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INTRODUCTION

The Texas Instruments (T1) High-Performance FIFO Memories Designer’s Handbook has
been created to provide users and potential users of TI's FIFOs with a comprehensive
collection of information and data used as a reference guide during the design-in process.
In a much broader sense, the designer’s handbook also is a means to further the overall
understanding and awareness of TI's FIFOs and their many applications.

The contents of the handbook complement the information contained in the 1996
High-Performance FIFO Memories Data Book, literature number SCADOOS3C. In addition
to an expanded series of FIFO application notes, the handbook also contains information
that is useful to the designer, such as sample power-dissipation calculations, mechanical
packaging data, thermal-resistance data, and quality/reliability assurance information.
Section 6, Device Models, includes lists of available VHDL [VHSIC (very high-speed
integrated circuits) hardware-description language] models and logic-modeling behavior
models.

This designer’s handbook is organized into seven major sections: General Information
(section 1), Product Overview (section 2), Specific Application Reports (section 3), Power
Considerations (section 4), Mechanical and Thermal Information (section 5), Device
Models (section 6), and Quality and Reliability Assurance (section 7).

Section 1 contains a glossary of symbols, terms, and definitions that are used throughout
the handbook. These symbols, terms, and definitions are presented in accordance with
those currently agreed upon by the JEDEC Council of the Electronic Industries Association.

Section 2 provides an overview of TI’s FIFO products. The summary charts in this section
allow quick reference of key FIFO parameters, such as architecture, organization, speed
sort, maximum clock frequency, and available packaging options. The features associated
with TI’'s advanced application-specific FIFOs are summarized in this section. Section 2
also includes a flow chart that can be used as an aid in selecting a FIFO architecture based
on a known bus width.

Section 3 provides a comprehensive set of FIFO application reports. The application
reports are organized into subsections based on the subject matter of each report. The
subsections are FIFO Performance and Reliability, FIFO Features, and FIFO Applications.

Section 4 provides typical power characteristics in the form of active supply current versus
frequency for each of Tl's advanced FIFOs. Plots of idie supply current versus frequency
also are given for a select number of FIFOs. In addition to this data, sample
power-dissipation calculations are performed for a representative set of FIFOs. The
application report in this section is used as a guideline for these calculations. Calculations
and equations are provided for CMOS FIFOs and Advanced BiCMOS Technology (ABT)
FIFOs.

Section 5 contains mechanical drawings for each FIFO packaging option. The official
JEDEC descriptor is used to identify each package type. These drawings typically include
the following dimensions: lead pitch (tip to tip), body width and length, shoulder-to-shoulder
insertion width, lead width, thickness, and angles, and package maximum height, and
stand-off clearances from seating plane to bottom of the package. Included with the
mechanical data is thermal data for each FIFO packaging option. Thermal resistance
values for varying conditions and power-dissipation derating curves for varying air flows are
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presented for each package type. Several application reports and papers also are included
in this section to provide further detail regarding overall thermal considerations and
thermal-resistance measurements, including the design and development of the thermally
enhanced thin quad flat package (TQFP).

Section 6 contains a list of the behavioral models currently available from T1. All speed sorts
of the devices under consideration are included in the models. VHDL models of FIFO
devices included in this section may be obtained by calling the Advanced System Logic
hotline at 903-868-5202.

Section 7 addresses the issue of quality and reliability assurance for TI’s FIFO products.
Concepts such as the qualification. of products and processes, quality and reliability
assurance in integrated-circuit design, and quality and reliability monitoring are discussed.

For further information on TI's FIFO products or applications, please contact the Advanced
System Logic hotline at 903-868-5202. For information on TI's military FIFO devices,
contact military Advanced System Logic marketing at 915-561-7289.
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GLOSSARY
SYMBOLS, TERMS, AND DEFINITIONS

INTRODUCTION

These symbols, terms, and definitions are in accordance with those currently agreed upon by the JEDEC
Council ofthe Electronic Industries Association (EIA) for use in the USA and by the International Electrotechnical
Commission (IEC) for international use.

operating conditions and characteristics (in sequence by letter symbols)

Alge

Icex

lithold)

loL

Input capacitance
The internal capacitance at an input of the device

Output capacitance
The internal capacitance at an output of the device

Power dissipation capacitance

Used to determine the no-load dynamic power dissipation per logic function (see individual circuit pages):
Pp= de Vo2 f +lce Vee-

Maximum clock frequency

The highest rate at which the clock input of a bistable circuit can be driven through its required sequence
while maintaining stable transitions of logic level at the output with input conditions established that
should cause changes of output logic level in accordance with the specification

Supply current

The current into* the Vg supply terminal of an integrated circuit

Supply current change

The increase in supply current for each input that is at one of the specified TTL voltage levels rather than
O0orVge

Output high-leakage current

The maximum leakage current into the collector of the pulldown-output transistor when the output is high
and the output forcing condition Vg = 5.5 V

Input-hold current

Input current that holds the input at the previous state when the driving device goes to a high-impedance
state

High-level input current

The current into* an input when a high-level voltage is applied to that input

Low-level input current
The current into* an input when a low-level voltage is applied to that input

Input/output power-off leakage current

The maximum leakage current into/out of the input/output transistors when forcing the input/output to
45VandVgo=0

High-level output current

The current into* an output with input conditions applied that, according to the product specification,
establishes a high level at the output

Low-level output current

The current into* an output with input conditions applied that, according to the product specification,
establishes a low level at the output

*Current out of a terminal is given as a negative value.

“’P TEXAS
INSTRUMENTS

POST OFFICE BOX 655303 ® DALLAS, TEXAS 75265 1-3



GLOSSARY
SYMBOLS, TERMS, AND DEFINITIONS

loz

Reda

Reyc

tais

ten

th

tPHL

tpHz

Off-state (high-impedance-state) output current (of a 3-state output)

The current flowing into* an output having 3-state capability with input conditions established that,
according to the product specification, establishes the high-impedance state at the output
Junction-to-ambient thermal resistance

The thermal resistance from the semiconductor junction(s) to the ambient

Junction-to-case thermal resistance
The thermal resistance from the semiconductor junction(s) to a stated location on the case

Access time

The time interval between the application of a specified input pulse and the availability of valid signals
at an output .

Clock cycle time

Clock cycle time is 1/fmax.

Disable time (of a 3-state or open-collector output)

The propagation time between the specified reference points on the input and output voltage waveforms

with the output changing from either of the defined active levels (high or low) to a high-impedance (off)

state

NOTE: For 3-state outputs, tyis = tpHz or tpp z. Open-collector outputs change only if they are low at the
time of disabling, so tgis = tp|_H.

Enable time (of a 3-state or open-collector output)

The propagation time between the specified reference points on the input and output voltage waveforms

with the output changing from a high-impedance (off) state to either of the defined active levels (high or

low)

NOTE: In the case of memories, this is the access time from an enable input (e.g., OE). For 3-state
outputs, tg = tpz or tpz . Open-collector outputs change only if they are responding to data
that would cause the output to go low, s0 tgn = tpHL.

Hold time

The time interval during which a signal is retained at a specified input terminal after an active transition
occurs at another specified input terminal

NOTES: 1. The hold time is the actual time interval between two signal events and is determined by the
system in which the digital circuit operates. A minimum value is specified that is the shortest
interval for which correct operation of the digital circuit is to be expected.

2. The hold time may have a negative value, in which case, the minimum limit defines the
longest interval (between the release of the signal and the active transition) for which correct
operation of the digital circuit is to be expected.
Propagation delay time
The time between the specified reference points on the input and output voltage waveforms with the
output changing from one defined level (high or low) to the other defined level (tpg = tpHL OF tpLH)
Propagation delay time, high-to-low level output »
The time between the specified reference points on the input and output voltage waveforms with the
output changing from the defined high level to the defined low level
Disable time (of a 3-state output) from high level

The time interval between the specified reference points on the input and the output voltage waveforms
with the 3-state output changing from the defined high level to the high-impedance (off) state

*Current out of a terminal is given as a negative value.
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GLOSSARY
SYMBOLS, TERMS, AND DEFINITIONS

tPLH

tpLz

tpzH

tpzL

ViH

ViL

VoH

VoL

ViTs

Propagation delay time, low-to-high level output

The time between the specified reference points on the input and output voltage waveforms with the
output changing from the defined low level to the defined high level

Disable time (of a 3-state output) from low level

The time interval between the specified reference points on the input and the output voltage waveforms
with the 3-state output changing from the defined low level to the high-impedance (off) state

Enable time (of a 3-state output) to high level

The time interval between the specified reference points on the input and output voltage waveforms with
the 3-state output changing from the high-impedance (off) state to the defined high level

Enable time (of a 3-state output) to low level

The time interval between the specified reference points on the input and output voltage waveforms with
the 3-state output changing from the high-impedance (off) state to the defined low level

Setup time

The time interval between the application of a signal at a specified input terminal and a subsequent active
transition at another specified input terminal

NOTES: 1. The setup time is the actual time interval between two signal events and is determined by
the systemin which the digital circuit operates. A minimum value is specified that is the shortest
interval for which correct operation of the digital circuit is to be expected.

2. The setup time may have a negative value, in which case, the minimum limit defines the
longest interval (between the active transition and the application of the other signal) for which
correct operation of the digital circuit is to be expected.

