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1. Introduction

Once a design is committed to silicon, you
want it to be right. Time, money, and your
reputation can be wasted on a malfunctioning
ASIC. This paper will cover the steps to take
before fabrication that will minimize your
chances of failure and maximize your chances
of success for first silicon. These steps include
how to write a specification, top-down design,
simulation, test vector generation, and good

procedural practices.

This paper is aimed at the engineer who is
facing an ASIC design or wants to be prepared
for one. Those who have never designed an
ASIC will find this paper especially beneficial,
and experienced ASIC designers will find this

paper to be useful reference.



1.1 What is an ASIC? different manufacturing techniques, different costs,
and different development times. Depending on

) . ; . _your requirements, one type of ASIC will be
A_SIC, Sa Ch'.p that can be designed by_an engme%[)timal, and it is good to understand which one fits
with no particular knowledge of semiconductor

, ) our needs before beginning the design process.
physics or semiconductor processes. The ASI(Y, g g anp

vendor has preated a Iibrary_ of cells an_d function$ 2 1 The Gate Array

that the designer can use without needing to know _

precisely how these functions are implemented inThe gate array consists of rows and columns of
silicon. The ASIC vendor also typically supportstegular transistor structures. Each basic cell, or
software tools that automate such processes @8te, consists of the same small number of
synthesis and circuit layout. The ASIC vendor mayjransistors which are not connected. In fact, none
even supply application engineers to assist thef the transistors on the gate array are initially
ASIC design engineer with the task. The vendogonnected at all. The reason for this is that the

then lays out the chip, creates the masks, arf®nnection is determined completely by the design
manufactures the ASICs. that you implement. Once you have your design,

] board desi q dioh the layout software figures out which transistors to
ust as a board designer does not need to have g ,q ¢ First, your low level functions are

intimate knowledge of the integrated cirguits tha{:onnected together. For example, six transistors

An Application Specific Integrated Circuit, or

ve been routed, these would in turn be connected

designer needs to know interface characteristiGyether. The software would continue this process
such as capacitive loading and trace mpedance,gﬂt” the entire design is complete

ASIC designer needs to understand the ASI
vendor’s specifications for the particular library of The ASIC vendor manufactures many unrouted
cells and functions that he is using in his design. die which contain the arrays of gates and which it
can use for any gate array customer. An integrated
1.2 Gate Array vs. Standard Cell circuit consists of many layers of materials

- .including semiconductor material (e.g., silicon),
There are two varieties of ASICs, and each has |lﬁ 9 (e.g )
|

dvant ; d standard Rsulators (e.g., oxides), and conductors (e.g.,
own advantages - gate arrays and standard ce etal). An unrouted die is processed with all of the

_Eac_h variety has a d|ff_erent archltecture as Shovﬁﬁyers except for the final metal layer that connects
in Figure 1. These architectural differences result e gates together. Once your design is complete

the vendor simply needs to add the last metal layer
to the die to create your chip.

Application Specific Integrated Circuits
The advantages of gate arrays is that they have a

fast turnaround time. In addition, since the vendor

can produce many unrouted arrays for many

customers, each customer shares in some of the
development cost, resulting in a lower development

charge, also know as non-recurring expense
(NRE).

Gate Arrays Standard Cells

T (o i ]

1.2.2 The Standard Cell

Figure 1 The standard cell ASIC is designed using cells of




transistors which are already connected togeth
and compactly routed to form higher level
functions such as flip-flops, adders, and counter

11%
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Gate Arrays vs. Standard Cells

D.
The ASIC designer connects these cells together
just as he would connect TTL packages together gn Gate Array Standard Cell
a PC board. The software that lays out a standajd\RE low high
cell ASIC attempts to place these cells on the diePer piece high low
and connect them together in as efficient a way asUtilization low high
possible. Turnaro_und.tlime fast slow
Customizability low high

Since each cell consists of all of the materig|l
layers needed to produce the transistors and [to
connect them, and since each customer’s design IS
different, each standard cell ASIC must be created
from scratch. This results in a much longeR. Design Issues

turnaround time than fo_r a gate array. Each mask Orhere are many design issues that are common to
produce each layer is custom for each USCioth ASIC design and other forms of digital
Therefore, customgrs cannot share developmeagsign_ In the next sections of this paper, we will
costs as they can with gate arrays. discuss those areas that are unique to ASIC design
The advantages of a standard cell approach is thatthat are particularly critical to ASIC design.
the resulting die is typically much smaller than the
equivalent gate array. For a gate array, the die siZel Top-Down Design
is fixed and many transistors in the array will
typically not be used in the design. For a standaid
cell design, only those transistors that are needéd
are placed on the die. A smaller die results in more
die per wafer, which results in a smaller cost pgr
part. This can be a big advantage for parts whigh
are used in high volume.

