability is erratic. Three types of behavior have been
observed: the output hovers between a logical-one and a logical-zero, the output oscillates
between a logical-one and a logical-zero, the output propagation delay is longer than nor-
mal. Since the metastable state is unstable, the flip-flop will eventually resolve the meta-
stable condition and reach a stable output state of either a logic one or logic zero, but the
final state cannot be predetermined. The duration of the metastable state is also probabilis-
tic in nature and can theoretically last forever. The ability of the flip-flop to resolve to a
known state is a function of time and the flip-flop’s characteristics. If the output of the flip-
flop is sampled before it has resolved to a known state, non-binary information will be

transmitted through the system.

The non-binary information can be interpreted differently by various components in the
system. This situation will corrupt data and cause a system error. Furthermore, the error is

a random, infrequent event.
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System errors caused by metastability have been listed in literature as early as 1952.
Lubkin [25] discussed synchronizer failures in the ENIAC computer. The designers of4 the
ENIAC added an additional flip-flop to eliminate errors. Lubkin’s paper discussed that
although the designers reduced the probability of an error, they did not eliminate all errors.
His paper furthermore derived mathematical equations for the metastability phenomena

based on the probability of an error.

To reduce the probability of error, the system designer must comprehend the metastability
concept, and fully understand the characteristics of the devices used for synchronization.
This thesis will discuss the theory of metastability, characterize the AT&T Optimized
Reconfigurable Cell Array (ORCA) Field Programmable Gate Array (FPGA), and list

design techniques to reduce the probability of metastable events.




2.0 Metastability Theory
Asynchronous signals have no time-relationship with the system clock. These signals
must be synchronized before being used by the rest of the system. To synchronize these

signals, a storage element is used.

This storage element is a latch or flip-flop. A latch stores or “latches” data on the negative
sense of the system clock. A flip-flop stores data on the positive edge of the system clock.
The flip-flop is actually a master-slave configuration that is constructed of two latches.

The first latch is the master while the second latch acts as a slave. Because the master-

slave flip-flop is a combination of two latches, it is the preferred synchronizer.

The AT&T ORCA FPGA can implement over a hundred different types of flip-flops.
Some of these flip-flops include JK flip-flops, toggle flip-flops, multiplexed flip-flops,
clock-enabled ﬁip-ﬁops, preset flip-flops, clear flip-flops, and D flip-flops. Most of these
flip-flops must be implemented with additional logic. This additional logic increases the
setup time of the flip-flop. Setup time should be minimized when designing synchronizers.
The D flip-flop requires no additional logic thereby having a lgw setup time. Therefore, a

master-slave D-type flip-flop is used for synchronization of asynchronous input signals.

Figure 2.1 shows the D flip-flop, and it’s truth table.

Metastability is a phenomenon where the output of a flip-flop is undefined. The output
may hover between stable logical states, it may oscillate between the stable states, or it

may reach a stable state after a longer than normal propagation delay. This phenomenon is




caused by marginal triggering of the flip-flop. The output goes into an anomalous behavior

because the data has violated the specified setup and hold conditions.

In the case of a D type flip-flop, the time that the data must be stable at the D input of the
device prior to the clock edge is known as the setup time, and the time that this data must
remain stable after the clock edge is known as the hold time (figure 2.2). The data must
satisfy both the setup time and hold time to insure that the flip-flop stores valid data, and to
insure that the outputs present valid data after a specified propagation delay (Tp). Ty is
specified as the time from the edge of the clock until the time that the output reaches a

valid state.

If the data violates the setup time or hold time, the flip-flop output may go to an anoma-
lous state for a time greater than Tp; It may take the outputs anywhere from a hundred
picoseconds to a microsecond to reach a valid output level. The amount of additional time

needed (beyond T),) is the resolving time (T,). This resolving time is statistically predict-

able, but is not deterministic because electrical noise is a factor in reaching the final point.

Figure 2.3 shows the variation in output delay with relation to the input timing of the flip-
flop. The left portion of the graph shows that when the data input meets the required setup

time, the device has a valid output after a predictable delay equal to Ty, The right portion
shows that when the data input arrives after the clock, the output does not change states.
The middle portion of the graph indicates the metastable region. If the data input changes

near the clock edge, the output delay is longer than T, The closer the transition occurs to




the clock edge the greater the delay. The region, where the input transition causes output

delays longer than Ty, is the metastable time window (T,,). Ty, is given by equation (2.1)

[42]

Ty ()=Tp*exp(-(t - Tp)/T) (2.1)

where T}, is the normal propagation delay of the flip-flop. T is the time constant of resolu-

tion. This time constant is a function of the device specific characteristic such as the gain

of the flip-flop and transistor parasitics.

Figure 2.4 shows a physical analogy of the metastability problem. A flip-flop like any
other bistable system, has two minimum potential energy levels, separated by a maximum
energy potential. A bistable system has stability at either of the two minimum energy
points. The system can also have temporary stability, known as metastability, at the energy
maximum. If nothing pushes it from the maximum energy point, the system will remain at
this point indefinitely. A smooth ball on a hill is another bistable system. A ball placed on
top of the hill will tend to roll toward one of the minimum energy levels. If left undis-
turbed at the top, it may remain there for an indeterminate amount of time. It is apparent

from this figure that the characteristics of the hill affect how long the ball will stay there.

The steepness of the hill is analogous to the gain of the flip-flop.




2.1 Analysis of the Simple Latch

The simplest form of the static latch [45] consists of a pair of cross-coupled inverters.
Where the inverters represent the non-linearity of the flip-flop, and an RC network repre-

sents the dynamic portion. This simplified representation is shown in ﬁghre 2.5.

The transfer curve for the simplified circuit is shown in figure 2.6. The curve shows three
possible solutions. Points A and B represent stable solutions for the latch. At both points
the slope or gain of the circuit is less than one. Point M represents an unstable solution. At
this point the gain is greater than one. Any change in the input voltage will be amplified

forcing the output voltage to one of the stable solutions (A or B).

During the analysis, a few assumptions will be made. The absolute value of the gain Al
will be used. The output impedance of the inverter is R. The capacitance C consists of the
output capacitance, the input capacitance, and the parasitic routing capacitance. Both the

inverters are identical. Therefore, the latch is in the metastable state when Vo = Vo =

Vum
Writing the Kirchoff’s equation for nodes QN and Q
(A*Von - VIR - C(dVgn/dt) = 0 (2.2)

(A*Vq - Von)R - C(dV/dt) =0 (2.3)

Rearranging equations (2.2) and (2.3) and subtracting them yields



RC*d(VQN - VQ)/dt + (VQN - VQ) + A(VQN - VQ) =0

let VQN - VQ =Vd o

2.4)

(2.5)

The expression V represents the difference between the node voltages that causes the

regenerative action to return the flip-flop outputs to stable states.

Replacing equation (2.5) into equation (2.4)

RC*dVy/dt + Vg + AVy=0

Rearranging equation (2.6) yields

dVg/dt + (A + 1)/RC)Vy4=0

Equation (2.7) is a linear differential equation with a solution of the form

y(x) = B*exp(Ax)

Therefore, the solution for equation (2.7) is

V4(t) = B¥exp(((A + 1)/RO)t)

In this equation, there are two factors with the following physical interpretations:

1=RC/(1 + A)

V40)=B

10

(2.6)

@.7)

(2.8)

(2.9)

(2.10)

@.11)



aQ
T is the time constant that controls how quickly the flip-flop resolves to a stable state. The

variable V4(0) is the initial voltage difference between nodes Vg and Vg that cause the

outputs to be metastable.

The final equatipn for the difference voltage between nodes Q and QN is equation (2.12).

V4(t) = V4(0)*exp(U/1) (2.12)

Equation (2.12) shows that the difference voltage V4 will grow exponentially with time.

This exponentially growth causes the flip-flop to resolve from a metastable state. The rate
at which it resolves is debendent on T. The constant T is a function of the gain of the
inverter, the output impedance of the inverter, and the capacitance of inverter. To reduce
this constant, which would increase the resolving rate, the gaih shduld be increased and

the impedance and capacitance should be decreased.

When the ﬂip~ﬂop'é outputs resolve from the metastable state, the final difference voltage

occurs at t = T This difference is the noise margin of the inverter (VIH - VIL). Using this

value for V4(T)), the initial voltage difference as a function of time can be solved.