Pulse duration (width)

The time interval between specified reference points on the leading and trailing edges of the pulse

waveform

High-level input voltage

An input voltage within the more positive (less negative) of the two ranges of values used to represent
the binary variables

NOTE: A minimum is specified that is the least-positive value of high-level input voltage for which
operation of the logic element within specification limits is to be expected.
Low-level input voltage

An input voltage within the less positive (more negative) of the two ranges of values used to represent
the binary variables

NOTE: A maximum is specified that is the most-positive value of low-level input voltage for which
operation of the logic element within specification limits is to be expected.

High-level output voltage

The voltage at an output terminal with input conditions applied that, according to product specification,

establishes a high level at the output

Low-level output voltage

The voltage at an output terminal with input conditions applied that, according to product specification,

establishes a low level at the butput

Positive-going input threshold level

The voltage level at a transition-operated input that causes operation of the logic element, according to
specification, as the input voltage rises from a level below the negative-going threshold voltage, V1—
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GLOSSARY
SYMBOLS, TERMS, AND DEFINITIONS

ViT- Negative-going input threshold level

The voltage level at a transition-operated input that causes operation of the logic element, according to

specification, as the input voltage falls from a level above the positive-going threshold voltage, V|1,
VoHv High-level output voltage change during simultaneous switching

The minimum (valley) voltage induced on a quiescent high-level output during switching of other outputs
VoLp Low-level output voltage change during simultaneous switching

The maximum (peak) voltage induced on a quiescent low-level output during switching of other outputs

definitions

asynchronous FIFO

Data writes are initiated by alow-level pulse on the write-enable input when the full flag is not asserted. Likewise,
data reads are initiated by a low-level pulse on the read-enable input when the empty flag is not asserted. The
empty and full flags are not synchronized to a particular clock and reflect the instantaneous comparison of the
read and write pointers.

clocked FIFO

Data is written by a low-to-high transition of a write clock when write-enable inputs are asserted and the
input-ready flag is not asserted. Likewise, data is read by a low-to-high transition of a read clock when
read-enable inputs are asserted and the output-ready flag is asserted. The input-ready flag is multistaged
synchronized to the write clock and the ouput-ready flag is multistaged synchronized to the read clock,
improving metastability.

strobed FIFO

Data is written on a low-to-high transition on the load-clock input when the full flag is not asserted. Likewise, data
is read on a low-to-high transition on the unload-clock input when the empty-flag is not asserted. The empty and
full flags are not synchronized to a particular clock and reflect the instantaneous comparison of the read and
write pointers.

synchronous FIFO

The term synchronous refers to a port-control method and does not imply that data writes and reads must be
synchronous to one another. Data is written by a low-to-high transition of a write clock when write-enable inputs
are asserted and the full flag is not asserted. Likewise, data is read by a low-to-high transition of a read clock
when read-enable inputs are asserted and the empty flag is not asserted. The empty flag is single-staged
synchronized to the read clock and the full flag is single-staged synchronized to the write clock.
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PRODUCT OVERVIEW

FIFO PRODUCT OFFERINGS

Advanced Clocked FIFOs

MAXIMUM
SPEED SORT ACCESS | loH/loL PITCH | AREA
DEVICE | ORGANIZATION | SPEER SF FRE&%EZ;JCY e s |'oHi PACKAGE oy | s
SN74ACT7884 4K x 18 .
SN74ACT7882 2K x 18 -15,-20-30 | 67,50,33 |11,13,18 | s/1e | So-bin TQFR(ER) e I
SN74ACT7881 1K x 18 pin (FN) .
~15,-18, 20, 15, 18, 80-pin TQFP (PN) 05 | 196
SN74ACT7811 1K x 18 18 40,36,20,17 | 1% | ene |gcPin IR (BN 25| e
SN74ACT7803 Bl2x 18 | .o oo o 1213
SN74ACT7805 256 x 18 ' 72025 | 67,50,40,30 | 213 | 816 | 56-pinSSOP (DL) 0635 | 191
SN74ACT7813 84 x 18 :
—15,-20, —25, 12,18, 64-pin TQFP (PM/PAG) | 05 | 144
SN74ACT7807 2K x 9 -2 67,50,40,25 | %1% | ene | yPin [OER N 251
Z12,-15,-20, 9,10, 12, 80-pin TQFP (PN) 05 | 19
SN74ABT7819 | 512 x 18 x 2 - 80,67,50,33 | 10, 1224 | S0 TAEE N 05 | 158
SN72ALVC7803 | 512 x 18
SN74ALVC7805 | 256 x 18 | —20,-2540 | 25,40,50 |13,15,20 | 8/16 |56-pin SSOP (DL) 0635 | 191
SN74ALVC7813 64 x 18
Advanced Strobed FIFOs
MAXIMUM
SPEED SORT ACCESS | loH/loL PITCH | AREA
R
DEVICE | ORGANIZATION | SPEER ST F E(ﬁt:g«cv T | lonle PACKAGE pbl i
e a0 80-pin TQFP (PN) 05 | 19%
SN74ACT7802 1K x 18 25,-40,-60 | 40,2517 |30,35,45 | &6 | Soon TRER (AN 25| i
SN74ACT2235 ‘ 220,30, 40, 25, 25, 64-pin TQFP (PMIPAG) | 05 | 144
SN74ACT2236 | 1K*x9x2 -60 50,83,25,17 | ‘3545 | 816 | 44pin PLCC (FN) 127 | 310
SN74ACT7804 512 x 18
SN74ACT7806 256 x 18 | —20,-25,-40 | 50,40,25 |15,18,20| 8/16 |S56-pin SSOP (DL) 0635 | 191
SN74ACT7814 64 x 18
20,25, -30, 15, 18, 64-pin TQFP (PM/IPAG) | 05 | 196
SN74ACT7808 2K x 9 2 50,40,33,25 | o1 | ene | Soin TEER N 22| %8
15,20, —25, 12, 14, 80-pin TQFP (PN) 05 | 196
SN74ABT7820 | 512 x 18 x 2 -2 67,50,40,33 | 121% | 1224 | S0P TOCE (BN 05 | 1%
SN74ALVC7804 | 512 x 18
SN74ALVC7806 | 256 x 18 | —20,-2540 | 25,40,50 |13,15,20 | 8/16 |56-pin SSOP (DL) 0635 | 191
SN74ALVC7814 64 x 18
Q TEXAS
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PRODUCT OVERVIEW

FIFO PRODUCT OFFERINGS
Advanced Application-Specific Clocked FIFOs

DEVICE ORGANIZATION SPEE(’“i;’" Ff’:é:o:t'::%rjq’év .aag‘i(ﬁg) lon/oL PACKAGE ':,rn'g;' b
gm;jﬁggggg fraAo) 22 20 8/16 | 24-pin SOIC (DW) 127 | 165
N e oA 60 9 8/16 |28pinSOIC(OW) | 127 | 192
SN74ACT3638 512 x 32 x 2 | -15,-20,-30 | 67,50,33 |11,13,15| 4/8 ]ggﬁg;g?; ?;8)3) oaas | 258
SNY4ACTo0a8 e x a8 x| -16,-20,-30 | e7.50,8 |11,13.15| 48 }ggﬂ:;gf:,ﬂ(('gg?) s | 28
SN74ACT3642 1K x 36 x 2
§§Z§ﬁ8¥ggﬂ Tex o -15,-20,-30 | 67,50,33 |11,13,15| 48 ]gg:g::gg’;';((';g?) s | %8
4ACT3651 2K x 36
SR | B R | eaw | weow [oan| o |RREEED | k| 5
SPmEmE | 131 | emw| wew (o] w |mmmme| x|

Advanced Application-Specific FIFO Features

TELECOMMUNICATIONS FIFOs

SN74ACT2226

SN74ACT2228 Dual independent FIFO with separate output enables, separate | /O, separate
SN74ACT2227 resets, characterized to industrial temperature specification: —40°C to 85°C
SN74ACT2229

DIGITAL-SIGNAL-PROCESSING FIFOs

SN74ACT3638

SN74ACT3631 Microprocessor interface-control logic, synchronous retransmit capability,
SN74ACT3641 mailbox-bypass registers for each FIFO

SN74ACT3651

SN74ACT3622

SN74ACT3632  Microprocessor interface-control logic, mailbox-bypass registers for each FIFO
SN74ACT3642

HIGH-BANDWIDTH COMPUTING FIFOs

SN74ABT3611 Microprocessor interface-control logic, parity generation and parity check,
SN74ABT3612 mailbox-bypass registers for each FIFO
INTERNETWORKING FIFOs
SN74ABT3613 Microprocessor interface-control logic, parity generation and parity check, bus
SN74ABT3614 matching and byte swapping, mailbox-bypass registers for each FIFO
Synchronous Mature FIFOs
MAXIMUM
DEVICE | ORGANIZATION | SPEED SORT | cppquency | ACCESS | ppoxagE
- tc (ns) (MH2) TIME (ns)
SN74ACT72211L 512 x 9
SN74ACT72221L 1K x9 -15,-20, -25, 10, 12, ;
SN74ACT72231L 2K x 9 _ 67,50,40,20 | 45 55 | 32-pin PLCC (RJ)
SN74ACT72241L 4K x 9