Figure 2

Top-Down Design
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Another advantage is that standard cell ASIC
can use very complex functions if those function
are available as cells in the vendor’s library. Many
vendors include microprocessor cores in their
libraries. These cells would be very difficult tol
design and would take up a great deal of die area if Figure 3
they were implemented in a gate array.
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. o Top-down design is the design method whereby
1.3 Which ASIC type is right for you? high level functions are defined first, and the lower
vel implementation details are filled in later. An

Which ASIC type to use depends on your projecgIS . ) . .
and budget. Use gate arrays when you want to ho IC schematic can be viewed as a hierarchical

down the initial cost, when you need fastii€e as shown in Figure 3. The top level block

turnaround on prototypes, and when you eXloe(gtapresents the entire ASIC. Each lower level block
low production volumes. Use standard cells whefEPresents major functions of the  ASIC.

you need to implement very complex functions an termedlgte level blocks may cpntaln smaller
when you expect high production volumes. unctionality blocks combined with gate-level

logic. The bottom level contains only gates and



macrofunctions which are vendor-supplied highNAND gates, particularly if you are concerned
level functions. Fortunately, schematic captur@bout performance.

software and hardware description languages used

for ASIC design easily allows use of the top-dowr2.3 Macrofunctions - Soft and Hard

design methodology. Macrofunctions are pre-defined functions which

Top-down design is the preferred methodologyre common to many designs and can be used in
for ASIC design for several reasons. First, ASICélocks without understanding their internal design.
often incorporate a large number of gates and Bhey might include designs for counters, flip-flops,
very high level of functionality. This methodology adders, or registers. These macros are used like ICs
simplifies the design task and allows more than onare used in a PC Board design. In fact, many
engineer, when necessary, to design the chigendors supply common 74LS part functions in
Second, it allows flexibility in the design. Sectionstheir libraries of macrofunctions. They are useful
can be removed and replaced with a highebecause they allow the designer to integrate
performance or optimized designs withoutcommon higher level functionality into the design
affecting other sections of the ASIC. without needing to design these parts each time.

Also important is the fact that simulation is much There are two types of macrofunctions - hard and
simplified using this design methodology.soft - and it is important to know the difference in
Simulation is an extremely important consideratiororder decide when to use each type. Soft macros
in ASIC design since an ASIC cannot be blueare high level blocks that include the low level
wired after production. For this reason, simulatiorgates that are needed to create the specific function.
must be done extensively before the ASIC is seWhen the ASIC is laid out, these gates will be
for fabrication. A top-down design approach allowdreated like every other gate in the design and will
each module to be simulated independently frorhe placed on the die and routed. A hard macro, on
the rest of the design. This is important forthe other hand, consists of a number of gates that
complex designs where an entire design can takewe been placed and routed together to achieve
weeks to simulate and days to debug. Simulation @ptimal performance. The hard macro is treated
discussed in more detail later in this paper. like a single gate, and the relative placement of

each internal gate cannot be modified.

2.2 NAND Gates The advantage to a soft macro is that it can be
On the lowest level, most ASIC technologies areasily modified to fit your own particular need. For
optimal if they are designed using NAND gates asxample, if you have a macro for an up/down
opposed to other kinds of gates such as AND, ORpunter, but you only need an up counter, you can
or NOR gates. First, NAND gates are typicallygo into the macro and take out those gates that are
more symmetric. In other words, the rise and falused for counting down. In this way, you did not
times are close to equal which means you are lesged to design the counter from scratch, and you
likely to have timing problems. Also, NAND gates could eliminate any unnecessary functionality from
are implemented with the fewest levels ofthe macro.
transistors, making the propagation times lower

. Another advantage of soft macros is that they can
than for other basic gates.

be lifted from one design and, with slight or no
If you design your ASIC using schematic capturehanges, be incorporated into another design, even
tools, you will produce faster parts if you usea design using a different technology. Soft macros
NAND gates. If you use synthesis tools to converare easily routed in the design since the individual
a high level description to a gate level design, yogates can be placed anywhere in the layout. The
may want to check that the tool synthesizes intiming between a soft macro and the other blocks



in the design can be optimized by the place-angroblems that may appear intermittently, or may

route software. The disadvantages of soft macragppear only when the ASIC vendor changes its
are that, like the rest of your design, the timing isemiconductor process. Asynchronous designs that
not completely predictable until the entire desigmwork for years in one process may suddenly fail

has been routed. This is because the timing wiWwhen the ASIC is manufactured using a newer

depend on the routing lengths. process.