V4(t) = (VIH - VIL)*exp(-T/1) (2.13)

2.2 Statistically Analysis of Metastability Failures
Again using the simple latch, a statistical equation for metastability failures can be found

[18]. Relate the metastable voltage V(t) to the metastable time window. In figure 2.7, the

11



metastable voltage increases through the metastable time window at a rate of dV/dt. This

rate is directly related to the slew rate given by

slew rate = dV/dt = (VDD - O)/trise 2.19)

Using equation (2.14) the metastable window T,,(t) can be determined

~

Ty(t) = V4(t)*(dt/dv) = V4(t)*(trise/VDD) | (2.15)

Combining equation (2.13) and (2.15) the metastable time window T,,(t) can be found

Ty(t) = (VIH - VIL)/VDD)*Trise) *exp(-T /1) (2.16)
Letting

—

Ty = (((VIH - VILYV DD)*<Trise) (2.17)

then equation (2.16) becomes

Ty(t) = To*exp(-t/T) (2.18)

If the phase of the clock and data signal are un-correlated, which is the case for asynchro-
nous signals, the probability density function is unity for one clock period. The probability

that the flip-flop is metastable within a given clock period is given by

P =T, /T, (2.19)

12



The number of occurrences of the metastable event depends on the frequency of the input
signal. Also, since there are two transitions through the metastable time window, an addi-

tional factor of two has been included.

N = 2Tw(t)*F *F, (2.20)

The mean time before failure (MTBF) is

MTBEF = 1/N = 1/(2*T,,(t)*F*Fy) C@21)

Combining equation (2.18) and equation (2.21)

MTBF = exp(T/1)*(1/(2*Ty*F *Fy)) (2.22)

Equation (22) shows some interesting information about metastability error rates. The rate
has an exponential dependence on the time (t) that ‘is given to resolve the outputs to a sta-
ble state. Clearly, the first way to reduce errors is to increase t by waiting a little longer.
Also, the rate has an exponential dependence on the inverse of 7. T is a function of specific
device characteristics such as gain, capacitance, and output impedance. By using a device

with a better 7, the error rate will be reduced. The constant Ty is also a function of device

characteristics, but it also is affected by the input slew rate and the power supply voltage.

Increasing the slew rate, will also improve the error rate.

13




2.3 An Example

As a simple example of a synchronizer, consider two D flip-flops from the Schottky TTL .
family, with specific values for the 74S74 (figure 2.8). If the asynchronous input changes

during the metastable window of FFO, its output Q0 may become metastable until time T,.

If the output QO is still metastable at the beginning of the metastable window for FF1, then

the synchronizer will fail because FF1 may have a metastable output.

Using values from [47] for the 74S74, calculate the mean time before failure for the syn-

chronizer using equation (2.22). The resolution time T; is a function of the clock period
(To), flip-flop delay (Tp), flip-flop setup time (Tg,), the logic delay between the flip-flops
(Ty), and routing delay between the flip-flops (T;y,)- The resolution time can be calcu-

lated by using equation (2.23).

T, =T, - Tp - Tset - Td - Troute (2.23)

In this example, assume that there is no logic delay or routing delay between the flip-flops.
The frequency of operation is 10 MHz resulting in a clock period of 100 nS. The flip-flop
setup time is 20 nS, and the propagation delay of the flip-flop is 25 nS. The data rate for
this example is 1 MHz. Using equation (23), the resolution time is 55 nS. The value of the

metastability resolution constant (t) is 1.7 nS. The constant Ty is 1.0 mS. Substituting

these values into equation (16), solve for the MTBF.
MTBF = (exp(55/1.7))/(2*1.0E-03* 1E+07* 1 E+06) = 5.62E+3 S

14



This value may seem large, but it actually states that there will be one failure in 1.56
hours. If this synchronizer is used in 1000 systems, there will be a system failure every

5.62 seconds!

15




Figure 2.1: D Flip-Flop with Truth Table
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Figure 2.5: Simple Latch

20




. / metastable
Ml T

Q stable

B,
- VQ
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Figure 2.8: Simple Synchronizer
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3.0 Discussion of AT&T’s FPGA

Masked Programmable Gate Arrays (MPGAs) allow the implementation of powerful dig-
ital circuits. The MPGA consists of row\s of transistors interconnected to implement a
desired design. Connections within the rows implement the logic gates while connections
between the rows join the gates together. Additionally, logic surrounds the rows providing
input and output connections to the MPGA’s external pins. In an MPGA, all the mask lay-
ers that define the circuitry are predefined by the manufacturer except the final metal mask
layers. These metal layers are customized to connect the transistors in the array, therefore
implementing the desired circuit. MPGA'’s have a large non-recurring engineering (NRE)
charge required to create the metal mask layers and to manufacture the chip. This NRE
charge can cost anywhere from $20,000 to $40,000. Furthermore, MPGA's requiré exten-

sive manufacturing effort, taking several weeks to several months to create a device.

Similar to an MPGA, a Field Programmable Gate Array (FPGA) consists of an array of
elements that can be interconnected. Unlike an MPGA, the element’s logic and the inter-
connection of these elements are programmable by the user. Since the user controls the
connectivity and logic of the FPGA, there is no NRE charge for creating mask layers or
for manufacturing the chip. Furthermore, because there is no manufacturing effort a

device can be created in days instead of months.

An FPGA has a two-dimensional array of cells that implement the digital logié‘ of the

design (Figure 3.1). The array is surrounded by a ring of input/output (I/O) cells that con-

nect to the FPGA’s external pins. An interconnecting structure connects the logic blocks




together and connects the logic blocks to the I/Os. All the components of the FPGA
including the logic blocks, the I/O cells, and the interconnect are user-programmable. The
user-programmable element varies with technology. The programming technologiés used
in commercial products are: Static Read-Access Memory (SRAM) cells, anti-fuses, Eras-
able Programmable Read-Only Memory (EPROM) transistors, and Electrical Erasable

Programmable Read-Only Memory (EEPROM) transistors. The two prevalent technolo-

gies for FPGAs are SRAM and anti-fuse.

SRAM FPGAs are volatile, and therefore these FPGAs must be programmed each time
the device is powered-up. During power-up, the programming information for the FPGA
is sent from a storé‘gg element such as a ROM or a disk. By changing the programming
information, the FPGA can be modified quickly (a few milliseconds) while on a board.
The modification or re-configurability of these FPGAs allows many design chang(;,s that

are invaluable during the prototyping of a system.

In SRAM FPGAs, there are two types of programmable connection elements. The .ﬁ'rst
element is a pass transistor (Figure 3.2a) which can connect a logic cell to a metal seg-
ment, or two metal segments together. The gate of the pass transistor is controlled by an
SRAM bit-. When the SRAM bit is a one, ‘there is a low resistance (on-resistance) path
through the transistor creating a connection. When the SRAM bit is a zero, there is a high
resistance (off-resistance) path through the transistor breaking the connection. This on-
resistance affects the performance of the FPGA. A pass transistor has an on-resistance that

varies from 1000 ohms to 2000 ohms. The capacitance for the transistor varies from 10 fF

25




to 20 fF. Because of these high values for resistance and capacitance, SRAM based
FPGAs can have large interconnect delays. The second element is a multiplexer (Figure
3.2b). Here, the SRAM bits control which of the multiplexer’s inputs should be-connected

to its output. This is used to tie several wires to a single input.

The chip area required for SRAM FPGAss is quite large. This is because five transistors are
required for each RAM cell, and there are additional transistors needed for the pass tran-
sistors or multiplexers. A major advantage of SRAM FPGAs is that they can be manufac-

tured in a standard CMOS process technology.

Anti-fuse FPGAs are non-volatile. The anti-fuse is normally a high impedance, but can be
fused into a low impedance when programmed with a high voltage. This high voltage is
provided by a third-party programmer. After an anti-fuse FPGA is programmed, it cannot

be modified.

The anti-fuse is a square structure that consists of three layers: the bottom layer is posi-
tively-doped silicon (n+), the middle layer is a dielectric, and the top layer is poly silicon.
The anti-fuse is programmed by placing a high voltage across the anti-fuse terminals. This
programming generates heat in the dielectric causing it to melt and form a conductive link
between the doped silicon and the poly silicon. Metal wires are connected to the bottom
layer and to the top layer of the anti-fuse. Therefore when programmed, the anti-fuse pro-
vides a low resistance (on-resistance) connection between the two wires. The on-resis-

tance for the anti-fuse varies from 300 ohms to 500 ohms. Also, the capacitance value
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varies from 3 fF to 5 fF. With low resistance and capacitance values, Anti-fuse FPGAs

have small interconnect delays.

Anti-fuse FPGAs require a small chip-area for the programming element. Yet this small
area is offset by the area required for the high-voltage transistors needed to handle the pro-
gramming voltages. A major disadvantage of anti-fuse FPGAs is that they require modifi-

cation to the standard CMOS process technology.

In this thesis, only FPGAs that have published metastability data will be looked at. How-
ever, they are other FPGAs that may have excellent metastability characteristics. The four
FPGAs considered are the Actel ACT1, the QuickLogic Q12X16-2, the Xilinx XC3030-

70, and the AT&T ORCA.

The Actel ACT1 is an anti-fuse based FPGA fabricated in a 2.0 micron CMOS process
[1]. The ACT1 FPGA family has devices with logic densities from 1,200 gates to 2,000
gates. Figure 3.3 shows thé ACTI logic cell. The logic cell is small and simple. Logic is
implemented in the cell by using a configuration of multiplexers. This cell can implement
any function of two variables, most functions of three, some of four, up to afotal of 702
logic functions. Flip-flops must also by implemented using these multiplexers. The anti-

. . - . {
fuse used for interconnect has an on-resistance of 400 ohms, and a capacitance of 4 fF.