2-6

“if TEXAS
INSTRUMENTS

POST OFFICE BOX 655303 ® DALLAS, TEXAS 75265




PRODUCT OVERVIEW

FIFO PRODUCT OFFERINGS

Asynchronous Mature FIFOs

MAXIMUM
DEVICE ORGANIZATION | SPEED SORT | ppeqiENGY | ACCESS PACKAGE
tc (ns) (MHz) TIME (ns)
256 x 9 —15,-25,-50 | 67,40,20 | 10,12,20
SN74ACT7200L Pr— 1
SN74ACT7201LA 512 x 9,1K x 9 | 7'9 72799 [ 67 50, 40, 20 , 14, 28-pin DIP (NP)
SN74ACT7202LA -50 15,25 | 28-pin SOIC (DV)
SN74ACT7203L 2K x 9 32-pin PLCC (RJ)
SN74ACT7204L -15,-25,-50 | 67,40,20 |10,12,20
4K x 9
SN74ACT7205L 8K x 9 -15,-25,-50 | 67,40,20 | 10, 12,20 | 28-pin DIP (NP)
SN74ACT7206 16K x 9 —15,-25,-50 | 67,40,20 | 10, 12,20 | 32-pin PLCC (RJ)
40-pin DIP (N)
SN74ALS2238 32x9x2 40 44-pin PLCC (FN)
28-pin DIP (N)
SN74ALS2233A 64 x 9 40 44.pin PLCC (FN)
24-pin DIP (NT)
SN74ALS2232A 64 x 8 40 28-pin PLCC (FN)
20-pin DIP (N)
SN74ALS235 64 x 5 25 20-hin SOIC (DW)
20-pin DIP (N)
SN74ALS233 16 %5 30 20-pin SOIC (DW)
16-pin DIP (N)
SN74ALS232B 16 x 4 30 16-pin SOIC (DW)
20-pin PLCC (FN)
20-pin PLCC (FN)
SN74ALS229B 16 %5 30 20-pin DIP (N)
20-pin SOIC (DW)
SN745225 16 x 5 10 20-pin DIP (N)
{’ TEXAS
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PRODUCT OVERVIEW

FIFO Functionali
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20

20

23

17
17
30
30
75
17
26
33
26
15
10
15

10
25
25

15
12
10
15
15
10
15
15
15
12

(siq) wpim

18

(sua) widea

64
256
256

16

64
64
16
16
16
64
64
32
64
256
512
512

1K
1K
1K
1K
2K
2K
2K
2K
4K
4K
8K
16K

64

DEVICE
SN74ACT2226
SN74ACT2227
SN74ACT2228

SN74ACT2229

SN74ALS232

SN74ALS234
SN74ALS236
SN74ALS233
SN745225
SN74ALS235
SN74ALS2232
SN74ACT72211
SN74ACT7201

SN74ALS2238

SN74ALS2233
SN74ACT7200.

SN74ALS229

SN74ACT72221

SN74ACT2235
SN74ACT2236
SN74ACT7202
SN74ACT7807

SN74ACT72231
SN74ACT7808

SN74ACT7203

SN74ACT72241
SN74ACT7204
SN74ACT7205
SN74ACT7206
SN74ACT7813
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PRODUCT OVERVIEW

FIFO Functionality (Continued)
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15
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2
3
15
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9
12
11
15
30
1

1

1
1

10
10
10
10
1
1
1
1
11

11

(sua) wpim

18

18
18

18
18

18
18

8

8
18
18
18
18
18
18
18
18

18
18

36
36

36

(sua) wideq

64

64
64

256
256

256
256
512
512
512
512
512
512
1K
1K
1K
2K

4K
4K

512

64
64
256
512

512

1K

1K
2K

DEVICE

SN74ALVC7813
SN74ACT7814

SN74ALVCT7814
SN74ACT7805

SN74ALVC7805
SN74ACT7806

SN74ACT7802
SN74ACT7882

SN74ACT7884

SN74ALVC7806
SN74ALVC7803
SN74ACT7804
SN74ALVC7804
SN74ABT7819
SN74ABT7820
SN74ACT7881
SN74ACT7811

SN74ACT7803

SN74ACT53861
SN74ACT3638
SN74ABT3611
SN74ABT3613
SN74ABT3612
SN74ABT3614
SN74ACT3622
SN74ACT3631
SN74ACT3632
SN74ACT3641
SN74ACT3642

SN74ACT3651
* Bidirectional configurable without additional logic

&
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FIFO Selection Flow Chart
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PRODUCT OVERVIEW

FIFO SELECTION FLOW CHART

This chart can be used to select the appropriate strobed or clocked FIFO for the application based on the desired FIFO
width.

Which FIFO?

x 4/x 5 Bits x 18 Bits

Require More Than One

Using Only 1 Bit? Bidirectional?

9-Bit FIFO (Cascading)?
vl N¢ ¢ Y Nl
i N
Clocked x 1 N Bidirectional? Bus V\{idth —ﬂ Bidirectional? Clocked x 36 Y
! >18 Bits?
Y
Synchronous N M See x 36 N Y Clocked
x4/ x5 x 36 x 2

Faster Than 33 MHz? lStrobed x 9x 27?] | Faster Than 33 MHz? | |Faster Than 33 MHz?

v Tl

Strobed x 9 | | Clocked x 9 Strobed x 18 | | Y Strobed v
x 18x 2
Clocked x 18 Clocked
x 18x 2
i,
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IMPORTANT NOTICE

~Texas Instruments (Tl) reserves the right to make changes to its products or to discontinue any
semiconductor product or service without notice, and advises its customers to obtain the latest version
of relevant information to verify, before placing orders, that the information being relied on is current.

Tl warrants performance of its semiconductor products and related software to the specifications
applicable at the time of sale in accordance with Tl’s standard warranty. Testing and other quality control
techniques are utilized to the extent Tl deems necessary to support this warranty. Specific testing of
all parameters of each device is not necessarily performed, except those mandated by government
requirements.

Certain applications using semiconductor products may involve potential risks of death, personal injury,
or severe property or environmental damage (“Critical Applications”).

TI SEMICONDUCTOR PRODUCTS ARE NOT DESIGNED, INTENDED, AUTHORIZED, OR
WARRANTED TO BE SUITABLE FOR USE IN LIFE-SUPPORT APPLICATIONS, DEVICES OR
SYSTEMS OR OTHER CRITICAL APPLICATIONS.

Inclusion of Tl products in such applications is understood to be fully at the risk of the customer. Use
of Tl products in such applications requires the written approval of an appropriate Tl officer. Questions
concerning potential risk applications should be directed to Tl through a local SC sales office.

In order to minimize risks associated with the customer’s applications, adequate design and operating
safeguards should be provided by the customer to minimize inherent or procedural hazards.

Tlassumes no liability for applications assistance, customer product design, software performance, or
infringement of patents or services described herein. Nor does Tl warrant or represent that any license,
either express or implied, is granted under any patent right, copyright, mask work right, or other
intellectual property right of Tl covering or relating to any combination, machine, or process in which
such semiconductor products or services might be or are used.

Copyright © 1996, Texas Instruments Incorporated
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Introduction

This report is intended to help the user understand more clearly the issues relating to the metastable performance of Texas
Instruments (TT) clocked FIFOs in asynchronous-system applications. It discusses basic metastable-operation theory,
shows the equations used to calculate metastable failure rates for one and two stages of synchronization, and describes
the approach TI has used for synchronizing the status flags on its series of clocked FIFOs. Additionally, a test setup for
measuring the failure rate of a device to determine its metastability parameters is shown and results are given for both
an advanced BiCMOS (ABT) FIFO and an advanced CMOS (ACT) FIFO. Using these parameters, calculations of
MTBF under varying conditions are performed.

Metastability

Metastability in digital systems occurs when two asynchronous signals combine in such a way that their resulting output
goes to an indeterminate state. A common example is the case of data violating the setup and hold specifications of a
latch or a flip-flop. In a synchronous system, the data always has a fixed relationship with respect to the clock. When
that relationship obeys the setup and hold requirements for the device, the output goes to a valid state within its specified
propagation delay time. However, in an asynchronous system, the relationship between data and clock is not fixed;
therefore, occasional violations of setup and hold times can occur. When this happens, the output may go to an
intermediate level between its two valid states and remain there for an indefinite amount of time before resolving itself
or it may simply be delayed before making a normal transition!. In either case, a metastable event has occurred.

Metastable events can occur in a system without causing a problem, so it is necessary to define what constitutes a failure
before attempting to calculate a failure rate. For a simple CMOS latch, as shown in Figure 1, valid data must be present
on the input for a specified period of time before the clock signal arrives (setup time) and must remain valid for a
specified period of time after the clock transition (hold time) to assure that the output functions predictably. This leaves
asmall window of time with respect to the clock (tp) during which the data is not allowed to change. If a data edge occurs
within this aperture, the output may go to an intermediate level and remain there for an indefinite amount of time before
resolving itself either high or low, as illustrated in Figure 2. This metastable event can cause a failure only if the output
has not resolved itself by the time that it must be valid for use (for example, as an input to another stage); therefore, the
amount of resolve time allowed a device plays a large role in calculating its failure rate.