The advantage of a hard macro is that the timingSynchronous design simply means that all data is
is completely predictable since the gate layoupassed through combinatorial logic and flip-flops
cannot change. Hard macros are usually design&hich are synchronized to a single clock. No signal
to optimize performance and get the best timinghat is generated by combinatorial logic can be fed
possible from the process. The disadvantage is thaack to the same group of combinatorial logic
they cannot be changed to eliminate unneedeslithout first going through a synchronizing flip-
functionality or to incorporate additional flop. Clocks cannot be gated - in other words,
functionality. Since they are larger blocks, theyclocks must go directly to the clock inputs of the
may not be easily incorporated into the layout. Théip-flops without going through any combinatorial
timing between a hard macro and the rest of thiegic.
design may not be good, and hard macros are notq
portable to other technologies. The cells of
standard cell ASIC are hard macros. Higher Iev%
functions may be either hard or soft macros. A
comparison of hard and soft macros is shown ifi

following sections cover common
synchronous design problems and how to fix them
sing synchronous logic.

Figure 4. Asynchronous : Race Condition
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Figure 4  2.4.1 Race conditions
2.4 Synchronous Design Figure 5 shows an asynchronous race condition

One of the most important concepts in ASICWhere a clock signal is used to reset a flip-flop.

, -When SIG2 is low, the flip-flop is reset to a low
fthe h f ] .
design, and one of the hardest to enforce on now% ate. On the rising edge of SIG2. the designer

ASIC designers, is that of synchronous design. s th out to ch o the hiah state of
Once an ASIC designer uncovers a problem due %&an S he output 10 change 1o the high stale o

asynchronous design and attempts to fix it, he 0 IGl‘. Unfortupat_ely, since we dont know .the
she usually becomes an evangelical convert r(§><act internal timing of the flip-flop or the routing
0

synchronous design. This is because asynchron glai/ of the S'%T(al 0 t?f ; lO.Ck \Iler.S"u S t.he frestet
design problems are due to marginal timin npUt, we cannot know which signal Wi arrive firs

- the clock or the reset. This is a race condition. If



Synchronous : No Race Condition Synchronous : Delay Independent Logic
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the clock rising edge appears first, the output wilfé€ds may not recognize it at all. A synchronous
remain low. If the reset signal appears first, th@ulSe generator is shown in Figure 8. This pulse
output will go high. A slight change in depends only on the clock period. Changes to the
temperature, voltage, or process may cause #HOCESS will not cause any significant change in the
ASIC that works correctly to suddenly work Pulse width.

incorrectly. A more reliable synchronous solution ) o
is shown in Figure 6. Here a faster clock is use(iz,'4'3 Hold time violations
and the flip-flop is reset on the rising edge of th¢
clock. This circuit performs the same function, bu
as long as SIG1 and SIG2 are producef
synchronously - they change only after the rising
edge of CLK - there is no race condition.

Asynchronous : Hold Time Violation

o=

D1
D2
D3

Asynchronous : Delay Dependent Logic j

Figure 9

Synchronous : No Hold Time Violation
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Figure 7 | S Fm ” =
2.4.2 Delay dependent logic

Figure 7 shows logic used to create a pulse. The — >—"
pulse width depends very explicitly on the delay o(]Lh P

the individual logic gates. If the process shoul >
change, making the delay shorter, the pulse wid
will shorten also, to the point where the logic that it Figure 10




Figure 9 shows an asynchronous circuit with @n the output and will not affect logic further
hold time violation. Hold time violations occur downstream.
when data changes around the same time as the

clock edge. It is uncertain which value will be2.4.5 Bad clocking

registered by the clock. The circuit in Figure 1
fixes this problem by putting both flip-flops on the
same clock and using a multlplexer to either loag Asynchronous - Bad Clocking
new data or keep the previous data.
2.4.4 Glitches
DATA D Q
Asynchronous : Glitch GATED )b v
0 o
selw
@l 1_
sl — Figure 13
do —
sel sel
N ‘ Synchronous : Good Clocking
Figure 11
GATED — ¢
XO—{ D Q-
. DATA
Synchronous : No Glitch ", e on
do
sel
a Figure 13 shows an example of asynchronous
CLK cP QN clocking. This kind of clocking will produce
problems of the type discussed previously. The
correct way to enable and disable outputs is not by

putting logic on the clock input, but by putting
logic on the data input as shown in Figure 14.

A glitch can occur due to small delays in a circuit
such as that shown in Figure 11. An inverting2.4.6 Metastability

multiplexer contains a glitth when switching §na  of the great buzzwords, and often

between two signals, both of which are high. Yef,isnderstood concepts, of synchronous design is

due to the delay in the inverter, the output goeg,etastability. Metastability refers to a condition
high for a very short time. Synchronizing thiS, nieh arises when an asynchronous signal is

OF“p“t by sending it through a fI_ip-rop_ as shown in(:Iocked into a synchronous flip-flop. While ASIC
Figure 12, ensures that this glitch will not appeagesigners would prefer a completely synchronous

Figure 12



Metastability - The Problem
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world, the unfortunate fact is that signals coming
into an ASIC will depend on a user pushing a
button or an interrupt from a processor, or will be
generated by a clock which is different from the
one used by the ASIC. In these cases, the
asynchronous signal must be synchronized to the
ASIC clock so that it can be used by the internal
circuitry. The designer must be careful how to do
this in order to avoid metastability problems as
shown in Figure 15. If the ASYNC _IN signal goes
high around the same time as the clock, we have an
unavoidable ryace condition. The output of the flip-
flop can actually go to an undefined voltage level
that is somewhere between a logic 0 and logic 1.
This is because an internal transistor did not have
enough time to fully charge to the correct level.