The QuickLogic Q12X16-2 is an anti-fuse based FPGA fabricated in a 0.65 micron
CMOS process [35]. The QuickLogic FPGA family has devices with logic densities from

1,500 gates to 12,000 gates. Figure 3.4 shows the QuickLogic function cell. In the cell,
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logic is implemented by using the AND gates and the multiplexer gates. This cell also

includes a dedicated flip-flop. In the QuickLogic FPGA, a via-link anti-fuse is used for
interconnect. This type of anti-fuse has an on-resistance of approximately 65 ohms, and a

capacitance of 1.3 fF.

The Xilinx 3020-70 is an SRAM based FPGA fabricated in a 1.25 micron CMOS process
[51]. The Xilinx 3000 family of FPGA has gate densitiies from 2,000 gates to 9,000 gates.
The Xilinx 3000 FPGA is very similar to the AT&T ORCA FPGA, and in fact was the
lg?a%is for the AT&T FPGA. Figure 3.5 shows the Xilinx function cell. Here, the logic is
implemented in look-up tables (LUTs). The cell includes two dedicated flip-flops. One of
the flip-flops can have an input that bypasses the LUT, decreasing the flip-flops’ setup
time. The other flip-flop input must come through the LUT, increasing that flip-flops’
setup time. The outputs of the flip-flops go through a buffer before leaving the logic cell.
In the Xilinx FPGA, a pass transistor is used for interconnect. This pass transistor has a

high on-resistance of 1500 ohms, and a high capacitance of 15 fF.
{ .

The AT&T ORCA is an SRAM based FPGA fabricated in a 0.5 micron CMOS process
[4]. This FPGA family has gate densities from 3,500 gates to 26,000 gates. As stated pre-
viously, the AT&T FPGA architecture was based on the Xilinx FPGA. For simplicity, the
AT&T FPGA logic cell has double the logic, and double the number of flip-flops of the
Xilinx FPGA. This architecture will be described in depth later in this section. Logical cir-
cuits are implemented in LUTS. There are four dedicated flip-flops. All the data inputs for

the flip-flops can come from either the LUTS, or these inputs can bypass the LUTs. Also,
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the outputs of the flip-flops are buffered before leaving the logic cell. In the AT&T FPGA,
a pass transistor is used for interconnect. This pass transistor has an on-resistance of 500

ohms, and a capacitance of 5fF.

The AT&T ORCA FPGA (figure 3.6) consists of array of programmable logic cells

(PLCs) surrounded by programmzible input/output cells (PICs). Programmable routing

resources are used for PLC-to-PLC connections, and PLC-to-PIC connections.

The programmable logic cells (PLCs) provide the functional elements for constructing the
digital circuit. Each PLC has a combinatorial logic section, and a storage section. Each
PLC has nineteen possible inputs and six possible outputs. Figure 3.7 shows the resources

of the PLC. N

The PLC’s combinatorial logic uses a 64-bit look-up table (LUT) memory to implemeqt
Boolean functions. The PLC can be configured to generate any function of six inputs, any
two functions of five inputs, or four functions of four inputs (with some shared inputs),
and several functions of eleven inputs. The PLC can also be configured to implement
arithmetic functions such as a four-bit counter, or four-bit adder/subtractor. Alternately, a

PLC can be used as a 16X4 memory cell or two 16X2 memory cells.

The PLC has four registers. These registers can either be configured as a flip-flop or a

latch. The inputs for these registers can come froﬁl either the LUTS, or they can bypass the

- LUTs to reduce the input setup time. A dedicated 2-1 multiplexer can also be used to

select the input to the register. The outputs of the PLC can come directly from the LUTs or

29



they can be registered before leaving the PLC. The registers in the PLC have many pro-
grammable features such as a global set/reset, a local set/reset, a clock enable, and a clock

inversion.

The programmable input/output cells (PICs) are located on the periphery of the array.
They provide the interface between the external package pins of the device and the inter-
nal logic. Each PIC (figure 3.8) can be configured to be either an input, an output, or a
bidirectional I/O. Inputs can be configured as either TTL or CMOS compatible. To allow
ze10 hold time on the internal registers, the input signal can be delayed. Pull-up or pull-
down resistors are available on the inputs to reduce power consumption. The output slew

rate is also programmable to reduce ground bounce.

Programmable interconnections in the FPGA are used to provide routing paths to connect
inputs and outputs of the PICs and PLCs. All interconnections are composed of metal seg-
ments and programmable switching elements. The metal segments are broken into direct
connections, connections that span one PLC, connections that span four PLCs, connec-
tions that span half the array, and connections that span th¢ whole array. The programma-
ble switching elements are the pass transistor, and the multiplexer. The pass transistor can
connect a PLC output to a metal wire, or connect two metal wires together. The multi-

plexer connects one of its inputs to its output.

The ORCA FPGAs range in density from 3,000 gates to 26,000 gates. They use SRAM
programming elements to implement complex digital design. Because these devices are

user-programmable, they have no NRE charges and have quick design cycles.
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Figure 3.1: Block Diagram of a Field Programmable Gate Array [7]
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Figure 3.4: QuickLogic Functioﬁ Cell [35]
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Figure 3.8: ORCA Programmable Input/Qutput Cell [4]
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4.0 Simulation of Metastability

Although the information gathered through simulation may not absolutely predict real
world devices, it does offer some advantages that are not always available in the real
world. Simulation allows the probing of internal nodes which gives further insight into the
metastable phenomena. Furthermore, various environmental effects can be easily studied
such as processing parameters, power supply variation, and temperature di‘fferences. Also,
simulation allows the circuit designer to evaluate several techniques to improve the
resolving performance of the flip-flop, or to find a resolving problem béfore chip fabrica-

tion.

4.1 Previous Work

In the literature, there are three simulation methods used to determine metastability char-
acteristics. All three have their advantages and disadvantages that will be further discussed
in this section. The three methods are small signal AC analysis [23], forcing the flip-flop
into a metastable state during transient analysis [20], and transient analysis to find the

metastable window [31].

Small signal AC analysis is the least CPU intensive method. Through small signal AC
analysis, the gain-bandwidth is found. An assumption is made that the metastable resolu-
tion constant (7) is the inverse of the gain-bandwidth product. This assumption is only true
when the flip-flop is constructed of simple inverters without feedback capacitors. Also,

this method can only predict 7. It cannot determine the second metastability constant Ty,

which is required to determine synchronizer failures.
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A flip-flop can be forced into a metastable state, by setting the input node and output node
to the same voltage near the middle of the voltage swing. If a transient analysis is per-
formed while the flip-flop is in the metastable state, the output of the flip-flop will resolve
to a stable logical state. Close to the metastable voltage, the exponential growth of the out-
put voltage is the metastable resolution constant (t). This procedure requires only one
transient analysis, and therefore does not require extensive simulation time. Unfortunately,
the constant T must be determined from the linear region of the output voltage. If the linear
region is not fully understood, the value of T can be erroneous. Also, this method does not

allow the prediction of T,

In section two, the metastability time window is discussed, and is shown graphically in
figure 2.1. The metastability window is a range of input times that will i)roduce ﬂip-ﬂop
output delays greater than the normal propagation delay (Tp). This window can be fully
described using many transient analyses. After describing the window, the constants T and
Ty can be determined. This procedure requires extensive simulation time, but because of
recent advances in computer performance, the whole procedure takes only a few hours.

Also, since this procedure is straightforward, a program can be written to automate it.

4.2 Procedure

The method used in this thesis is the transient analysis to determine the metastable win-
dow. Before beginning a description of the procedure, a few parameters will be defined
that will be used in the discussion. The time after t = zero, when the clock transitions from

a low to a high, is the clock delay (T ). The time after t = zero, when the data transitions
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from a high to a low, is the data delay (Ty4). The difference between thesé two delays is
the setup time for the flip-flop (Tg). The delay from the clock transition to the output -
(QN) transition is the propagation delay of the flip-flop (T,). Within the metastable win-
dow, the setup time for the flip-flop affects the propagation delay. As T, gets smaller and
smaller, T, gets longer and longer. There is a point where T, is so small that the output no

longer transitions. Define this point t = zero for the metastable window (T,,(0)).

First, find the point T,,(0). Because the metastable window has an exponential growth, this
point must be defined to a fine point of resolution. Here, T,,(0) will be found to the femto-

second (1E-15 seconds). To do this continue to reduce the setup time until the output no
longer changes state. The clock delay is held constant while the data delay is moved closer

and closer to the clock edge. The data delay that causes T, (0) is typically within a time
region of 2 nS around the clock edge. To find the value of T, (0) to the {S, would require

two million simulations. Therefore, a search method is used to determine the point. This

search method will be shown as an example using the worst-case conditions.

An example of the algorithm used for finding T,,(0):

Perform a transient analysis at each value of T 4, when Ty varies from 5 nS to 7 nS
by 100 pS The output does not change state at 6.1 nS.