Data == | I
Input DC - Output

Clock

Figure 1. A Simple CMOS Latch

j&— tsu —»|
| p—th—dl

Clock t=tgu=th —»

Data l
Input |

S

A

LI
i >
| e
L
/ N—
Figure 2. Output at Intermediate Level Due to Data Edge Within tg Aperture

Output
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The probability of a metastable state persisting longer than a time, t,, decreases exponentially as t, increases2. This
relationship can be characterized by equation 1: )

= ol— tr/7) 1
foy =€ \ (€Y}
where the function f(r) is the probability of nonresolution as a function of resolve time allowed, t;, and the circﬁit time
constant T (which has also been shown to be inversely proportional to the gain-bandwidth product of the circuit)3:4.

For a single-stage synchronizer with a given clock frequency and an asynchronous data edge that has a uniform
probability density within the clock period, the rate of generation of metastable events can be calculated by taking the
ratio of the setup and hold time window previously described to the time between clock edges and multiplying by the
data edge frequency. This generation rate of metastable events coupled with the probability of nonresolution of an event
as a function of the time allowed for resolution gives the failure rate for that set of conditions. The inverse of the failure
rate is the mean time between failure (MTBF) of the device and is calculated with the formula shown in equation 2:

- 1 e(tf / ‘r)
failure rate By =

2

to fo £ d
Where:

t, = resolve time allowed in excess of the normal propagation delay time of the device

t = metastability time constant for a flip-flop

tp = aconstant related to the width of the time window or aperture wherein a data edge
triggers a metastable event

f. = clock frequency

fqg - asynchronous data edge frequency

The parameters ty and t are constants that are related to the electrical characteristics of the device in question. The
simplest way to determine their values is to measure the failure rate of the device under specified conditions and solve
for them directly. If the failure rate of a device is measured at different resolve times and plotted, the result is an
exponentially decaying curve. When plotted on a semilogarithmic scale, this becomes a straight line the slope of which
is equal to T; therefore, two data points on the line are sufficient to calculate the value of T using equation 3:

_tp Tty
* = W(N1/N2) - ®

Where:

ty] = resolve time 1
tn resolve time 2
N1 = number of failures relative to t;;
N2 = number of failures relative to typ

Afier determining the value for 7, ty may be solved for directly.

The formula for calculating the MTBF of a two-stage synchronizer, equation 4, is merely an extension of equation 2:

e(trl/ ")

to fc f4 8 e(tﬂ/t) (C))

MTBF, =

Where:

t;1 = resolve time allowed for the first stage of the synchronizer
tp = resolve time allowed in excess of the normal propagation delay
fe, fq, t, and to are as previously defined, with t and t( assumed to be the same for both stages.
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The first term calculates the MTBF of the first stage of the synchronizer, which in effect becomes the generation rate
of metastable events for the next stage. The second term then calculates the probability that the metastable event will
be resolved based on the value of t,,, the resolve time allowed external to the synchronizer. The product of the two terms
gives the overall MTBF for the two-stage synchronizer.

Ti Clocked FIFOs

The TI clocked FIFOs are designed to reduce the occurrence of metastable errors due to asynchronous operation. This
is achieved through the use of two- and three-stage synchronizing circuits that generate the status-flag outputs input
ready (IR) and output ready (OR). In a typical application, words may be written to and then read from the FIFO at
varying rates independent of one another, resulting in asynchronous flag-signal generation (internally) at the boundary
conditions of full and empty; for example, the operation when the FIFO is at the full boundary condition with writes
taking place faster than and asynchronous to reads. The IR flag is low, signifying that the FIFO is full and can accept
no more words. When a read occurs, the FIFO is no longer completely full. This causes an internal flag signal to go high,
allowing another write to take place. Since the exit from the full state happens asynchronously to the write clock
(WRTCLK) of the FIFO, this flag is not useful as a system write-enable signal. The solution is to synchronize this
internal flag to the write clock through two D-type flip-flop stages and output this synchronized signal as the IR flag
(see Figure 3). The OR status flag is generated in a similar manner at the empty boundary condition and is synchronized
to the read clock through a three-stage synchronizing circuit.

Internal
Asynchr D Q Do D a— R
Flag Signal

CLK Internal Logic Delay CLK

WRTCLK

Figure 3. IR-Flag Synchronizer

The remainder of this report pertains to the metastability performance of the two-stage IR synchronizer, which is the
limiting case of the two in terms of MTBF characteristics. The internal flag signal that goes high on a read and low on
a write is synchronized to the write clock through two D-type flip-flop stages. Since this results in the IR flag status of
the FIFO being delayed for two clock cycles, a predictive circuit is used to clock the status into the synchronizer at (full
minus two) words so that the action of the IR flag going low coincides with the actual full status of the FIFO. However,
once the FIFO is full and IR is low, a read that causes the internal flag to go high is not reflected in the status of the IR
flag until two write clocks occur.

With the FIFO full and the IR flag low, a read causes the internal flag signal to go high. This signal is clocked into the
first stage of the two-stage synchronizer on the next write clock. Because these two signals are asynchronous to one
another, the potential for the output of the first stage of the synchronizer to go to ametastable state exists. If this condition
persists until the next write clock rising edge, a metastable condition could be generated in the second stage and reflected
on the IR flag output. This metastable condition manifests itself as a delay in propagation time and is considered a failure
only if it exceeds the maximum delay allowed in a design.

The effectiveness of the two-stage synchronizer becomes apparent when attempting to generate failures at a rate high
enough to count in a reasonable period of time. A metastable event generated in the first stage must persist until the next
write clock, i.e., when that data is transferred to the second stage. The resolve time for the first stage is governed by the
frequency or period of the write clock. At slower frequencies, the failure rate of the first stage is very low, resulting in
alow metastable generation rate to the second stage. The second stage of the synchronizer further reduces the probability
of a metastable failure based on the resolve time allowed at the output. The overall failure rate of the device may be
affected by increasing the initial asynchronous data generation rate (adding jitter to the data centered about the setup
and hold window), by decreasing the resolve time of the first stage (increasing the write clock frequency), and by
reducing the external resolve time at the output.
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Test Setup for Measuring FIFO Flag Metastability

The failure rate of a device is measured on a test fixture as shown in Figure 4. The input waveforms used on this setup
are also shown in Figure 4. Rising data is jittered asynchronously about the setup and hold aperture of the device under
test (DUT) in a +400-ps window with respect to the device clock (CLK). The output of the DUT is then clocked into
two separate flip-flops, FF1 and FF2, by two different clock signals, CLK1 and CLK2. The resolve time, t,, is set by
the relationship between CLK1 and CLK and is measured as the delta between the normal output transition time and
the rising edge of CLK 1 minus the setup time required for FF1. CLK2 occurs long enough after CLK1 to allow sufficient
time for the DUT to have resolved itself to a valid state. The outputs of FF1 and FF2 are compared by the exclusive OR
gate, the output state of which is latched into FF3 by CLK 3. When a metastable failure occurs, the output of the exclusive
OR gate goes high caused by FF1 and FF2 having opposite data due to the DUT not having resolved itself by time t,.
On the next cycle, low data is clocked into the DUT and FF1 and FF2 in order to reset the status latch, FF3. Failures
are counted for different resolve times, and 7 is then calculated using equation 3.

Using the test setup in Figure 4, failure rates are measured for both an SN74ABT7819, 512 x 18 x 2 clocked FIFO, and
an SN74ACT7807, 2K x 9 clocked FIFO. The device is initially written full to set IR low at the boundary condition.
A read clock is generated to send the internal flag high, and a jitter signal is superimposed on it to sweep asynchronously
with respect to the write clock in an 800-ps-wide envelope and centered such that the IR flag goes high alternately on
the second and third write clocks. The nominal write-clock frequency of the test setup is 40 MHz, but to increase the
failure rate to an observable level, a pulse is injected into the write-clock stream just after the read clock occurs such
that the first and second write clocks (the ones that clock the status through the synchronizer) are only 5.24 ns apart. This
increases the effective write clock frequency to 191 MHz, reducing the resolve time allowed in the first stage and
increasing the failure rate.

This test setup and these actions together create the necessary conditions to generate a metastable occurrence on the IR
output that is seen after the second write clock and manifests itself as a delay in propagation time. In this instance, the
write clock is the synchronizing clock and the read clock generates the asynchronous internal data signal. CLK1 is
adjusted to vary the external resolve time, t;5, and the resulting failure rates are recorded (see Table 1). .
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Test Results
Table 1. SN74ABT7819 Failure RatesT

RESOLVETIME, | NUMBER OF NUMBER OF MTBF
tr2 (ns) FAILURES/HOUR | FAILURES/SECOND | (seconds)
027 890 0.2472 4.04
0.39 609 0.1692 5.91
0.53 396 0.1101 9.08

tVoc =45V, Tp =25°C

After measuring the metastable performance of the SN74ABT7819, some assumptions must be made to calculate the
parameters T and ty. Because the individual flip-flops comprising the two-stage synchronizer cannot be measured
separately, it is first assumed that the values for v and t( are the same for both. This is a safe assumption, as these constants
are driven by the process technology and because the schematics are identical. The other assumption made involves
determining the resolve time allowed in the first stage of the synchronizer. The clock period is set at 5.24 ns, but the delay
through the flip-flop and the setup time to the next stage must be subtracted from the clock period to arrive at the true
resolve time (t;). These values could not be measured directly and were, therefore, estimated from SPICE analysis to
be 1.3 ns.