Figure 16



2.4.7 Allowable uses of asynchronous logic  circuits synchronously or move them off chip and
use discrete chips whose worst case and best case

inst h desian. | will tell the 1 IVtiming is very explicitly defined. If this cannot be
against asynchronous design, 1 Wil tefl you the 1€ one, design these circuits with care and realize

exceptions that | have found to this rule. Thes‘?hat changes to the semiconductor process may
exceptions, however, must be designed WiﬂtlnakeyourASIC unusable

extreme caution and only as a last resort when a
synchronous solution cannot be found. 2.5 Floating Nodes

Now that I've gone through a long argumen

2.4.7.1 Asynchronous reset

There are times when an asynchronous reset|is
acceptable, or even preferred. If the ASIC vendorks Floating Nodes - The Problem
library includes asynchronously resettable flip-
flops, the reset input can be tied to a master reset|in __ ,
order to reduce the routing congestion and tp
reduce the logic required for a synchronous reset. s s +—' o
This reset should be used only for resetting th °
entire ASIC and should not occur during normal NOTE: SELA and SEL_B are mutual excluste
functioning of the chip. After reset, you must
ensure that the ASIC is in a stable state such that
no flip-flops will change until an input changes.
You must also ensure that the inputs to the ASIC
are stable and will not change for at least one cloc
cycle after the reset is removed.

N
1

™
L

Figure 17

kFloating nodes, or internal nodes of a circuit
which are not continually driven, should be
avoided. An example of a potential floating node is
shown in Figure 17. If signals SEL_A and SEL_B
Some buses, such as the VME bus, are designare both not asserted, signal OUT will float to an
to be asynchronous. In order to interface with thesgnknown level. Downstream logic may interpret
buses, it is necessary to use asynchronous latct®8IT as a logic 1, a logic 0, or it may produce a
to capture addresses or data. Once the datangtastable state. In addition, any CMOS circuitry
captured, it must be synchronized to the internahat has OUT as an input will use up power since
clock. However, it is usually much more efficientCMOS uses power when the input is in the
to use asynchronous latches to capture the dat&eshold region.
initially. Unless your ASIC uses a clock which ha
a frequency much higher than that of the bug,
attempting to synchronously latch these signals

2.4.7.2 Asynchronous latches on inputs

Floating Nodes - Solutions

will cause a large amount of overhead and mgy %

actually produce timing problems rather than - L

reduce them. s m - 1 our
B i 1>
2.4.7.3 Other asynchronous circuits s B

. . . SELE m @ MW OouT
Occasionally, circuits are needed to operatg . T =
before a clock has started running or when a clogk T 337_&
m L

has stopped running. Circuits that generate systg
resets, and watchdog circuits are examples of these
Every attempt should be made to design these Figure 18

NOTE: SEL_A and SEL_B are mutually exclusive




Two solutions to the floating node problem aremany clock cycles the possibility of damage to one
shown in Figure 18. At the top, signal OUT isof the drivers increases. The solution is to ensure
pulled up using an internal pull-up resistor. Thighat both drivers cannot be asserted simultaneously.
ensures that when both select signals are n@his can be accomplished by inserting additional
asserted, OUT will be pulled to a good logic levellogic as shown in Figure 20. The ideal solution is
The other solution, shown at the bottom of thé¢o avoid tri-state drivers altogether, and use muxes
figure, is to make sure that something is driving th@vhenever possible.
output at all times. A third select is generated
which drives the output to a good level wher2.7 Power and Ground Pins

neither of the select signals are asserted. For an ASIC to operate correctly, it must have

sufficient power and ground pins evenly distributed
around the chip so that all transistors receive good
solid voltages even when sinking or sourcing the
] maximum current expected while in the system.
Bus Contention - The Problem The number of power pins and their distribution
depends heavily on the vendor’s process, the size
PPPPPP of the ASIC, and your system’s demands on the

E output drivers. For resolving this issue, you must
ouT

2.6 Bus Contention

SEL_A

- B work very closely with the ASIC vendor who can
o uide you.
SELﬁ: = {\/l\ g y
NOTE: SEL_A and SEL_B are not mutually exclusive 3. DeS|gn For Test (DFT)

“Design for test” is a concept which means your
ASIC is designed in such a way that testing it is
easy. Test logic plays two roles. First, it helps
debug an ASIC which has design flaws. Second, it
can catch manufacturing problems. Both are
. . particularly important for ASIC design because of
Bus Contention - The Solution the black box nature of ASICs where internal
nodes are simply not accessible to you when there
is a problem. The following DFT techniques allow
for better testing of an ASIC. While not all of these

A éj}j: techniques need to be included in your design,
L

Figure 19

SELA H—4

seL g I

. ) those that are needed should be included at design
time. DFT techniques should be taken into account
during the design process rather than afterwards.
Otherwise, circuits can be designed that are later
found to be difficult, if not impossible, to test.