Perform a transient analysis at each value of Tgy, when Ty4 varies from 6.00 nS to
6.10 nS by 10 pS The output does not change state at 6.01 nS.

Perform a transient analysis at each value of Ty, when Ty4 varies from 6.000 nS to
6.010 nS by 1 pS The output does not change state at 6.007 nS.




Perform a transient analysis at each value of T44, when T4 varies from 6.0060 nS to
6.0070 nS by 100 fS The output does not change state at 6.0061 nS.

Perform a transient analysis at each value of Ty4, when T 44 varies from 6.00600 nS
to 6.00610 nS by 10 fS The output does not change state at 6.00610 nS.

Perform a transient analysis at each value of T4, when T4y varies from 6.006090 nS
to 6.006100 nS by 1 fS The output does not change state at 6.006097 nS.

The failure point is thus 6.006097 nS. Therefore, Ty, (0) is 6.006096 nS which is the last
Tyq that causes the output to change state. The setup time at this point is Ty, - Ty4q which is

equal to a negative 6.096 pS.

Now that the point T,,(0) is found, the rest of the metastability time window must be

o

depicted. Again, since the window is exponential, ten simulations must be performed at
each decade from one fS to one nS. Using the worst case processing as an example, the

methodology will be described.
. .
An example of the algorithm for depicting the metastable time window:

Perform a transient analysis at each value of T4y, when Ty4 varies from 6.006086 nS
to 6.006096 nS by 1 fS Measure and store the value of Tp, for each analysis.

Perform a transient analysis at each value of T4y, when Tyy varies from 6.005996n to
6.006076n by 10fs Measure and store the value of T, for each analysis.

Perform a transient analysis at each value of T4y, when Tyy varies from 6.005096 nS
to 6.005896 nS by 100 fS Measure and store the value of Tp for each analysis.

Perform a transient analysis at each value of Tyy, when Tyq varies from 5.996096 nS
to 6.004096 nS by 1 pS Measure and store the value of T, for each analysis.




Perform a transient analysis at each value of T4y, when Ty4 varies from 5.906096 nS
to 5.986096 nS by 10 pS Measure and store the value of T, for each analysis.

Perform a transient analysis at each value of Ty4, when Ty varies from 5.006096 nS
to 5.806096 nS by 100 pS Measure and store the value of T,, for each analysis.

After the data that depicts the metastability window has been collected, it must be
graphed. The metastability time window is placed on the logarithmic-scale vertical axis,
and the corresponding propagation delay is placed on the linear-scale horizontal axis. A
straight line dependence is found with the slope determining the resolution time constant
7, and the intercept determining the constant Ty. Since the data does not all fall on a

straight line, linear regression techniques are used to find T and T. The equation for the

line was given in section two, and is also listed in this section.

Ty(t) = To*exp(-t/7) @1

4.3 Results

Simulations were performed on three conditions: worst case fast (best processing, VDD =

5.5 VDC, T = -55 C), nominal (typical processing, VDD = 5.0 VDC, T = 25 C), and worst

-
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case slow (worst processing, VDD = 4.5 VDC, T = 125 C). The results are listed in table

4.1,
TABLE 4.1: Simulation Results
Process Temp. (C) | VDD (V) | Tp @S) 7 (pS) Ty (S)
WCF -55 55 0.57 86 2.43E-11
TYP 25 5.0 1.01 155 3.92E-11
WCS 125 4.5 1.84 282 8.99E-11

Looking at the worst-case slow (WCS) results. As ekpected, the results for this condition
were the worst. Figure 4.1 shows a simplified schematic of the AT&T ORCA flip-fiop.
The ORCA flip-flopisaD master-slave flip-flop designed in a 0.5 micron CMOS technol-
ogy. Switches are created out of pass-transistors, and the latching is accomplished with
cross-coupled inverters. The master-slave circuit actually consists of two D latches that

operate on different clock polarities.

Figure 4.2 shows the normal operation of the flip-flop. The setup time at the D-input is
1nS. A close-up of the flip-flop output node (V) and the first D latch output node (VG6)
is shown in figure 4.3. The propagation delay for the flip-flop is 1.84 nS when the T = 1

nS.

Figure 4.4 shows the metastable operation of the flip-flop. The setup time at the D-input is
-6.096 pS. Figure 4.5 shows a closer look at the important flip-flop nodes. Node VG6 sits
at an anomalous state of 1.8 volts for 3 nS before resolving to a low state. The output node

Vn has a normal characteristics, but it switches to a low state 3 nS later than it would
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normally switch for a proper setup time. The propagation delay for the flip-flop is 4.87 nS

when T, =-6.096 pS.

Figure 4.6 shows the output Vo with a 1 nS setup time (solid line), and the output Von

with a -6:096 pS setup time (dotted line). Both outputs have similar characteristics, but

with different propagation delays.

The graph of the metastable window T,, versus the flip-flop propagation delay is shown in
figure 4.7. When T, = 1 fS, the propagation delay is at its greatest value of 4.87 nS. When
T,, = 1 nS, the propagation delay is at its lowest value of 1.84 nS. The graphical data forms
a straight line from Ty, = 1 fS to Ty, = 1 pS. After 1 pS, the data becomes asymptotic near
the normal value of propagation delay. This shape of the data matches the theoretical
curve in Figufe 2.1. From linear regression of the data, the value for the metastability con-
stant T is 282 pS, and the constant Ty is equal to 8.99E-11 S. Also included is the graph for

worst-case fast conditions (figure 4.8), and the graph for the nominal conditions (figure

4.9).

The results showed a large variation in the metastable resolution constant T. For worst-
case fast, 7 is equal to 86 pS, while for worst-case slow, T is equal to 282 pS. Because of
the exponential growth of the mean time before (MTBF) equation, small differences in T
will cause order of magnitude changes in the MTBF error rate. As with any type of design
methodology, the most pessimistic parameter should be used to design an effective syn-

chronizer.
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Using the example from section two, the MTBF can be calculated for an AT&T ORCA
FPGA. The values of propagation delay and setup time from the AT&T ORCA FPGA

Data Book [4] are utilized.

F.=10 MHz
Fy=1MHz
T,=3.0n8
Teer = 0.20S
Troute = 1.00S
T=282pS .
Ty=8.99E-118

T,=100-3.0-0.2-1.0=958nS
MTBF = (exp(95.8/0.282))*(1/(2*1E+07*1E+06*8.99E-11)) = 1.91E+144 S

Clearly at this clock frequency the synchronizer would never fail. Yet if the clock fre-
- quency is increased to 100 MHz and the data frequency is increased to 10 MHz, there
woh’ﬁe)a failure every one and half hours. These error rates are calculated with the
worst-case slow parameters. However if the worst-case fast parameters are used, there will
be a failure every 1.27E+15 centuries! Obviousiy, the resolution constant has a large affect

on the error rate.
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Figure 4.1: Simplified Schematic of the AT&T ORCA Flip-Flop
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52




000 TN A T

i
FO0 oo ovveerrerreeir e e e,
10 g ...................... ;.“n“.““.““.”é ...... u% .............

1.84179 259908 ' 3.35637 4.11.367 4.87096
Tp(nS)

Figure 4.7: Graph of Metastable Window for Worst Case Slow Conditions

53



Tw(fS)

16+06

10000 -

1000

100 -

10

0.565572 0784374 1.00318 1.22198 1.44078
| Tp(nS)

Figure 4.8: Graph of Metastable Window for Worst Case Fast Conditions

54




Tw(fS)

1e+06

100000 —-+ogrrveveveeveres ...................... ...................... ......................
10000 - -+reee- - , ...................... ...................... ......................

1ooo~- ................... ......................
1oo_ ...................... .................... ......................

10 T ) N

'1.00668 141982 1.83295 224609 2.65923
Tp(nS)

Figure 4.9: Graph of Metastable Window for Nominal Conditions

55



5.0 Testing of Metastability

In characterizing synchronizer failures, actual device testing is the only féil—safe method
of obtaining real-world results. There have been many types of experimental methods for
deterfm'ning synchronizer failures. Three types used extensively in the literature will be
discussed. The three types are the intermediate voltage sensor, the output proximity sen-

sor, and the late transition sensor.

The intermediate voltage sensor [32] is an analog method of determining failures. In this
methodology, two voltage comparafors are used to determine if the output voltage lies
between two set voltages (typically the noise margin of the device). When the output volt-
age remains within the two set voltages, the detection circuitry flags a metastable error.
This methodology works well when detecting voltage levels in the threshold region of
latch type flip-flops. Unfortunately, the flip-flops tested here exhibit increased delay, but
nqrmal output transitions. Also, because of the analog nature of this method, it is difficult

to automate it.

The second methodology uses an output proximity sensor [43]. This sensor determines
when the flip-flop outputs’ Q and QN have approximately the same voltage. When the
voltages at Q and QN are approximately equal, the sensor flags a metastable event. Similar
to the first method, the.re is no way to detect errors for flip-flops with normal output transi-

tions, but who have increased delays. It is also difficult to automate this procedure.