Using equation 4 and the measured failure rates to calculate T results in a value of 0.33 ns for the conditions given. The
following values from the test setup must be used to solve for ty:

Where:
tr1 = 3.94 ns (5.24-ns clock period — 1.3-ns setup and delay time)
t = 0.27 ns (set externally at IR output by CLK1)
fe = 40MHz
fq = 125 MHz (4-MHz input adjusted by 25/0.8 jitter ratio)
MTBF2 = 4.04s

Substituting these values into equation 4 and solving for tg yields a value of 16.9 ps.

Table 2 summarizes the results for the SN74ABT7819 and SN74ACT7807 clocked FIFOs. An internal setup and delay
time of 1.8 ns was assumed for the SN74ACT7807.

Table 2. Values of T and ty for SN74ABT7819 and SN74ACT7807

SN74ABT7819 | SN74ACT7807
t(s) |to(ps) | T(ns) | to(ps)
45V | 033 | 169 | 050 | 1.13
26°C | 5V | 030 7 | 040 | 205
55V | 023 | 288 | 030 | 9.40

Ta | Vee

These numbers indicate the performance of only a few devices and are not intended to represent a fully characterized
parameter. However, they should be valid for the purpose of relative performance comparisons, and the values do fall
within the expected range given the circuit configuration and process technology in which the devices are fabricated.
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MTBF Comparisons

With the constants T and ty now known, calculations of the MTBF of the device under different operating conditions
may be performed. First, however, consider an example of the metastability performance of a single-stage synchronizer
using equation 1 and the circuit constants T and ty from Table 2. Assume an application running with a 33-MHz write
clock, an 8-MHz read clock, a 9-ns maximum propagation delay time for the IR path, and a 5-ns setup time for IR to
the next device. Therefore:

t = 16 ns (30-ns clock period — 9-ns propagation delay — 5-ns tg,))
f. = 33 MHz
fd = 8§ MHz

Using equation 2 to calculate the MTBF gives 2.55 y 1017 seconds or a little bit more than 8 billion years.

The reliability of a one-stage synchronizer degrades as operating frequency increases. With a 50-MHz write clock, a
12-MHz read clock, a 9-ns maximum delay, and a 5-ns setup time:

t = 6ns (20-ns clock period — 9-ns propagation delay — 5-ns tg,)
f, = 50 MHz
fqg = 12MHz

Substituting these values into equation 2 yields an MTBF of about 2 hours. This performance is unacceptable, even with
a device fabricated in the 0.8-mm BiCMOS process, which is more resistant to metastability than other processes.

The benefits of two-stage synchronization become evident with the next example. Using the conditions stated in the last
example:

try = 18.7 ns (20-ns clock period — 1.3-ns setup and delay time)
t;2 = 6ns (20-ns clock period — 9-ns propagation delay — 5-ns tg,)
f. = 50MHz

fg = 12MHz

Using equation 4 to calculate the MTBF gives 3.16 y 1028 seconds or 1.00 y 102! years.
Table 3 gives a performance summary of both one- and two-stage synchronizing solutions under different conditions.
Table 3. MTBF Comparisonst

CONDITIONS ACT1STAGE | ABT1STAGE | ACT2STAGE ABT 2 STAGE
fo =33 MHz, fq=8MHz 8400 years 8.1x 109 years |2.62x 1028 years | 4.77 x 1047 years
fo=40MHz, fq=10MHz 92 days 1400 years | 3.56 x 1019 years | 2.18 x 1034 years
fo =50 MHz, fg=12MHz 2hours |[4.90x1010years | 1.00x 1021 years
fo =67 MHz, fg=16 MHz 417 years | 1.28x 109 years
fc=80MHz, fq=20MHz 2900 years

t Assumptions for the MTBF comparisons:
-The values for tg and v are those given previously for both the ABT and ACT devices with Vo= 4.5V, Ta = 25°C.
- Flag propagation delay time (IR or OR) is assumed to be 9 ns.
—Setup times to the next device are 5 ns (up to 50-MHz operation), 4 ns (up to 67-MHz operation), and 3 ns (up
to 80-MHz operation).



Conclusion

Metastability failures must be accounted for in the design of asynchronous digital circuits. These failures become
increasingly prevalent at higher operating frequencies. When higher frequencies are used, extreme care must be taken
to ensure that system reliability is not adversely affected due to inadequate synchronization methods.

Clocked FIFOs from TI provide a solution to this problem by synchronizing the boundary flags with at least two flip-flop
stages to improve the metastable MTBF over one-stage synchronization. This architecture allows designers to utilize
the high-throughput performance of the memory without endangering the reliability of their end products.

1.
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As system operating frequencies continue to increase in excess of 33 MHz, designers must begin to address the issues
of overall system reliability due to increased chance of a metastable event occurring. A metastable event is defined as
the time period when the output of a logic device is neither at alogic high nor at a logic low but rather in an indeterminate
level. The chance of a metastable occurrence is exponentially increased if single-stage synchronization is employed, as
in the case of the “722xx synchronous-style devices versus the two-stage synchronization that is implemented by
Texas Instruments (TI) (see Figure 1). The following information assists designers in understanding and improving
upon the metastable characteristics of “722xx synchronous-style devices and their reliability.
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Figure 1. MTBF for Metastability as a Function of Frequency

Metastability may occur when using a FIFO to synchronize two digital signals operating at different frequencies. This
type of application is a familiar one to many design engineers. Triggering a metastable event is common in single-stage
(single flip-flop) synchronized FIFOs that are used to synchronize different clock signals (see Figure 2). With this
method, the asynchronous input might change states too close to the clock transition, violating the flip-flop’s setup and
hold times. This causes an increase in resolve time (t;) which then results in an overall increase in propagation
delay (tpq). Once ametastable event is triggered, the probability of the output recovering to a high or low level increases
exponentially with the increased resolve time. The expected time until the output of a single flip-flop with asynchronous
data has a metastable event is described by the mean time between failure (MTBF) equation (see equation 1). The first
term of the equation is the probability that the asynchronous data will trigger a metastable event. The second term is the
data rate. The third and final term is the probability of the metastable event recovering given the resolve time. A linear
increase in resolve time exponentially increases the MTBF of a metastable event.
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MTBF, = L x L x exp(3) ®
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Where:

= flip-flop constant representing the time window during which changing data invokes a failure

= resolve time allowed in excess of the normal propagation delay

flip-flop constant related to the settling time of a metastable event

= clock frequency ’

= asynchronous data frequency (for OR-flag analysis, it is the frequency at which data is written to
empty memory; for IR-flag analysis, it is the frequency at which data is read from full memory).

& e s
"

TI has increased the metastable MTBF by several orders of magnitude over single-stage synchronization with its
advanced FIFO family by employing two-stage synchronization (see Figure 3). The output of the first flip-flop is clocked
into the second flip-flop on the next clock cycle. For the output of the second stage to become metastable, the first stage
must have a metastable event that lasts long enough to encroach upon the setup time of the second stage. The addition
of the second flip-flop to the single-stage synchronizer allows the flip-flops more time to resolve any metastable output.
This is statistically equivalent to increasing its resolve time by the clock period minus its propagation delay. MTBF for
a two-stage synchronizer is given in equation 2. All terms, except for the third one, are the same as in equation 1. The
third term represents the additional propagation delay through the added flip-flop.

1
=Lyl &t (t_) @
MTBF, oL X f; X exp[ = ] X exp| T

tod = propagation delay through the first flip-flop
MTBF,; = MTBF;

Where:
tr = t+ (/M- tod)
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The functional block diagram in Figure 4 illustrates the connections necessary to add the second-stage synchronization
to the “72211 synchronous FIFO. A quick and inexpensive schematic to resolve metastability of a synchronous FIFO
is shown in Figure 5. In this case, the FIFO is the ‘72211LJ and, by implementing a single TI SN74F74 D-type
positive-edge-triggered flip-flop and a TI SN74F08 two-input positive AND gate, the metastability characteristics of
this circuit can be dramatically improved. The TI SN74F74 acts as the second stage for this circuit, increasing the resolve
time as described in the previous paragraphs. The TI SN74F08 is implemented to act as the control-empty and
control-full flags to the receiving device. These control lines of the first-stage and second-stage synchronized flags are
then ANDed together to create the control flags (control empty and control full). The control lines are essentially read
enables that ensure the synchronization of the device. As is shown in the logic diagram and truth table, synchronization
is complete only when the empty flags (EF) of both the second stage (truth table input A) and the device (truth table input
B) are high. The empty flag is used for read control and the full flag (FF) is used for write control. If either flag from
the synchronizer or the device is held low or becomes metastable, a read is not permitted (truth table output Y) until the
write flag is synchronized.

As canbe seen in today’s digital systems, synchronous and asynchronous operations can and will produce random errors
due to metastability in single-stage FIFO designs like those of the “722xx synchronous FIFO family. The described
method of implementing a second stage for flag synchronization is extremely useful for clock speeds that are either
approaching or exceeding 33 MHz. Metastability can be virtually eliminated in the ‘722xx synchronous FIFO family
by the simple addition of a second flip-flop. The second-stage synchronizer greatly reduces metastability, thereby
increasing the MTBF and allowing designers to use faster microprocessors and higher data-transfer rates for greater
overall system performance and reliability.

