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Abstract

Design Errors are all of the non-equalities between the desired functionality and the implemented
design. They lead in many cases to a new IC fabrication that means higher NRE (Non Recurring
Engineering) costs and delay in the time to market.

This paper deals particularly with VHDL Design Errors. They are classified and modeled, and a
new general methodology for correctability of design errors (i.e. the ability to correct them even
after the fabrication) is presented. Afterwards, this method is applied for a subset of error groups
and discussed in detail. Some guidelines for making a good and reasonable trade-off between the
correctability and its resultant overheads (such as area and speed) are presented too.

1) Motivation

Nowadays, considering the high complexity of the available ASICs, including Gate Arrays and stan-
dard cell based ICs, the designers are obliged to develope and specify their designs no longer in con-
ventional schematic methods, but in a high level hardware description language (HDL) like VHDL or
Verilog-HDL and generate the required net-list automatically by HDL synthesizers.

Meanwhile, Design Errors, that are mistakes of a designer made during the specification or develop-
ment of a design, are always problematic and must be taken into account. These errors always lead to
non-equalities between the desired functionality and the fabricated circuit and in many cases the
flawed circuit is not usable in the system. Accordingly, in order to avoid causes of these errors, each
design team must develope its individual design strategy so that they would not appear at all. This
strategy may include specific styles of code writing, restrictions on the complexity of each module, or
even some human relevant rules such as limited working hours. Furthermore, there exist many oppor-
tunities to check the functionality of a description and its compatibility to the desired specification, like
computer based or hardware accelerated simulation and emulation. Nevertheless, statistics show that
particularly in HDL descriptions, one design error (bug) per 125 to 10000 code lines, based on the
spent costs and the quality of the designer, is a very common fact [1]. Assuming each code line, if the
design is described in the RT (Register Transfer) level, translates averagely to 10 physical gates [1], one
can hardly claim that a design with more than 100K gates is absolutely free of any design errors.

The doubt about error freeness of a design is a result of various facts:
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Exchange Services (DAAD).
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® Simulation of a design description, either in RT or in gate level, is a very time consuming task, so
that it is practically impossible to try all available states of a complex ASIC in a reasonable time,
though there are methods such as hardware accelerated simulation [2] or logic emulation [3] in
order to speed up the verification phases. An uncompleted simulation that has not considered care-
fully each possible state, means the fact that the not verified states are potentially faulty.

® A huge amount of data is used and produced for the verification and specially simulation of an
ASIC. The evaluation of these data and the achievement of an abstract result, that is whether a spe-
cific HDL description does or does not match the desired functionality (i.e. go/no-go decision), is
usually done at a relative low level (e.g. text or waveform), and it is the duty of the designer to
check the simulation results manually and decide if the behavior of the data meets the appropriate
specification. Hence, design errors may be overlooked easily.

® Last but not least important is the fact, that the specifications are very often written and converted
to a HDL description manually in an informal manner. Therefore if the specification itself contains
an error or does not consider some seldom happening situations, detection of these kinds of faults
is possible only after the fabrication and system integration phase.

After detection of an error that can not be compensated by a workaround [4] (e.g. software or firmware
changes), there exist some very restricted physical methods to correct the design bugs [5], [6]. How-
ever, in many cases, these errors lead to a re-fabrication of the corrected design, which results in addi-
tional NRE costs and delays the launch date of the system.

Design errors in the logic level description and implementation are considered previously {7], [8], and
some methods for their correction are already available [9], [10], but this paper deals with design errors
that appear particularly in VHDL description of an ASIC design, followed by logic synthesis.

Next section introduces a new design methodology that enables the designer to correct design errors
even after the fabrication. The correctability presented in that section (i.e. second section) strongly
depends on the different possible error classes in a VHDL description that are presented deeply in the
third one. The subsequent section deals with the application of the design error tolerant methods to
make a design robust against some groups of faults.

