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Metastability Characterization Report for FPGAS (s« auestion)

Whenever asynchronous data is registered by a clocked flip-flop, there is a probability of a setup or hold time
violation on that flip-flop. In applications such as synchronization or data recovery, due to the asynchronous
nature of the data input to the flip-flops, the data transition time is unpredictable with respect to the

active edge of the clock. The susceptibility of a circuit to reach a metastable state can be described using

a probabilistic equation. Setup or hold violations cause the output of the flip-flop to enter a symmetrically
balanced transient state, called a metastable state.

The metastable state is manifested in a bistable device by the outputs glitching, entering an undefined state
somewhere between a “1” and “0,” oscillating, or by a delayed output transition for an indeterminable amount
of time. Once the flip-flop has entered the metastable state, the probability that it will still be metastable later
has been shown to be an exponentially decreasing function of time. Because of this property, a designer should
simply wait for an additional time after the specified propagation delay before sampling the flip-flop output so
that the designer can be assured that the likelihood of metastable failure is remote enough to be tolerable. The
additional time of waiting becomes shorter, even though still greater than zero, as technology improves and
semiconductor devices reach higher speeds.

This document describes the metastability equations, followed by the metastability characterization of
Microchip RTG4™, PolarFire® and RT PolarFire FPGAs and SoCs. This application note also provides an example
on the usage of the metastability equations.
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1- Theory Of Metasta bility (Ask a Question)

In general, the Mean Time Between Failures (MTBF) should be defined statistically. The following
figure illustrates a simple circuit used to synchronize asynchronous data with the system clock. EQ1
shows the relation between MTBF and the clock-to-out settling time of a flip-flop:

Equation 1-1. EQ1
T
MTBF = (e(?s))/(n fa- £

Equation 1-2. EQ2
Ts=Tco~+ Tret

The following is a list of parameters in the preceding equations:
+ T, =Total flip-flop output settling time.
* T, = Flip-flop clock-to-out delay.

*  Tmet = Additional settling time added to the normal clock-to-out delay of the flip-flop before
sampling the output of the flip-flop.

* T = Metastable decay constant.

+ Tp = Metastability aperture at T, = 0 ns (This parameter represents the likelihood that a flip-flop
enters a metastable state).

« fy=Data transition rate (Twice the data frequency for periodic signals, as there are two
transitions per one period).

« f.=Clock frequency

The following figure shows an example of synchronization circuit.

Figure 1-1. Example of Synchronization Circuit
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The aperture indicates the likelihood of a flip-flop entering a metastable state. It is defined as a

time window within the clock period. When data transitions occur within this aperture, the flip-flop's
output settling time will exceed T, + Trmet. The aperture is calculated by counting the number

of instances where the settling time exceeds the specified Tc, + Tmet. The metastability aperture
decreases exponentially as the allowed settling time (T, + Tmet) iNCreases:

Equation 1-3. EQ3

Aperture = Ty - (e( —((Teo + Tmet)/f)))
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If a data transition occurs within the aperture, the flip-flop will remain metastable beyond the
allocated settling time (T, + Trnet), Causing the subsequent flip-flop to register invalid data. The
probability of an asynchronous data transition is uniformly distributed over the clock period.
Therefore, the probability of a single data transition occurring within the metastable aperture is
calculated as per the following equation:

Equation 1-4. EQ4

p = (aperture) /T,

Where T, is the clock period.

In each clock cycle, a failure occurs if the data transition time occurs within the aperture. Therefore,
the number of failures per clock cycle can be derived from using the following equation:

Equation 1-5. EQ5

n,=n-p=(n- (aperture)/T,)

Where n, represents the number of errors per clock cycle, and n is the number of data transitions
per clock period (fg/ fo).

The number of clock cycles in the operation time (N) is the total time divided by the clock period:
Equation 1-6. EQ6

N = Toperation/Te

Combining EQ5 and EQ6 results in the total number of failures per operation time (N,):
Equation 1-7. EQ7

Ne =N -ne = ((Toperation/Tc) - (fa/ fc) - (aperture) /T.)))