B m

NOTE: SEL_A and SEL_B are not mutually exclusive

Figure 20

One important consideration that can be

Bus contention occurs when two outputs drive theverlooked, is that test logic is intended to increase
same signal at the same time as shown in Figufge testability and reliability of your ASIC. If test

19. For obvious reasons, this is bad and reduces #9gic becomes too large, it can actually decrease

reliability of the ASIC. If bus contention occurs reliability because the test logic can itself have

rule of thumb is that test circuitry should not make



up more than 10% of the logic of the entire ASIC
Similarly, if you spend more than 10% of your Observable Nodes
time designing and simulating your test logic
independently of the functionality of the ASIC, el e
then you have more test circuitry than you need. b b
3.1 Testing Redundant Logic oo e e DO
* QN O ' QN O
Testing Redundant Logic e 0 I
— NP (@ — NP (v

Do
IN H- out Figure 22
0 mux to an external pin. Test signals can be used to
select which output is being observed. If no pins
are available, the state bits can be muxed onto an
existing pin which, during testing, is used to
observe the state machine. This allows for much
easier debugging of internal state machines.

Figure 21 .
3.4 Scan Techniques

duplicated logic in order to increase the reliabilit
of the design. However, since the circuit is no
testable, the effect is not as useful as it could bg.
The circuit on the bottom shows how test lines can o .
be added to allow the entire circuit to be tested. SCAN_| B———oi o o = ouT1

CLK g Q
SCA B———sE

The top of Figure 21 shows a circuit which ha){

Scan

D

3.2 Initializing State Machines .

It is important that all state machines, and in fadt  ocx sl | = ._EL moure
all registers in your design be able to be initialized.
This ensures that if a problem arises, the ASIC cgdn
be put into a know state from which to begir
debugging. Also, for simulation purposes,
simulation software needs to start out from a

known state before useful results can be obtained. S¢an techniques, shown in Figure 23, allow the
nodes of the ASIC to be scanned out so that they

3.3 Observable Nodes can be observed externally. There are two main

o ~ scan techniques - full scan and boundary scan. Full
As many nodes as possible in your ASIC desig8can is extremely flexible, especially since it can

should be observable. In other words, it should bgiso allow values to be scanned into the ASIC so
possible to determine the values of these nodegat you can start it from a known state. This is
using the I/O pins of the chip. On the left side oparticularly useful if a problem occurs only after

Figure 22, an unobservable state machine is showlpe ASIC has been operating for a long time. A

On the right side, the state machine has been maggte can be quickly scanned into the ASIC which
observable by taking each state machine through a

Figure 23



corresponds to the state which would normally béaults have been identified in recent years, but these
reached after a long time in operation. Theseem to be the most common. A stuck-at fault
drawback of scan techniques are that they requireivolves a node that is accidentally tied to a logic O
lot of software development to support. Also, ifor logic 1 due to a manufacturing defect. An open
states are scanned into the ASIC, you must Hault is a node that is not connected to anything. A
careful not to scan in illegal states. It is possible tghort fault refers to a node that is shorted to some
turn on multiple drivers to a single net internallyother node that should not be connected. Your
which would normally not happen, but which manufacturing tests should uncover as many faults
would burn out the chip. Similarly, outputs must beas possible. As shown in Figure 24, however, even
disabled while the chip is being scanned sincextensive tests may not uncover many faults. In the
dangerous combinations of outputs may beliagram, if node X is stuck at a logic 0, six out of
asserted that can harm your system. There are otlgght combinations of signals A and B will still
considerations, also, such as what to do with thgroduce the correct output and never indicate a
clock and what to do with the rest of the systenproblem. To uncover this fault, it is necessary to
while the ASIC is being scanned. run one of the remaining two test vectors to reveal

Boundary scan is somewhat easier to implemertltt]IS fault.
and does not add as much logic to the entire ASICOne hundred percent fault coverage is very
design. Boundary scan only scans nodes around thdficult to obtain. As the number of nodes
boundary of the chip, but not internal nodes. In thisncreases, the number of potential faults rises
way, internal contention problems are avoidedexponentially. Software is available to help
although contention problems with the rest of thautomate this procedure. The user must decide how
system still need to be considered. Boundary scanuch fault coverage is tolerable for the particular
is also useful for testing the rest of your systemASIC.

since the outputs can be toggled and the effect on _ _
the rest of the system observed. 3.6 Automatic Test Pattemn Generation (ATPG)

Automatic test pattern generation, or ATPG, is a
method of managing fault coverage. As ASICs
become complex, it is often not obvious how to
generate tests that improve the fault coverage.
FaUIt Coverage ATPG software analyzes the design and generates
tests that allow you to increase the fault coverage

@}D_‘ . with minimal effort.