To reduce metastability and improve system reliability, TI offers a completz line of high-performance FIFO memory
devices. TI'’s FIFOs have dual-stage synchronization designed onto each chip. This eliminates the need for any external
discrete solution and reduces critical board space by fully utilizing TI’s family of fine-pitch surface-mount packaging.
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Abstract

Analysis of circuit-noise immunity during simultaneous switching of multiple outputs is crucial in the high-speed
advanced logic families including ACT and ABT FIFO products. Consequently, reduction of simultaneous-switching
noise is of the utmost concern to the FIFO design team at Texas Instruments (TT). TI offers reliable FIFO products that
meet the fast-speed requirement of today’s technology. In this application report, a thorough explanation of
noise-reduction techniques for TI's FIFO devices is provided. This report assists component and system design
engineers in their evaluations of simultaneous-switching noise for TI's ACT and ABT FIFO products.

Introduction

One concern in advanced integrated circuit (IC) design is the challenge of minimizing simultaneous-switching noise
while increasing switching speed of the device. This application report presents the achievements TI has made in
providing very high-speed FIFO products with minimum simultaneous-switching noise.

This report provides an introduction to advanced CMOS simultaneous-switching noise and the approaches taken by the
FIFO design group to effectively reduce the noise. Test procedures for measuring noise during simultaneous switching
of multiple outputs are also presented. Test results provide the data necessary to ensure proper operation of the FIFO
during simultaneous switching of multiple outputs.

In high-speed, high-density CMOS VLSI devices, many output drivers may switch simultaneously. During the
transition, the excessive current drawn from the power supply can produce a significant amount of power/ground noise
called simultaneous-switching noise (SS noise). The noise may be generated in the package Vpp/Vgg planes and also
in the internal (on-chip) Vpp/Vgg buses. Figure 1 shows the power/ground noise coupling through a dc-on driver to
external circuitry.

Vee L 4 Vee

T

1 i |

Vss

Vss
Figure 1. Power/Ground Noise Coupling Through a dc-on Driver to External Circuitryl

3-27



A simultaneous-switching scenario where several drivers switch at the same time is shown in Figure 2. The electrical
path from the ground/power IC pads to the package terminals is inductive as shown in Figure 2. The IC pads are
connected through bonding wires to the package pads that are connected through a multilayer package to the package
terminals, which, in turn, are connected to ground/power planes on the printed circuit board (PCB). All of these different
elements in the packaging of the IC behave as inductances with negligible resistive components. 2

44— Switching Drivers ——»
L 4 2 & ¢ — PCPVgeo

Ldy i=1Nss Ldq

Quiescent
Driver

Driver| Driver i

Die PCP Die PCP Die PCP

GND GND GND GND

Vg, Vg

Figure 2. Simuitaneous Switching2

The physics of the device package plays a fundamental role in the voltage-noise spike. The major effect on a high-speed
device is the induced voltage on the GND and V¢ terminals caused by the transient currents from switching capacitive
loads.3 If only one output is switched, the ground noise is calculated by equation 1 where Lg is the inductance of the
ground terminal due to the bond wire, lead, and via, and di/dt is the time rate of change in transient current driving the
capacitive load. Equation 2 illustrates transient current where dVo/dt is the change of output voltage in time.

VgNDp =-Lg X di/dt
i(t) =Cp, X dVo/dt

The induced ground bounce appears on the quiescent output as shown in Figure 3.

l kod Transition of Switching Drivers
T

Vp (ground noise)

@
@

1-to-0 Transition of Switching Drivers

Figure 3. Example of Ground-Bounce Waveform2

‘When the number of simultaneously switching outputs increases, ground noise increases. For large ICs, the relationship
between ground-bounce amplitude and the number of switching drivers is no longer linear. 1, 2, 4

Unless these power/ground noise fluctuations are controlled, simultaneous-switching noise can degrade or even limit
system performance. Uncontrolled noise spikes can lead to loss of stored data, severe speed degradation, output glitches,
and reduction in system-noise immunity.3 From a functional perspective, ground bounce reduces noise margins of the
gate and may cause false switching of quiet gates. Noise margins for the low state are usually smaller than noise margins
for the high state; therefore, noise of the ground bus in the IC concerns designers the most. 2, 5

Several techniques have been proposed for reducing simultaneous-switching noise. At the package level, one approach
is to reduce the inductance by improved packaging techniques, such as decreasing the various inductive contributions
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to ground bounce.? Surface-mount packages, such as PQFPs, are a better package option than through-hole packages,
such as DIP or PGA, because the former have shortened pins or a lower-profile package. Another approach is to decrease
the inductance of the ground pins by placing as many ground/power pins in the package as possible.l» 2 At the design
level, some designers have proposed output edge control (OEC™) as a solution to reduce noise.4

At the circuit level, simultaneous-switching noise can be reduced by skewing the output drivers and/ or by damping out
power and ground noise with additional damping resistors at the source end of both p- and n-channel transistors of output
drivers,3 and/or by adding bypass capacitors that reduce the current noise associated with output buffers driving off-chip
loads.# This application report concentrates only on TI’s approaches to reduce the simultaneous-switching noise in
high-performance advanced FIFO products.

Tl Solution for Simultaneous-Switching Noise

TI’s solutions to minimize noise caused by simultaneous switching of outputs include reducing package inductance by
using multiple ground pins, controlling the output edge, and separating the ground pins. Measurements used by TI in
evaluating the chip’s performance are included in the following discussion.

Reducing Package Inductance

To reduce voltage spikes, the value of lead inductance (Lg) in equation 1 should be lowered. Lead inductance is
dependent upon lead lengths as well as the location of GND/V ¢ pins in the package. Decreasing the overall size
of the FIFO package lowers the package inductance. The inductance value per pin for most of the package types used
for FIFO products is shown in Table 1. TI’s current technology has provided high-performance 9-, 18-, and 36-bit FIFO
products with less inductance per pin, giving TI a performance edge in the FIFO market. More information on TI
package types is provided in Appendix B.

Table 1. Inductance Value per Pin for Most Package Types Used for FIFO Products

INDUCTANCE
PITCH PACKAGE TYPE FIFO TYPE PER PIN (nH)
24-pin DIP 4-, 5-, 8-, and 9-bit FIFO 3-15
28-pin DIP 9-bit (IDT) FIFO 2-15
Standard-Pitch Option Bpi #t (IDT)
44-pin PLCC 9-bit FIFO 6-8
28-pin SOIC 1-bit FIFO 3-8
120-pin TQFP 36-bit FIFO ‘ 4-5
Fine-Pitch Option 80-pin TQFP 18-bit FIFO 5
64-pin TQFP 9-bit FIFO 3-4
Multiple GND and V¢ Pins

By adding more GND and V¢ pins on a chip, TI offers advanced FIFO products with lower noise compared to other
products with only one GND and one V¢ corner pin. The previous section discussed simultaneous-switching noise
being directly proportional to the inductance of the ground/power leads. Multiple ground/power pins improve the noise
immunity of the chip by reducing the total ground/power lead inductance because the total inductance is a parallel
combination of the lead inductances of the ground/power pins. For example, SN74ACT7814 FIFO memory in
Figure 4 has four GND pins distributed among the outputs. The total ground-lead inductance of this chip is
approximately one-fourth of that of a similar chip with only one GND pin. Assuming L}, Ly, L3, and L4 are the lead
inductances of the four ground pins on the chip, and assuming these inductances are equal, the combination of the parallel
inductances is 1/4 of the inductance when only one GND pin is on the chip (see equation 3).
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OEC is a trademark of Texas Instruments Incorporated.
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Multiple ground/power pins are used on all TI FIFO products. Table 2 shows the number of data output pins per ground
pin for different FIFO products.

DL PACKAGE
(TOP VIEW)

Figure 4. SN74ACT7814 FIFO With Multiple GND Pins
Table 2. Number of Data Output Pins per Ground Pin for Different FIFO Products

GND | DATA OUTPUTS
FIFO | FIFO PRODUCT SiZE PACKAGETYPE | SNO | DATAOUTPUT
44-pin PLCC (FN) 3 45
SN74ACT2335 102492 ,
64-pin TQFP (PM) 12 1.5
9Bits | SN74ACT2236 102492 | 44-pin PLCC (FN) 2 25
44-pin PLCC (FN) 6 15
SN74ACT7807 20489
B4-pin TQFP (PM) 12 0.75
SN74ACT7803 51218 | (OL) 2 a5
_ SN74ACT7811 10241 | EPINPLCCEN) 10 18
18 Bits 80-pin TQFP (PN) 14 13
80-pin QFP (PH) 14 26
SN74ABT7819 512182
80-pin TQFP (PN) 12 26
32Bits | SN74ACT3638 si2spp  |L20PINTQFP (POB) 14 26
132-pin PQFP (PQ) 15 43
120-pin TQFP (PCB) | 10 72
SN74ABT3614 64362
132-pin PQFP (PQ) 18 20
36Bits  |SN74ACT3632 stoag2  2oPnTQFP(PCE) | 14 51
132-pin PQFP (PQ) 12 51
120-pin TQFP (PQ) 15 24
74ACT3641 10243
SN74ACT364 ®  [T32pnPaFP(PcE) | 15 24




Output Edge Control (OEC™) Method

OEC™ is another method for controlling simultaneous-switching noise. This is a circuit method that reduces the di/dt
portion of equation 1. The output transistor is split into many small subtransistors with sequential turnon of each
subtransistor. By splitting the total current into a series of smaller currents distributed over time, the effective di/dt is
reduced. The delay in turnon of the successive subtransistors reduces the maximum peak di/dt for the entire output
transistor.