Since T, = 1/ f., EQ7 can be simplified to the following equation:

Equation 1-8. EQ8

Ne = Toperation* fa " fc - aperture

MTBF is defined as the operation time divided by the number of failures:

Equation 1-9. EQ9

MTBF = 1/(fd “fer aperture) = 1/(T0 -~ Teot Tmer)) /7, fd'fc)
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2. FPGA Metastability Characterization (as«a auestion)

Like other FPGA manufacturers, to absorb the fixed value of the e term, Microchip simplifies EQ9
to the following form:

Equation 2-1. EQ10
MTBF = e(€2-Tmet) ;(c1. £d - fc)

Where C2 is a constant inversely proportional to the metastability decay constant, and C1 is the
proportionality constant that is similar to aperture.

The FPGA metastability characterization is a series of tests that are conducted in order to identify
the values of C1 and C2. There are several environmental and test condition factors that influence
the characterization. These factors include but are not limited to the rise time of data and clock
signals, input voltage levels and operating voltage and temperature. Moreover, increased system
noise due to switching of both internal nodes and I/0Os can influence the metastability results.
Therefore, it is essential to provide a suitable environment for testing.
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3. Test Design Description (saauestion)

The following figure shows a schematic of the test circuit used to characterize the metastability
in Microchip devices. The propagation delay, operating under specified setup and hold time, is
measured from the output of flip-flop DFF#1 to the input of flip-flop DFF#3. This value is denoted by:

Equation 3-1. EQ11

Tmin = Teof-(DFF1) + Tgelqy + Tsy.(DFF3)

Figure 3-1. Test Circuit
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In this design, several timing parameters are crucial for characterizing metastability. Tqeay is the
propagation delay from output of DFF#1 to the input of DFF#3. T is the clock-to-out delay of
DFF#3, and T, represents the setup time requirement of DFF#3. T, corresponds to the T in
Equation 1-9 and is the reference time to which the additional settling time, Tret, is added for
metastability characterization.

DFF#2 is clocked on the same edge as DFF#1, while DFF#3 must resolve the signal driven from the
metastable DFF#1 before the falling clock edge. As shown in the preceding figure, the interval Tpin
+ Tmet, Which is the time between the clock's rising and falling edges, can be easily set or measured
by adjusting the duty cycle of the clock signal. A detectable metastable event occurs when DFF#2
and DFF#3 are in the same state. In the expected operation, DFF#2 and DFF#3 are in opposite
states due to the inverter in the DFF#3 input data path. The XNOR gate allows the event counter
to record these metastable events. After a billion clock cycles, the counter is read and the MTBF is
calculated. In this test, Tnin Was determined with a precision of £0.01% of the duty cycle at 10 MHz,
corresponding to an error margin of £10 ps.

The following is a list of other test setup parameters:
+ Clock and data inputs are driven from independent pulse generators (<1 ns rise time)

+ The clock input levels range from 0V to 2.5V. These levels were required due to impedance
matching requirements of our test fixture. Data input is driven from 0V to 2.5V.

« RTG4™ power supply settings are as follows:
- VDD at 1.2V

- VPP at2.5V
- VDDI at 2.5V
+ PolarFire® power supply settings are as follows:
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- VDD tested at both 1.0V and 1.05V modes
- VDDA tested at both 1.0V and 1.05V modes
- VDDA,s at 2.5V

- VDDys at 2.5V

- VDDl at 2.5V

- VDD_XCVR_CLK at 2.5V

@ MICROCHIP



4. Metastability Measurement Results (s« auestion)
EQ10 can be reformed into the following equation:;
Equation 4-1. EQ12
In(MTBF) = C2 - Trper —In(C1 - fgq- fL)

The plot of the preceding equation is a linear relationship between In(MTBF) and Tet, Wwhere C2 is
the slope of the line.

4.1. Metastability Measurement Results for RTG4 (aska question)

The following figure shows the plot of EQ12 for Microchip RTG4™ family. C1 and C2 can be
calculated from any two data points.

Figure 4-1. RTG4 Metastability Plot
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The metastability theory indicates that C1 and C2 are independent of the test clock and data
frequency. The test results concur within experimental tolerances. The calculation of C1 and C2 is
listed in the following table.

Table 4-1. RTG4 Metastability Data

-21.29 2.877E-05 7.326E+09

4.2. Metastability Measurement Result for PolarFire Family (aska question)

The following figure shows the plot of Metastability for Microchip PolarFire® family, including
PolarFire, PolarFire SoC, RT PolarFire and RT PolarFire SoC. C1 and C2 can be calculated from any
two data points.
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Figure 4-2. PolarFire Metastability Plot
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The test results concur within experimental tolerances. The calculation of C1 and C2 is listed in the
following table.