The first two methods sense voltage levels in the threshold region of latches. The flip-

flops tested here have normal output transitions but exhibit increased propagation delays.
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Therefore, the late transition sensor method is used [20]. In this method, a metastable state
is not observed, but instead is inferred by a synchronizer failure. Figure 5.1 shows the late
transition detector. The data input is asynchronous in relation to the clock signal. Since the
data is asynchronous, it will violate the flip-flops setup time and hold time requirements.
When these requirements are violated, the output of FF0, QO, will become metastable.
Output QO is sampled by flip-flop FF1 and flip-flop FF2. Flip-flop FF1 samples the output
QO one clock cycle after FFO has sampled the data input. Flip-flop FF2 samples the output
QO one clock.cycle after FFO has sampled the data input, and after a set delay. If the output
" QO goes into a metastable state, and remains in that state for greater than one clock cycle,
but less than one clock cycle and the set delay, then the outputs of flip-flop FF1 and FF2
will differ. When these outputs differ, the output of the XOR gate transitions from a zero
state to a; one state. This transition is a metastable error. These errors are counted over an

interval of time, and are used to calculate the mean time before failure.

5.1 Test Circuit

A top level schematic for the test circuit is shown in figure 5.2. The metastable test circuit
. consists of four sections. The error section determines the errors. Counting the errors is
accomplished by the counter section. A timer is used to control the time interval that

errors are counted. The clock divider generates a 1 Hz signal which is used by the timer.

The error detector (figure 5.3) has two functions: determine the maximum frequency of
operation for the circuit (FMAX), and detect metastable events. By holding the test input

— %
low, the circuit is in the FMAX mode. The maximum frequency of operation is deter--
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mined by the critical path from flip-flop FFO to flip-flop FF2. Flip-flop FFO triggers on the
positive edge of the clock while flip-flop FF2 triggers on the negative edge of the clock.
Also, the output QO must pass through three levels of logic before arriving at the D input

of flip-flop FF2. The maximum frequency for this circuit is given by

FMAX = 1/(2*(1/FC) - T, - 3¥Tg - Tyey) (.1)

where F; is the clock frequency, Ty, is the propagation delay of flip-flop FFO, T is the

logic delay, and T, is the setup time of flip-flop FF2.

The reason for having the three levels of logic in front of flip-flop FF2 is to reduce the
maximum frequency of operation. Also, by triggering flip-flop FF2 on the negative edge
of the clock, the maximum frgquenpy of operation is also reduced. The maximum fre-
quency of operation is reduced to approximately 50 MHz. At this frequency the internal
counters can be used to count metastable events. Furthermore, by operating at this fre-

quency, there is less concern about high frequency effects such as ringing and reflections.

When the testginput is held high, the circuit is in the metastable detection mode. Here, the
circuit is trying to detect metastable errors from flip-flop FFO. A clock input signal is pro-
vided on the CK input. Aﬁ asynchronous data signal is provided on the D input. Since the
input signal is asynchronous, the signal will violate the setup time or hold time of flip-flop
FFO0. When these violations occur, FFQ’s output QO will go into a metastable state delaying
its transition. The output QO feeds the D input of FF1, and the D input of FF2 after going

through three levels of logic. Flip-flops FFO and FF1 trigger on the positive edge of the
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clock while flip-flops FF2 and FF3 trigger on the negative edge of the clock. If the flip-
flop FF2 samples output QO before QO transitions, and flip-flop FF1 samples output QO
after QO transitions, then there will be a difference in the output states of flip-flop FF1 and
flip-flop FF2. A logical function produces an ERROR signal when output QO equals out-

put Q1, but does not equal output Q2.

The error counter (figure 5.4) counts the number of metastable events. This section is
made up of a 24-bit binary counter, and six 16X8 ROMs. The counter can tally up to
16,777,215 errors. Outputs of the counter feed the address inputs of the 16X8 ROMS.
These ROMs act as decoders They decode the binary data from the counters to hexadeci-

mal data for a liquid crystal display which is on the test board.

The counter is controlled by a timer circuit (figure 5.5). This timer circuit determines the
timé interval for counting metastable events. The timer is composed of an 8-bit counter
and an 8-bit comparator. The counter counts from zero seconds to two hundred and fifty-
five seconds. The counter output ié compared with the settings of eight switches. When the
counter’s output is equal to the switch settings, the error counter is stopped. The switches
are located on the test board. By modifying the switch settings, the time interval can be
varied from zero seconds to two hundred and fifty-five seconds. The 8-bit counter is

clocked by a 1 Hz signal.

The 1 Hz signal is generated by the clock divider circuit (figure 5.6). A 26-bit decade '
counter divides down a 4 MHz input signal. The 4 MHz input signal comes from an accu-

~

rate clock oscillator which is located on the test board.
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The test circuit incorporates all the pieces required for metastable testing: the detector, the
counter, and the timer. Without the test circuit, test equipment would have been required to
count the events, and to set the time interval. Therefore, this circuit reduces the amount of *

equipment required to do metastability testing.

5.2 Test Setup

The experimental setup (figure 5.7) includes various pieces of equipment. The clock sig-
nal is provided by an HP 8130A which is a 300 MHz pulse generator. An HP 81164, 50
MHz pulse generator, provides the asynchronous data signal. There is no time reference
between the two independent signal generators. To monitor the input and output signals,
an HP 16500A digital scope is used. The power supply voltage is supplied by an HP 6102

power supply.

A four layer printed circuit board with two signal planes, a ground plane, and a power
plane is used to perform the metastability measurements. On the board there is a 208-pin
socket. This socket allows tes‘ting of all the AT&T ORCA FPGA'’s from the 1C03 (3500
gates) to the 2C26 (26,000 gates). All the inputs and outputs coﬁnect to the board with
BNC connectors. To match the impedance of the coax cables which bring the input signals
from the signal generators, the inputs are terminated on the board with a 50-ohm resistor.
The metastable errors are shown on a 7-segment liquid crystal display. A clock oscillator
is used to generate an accurate 4 MHz clock that is used as the reference input for the
timer. The interval for the timer is set by a bank of dip-switches. A push-button switch is

used to clear the metastable counter and the interval timer. Another push-button starts the
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loading of the configuration information. This configuration information comes from a

Serial EEPROM which is also located on the test board.

5.3 Procedure

The testing procedure begins by configuring the Field Programmable Gate Array. As dis-
cussed in section 3, the AT&T ORCA FPGA is an SRAM based device. Therefore, before
using the FPGA, it must be loaded with the design information. Here, the device is loaded

with information from a 128K-bit serial EEPROM.

Once the device is configured, maximum Qperating frequency must be found. During this
part of the testing, the test input to the error detect circuitry is held low. The D input for
FFO is now its own inverted output. Flip-flop FFO now acts like a divide-by-two circuit
with the output one half the frequency of the incoming clock signal. After placing the
device into test mode, the output of ﬁip—ﬂop FF2 is monitored with the digital oscilloscope
while increasing the clock frequency. When Q2 no longer changes state, the flip-flop is at
its maximum operating frequency (FMAX), which is significant because this is the point
where the time allowed for output QO to resolve to a known state is zero nanoseconds. To

increase the resolving time (T,), the clock period is increased.

The test mode is turned off. The asynchronous signal generator now drives the D input of
flip-flop FFO. Starting at FMAX, clock period (Tc) is increased by 0.1 nS, and the data fre-

quency (Fy) is increased by 0.1 MHz. By keeping the product of F_ and F; a constant, a

straight line relationship for the data is obtained. At each increment the total failures are
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measured over a sixty-second interval. T, and Fy are increased until there are no failures

during the time interval. This procedure is completed for five samples of the AT&T
ORCA FPGA, and for the FPGA sample #3 across the power supply operating range of |

4.5 VDCto 5.5 VDC.

The data gathered from the experimental procedure is in a hexadecimal format. It must be
first converted to decimal. Also, the data was gathered in a sixty-second interval, but mean

time before (MTBF) is in units of seconds. Therefore, the errors must be divided by sixty.

After the data has been tabulated, it must be graphed. The mean time before failure data is
placed on the logarithmic-scale vertical axis, and the corresponding resolution time is
placed on the linear-scale horizontal axis. A straight line dependencekis found with the
slope determining the resolution time constant T, and the y-intercept of the line determin-
ing the constant B. Since not all the data falls onto a straight line, linear regression tech-

niques are required to find T and B. The equation for the line is

MTBF = B*exp(T /1) 5.2)

where B is given by

B = 1/(2*F *F4*T,) (5.3)

54 Results
The first step was to check the premise that the flip-flop would exhibit increased propaga-

tion delay when setup times and hold times are violated. To validate this premise, the flip-
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flop FFO’s output QO was monitored with an oscilloscope. Sample #1 with VDD = 4.5

VDC is used. The clock period is set to 19 nS, and the data frequency is set to 19 MHz.
Figure 5 .8 sho?wvs a scope plot of the data signal and the clock signal with the scope in nor-
mal mode. In the accumulate mode, the waveforms show that the data has no timing rela-
tionship to the clock. Figure 5.9 is the scope plot with the scope in the accumulate mode

for thirty seconds. The data waveform moves with each capture of the scope.