Drains Polysilicon Gate
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Drains

(a) TYPICAL ARRANGEMENT

Polysilicon Gate

(b) SERPENTINE ARRANGEMENT

Figure 5. CMOS-Transistor-Gate Layout

At the output, the structure of the polysilicon gate is modified to grade the turnon by removing portions of the polysilicon
gate to form a serpentine arrangement and by driving the gate from one end (see Figure 5). The resistance of the
polysilicon and the capacitance of each gate segment form a distributed RC network that slows the turnon of each
succeeding segment. Figure 6 shows the equivalent-circuit schematic for the distributed output transistor.4
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Figure 6. TI's Patented OEC Circuitry

The OEC circuitry implemented in output structures reduces simultaneous-switching noise by reducing the edge rate.
The distributed output transistor with pull-down transistors evenly added gives a fast-turnoff feature to the circuit and
minimizes the through current as well. The undesirable slow turnoff is resolved by evenly adding pull-down transistors
to the distributed output transistor. Turnoff transistors minimize through current by rapidly turning off all the segments
of the output-transistor circuit; therefore, the OEC method not only provides an effective means for controlling di/dt
noise in high-speed CMOS FIFO products, but adds a fast-turnoff feature to the output circuit. '

Dirty and Clean Grounds in 36-Bit FIFO Families

To reduce effects of simultaneous-switching noise on 36-bit FIFOs, TI divides the ground pins into dirty and clean
ground terminals. A dirty ground is used only for device outputs and a clean ground is used for inputs and other internal
circuit connections. A dirty ground is isolated from a clean ground on the chip, but users can connect them to the same
external ground. Isolating the two grounds benefits the FIFO chips because output-switching noise does not affect the
rest of the chip, thereby reducing the possibility of false clocks and intermittent data errors.

Simultaneous-Switching Tests Performed to Ensure Reliability of FIFO Products

SPICE Simulation

Simultaneous-switching SPICE simulations were performed for the SN74ACT3632 device during the design process
for 36-bit FIFO products. Simulation results for SN74ACT3632 indicate that Vo droop and ground bounce when 18
bits are switching simultaneously are only 4.39 and 0.67 V, respectively. When 36 bits are switching simultaneously,
Vc droop and ground bounce only change to 4 and 0.9 V, respectively. The results of this SPICE simulation illustrate
the reliability of TI’s high-performance FIFO products against ground noiseS (see Table 3).

Table 3. SPICE Simulations for the SN74ACT3632 Device When 18 or 36 Outputs Switch

Simultaneously
SN74ACT3632 SWITCHING :
SIMULTANEOUSLY Vg DROOP (V) GROUND BOUNCE (V)
18 bits 4.39 0.67
36 bits 4.0 0.9

Ground/Power-Noise Measurements (VoLp and Vopry)

Noise measurements evaluate the performance of FIFO products while simultaneously switching the outputs. A typical
simultaneous-switching test is performed to determine the magnitude of the disturbance on the output that is not being
switched, as well as stored data integrity for devices with multiple outputs. The voltage induced on a quiescent output
during simultaneous switching is referred toas Vop pand Voyv . For Vop p (Voyv) measurements, the outputunder test

~ isheld low (high) while the rest of the outputs are switching from high to low (low to high). Vop p, the maximum (peak)
voltage induced on a quiescent low-level output during switching of other outputs, is measured with respect to a ground
reference near the output under test. Vopv is the minimum (valley) voltage induced on a quiescent high-level output
during switching of other outputs. Table 4 summarizes the Vgp p and Vogyy results for 36-bit FIFO products. Data was
taken on an automatic test machine (HP 82000) at room temperature (25°C).

.



Table 4. Sample Vo p and Vony Test Results for 36-Bit FIFO Products

DEVICE VoLp (V) VoHv (V) Vee (V)
SN74ABT3614 0.75 0.2 5.5
SN74ACT3632 1.0 1.4 5.0

The results of Vop p and Voyy measurements performed on TI’s 36-bit FIFO products indicate the reliability and noise
immunity of TI's high-performance FIFO products. Sample waveforms for SN74ACT3638, SN74ACT3611, and
SN74ACT3613 are presented in Appendix A.

Special Test Performed on 36-Bit FIFOs (Vj4 and V) Testing)

Vi and Vy values for 36-bit FIFO families are tested while outputs are simultaneously switching. For example, the
SN74ACT3632 continues to function properly with Vi and Vyp, values shown in Table 5. These results show that
separating the output ground from the ground used for the rest of the chip results in excellent input-noise margins for
the 36- and 32-bit-wide FIFOs.

Table 5. Test Required for the 36-Bit SN74ACT3632

Vee 45V 55V
VIH 18V 19V
ViL 1.3V 1.3V

Summary

Fast switching speeds in today’s technology require solutions to problems such as simultaneous-switching noise. The
fast switching of drivers can cause uncontrolled noise spikes on the chip’s ground bus, which lead to false clocks or
incorrect data and control signals on the device. As more outputs of an IC switch simultaneously, noise effects increase
and limit the usefulness of the device.

Better packaging options, multiple ground/power pins, output edge control, and separating the ground pins as clean and
dirty ground pins reduce the simultaneous-switching noise. Finally, results obtained from simultaneous-switching tests
are provided to illustrate the noise immunity of TI’s high-performance FIFO devices.
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Appendix A

Appendix A shows Vorp and Voyy measurements during simultaneous switching. Measurements are made with
respect to ground at 25°C with an HP8200 automatic test machine. V is the quiescent voltage on the output being tested
prior to switching other outputs. V3, is the peak voltage on the output being tested while switching other outputs. Vp is

the difference in V| and V.
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Appendix B

FIFO Package Types
1 Bit 9 Bit 18 Bit
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Figure B-1. Surface-Mount Package Options
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IMPORTANT NOTICE

Texas Instruments (TI) reserves the right to make changes to its products or to discontinue any
semiconductor product or service without notice, and advises its customers to obtain the latest version
of relevant information to verify, before placing orders, that the information being relied on is current.

Tl warrants performance of its semiconductor products and related software to the specifications
applicable at the time of sale in accordance with TI’s standard warranty. Testing and other quality control
techniques are utilized to the extent Tl deems necessary to support this warranty. Specific testing of
all parameters of each device is not necessarily performed, except those mandated by government
requirements.

Certain applications using semiconductor products may involve potential risks of death, personal injury,
or severe property or environmental damage (“Critical Applications”).

TI SEMICONDUCTOR PRODUCTS ARE NOT DESIGNED, INTENDED, AUTHORIZED, OR
WARRANTED TO BE SUITABLE FOR USE IN LIFE-SUPPORT APPLICATIONS, DEVICES OR
SYSTEMS OR OTHER CRITICAL APPLICATIONS.

Inclusion of Tl products in such applications is understood to be fully at the risk of the customer. Use
of Tl products in such applications requires the written approval of an appropriate Tl officer. Questions
concerning potential risk applications should be directed to Tl through a local SC sales office.

In order to minimize risks associated with the customer’s applications, adequate design and operating
safeguards should be provided by the customer to minimize inherent or procedural hazards.

Tl assumes no liability for applications assistance, customer product design, software performance, or
infringement of patents or services described herein. Nor does Tl warrant or represent that any license, -
either express or implied, is granted under any patent right, copyright, mask work right, or other
intellectual property right of Tl covering or relating to any combination, machine, or process in which
such semiconductor products or services might be or are used.

Copyright © 1996, Texas Instruments Incorporated
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Introduction

Steady increases in microprocessor operating frequencies and bus widths over recent years have challenged system
designers to find FIFO memories that meet their needs. To assist the designer, new FIFOs from Texas Instruments (TT)
are available with features that complement these microprocessor trends.

Higher data-transfer rates have dictated the need for FIFOs to evolve into clocked architecture wherein data is moved
in and out of the device with synchronous controls. Each synchronous control of the clocked FIFO uses enable signals
that synchronize the data exchange to a free-running (continuous) clock.

Since the continuous clocks on each port of a clocked FIFO can operate asynchronously to each other, internal status
signals indicating when the FIFO is empty or full can change with respect to either clock. To use a status signal for port
control, it is synchronized to the port’s clock on a clocked FIFO. Synchronization of these signals with flip-flops
introduces metastability failures that increase with clock frequency. TI uses two-stage flag synchronization to greatly
improve reliability.

Higher clock frequencies augment raw speed, but greater bandwidth is also achieved by increasing the data width. Wider
datapaths can have the associated cost of large board area due to increased package sizes. New compact packages for
TI’s FIFOs reduce this cost.

Clocked FIFOs

Clocked FIFOs have become popular for relieving bottlenecks in high-speed data traffic. Data transfers for many
systems are synchronized to a central clock with read and write enables. These free-running clocks can be input directly
to a clocked FIFO with the same enables controlling its data transfer on the low-to-high transition of the clock.

Reducing the number of clocks keeps the interface simple and easy to manage. Extra logic is needed to produce a gated
pulse when using a FIFO that accepts a clock only for a data transfer request. The generated clock signal is a derivative
of the master clock with a margin of timing uncertainty. Athigh clock frequencies, this timing uncertainty is not tolerable
and costly adjustments are needed.