Table 4-2. PolarFire Metastability Data

21.894 -9.2544 2.45E-11 2.1894E+10

Important: Where,
+ M - Slope of IN(MTBF) vs. Tmet (in per nano seconds)

« B - Intercept of IN(MTBF) vs. Trnet
+ C1 - Proportionality constant from B
+ (C2 - Proportionality constant from M
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5.1.

Examples of Metastability Coefficients Usage (s«aquestion)

This section provides the examples of metastability cosfficients usage for the RTG4™ and PolarFire®
Family of FPGA and SoC devices.

RTG4 Examp|es (Ask a Question)
Metastability is statistical nature, and designers should allow enough additional time (Trnet) to
ensure the likelihood of metastable failure is remote enough to meet the design specifications.

For example, consider the simple circuit in Figure 1-1, implemented on an RTG4 device to
synchronize an asynchronous data input to the FPGA. The design parameters provided, either
through design specification or post-layout timing analysis, are as follows:

« System clock rate (fc): 100 MHz to capture the asynchronous events.
+ Asynchronous data transition rate = 12.5 MHz
+ Tolerable MTBF = 20 years

If the designer does not allow additional sampling time (Tret = 0) and operates the clock at the rate
of 100 MHz, the resulting MTBF is calculated as 27.81 ps using EQ10 . This means a metastability
error would occur at the second flip-flop output every 27.81 ps—far exceeding the required MTBF
of 20 years indicated in the design specification. To meet this requirement, the designer must allow
additional Tpet in the settling time, which can be calculated using the following approach:

1. Convert 20 years to seconds: 20 years = 20 * 365 * 24* 3600 = 630,720,000 seconds

2. Solve for Tpmet using the MTBF formula in EQ12: 1n (630, 720,000) = 7.326E+09 * Tmet -
In(2.877E-05 * 100E6 * 12.5E6) resultsin Tpet = 6.08 ns.

Thus, an additional 6.08 ns of settling time satisfies the required MTBF.

According to the DS0131: RTG4 FPGA Datasheet, when using the SET filter on the fabric flip-flops
(FF), the worst-case clock-to-Q, T¢ikq is 0.243 ns, and the worst-case data setup time, Tsyp is 1.3 ns.
For the 2-FF synchronizer circuit shown in Figure 1-1, assume the worst-case Teo = Tcikq *+ Tsup =
1.543 ns with SET filter enabled. Without SET filter enabled, the worst-case Tsyp is 0.505 ns, implying
aT.,=0.748 ns.

This implies that the circuit in Figure 1-1 has a max achievable settling time equal to T, (clock period)
- Teot

«  With SET filter: Max Ty,et achievable is 10 ns — 1.543 ns = 8.45 ns.

+  Without SET filter: Max Tyt achievable is 10 ns — 0.748 ns = 9.25 ns.

Thus, the 2-FF synchronizer meets the required 6.08 ns of additional settling time in this design
example.

As another example, consider if the clock rate used in the previous example was increased to 160
MHz:

1. Calculate Tyt as follows:
In(630,720,000) = 7.326E+09 * Tper - 1In(2.877E-05 * 160E6 * 12.5E6)

Resulting in Tmet = 6.15 s
Thus, with f. = 160 MHz, an additional 6.15 ns of settling time will fulfill the required MTBF.

2. Determine max achievable Tt for the 2-FF synchronizer, considering the smaller clock period:
- With SET filter: Max Tet = 6.25 ns — 1.543 ns = 4.70 ns.

- Without SET filter: Max T,,et = 6.25 ns — 0.748 ns = 5.50 ns.
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5.2.

The designer must consider that the 2-FF synchronizer circuit shown in Figure 1-1 would not allow
sufficient settling time to reliably capture the asynchronous input signal. A third FF stage could

be added to the synchronizer to allow additional settling time before the asynchronous signal is
sampled by the rest of the user design. To generalize for RTG4, when the design clock frequency
exceeds 125 MHz, it is recommended to increase the number of synchronizer flip-flops used beyond
the typical 2-FF design shown in Figure 1-1.