The output QO of the flip-flop FFO was monitored for 24 hours with the scope in the accu-
mulate mode. Figure 5.10 shows the scope plot for Q0. From the plot, it can be observed
that the propagation delay of QO inéreased by 1.06 nS, when QO transitioned from a low to
a high. This increased delay is related to setup and hold violations caused by the asynchro-
nous data input. Another point of interest is that the propagation delay of QO only
increased by 500 pS, when QO transitioned from a high to a low. This leads to the theory

that the flip-flop may have better characteristics when the output is going low.
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After the premise was validated, the metastability characteristics of five samples were
tested. The power supply voltage (VDD) was set to 5.0 volts DC, and the ambient temper-

ature was at 25 degree Celsius. The results are listed in table 5.1.

TABLE 5.1: Experimental Results for Five Samples

FMAX

Sample (MHz) T (pS) Ty (S)

1 51.7 97 7.52E-11
2 55.2 205 7.94E-12
3 54.6 150 - 2.98E-11
4 48.1 112 1.33E-11
5 52.1 122 4.81E-11
Average 52.3 137 3.49E-11

For sample #3, figure 5.11 shows the graph of the mean time before failure (MTBF) versus

the resolution time (T,). The measured data points fall close to the line which is given by
equation (5.2). Only at T, = 0.1 nS, does that data diverge from the line. This divergence
may be caused by different characteristics in this region, or possible FMAX failures. From
a linear regression of the data the metastability constant T is equal to 150 pS, and the con-
stant B is equal to 1.68E-05 S. Since the product of the F, and F4 equaled 1E+15 S, Tj can

be calculated using equation (5.3). The constant TO is equal to 29.8 pS.

Looking at the data in table 5.1, there is some interesting information. First, there is a wide
variation in the metastable resolution constant 1. Sample #1 has the lowest value of T (97
pS), while sample #2 has the highest value of T (205 ps). As was discussed previously,

small variations in T will cause order of magnitude differences in the mean time before



failure. Second, it would be expected that the fast devices would have the lowest 1, but

devices #2 and #3 have the highest FMAX and the highest 1. Devices #1 and #4 have the
lowest FMAX and the lowest 7. It seems that the process parameters which improve delay

may increase the resolution constant.

Sample #3 was then tested to find the effects of power supply variation. The device was
tested at VDD = 4.5 VDC, VDD = 5.0 VDC, and VDD = 5.5 VDC. Table 5.2 and figure

5.12 show the results of the tests.

TABLE 5.2: Experimental Results Over Power Supply Range

FMAX

VDD (V) | (MHz) 1 (pS) Ty (S)
4.50 1508 179 5.14E-11
5.00 54.6 150 2.98E-11
5.50 56.2 94 4.03E-11

The results for power supply variation were as expected, with the lowest power supply

voltage causing the highest value of T, and the highest power supply voltage having the

lowest value for T. However, the variation in T did not change linearly with the power sup-

ply variation: In fact, the value of T for VDD = SQVDC was much better than the value of
N

7 for VDD = 5.0 VDC. However, the value of T for VDD = 4.5 VDC was not much worse

than the value of T for VDD = 5.0 VDC.

The average results for the five samples were 137 pS for 1, and 34.9 pS for Ty. These val-

ues correlate well with the nominal results from simulation (T = 155 pS and T¢ = 39.2 pS).
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Based on these values, figure 5.13 is a graph comparing MTBF versus T, for both simula-
tion and experimental results. Since there is a good correlation between experimental

results and simulation results, simulation could be utilized to predict the effects of temper-

ature and process variation.

Metastable failures can be catastrophic in systems. Thereforé, when calculating failures,
the most conservative numbers for the metastability constants should be used. Using the

values from sample #2, the example from section 4 is repeated.

F. =100 MHz
F4=10 MHz
T,=3.0nS
Tset=0.2nS
Troute = 1.0 08
T=205pS
Ty =794 pS

T,=10-3.0-0.2-10=58nS
MTBF = (exp(5.8/0.205))*(1/(2*1E+08* 1 E+07*7.94E-12)) = 1.22E+08 S

The synchronizer would fail every 1.22E+08 seconds or 3.87 years. For a thousand sys-

tems, there would be a synchronizer failure every 1.42 days.
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6.0 Improving Metastability

Metastability is an unavoidable problem that occurs when an asynchronous signal must be
synchronized. Designers have tried special circuits to eliminate this problem [24]. Unfor-
tunately, these circuits did not reduce the problem, but instead increased its likelihood.
Since metastability cannot be avoided, we must strive to reduce the probability of it occur-
ring. This section will describe the techniques that should be used to reduce metastable

CITOIS.

6.1 Avoid unnecessary synchronization evénts.

Asynchronous signals should have only one input point to the system. At this point, the
input should be synchronized, before being used by the rest of the system. Also, all inter-
nal design techniques should be synchronous. Asynchronous practices such as clock-gat-
ing are sensitive to temperature, power supply, and process variations. Small changes in

these parameters can cause metastability.

6.2 Use the fastest parts available.

Most standard products are available in different speed grades. The manufacturer selects
the fastest parts of the normal process distribution. These parts are used for applications
that need the highest performance. The fastest speed grade with a reasonable yield is typi-
cally about 40 percent faster than the worst case specification. AT&T ORCA FPGAs have
two speed grades. The -3 speed i's the highest performance part available. It is 25 percent
faster than the -2 speed grade part. The -3 speed grade refers to nominal processing

parameters, and the -2 speed grade refers to slow processing parameters.
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Resolving time (T,) is a function of the clock period (Tc), the flip-fiop delay (Tp), the flip-

flop setup time (Tg,), the logic delay between the flip-flops (Ty), and the routing delay
between the flip-flops (Tpoye). By using the fastest part available, the flip-flop’s delay and

the flip-flop’s setup time are reduced. Thereby, reducing the resolution time. Since the

ratio of T, to 7 is an exponential function, changing to a faster speed grade reduces the

error rate dramatically, as seen from the equation

MTBF = (exp(T/1))*(1/(2*To*F *Fy)) 6.1)

where

T =T- Tp - Tset - Tg - Troute (6.2)

To illustrate the effect of speed grades, the example from section five will be used for a -2
speed grade device. Utilizing equation (6.1), equation (6.2), and the following parameters,

solve for the MTBF

F. =100 MHz
Fy=10MHz
T,=3.9nS
Tee =0.510S
Troute = 1.0 nS
T=205pS
To=7.94 pS

T;=10-39-05-1.0=4.6nS
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MTBF = (exp(4.6/0.205))*(1/(2*1E+08* 1E+07*7.94E-12)) = 3.50E+05 S

The synchronizer will fail every 3.50E+05 seconds. From section five, the failure rate was
1.22E+08 seconds for a -3 speed grade. By changing from a -3 device to a -2 device, the
rérror rate has worsened by three orders of magnitude. This error rate translates into a

decrease from 3.87 years to 4.05 days.

6.3 Reduce the routing delay.

With Field Programmable Gate Arrays, there are routing delays between logic elements.
This routing delay can constitute a significant part of the total delay, varying from less
than a nanosecond to greater than twenty nanoseconds. Part of the resolution time is due to
this routing delay. To reduce this delay, the designer must specify the maximum delay on
the route connecting the two flip-flops when placing and routing the FPGA. The delay can
be checked by performing back-annotation simulation on the design, or by checking the

design’s static timing information.

6.4 Avoid having a logic function between the synchronizer ﬂip-ﬂops.ﬂ

The delay through logic functions will decrease the time for the output to resolve to a
proper state. By decreasing the resolution time, the MTBF decreases. Unfortunately this
cannot always be avoided, since in many devices the input signal must pass through logic

before getting to the flip-flop. This additional delay is detrimental to a synchronizers abil-

ity to reduce errors.
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6.5 Reduce the setup time for the flip-flop.

Setup time is a portion of the resolution time. Therefore decreasing the setup time will
increase the mean time before failure. Some devices have direct inputs to their ﬂip-ﬁol;s,
which can significantly reduce the flip-flop setup time. The AT&T ORCA FPGA allows
direct inputs to it’s flip-flops, and by using these direct inputs the flip-flop setup time is

reduced from 1.8 nS to 0.2 nS. This difference of 1.6 nS has an exponential affect on the

MTBE Utilizing equation (6.1), equation (6.2), and the following parameters, solve for

the MTBF
F, =100 MHz
Fy=10 MHz
T,=3.0nS
Tger = 1.8nS
Troue = 1.00S
T=205pS
Ty =7.94 pS

T,=10-3.0-1.8-1.0=4.2nS
MTBE = (exp(4.2/0.205))*(1/(2* | E+08* 1 E+07+7.94E-12)) = 4.98E+04 S

With a setup time of 1.8 nS, the synchronizér will fail every 4.98E+04 seconds (13.8
hours). From section five, the synchronizer will fail every 1.22E+08 seconds (3.87 years)
with a setup time of 0.2 nS. Therefore, the mean time before failure has declined by four

orders of magnitude by decreasing the setup time by 1.6 nS.
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6.6 Increase the clock period.
The MTBF equation (6.1) is directly proportional to the clock period. Also, the clock
period constitutes a major portion of the resolution time. By increasing the clock period,

T, increases, causing an exponential increase in MTBF. Unfortunately, the clock period is

a function of the specific system, and it may be impossible to increase the clock period.