Additional logic also is conserved by implementing flag synchronization on the clocked FIFO. Tracking is done to
generate flags that indicate when the memory is empty or full. In many applications, the input and output to the FIFO
are asynchronous and the flag signals must be synchronized for use as control. A read is not completed on the FIFO if
no data is ready, so the EMPTY signal is synchronized to the read clock. This synchronous output-ready (OR) flag is
useful for controlling read operations. Likewise, the FULL signal is synchronized to the write clock, producing the
input-ready (IR) flag.

Flag Synchronization

As previously explained, one of the advantages of the clocked FIFO is the on-board synchronization of the EMPTY and
FULL status flags when the input and output are asynchronous. In one method of synchronization, a single flip-flop
captures the asynchronous flag’s value (see Figure 1). With this method, the rising transition of data can violate the
flip-flop’s setup time and produce a metastable event (metastability is a malfunction of a flip-flop wherein the latch
hangs between high and low states for an indefinite period of time).
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Figure 1. Triggering a Metastable Event With a One-Stage Syﬁchronlzer

Once a metastable event is triggered, the probability of the output recovering to a high or low level increases
exponentially with increased resolve time (t,). The expected time until the output of a single flip-flop with asynchronous
data has a metastable event that lasts t, or longer is characterized by the following mean time between failures (MTBF)
equation: :

exp(%)

MTBF, = %77,

Where:

= flip-flop constant representing the time window during which changing data invokes a failure
= resolve time allowed in excess of the normal propagation delay

flip-flop constant related to the settling time of a metastable event

= clock frequency

= asynchronous data frequency. For OR-flag analysis, it is the frequency at which data is
written to empty memory. For IR-flag analysis, it is the frequency at which data is read from
full memory.

aéN TS
]

The MTBF decreases as clock and data frequency increase and as the time allowed for a metastable event to settle (t,)
decreases.

Metastability failures are a formidable issue for short-clock cycle times. Increasing the clock frequency linearly
increases the number of metastable events triggered, but the shortened available resolve time exponentially increases
the failure rate. It is impossible to eliminate the possibility of a metastable event under these conditions, but solutions
exist to reliably increase the expected time between failures.

Clock > Q L > Q|

’ Asynchronous
Flag

Synchronized
Flag

.Figure 2. Two-Stage Synchronizer



TI increases the metastable MTBF by several orders of magnitude for IR and OR flags by employing two-stage
synchronization (see Figure 2). For the output of the second stage to be metastable, the first stage must have a metastable
event that lingers until it encroaches upon the setup time of the second stage. Adding another stage to a single flip-flop
synchronizer is statistically equivalent to increasing its resolve time by the clock period minus its propagation delay.
The mean time between failures for a two-stage synchronizer is given by:

t, +%_—tp
exp| ——

MTBF, = T

Where:
ty = propagation delay of the first flip-flop

/TN L/
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Figure 3. Storage Oscilloscope Plots Taken Over a 15-Hour Duration

Figure 3 compares the two synchronization methods previously discussed. Both plots were taken at room temperature
and nominal V¢ while each data transition violated setup time. Figure 3(a) shows the performance of an EMPTY flag
synchronizer using only one flip-flop, while Figure 3(b) is the IR flag of an SN74ACT7807 with the write clock
operating at maximum frequency.

Compact Packaging

Microprocessor bus widths have continuously doubled every few years to maximize their performance. Bus widths of
32 and 64 bits are commonplace today, whereas they were almost unheard of a few years ago. The downside to the
increased bit count is that each subordinate device in the system must match this width with corresponding increases
in board size. .

New shrink packages for TI’s clocked FIFOs provide a solution to this problem. Multiple-byte datapaths can be buffered
while covering only a fraction of the area of conventional packages. These new FIFO packages are presently available
in 56-, 64-, and 80-pin configurations. Dubbed shrink quad flat package (SQFP), the 64-pin package is used for
9-bit-wide FIFOs, and the 80-pin package is used for 18-bit-wide FIFOs. Both SQFP packages have a lead pitch of
0.5 mm. The 56-pin shrink small-outline package has a 0.025-inch lead pitch and also houses 18-bit-wide FIFOs. A
variety of TI’s FIFOs are offered in these new packages (see Table 1).



Figure 4 compares the space savings of the new compact packages compared to competitive surface-mount solutions.
A 4-byte path constructed with four clocked FIFOs in 32-pin PLCC packages occupies 1.16 in2, while two 56-pin SSOP

Table 1. FIFOs Available lri Space-Efficient Packages

CLOCK CYCLE
DEVICE CLOCKED | ORGANIZATION TIME (ns) | PACKAGES
64 TQFP
SN74ACT2235 No 1Kx9x2 20,3040,50 | 4, pice
80 TQFP
SN74ACT7802 No 1Kx 18 25,40, 60 68 PLOG
80 TQFP
SN74ACT7811 Yes 1K x 18 15,18,20,25 | ooice
SN74ACT7803 512x 18
SN74ACT7805 Yes 256 x 18 15,20,25,40 | 56SSOP
SN74ACT7813 64x 18
SN74ACT7804 \ 512x 18
SN74ACT7806 No 256 x 18 20, 25, 40 56 SSOP
SN74ACT7814 64 18
64 TQFP
SN74ACT7807 Yes 2Kx9 15,20,25,40 | uprCe
64 TQFP
SN74ACT7808 No 2Kx9 20,26,30,40 | 4 picc

packages occupy only 0.59 in2.

Four new CMOS clocked FIFOs from TI offer a variety of memory depths. All four can match applications that require
maximum clock frequencies of 67 MHz and access times of 12 ns. Suited for buffering long packets, the 2K x 9
SN74ACT7807 is the deepest of the four and is available in the 44-pin PLCC or 64-pin TQFP. The SN74ACT7803,
SN74ACT7805, and SN74ACT7813 are organized as 512 x 18, 256 x 18, and 64 x 18, respectively, and have the same
pin arrangement in the 56-pin SSOP. Every TI clocked FIFO is easily expanded in word width, and the
SN74ACT7803/05/13 can also be arranged to form a bidirectional FIFO. With the two FIFOs connected as in Figure 5,
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Figure 4. Surface-Mount Package Area Comparison

New Clocked FIFOs

no extra logic is needed for bidirectional operation.
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Figure 5. Bidirectional Configuration for the SN74ACT7803

Silicon is currently available for a bidirectional clocked FIFO fabricated in TI's Advanced BiCMOS (ABT) process.

The SN74ABT7819 is organized as 512 X 18 x 2 with two internal independent FIFOs. Each port has a continuous
free-running clock, a chip select (CS), a read/ write select (R/W), and two separate read and write enables for control.

It supports clock frequencies in excess of 80 MHz and a maximum access time below 10 ns. This device is packaged
in the 80-pin QFP and 80-pin SQFP.

Conclusion

Several semiconductor manufacturers, including TI, have responded to customer needs by providing clocked FIFOs
whose synchronous interfaces conform to the requirements of many high-performance systems. Capitalizing on the
available continuous system clocks, this architecture limits the amount of necessary glue logic and the number of timing
constraints.

Flag synchronization is important for clocked FIFOs buffering between asynchronous systems. Flip-flop synchronizers
used for this task have a metastable failure rate that grows exponentially with clock frequency. TI employs two stages
of synchronization that improve the flags’ reliability significantly.

Finally, providing a FIFO buffer for wide buses has historically consumed large amounts of board area. Designers
seeking relief from this problem can find it in the packaging options offered for TI’s FIFOs. Used to house 9- and 18-bit
devices, these packages require only about 50% of the space required for conventional surface-mount packages.
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IMPORTANT NOTICE

Texas Instruments (TI) reserves the right to make changes to its products or to discontinue any
semiconductor product or service without notice, and advises its customers to obtain the Iatest version
of relevant information to verify, before placing orders, that the information being relied on is current.

Tl warrants performance of its semiconductor products and related software to the specifications
applicable at the time of sale in accordance with TI’s standard warranty. Testing and other quality control
techniques are utilized to the extent Tl deems necessary to support this warranty. Specific testing of
all parameters of each device is not necessarily performed, except those mandated by government
requirements. .

Certain applications using semiconductor products may involve potential risks of death, personal injury,
or severe property or environmental damage (“Critical Applications”).

Tl SEMICONDUCTOR PRODUCTS ARE NOT DESIGNED, INTENDED, AUTHORIZED, OR
WARRANTED TO BE SUITABLE FOR USE IN LIFE-SUPPORT APPLICATIONS, DEVICES OR
SYSTEMS OR OTHER CRITICAL APPLICATIONS.

Inclusion of Tl products in such applications is understood to be fully at the risk of the customer. Use
of Tl products in such applications requires the written approval of an appropriate Tl officer. Questions
concerning potential risk applications should be directed to Tl through a local SC sales office.

In order to minimize risks associated with the customer’s applications, adequate design and operating
safeguards should be provided by the customer to minimize inherent or procedural hazards.

Tl assumes no liability for applications assistance, customer product design, software performance, or
infringement of patents or services described herein. Nor does Tl warrant or represent that any license,
either express or implied, is granted under any patent right, copyright, mask work right, or other
intellectual property right of Tl covering or relating to any combination, machine, or process in which
such semiconductor products or services might be or are used.

Copyright © 1996, Texas Instruments Incorporated
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