In general, another point to consider is the total number of such synchronizer circuits used in the
design.The overall MTBF of the entire design decreases as the number of these synchronizer circuits
used increases. For example, if a 20 year MTBF is used in the calculations above for 1 synchronizer
instance, then a 200 year MTBF can be entered in the formula for a design containing 10 such
synchronizer instances to still meet the 20 year goal for the entire design.

PolarFire Examples (aska question)

Consider the circuit shown in Figure 1-1 being used in the FPGA fabric of any device from the
PolarFire® family to synchronize data from one clock domain to another clock domain.

For this example, the destination clock domain operates at a frequency (f.) of 160 MHz, while the
incoming data transition rate is 80 MHz and tolerable MTBF is 20 years. However, if the designer
does not allow additional settling time (Tt = 0) before sampling the data, the MTBF, as calculated
by EQ10 will be 3.19 ps. This indicates that the synchronizer circuit could experience a metastable
output every 3.19 ps, which does not meet the 20-year goal. The calculation with Tet = 0 is as
follows: MTBF = e(¢2"0)/(C1*fd*fc) = 1/(2.45E-11 * 80,000,000 * 160,000,000) =
3.19 us.

To meet the MTBF goal, the circuit design must allow additional T, settling time before sampling
the data. This can be calculated using the following approach:

1. Convert the MTBF goal to seconds: 20 years = 20 * 365 * 24 * 3600 = 630,720,000
seconds

2. Solve EQ12 for Tret:
- 1n(630,720,000) = 2.1894E+10 * T,.. — ln(2.45E-11 * 80E6 * 160E6)
- Tmet=1.50ns

Thus, an additional 1.50 ns of settling time satisfies the required MTBF for this synchronizer circuit.

The next step is to verify whether the 2-FF synchronizer circuit can achieve the required 1.50 ns
settling time, based on the device's worst-case T, and the design parameters, such as clock period.
The T, in this circuit depends on the flip-flop (FF) T¢jkoq + Tsug When the two FFs are placed adjacent
to each other. If they are placed apart, an additional routing delay Trouting is included. To maximize
the achievable settling time provided by the 2-FF synchronizer circuit, minimizing the T, is crucial,
therefore, placing the 2 flip-flops close together is recommended.

Important: For Clock Domain Crossing (CDC) synchronizer circuits between two
clock domains, such as those referenced in Figure 1-1, the Libero® SoC Design
Suite default settings for PolarFire design Synthesis and Compile enables the
identification of these circuits and attempt to place the synchronizer FFs close
together.

For the PolarFire family of devices, the following is a list of FPGA fabric worst-case timing parameters
for Teikagrr + TsudrF:
* At 0 KRAD Radiation Exposure setting: Tcjkoqrr + Tsugrr = 0.265 ns

At 100 KRAD Radiation Exposure setting: Tejkaqrr + Tsudrr = 0.270 ns

This implies that the circuit in Figure 1-1 has a maximum achievable settling time equal to the clock
period T¢ - Teo:
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« At 0 KRAD Radiation Exposure: Max Tt achievable is 6.25 ns - 0.265 ns = 5,985 ns
« At 100 KRAD Radiation Exposure: Max Tet achievable is 6.25 ns - 0.270 ns = 5.98 ns

Therefore, the 2-FF synchronizer meets the required 1.50 ns of additional settling time using the
design parameters in this example.

If we consider the same example but change the f. from 160 MHz to 320 MHz, the 2-FF synchronizer
circuit analysis would indicate the following impacts:

* Tmet = 1.54 ns of additional settling time required.

* At 0 KRAD Radiation Exposure: Max Tt achievable is 3.125 ns - 0.265 ns = 2.86 ns

« At 100 KRAD Radiation Exposure: Max Tet achievable is 3.125 ns - 0.270 ns = 2.855 ns

Therefore, the 2-FF synchronizer operating at 320 MHz would still meet the required 1.54 ns of
additional settling time to meet the desired MTBF in this example.
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6. Revision History (saauestion)

The revision history describes the changes that were implemented in the document. The changes
are listed by revision, starting with the most current publication.

Table 6-1. Revision History

A 11/2025 The following is a summary of the changes made in revision A of this document:
+  The document was migrated from Microsemi template to Microchip template.