6.7 Increase the slew-rate of the input signal.
In section two, the metastability time window was calculated. This calculation showed
that the value of the window is proportional to the slew rate. Therefore, the faster the input

signal passes through the window, the longer the time before a synchronizer failure.

6.8 Increase the number of clock cycle.

By increasing the number of clock cycles, a metastable output has effectively a resolution
time equal to the number of:clock cycles times the clock period. This increase in the reso-
lution time reduces the probability of errors by approximately the exp(N) where N is equal
to the number of clock cycles. There are two design methods that increase clock cycles.

These two methods are the cascaded synchronizer and the multiple cycle synchronizer.

6.8.1 Use a cascaded synchronizer.

The cascaded synchronizer uses a shift register of flip-flops instead of one flip-flop (figure
6.1). The assumption is that the first flip-flop in the shift register will resolve the metasta-
ble state. If the metastable state is not resolved, then each successive flip-flop with equal

probability will attempt to resolve the state. The overall probability of this synchronizer is
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of the Nth power of the failure probability of a single flip-flop synchronizer. The mean

time before failure equation for the cascaded synchronizer is given by

MTBE = ((exp(T/T)y*(1/(2*To*F *Fy))*N (6.3)

where

T,=T- Tp - Tset = Td - Troute (6.4)

6.8.2 Use a multiple cycle synchronizer.

The multiple cycle synchronizer uses a divided down system clock (figure 6.2). Here, the
system clock is divided down by a divide-by-N counter where N is the number of states.
The counter output feeds the clock input of the synchronizer flip-flops. These flip-flops
have an effective clock period of N times the system clock period. By increasing the clock
period, the time allowed to resolve from a metastable state is also increased. With
increased résolution time, the mean time before failure also increases. The MTBF equa-

tion for the multiple cycle synchronizer is given by

MTBF = ((exp(T/1))*(1/(2*Ty*F *Fy)) (6.5)

where

T, =N*T, - Tp - Tset - Td - Troute (6.6)
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The multiple cycle synchronizer will have a higher MTBF than the cascaded synchronizer.
The difference in MTBF is due to the multiple cycle synchronizer having a larger resolu-
tion time for the same value of N, as can be seen by cbmparing equations (6.4) and (6.6).
In equation (6.6) the flip-flop delay, the flip-flop setup time, the logic delay, and the rout-
ing delay are subtracted from the effective clock period only once. In equation (6.4) these

delays must be subtracted N times.

To illustrate the difference in MTBF between the cascaded synchronizer and the multiple
cycle synchronizer, the example from section four will be used. For the cascaded synchro-

nizer with N equal to two, the MTBF can be calculated using equations (6.3) and (6.4).

F. =100 MHz
Fy=10MH:z
Tp=3.0nS
Tser = 0.2 nS
Troute = 1.0 nS
t=205pS
Ty =794 pS
N=2

T,=10-3.0-02-1.0=5.8nS
MTBF = ((exp(5.8/0.205))*(1/(2* 1E+08*1E+07*7.94E-12)))*2 = 1.49E+16 S

The synchronizer will fail every 1.49E+16 seconds or 4.72E+08 yéars. For the multiple
cycle synchronizer again with N equal to two, the MTBF can be calculated using equa-

-

tions (6.5) and (6.6).
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F. =50 MHz
F4=10 MHz
Tp=3.0nS
Tger =02 nS
Troute = 1.0 nS
1=205pS
To=7.94pS
N=2

£

T,=20-3.0-02-1.0=15.8nS
MTBEF = ((exp(15.8/0.205))*(1/(2*5SE+07*1E+07*7.94E-12)) = 3.74E+29 S

The multiple cycle synchronizer will fail every 3.74E+29 seconds or 1.19E+22 years. At
this frequency the multiple cycle synchronizer has an MTBF that is fourteen orders of

magnitude better than the cascaded synchronizer.

Although the éascaded method and the multiple‘, cycle method signiﬁcantly reduce meta-
stable errors, they cannot be used in all systems. The larger the value of N, the longer it
takes for an asynchronous input change to be seen by the synchronous system. Fortunately
in typical microprocessor systems, most asynchronous inputs are events, interrupts, of
DMA requests. These inputs do not have to be recognized at the system frequency. How-
ever in memory access, it is important that the entire system memory be synchronous with
the system clock. For example, the refresh requests of dynamic memory must be acknowl-

edged within one clock period. A simple flip-flop must be used to synchronize this input.
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Since the multiple cycle synchronizer samples data at a clock frequency of N times the
systems clock frequency, it may miss d_ata changes that the cascaded synchrohizer would
- have captured. Another disadvantage is that the divide-by-N counter injects skew into the
clock signal used by the multiple cycle synchronizer. This clock skew limits the use of the

synchronizer in high frequency applications.

Using the techniques described in this chapter, a designer can design an adequate synchro-
_nizer. However, what is adequate? A good rule-of-thumb is a mean time before failure of
ten years for all systems shipped. For example, there is ten asynchronous inputs in our sys-
tem that need to be synchronized. We are planning to ship one hundred thousand systems.

Using a cascaded synchronizer with N=2, the MTBF would be 4.72 centuries.
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7.0 Comparison of Different Devices

One of the first rules in reducing metastability is to use the best synchronizer available. In
this section, many different commercial devices were compared. For this comparison,
results from data sheets and technical papers were used. These results were then compared
with the results of the AT&T ORCA FPGA. Comparisons were made with gate arrays,
standard products, programmable logic devices, and other field programmable gate arrays
For comparison purposes, a mean time before failure of ten years is used. Also, there are
ten asynchronous inputs, and one hundred thousand systems shipped. Thus, the required
MTBF is 3.15E+14. Using this value of MTBF with equations (7.1), (7.2), and (7.3), the
maximum system frequency for each device can be calculated. Table 7.1 shows the results

of the comparison.

MTBE = (exp(T,))*(1/(F*F *2*T)) (1.1)

where
T, =1/F- Tdelay (7.2)

where
Tdelay = Tpu+ Tset + Troue + T4 (7.3)
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The results used in this section are assumed to be for a power supply voltage of 5.0 VDC,

and an ambient temperature of 25 C. The input data rate is 10 MHz.

TABLE 7.1: Comparison of Commercial Devices

FMAX
Device Taetay @S) | 1 (pS) Ty (S) (MHz)
FD1 8.0 236 71.52E-11 56
74574 45.0 : 1700 1.00E-03 7
SN74ABT7819 14.0 300 7.00E-12 39
85C220 10.0 220 5.20E+01 40
ACT1 12.0 216 5.00E-10 46
QL12X16-2 3.8 185 1.23E-10 79
XC3020 13.0 248 5.11E-10 42
ORCA 4.2 205 7.94E-12 80

7.2 Gate Arrays

In cell-based gate arrays functional elements are created by connecting the transistors in a
cell together, and then if needed connecting the cells together. By changing these connec-
tions, any type of logical function can be created. Storage elements such as flip-flops can
also be implemented in this fashion. Unfortunately these cell-based flip-flops have capaci-
. tance at these connection points. This capacitance degrades the resolving characteristics of
these flip-flops. Another factor that determines the metastability characteristics is the load-
ing on the flip-flop output. In a gate array the output of the ﬂip-ﬂopv routes to other logic
without first being buffered. This output can be loaded differently depending how the
design is implemented. This difference in loading can complicate the analysis of the ﬂ‘ip-

flop’s metastability behavior.
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The LSI gate array flip-flop FD1 is fabricated in a 1.5 micron CMOS process. Using the
" parameters from reference [20], the maximum frequency of operation is calculated which

can sustain an MTBF of 3.15E+14. The maximum frequency is 56 MHz.

7.3 Standard Products

Standard products typically have good metastability characteristics because their flip-flops
are custom designed. These custom désign techniques typically improve the flip-flops’
performance, and metastability characteristics. In some cases, the ﬁip-ﬂops output drives
externally off-chip. When this output is not buffered, the loading from external compo-

nents can have dramatic effects on the standard products flip-flop.

—

The Texas Instruments quad D flip-flop 74574 is designed in a Shottky-clamped TTL
bipolar process [47]. The 74574 has flip-flop outputs that drive externally. External para-
sitic capacitance and inductance have harmful effects on the flip-flop. The 'outputs of these
devices oscillate when in a metastable state. This oscillation is partly caused by these
external parasitics. The 74574 flip-flop had the worst performance sustaining only a maxi-

mum frequency of 7 MHz.