3.7 Built-In Self Test

Another method of testing your ASIC is to put all
of the test circuitry on the chip in such a way that
the chip tests itself. This is called built-in self test
or BIST. In this case, some circuitry inside the chip
can be activated by asserting a special input or

| f h f f Icombination of inputs. This circuitry then runs a
Fault coverage refers to the percentage of fau ries of test on the chip. If the result of the tests

thaf[ can be found when testir_lg an ASIC. A fault i?joes not match the expected result, the chip signals
defined as a bad, or malfunctioning node. A node ig,4¢ there is a problem. The details of what type of

the output of any gate in the design. COmMMOR.g5 14 run and how to signal a good or bad chip is
faults can be “stuck-at”, “open”, or “short”. Other left up to the designer

3.5 Fault Coverage
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3.8 Signature Analysis flop? Do the I/O signals of the ASIC meet the
timing requirements of the system? The following

Signature analysis involves putting a Ios’ewjoé.ections discuss ways of using timing to determine

random_ sequence of ones and zeroes into the C}BBth correct functionality and correct timing.
and noting the ones and zeroes that come out. This

o_utput sequence is referred to as the AS'C’ﬁ.l.l Functional Simulation

signature. This type of testing can be accomplished

with the chip in a normal mode of operation, but is Functional simulation involves simulating the
usua”y performed in scan mode as describewnctionality of a device without taklng the tlmlng
above. By repeating the same pseudo-randoff the device into account. This type of simulation
series of bits, the resulting signature should be tHg important initially in order to get as many bugs
same for each chip. Any chip that produces afut of the device as possible and to determine that
incorrect signature is a bad chip. This type ofhe ASIC will work correctly in your system.
testing is probabilistic and assumes that a pseudBuring the first phases of simulation, you shouldn't
random sequence of events has a good chancel§ very concerned about timing because it will
catching errors, which may not be true. However, ghange as the design changes. In fact, the final
requires very little hardware to implement and caiming will not be known precisely until the layout

be used as a simple form of BIST. is complete. Of course you need to know initially
that, in general, the timing of the ASIC process can
4. Simulation Issues support the speed and the 1/O requirements of your

Perhaps the most important phase of ASI(EJeSIgn'
design, and the most often overlooked phase, isVhen performing functional simulation, a rough
that of simulation. Simulation beforehande€stimate of the amount of simulation to perform is
significantly increases your chance of gettingc@lled toggle coverage, which measures the
working parts back from the vendor. Doing a goodercentage of flip-flops in the ASIC that change
job at simulation uncovers errors before they argtate during simulation. Many simulation packages

set in silicon, and can help determine that your chipill give you a number for the toggle coverage, and
will function correctly in your system. you should have 100 percent coverage before

There are two main aspects of vour desian fOfeeling good about the amount of simulation. This
hich simulation i dtp det y tg Eoverage can still leave many potential faults
which simuiation IS used o determine correc nessu’ncovered, but it signifies that each state machine

Lunctltc;]nalltﬁl arf1d tltrn ng. Func“%”?“ty reJerr]s © has been simulated and no part of the circuit has
ow the chip functions as a whole, and how it "\ evamined.

functions in your system. An ASIC which is

designed to function as an Ethernet controller may 1 2 gtatic Timing Analysis

function correctly on its own. In a system that

requires an ATM controller, for example, it will not Static timing analysis is a process that looks at a
work at all. It is important to look not only at the Synchronous design and determines the highest
functionality of the chip as an independent desigrPperating frequency of the design which does not

but also to test its functionality within the system irviolate any setup and hold times. You can also use
which it will be incorporated. the static timing analysis software to specify a

Th q ; desi hi specific frequeay, and the tool will list all paths

The second aspect of your design w ICt}hat violate the timing requirements. These paths
S|mula_t|on examines 15 timing. Will your chip m.eetcan then be adjusted to meet your requirements.
all of its timing requirements under all p055|bleAny asynchronous parts of your design (they

conditions? Are there any race conditions? Are thghoulol be few, if any) must be examined by hand
setup and hold time requirements met for each flip- ’ '