*  The document number was changed to DS00006287 from AC474.

+ Updated document to include Metastability Characterization results for PolarFire® Family of FPGAs
and SoCs, in addition to the original RTG4™ results.

1.0 06/2018 First publication of the document.
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Microchip FPGA Support

Microchip FPGA products group backs its products with various support services, including
Customer Service, Customer Technical Support Center, a website, and worldwide sales offices.
Customers are suggested to visit Microchip online resources prior to contacting support as it is
very likely that their queries have been already answered.

Contact Technical Support Center through the website at www.microchip.com/support. Mention the
FPGA Device Part number, select appropriate case category, and upload design files while creating a
technical support case.

Contact Customer Service for non-technical product support, such as product pricing, product
upgrades, update information, order status, and authorization.

«  From North America, call 800.262.1060
*  From the rest of the world, call 650.318.4460
+ Fax, from anywhere in the world, 650.318.8044
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and unregistered trademarks of Microchip Technology Incorporated or its affiliates and/or
subsidiaries in the United States and/or other countries (“Microchip Trademarks"). Information
regarding Microchip Trademarks can be found at https://www.microchip.com/en-us/about/legal-
information/microchip-trademarks.
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Legal Notice

This publication and the information herein may be used only with Microchip products, including

to design, test, and integrate Microchip products with your application. Use of this information

in any other manner violates these terms. Information regarding device applications is provided
only for your convenience and may be superseded by updates. It is your responsibility to ensure
that your application meets with your specifications. Contact your local Microchip sales office for
additional support or, obtain additional support at www.microchip.com/en-us/support/design-help/
client-support-services.

THIS INFORMATION IS PROVIDED BY MICROCHIP “AS IS”. MICROCHIP MAKES NO REPRESENTATIONS
OR WARRANTIES OF ANY KIND WHETHER EXPRESS OR IMPLIED, WRITTEN OR ORAL, STATUTORY

OR OTHERWISE, RELATED TO THE INFORMATION INCLUDING BUT NOT LIMITED TO ANY IMPLIED
WARRANTIES OF NON-INFRINGEMENT, MERCHANTABILITY, AND FITNESS FOR A PARTICULAR
PURPOSE, OR WARRANTIES RELATED TO ITS CONDITION, QUALITY, OR PERFORMANCE.

IN NO EVENT WILL MICROCHIP BE LIABLE FOR ANY INDIRECT, SPECIAL, PUNITIVE, INCIDENTAL, OR
CONSEQUENTIAL LOSS, DAMAGE, COST, OR EXPENSE OF ANY KIND WHATSOEVER RELATED TO THE
INFORMATION OR ITS USE, HOWEVER CAUSED, EVEN IF MICROCHIP HAS BEEN ADVISED OF THE
POSSIBILITY OR THE DAMAGES ARE FORESEEABLE. TO THE FULLEST EXTENT ALLOWED BY LAW,
MICROCHIP'S TOTAL LIABILITY ON ALL CLAIMS IN ANY WAY RELATED TO THE INFORMATION OR

ITS USE WILL NOT EXCEED THE AMOUNT OF FEES, IF ANY, THAT YOU HAVE PAID DIRECTLY TO
MICROCHIP FOR THE INFORMATION.

Use of Microchip devices in life support and/or safety applications is entirely at the buyer’s risk,

and the buyer agrees to defend, indemnify and hold harmless Microchip from any and all damages,
claims, suits, or expenses resulting from such use. No licenses are conveyed, implicitly or otherwise,
under any Microchip intellectual property rights unless otherwise stated.

Microchip Devices Code Protection Feature
Note the following details of the code protection feature on Microchip products:

+ Microchip products meet the specifications contained in their particular Microchip Data Sheet.

« Microchip believes that its family of products is secure when used in the intended manner, within
operating specifications, and under normal conditions.

« Microchip values and aggressively protects its intellectual property rights. Attempts to breach the
code protection features of Microchip products are strictly prohibited and may violate the Digital
Millennium Copyright Act.

+ Neither Microchip nor any other semiconductor manufacturer can guarantee the security of its
code. Code protection does not mean that we are guaranteeing the product is “unbreakable”.
Code protection is constantly evolving. Microchip is committed to continuously improving the
code protection features of our products.
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