The Texas Instruments FIFO SN74ABT7819 is fabricated in a 0.8 micron BICMOS pro-
cess [44]. These FIFOs have internal synchronizers for the asynchronous input signals.
These synchronizers are designed with two cascaded flip-flops. The flip-flops are designed
for optimal metastability characteristics. Also, the delay between the flip-flops is mini-

mized. The effects of one of the flips-flops in the cascade is studied. The SN74ABT7819
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flip-flop can sustain a maximum performance of 39 MHz. The actual synchronizer has two
cascaded flip-flops. This cascade allows this synchronizer to operate at a frequency of

greater than 50 MHz. The FIFO flip-flops must drive off-chip.

Z.4 Programmable Logic Devices

Programmable logic devices (PLDs) typically comprise an array of AND gates connected
to an array of OR gates. The output of the OR gates can be registered with a flip-flop. The
PLD flip-flop is custom designed for high perfo;mancc, and good metastability character-
istics. Unfortunately, the data input must pass through the AND-OR arrays before getting
to the flip-flop. The delay through the arrays increases the flip-flop setup time therefore

decreasing the resolution time.

The Intel’ 85C220 is a Programmable Logic Device fabricated in a 1.0 micron CMOS
technology. Using the results from reference [8], the maximum operating frequency is 40

MHz to obtain the desired MTBF.

7.5 Field Programmable Gate Arrays

Field Programmable Gate Arrays (FPGAs) are comprised of an array of logic cells sur-
rounded by a ring of input/output cells. An inte/rconnecting structure connects the logic
blocks together. The logic cells implement all the logic required for the design, and any
storage requirements. In this section, four types of FPGAs were studied. These four
FPGAs were chosen, ‘because they were the only ones to have published metastability

characteristics. More advanced FPGAs are available with probably better characteristics,
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but they could not be compared because of a lack of data. The four FPGAs studied are the

Actel ACT]1, the QuickLogic Q12X16-2, the Xilinx XC3020-70, and the AT&T ORCA.

The Actel ACT1 is an anti-fuse based FPGA fabricated in a 2.0 micron CMOS process
[1]. Figure 3.3 showed the ACT1 logic cell. Flip-flops must be implemented using multi-
plexers, and thus these flip-flops have poor performance, large setup times, and poor meta-
stability characteristics. The anti-fuse used for interconnect has an on-resistance of 400
ohms, and a capacitance of 4 fF. These low values of resistance and capacitance reduce the
interconnect delay. The maximum operating frequency is 40 MHz for an MTBF of
3.15E+14 seconds. It should be noted that Actel now has a family of FPGAs with a dedi-
cated flip-flop in the logic cell. This family, ACT3, is fabricated in a 0.8 micron CMOS
process. No metastable information was available for this part, but it probably has much

better characteristics than the ACT1 family of FPGAs.

The QuickLogic Q12X16-2 1s an anti-fuse based FPGA fabricated in a 0.65 micron
CMOS process [35]. Figure 3.4 showed the QuickLogic function cell. This logic cell
includes a dedicated flip-flop. This (Qiicated flip-flop has excellent metastability charac-
teristics, but has a large setup time because there is no direct data input to the flip-flop. In
the QuickLogic FPGA, a via-link anti-fuse is used for interconnect. This type éf anti-fuse
has an onfresistance of approximately 65 ohms, and a capacitance of 1.3 fF. Due to the
iow resistance and capacitance values, the QuickLogic FPGA has the lowest interconnect

delay of all the FPGAs studied. To maintain an MTBF of 3.15E+14, the maximum operat-

ing frequency of the QuickLogic part is 79 MHz.
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The Xilinx 3020-70 is an SRAM based FPGA fabricated in a 1.25 micron CMOS process
[51]. Figure 3.5‘ showed the Xilinx function cell. This function cell includes two dedicated
flip-flops that have good metastability characteristics. One of the flip-flops can have an
input that bypasses the look-up table (LUT), decreasing that flip-flops setup time. The
other flip-flop input must come through the LUT, increasing that flip-flops setup time. The
outputs of the flip-flops go through a buffer before leaving the logic cell. This buffer elim-
inates the effects of loading on the metastability characteristics. In the Xilinx FPGA, a
pass transistor is used for interconnect. This pass transistor has a high on-;esistance of
1500 ohms, and a high capacitance of 15 fF. Because of these high resistance and capaci-
R tance values, the Xilinx FPGA has the highest interconnect delay. The maximum operat-
ing rate for the FPGA to maintain the required error rate is 42 MHz. It should be noted that
Xilinx now has a more recent family of FPGAs. This family, XCZOOO, is fabricated in a
0.6 micron CMOS process. There was no available metastable information for this part,

but it should have much better characteristics than the XC3000 family of FPGAs.

-

- The AT&T ORCA is an SRAM based FPGA fabricated in a 0.5 micron CMOS process
[4]. Figure 3.7 shows the AT&T ORCA logic cell. Within the logic cell, there are four ded-
icated flip-flops that have excellent metastability characteristics. All the data inputs for the
flip-flops can come from either the LUTS, or these inputs can bypass the LUTs. By bypass-
ing the LUTSs, the flip-flops setup time is reduced. With a lower setup time, the resolution
time decreases. Also, the outputs of the flip-flops are buffered before leaving the logic cell.
This buffering eliminates the effects of loading on the metastability characteristics. In the

AT&T FPGA, a pass transistor is used for interconnect. This pass transistor has a high on-
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resistance of 500 ohms, and a high capacitance of 5 fF. Because of these high resistance
and capacitance values, the AT&T FPGA has a high interconnect delay. However, the
delays for AT&T FPGA are smaller than the delays for the Xilinx FPGA. To sustain an
MTBF of 3.15E+14, the maximum operating frequency of the AT&T ORCA FPGA is 80

MHz.

To create the best synchronizer, a number of commercial devices were compared. The
benchmark for comparison was the maximum system frequency, that would sustaiﬁ a
mean time before failure of ten years. Furthermore, the system has ten asynchronous
inputs, and one hundred thousand systems will be shipped. Thus, the required MTBF is

3.15E+14. The AT&T ORCA FPGA had the highest operating frequency of 80 MHz

while the Texas Instruments 74574 had the lowest operating frequency of 7 MHZ.




8.0 Conclusion

Metastability is a phenomenon where the output of a flip-flop remains fn an undefined
state for an indeterminate period of time. This phenomenon is caused by violating the
setup time and hold time of the flip-flop. Typically, these violations are unavoidable when
the flip-flop is used to synchronize an asynchronous signal. The task of the system
designer is to reduce the probability of a metastable event. To quantify meta'stable'événts,

an equation which determines the mean time before failure (MTBF) is used.

In this thesis, there is a review of the theory of calculating MTBE. This theory uses a sim-
ple latch as an example. By using the latch, the constants that affect this phenomenon are
analyzed. The first constant T affects how quickly the latch will resolve to a defined state

(one or zero). The second constant T, affects how likely the input signal will cause a
metastable state. By using T and T in conjunction with the data frequency and clock fre-

—

quency, the MTBF can be predicted.

Field Programmable Gate Arrays (FPGAs) are similar to Gate Arrays, but are user—pro-o
grammable instead of mask-programmable. These FPGAs are used increasingly in system

design. However, few of these devices have been characterized for metastability.

The AT&T Optimized Reconfigurable Cell Array (ORCA) FPGA was characterized in
this thesis through simulation. An algorithm was created to determine a flip-flop’s meta-

stable window. After the window was determined, the metastable constants T and T, were
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calculated. Simulations were performed over the full range of processing, temperature,

and power supply conditions.

Experimental methods were also performed to determine the metastability constants. A
test setup was constructed using a test board, and various test equipment. This setup in

association with a special test circuit was used to find the constants T and T;. Five samples

were tested. One of the samples was then tested over the power supply range of 4.5 VDC

to 5.5 VDC.

Design techniques to reduce MTBF were then evaluated. The most dramatic reductions
were produced by two techniques: the cascaded synchronizer, and the muitiple cycle syn-

. chronizer. Both of these techniques increased the mean time before failure by a power of

N.

A number of commercial devices were compared for their metastable characteristics. For
comparison purposes, a mean time before failure of ten years was used. The maximum
frequency of operation for each device to sustain this MTBF was determined. The AT&T

ORCA device had the highest operating frequency of 80 MHz.

The AT&T ORCA FPGA had the highest operating frequency because it is fabricated in a
state-of-the-art 0.5 micron technology, has dedicated flip-flops in the logic cells, has direct
data inputs to the flip-flops, and has buffered outputs. The 0.5 micron technology reduces
capacitances, thereby increasing performance. The dedicated flip-flops have increased

gain which gives the flip-flops excellent metastability characteristics. Input setup time for
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the flip-flops is reduced by using direct inputs. This decreased setup time gives a longer
resolution time which in turn causes a longer mean time before failure. Finally by buffer-

ing the outputs of the flip-flops, their metastability characteristics are not affected by load-

ing.
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