Static timing analysis, or some sort of timing4.2.1 Open/Short Test

analysis must be performed immediately before__ . .
layout of your ASIC. At this point, the timing This test tests for I/O pins that are not connected

numbers will be estimates that take expected traé%1 pads on the ASIC, and for /O pins that are

lengths into account. After layout, timing analysisS orted together.

must be performed again to determine that the rezl
chip, with real trace lengths and delays, still meets’
you timing requirements. A power test tests the total current used by the

ASIC to make sure that it is within the expected
4.1.3 Timing Simulation value. This ensures that there is not an internal

This method of timing analysis is growing IeSSshort that is drawing too much power, and that the

and less popular. It involves including timingsemiconductor process is within specification.
information in a functional simulation so that the4
real behavior of the chip is simulated. The
advantage of this kind of simulation, is that timin ]
and functional problems can be examined an Functional
corrected. Also, asynchronous designs must uge
this type of analysis because static timing analys|s
only works for synchronous designs. This i Input> -
another reason for designing synchronous ASI(s 1

only. Output J \ 0 0

As ASICs become larger, though, this type o
compute intensive simulation takes longer an
longer to run. Also, simulations can miss particul . )
transitions that result in worst case results. Thi * Defining a test period
means that certain long delay paths never get
evaluated and an ASIC with timing problems can
pass timing simulation. If you do need to perform
timing simulation, it is important to do both worst
case simulation and best case simulation. The ter.
“best case” can be misleading. It refers to a chi

that, due to voltage, temperature, and roce% )
L . ge b Pro e tester as inputs to the ASIC. The outputs are
variations, is operating faster than the typica

ASIC. However, hold time problems becomerecorded and compared to the expected outputs of the

: " simulation. If there is a mismatch, the ASIC is flagged
apparent only during the best case conditions. 25 bad and discarded.

2.2 Power

2.3 Functional Testing

+—T0—>|+—T0 — TO

Strobe

Figure 25

Functional testing determines that the functionality
the ASIC is exactly according to the specification.
est vectors are created based on a subset of the
nctional simulation. These vectors are then used by

4.2 Automatic Tester Issues . . e L
Testers are designed to require a periodic application

When an ASIC is fabricated, each productionof test vectors. A clock period is defined, and new test

ASIC is sent through an automatic tester taectors are applied to the ASIC during each period, as
determine that it is working correctly and meetsshown in Figure 25.

both the functional specifications and timing _. . .
requirements. Test vectors, which are sequences Olilgure 26 shows different methods OT specifying
en to apply test vector signals during the test

inputs to the 1/0 of the chip, are used by the testel : .
foFr) this purpose. The vgndor will gﬁide you period. Signals do not need to change at the beginning

. . of the test period. They also do not need to change
through the tester requirements. The foIIowmgeach eriod. There are four ways of specifying when
sections describe common tests for your ASIC. P : y P 9



Functional Functional
§ ] = Output Timesets
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Figure 26 Figure 27

to change the inputs. They are as follows:

NRZ Non-Return-to-Zero

A signal which is defined as NRZ changes only at
the beginning of the test period if it changes at all.

DNRZ Delayed-Non-Return-to-Zero

A signal which is defined as DNRZ changes at a
fixed delay (D1) after the beginning of the period.

Rz Return-to-Zero

A signal which is defined as RZ begins each test
period at 0 value. At a fixed delay (D1) it changes
to a 1 value. After another fixed delay (D2) it
changes back to a 0 value. The sum of the delays
(D1+D2) must be less than or equal to the test
period.

RTO Return-To-One

A signal which is defined as RTO is exactly like an
RZ signal, except that is begins each test period
with a 1 value, then goes to a 0 value, then
returns to a 1 value.

Figure 27 shows a test period and a strobe. A

4.3 Three-State Functional Test

The three-state functional test puts the chip into a
state where all tri-state pins are high impedance.
These pins are monitored by the tester to make
certain that they can, in fact, be put into a high
impedance state.

4.3.1 Timing Test

The timing test is based on the timing analysis.
Essentially, a simple test is used on a very long
path output. The output strobe is placed at a time
such that if the timing is too slow, the strobe will
record an incorrect output.

4.3.2 Electrical Tests

These tests check for correct electrical
characteristics to make certain that they are within
the specifications of the semiconductor process.
They are:

*VIL/VIH test.......... Tests the correct threshold
voltage of the inputs.

* VOL/VOH test ....... Tests the correct voltage
levels of the outputs.

strobe is defined at a particular time during the testiOS test .................. Tests the maximum current

period. Different testers allow different numbers of

during a short of 1/0O pins.

strobes. Output signals are sampled at the strot.)(?”_/”H test

time in order to compare their values against the
expected values. It is important to define strobe

points for groups of outputs such that each output!/OZ test

that is to be sampled can be guaranteed to be stable
at the strobe time.

............. Tests the input

leakage
current of the inputs.

.................. Tests the current drawn by a

high-impedance output.



5. The Design Flow « Timing estimates including

This last section examines the design flow. This is * setup and hold times for input pins
the entire process for designing an ASIC that * propagation times for output pins
guarantees that you will not overlook any steps and « clock cycle time

that you will have the best chance of getting back a _

working prototype ASIC that functions correctly in * EStimated gate count
your system. The design flow consists of the Package type

following steps, with design reviews occurring at, Target power consumption

the appropriate places in the process: « Target price

* Test procedures including in-system test
» Choosing a technology requirements

* Writing a specification

* Design entry - design review It is also very important to understand that this is
. - a living document. Many sections will have best

Designing the ASIC guesses in them, but these will change as the ASIC
» Simulating - design review is being designed.

* Place and Route 5.2 Choosing a Technology

* Resimulating - final review o ) )
Once a specification has been written, it can be

* Testing used to find the best vendor with an ASIC
technology and price structure that best meets your
requirements.

The importance of a specification cannot be _ _ _
overstated. This is an absolute must, especially aa3 Design Entry - design review

guide for choosing the right ASIC technology and yoy must decide at this point which design entry
for making your needs known to the ASIC vendoryethod you prefer. For smaller ASICs, schematic
As ASICs grow larger in scale, and more engineersniry is often the method of choice, especially if
are involved in the design, a specification allowspa design engineer is already familiar with the
each engineer to understand the entire design apghis. For larger designs, however, a hardware
his or her piece of it. It allows the engineer tojescription language such as Verilog or VHDL is
design the correct interface to the rest of the pieczged because of its portability, flexibility, and

of the chip. It also saves time andigagapility. When using a high level language,
misunderstanding. There is no excuse for ”cgynthesis software will be required to “synthesize”

5.1 Writing a Specification

having a specification. the design. This means that the software creates
A specification should include the following low level gates from the high level description.

information: At the end of this phase it is very important to

 An external block diagram showing how the have a design review. All appropriate personnel
ASIC fits into the system. should review the decisions to be certain that the

specification is correct, and that the correct tech-

* An internal block diagram showing each major .
! 'ag Wing J nology and design entry method have been chosen.

functional section.

* A description of the 1/O pins including 5.4 Designing the ASIC
* output drive capability When designing the ASIC, remember to design

* input threshold level synchronously and take into account the design



issues that were discussed previously. Thed8 Testing

Include: Now, prototype ASICs are manufactured by the
* Top-down design vendor, tested in their automatic tester, and sent to
« Use NAND gates predominantly you. You have the responsibility to place these
« Macros prototypes in your system and determine that the

_ entire system actually works correctly. If you have
* Synchronous design followed the procedure up to this point, chances
* Protect against metastability are very good that your system will perform
« Avoid floating nodes correctly with only minor problems. These

problems can often be worked around by
modifying the system or changing the system
* Check the number of power and ground pins  software. These problems need to be tested and

) ) , ) documented so that they can be fixed on the next
5.5 Simulating - design review revision of the ASIC.

Simulation is an ongoing process while the when the ASICs are put into production, it is
design is being done. Small sections of the desigiecessary to have some sort of bum-in test of your
should be simulated separately before hookingystem that continually tests your system over
them up to larger sections. Once design angome long amount of time. If an ASIC has been
simulation are finished, another design review musydesigned correctly, it will only fail because of

take place so that the design can be checked. Itdfectrical or mechanical problems that will usually
important to get others to look over the simulationgpow up with this kind of stress testing.

and make sure that nothing was missed and that no
improper assumption was made. 6. Conclusion

* Avoid bus contention

5.6 Place and Route This paper has intended to present guidelin_es for
_ developing an ASIC based on my experience

The next step is to place and route the ASICyesigning ASICs for a large number of companies
resulting in a real layout for a real chip. This step ignd a large number of applications. If all of these
typically done by engineers at the vendor's facilityguidelines are followed, the chances of creating a

with input from the design engineer. This isworking ASIC in a short time at minimum expense
because the vendor's engineers have mokg excellentm

knowledge about their semiconductor processes
and about the layout tools.

.7 Resimulating - final review
5.7 Resimulating - final revie Bob Zeidman is the president

of Zeidman Consulting, a con
tract R&D firm specializing in
digital hardware design and

software design. He has been

dicted results. Otherwise, the design will need tb \yorking in the electronics industry for over 13
be tweaked and a new layout obtained. Thi
process continues until the final simulation ig
within specification.

After layout, the ASIC must be resimulated with
the new timing numbers produced by the actus
layout. If everything has gone well up to this point
the new simulation results will agree with the pre

> years and is the author of several articles on
ASIC design. He holds an MSEE from Stanf¢rd
University, and a BSEE and a BA in physics

At this point, a final review is necessary just t9 fom Cornell University.

confirm that nothing has been overlooked.