2) Design Error Tolerant Methodology

Assuming that the design is described and specified at the RT level by VHDL, the goal of this new
methodology is to achieve the ability to correct design errors without the need of re-fabrication (= cor-
rectability). This is realized through proper usage and fitting of Programmable Logic Elements (PLEs)
distributed in the gate level implementation of a design. Fig. 1 shows the ASIC design flow of this new
design error tolerant approach.

The original VHDL description, which may contain a design error, is read by a special VHHDL compiler
belonging to the synthesis tool. This VHDL compiler produces a logic level structure that is a mixture
of conventional standard cell library elements and PLEs. The usage and nature of PLEs depends on
defined VHDL error classes (described in the next section) that must be specified first by the designer
to be correctable.

Examples for PLEs are lookup tables (LUT), which are widely used in Field Programmable Gate
Arrays (FPGA) [11], and programmable operators (e.g. switchable between four comparators: <, <=, >,
>=). The incorporation of PLEs into a gate level circuit consisting of conventional standard cell library
elements must be likewise considered in all subsequent steps (e.g. logic optimization, technology map-
ping) within the synthesis tool. Parallel to the gate level circuit, the synthesis tool produces necessary
programming data that must be loaded into the fabricated circuit by the user in order to achieve the
desired functionality.

Consequently, if a design error is detected in the system integration phase, changes can be applied
without any new expensive fabrication. New necessary programming data for the PLEs in the ASIC is
produced by the synthesis tool according to the changes in the VHDL description, provided that the
changes belong to the same VHDL error class(es) that must be defined to be correctable before the first
synthesis step. After the new programming data is loaded into the ASIC, it performs the functionality
as specified in the changed VHDL description.
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Figure 1: Design Error Tolerant Design Flow

description from the right form of the
desired specification that does lead to a
different functionality of the circuit after
its synthesis. It can be an exchange, absence, extra existence or misplacement of some names (like variable’s
or signal’s), keywords and/or other language elements (such as operators). These changes neither
cause any syntax errors in the applied subsequent compilation, nor make the design non-synthesiz-
able, based on the VHDL subset in use.

Since the compilers, and particularly VHDL synthesis tools translate the design after the compilation
of the entity declaration and other declarative parts, it is assumed here that no fault exists in these por-
tions in any way. This assumption is a very important limitation which means that the design changes
caused by errors in declaration parts are not studied by this model at all. Examples of this sort of errors
can lead to a great change in the size of circuit busses, the number and size of the registers, differences
in the input and output ports or even changes in the nature of the instantiated or called sub-modules.
The reason of not investigating these errors is almost clear: the errors in declarative parts often lead to
redesign and the probability of their correction without any re-fabrication is small. Besides, we under-
stand implicitly from design errors only some small changes in the design.

The outcome of this presumption is that one can concentrate only on errors in the concurrent and
sequential statement section of a VHDL description, which are classified in the following six categories.
Each category has a relevant example (apart from the last one, which is clear enough) showing the
errors between Vj and Vg, correct and faulty codes respectively.

1. Errors in Signal and/or Variable Names: If the name of a signal or a variable is false in the faulty
VHDL code and must be changed to another signal or variable name, definitely based on its decla-
ration and without causing any syntax error, the VHDL code has a fault in its signal and/or vari-
able names. This exchange can occur just directly, or indirectly in various ways, such as a fault in
array indexes or ranges, record fields or when using array aggregates. These are shown in the dif-
ferent parts of the Example 1 successively. Since usage of parentheses defines new signals and/or
variables implicitly, any changes in them can be modelled as an error in the signal names too. For
instance, the last two parts of the above pointed example, show the implied by parentheses vari-
ables explicitly. It demonstrates how the misplacements of the parentheses can be modelled by a
group of faults in the temporary defined signals. Though, the other form of modeling of this mis-
placement is discussed later.
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Example 1: Vo Vg

. X <= A; . . X <= B;

.C(5) ... ... C(8) ...

. D(7 DOWNTO 0) . D(15 DOWNTO 8)
...F_FIELD.RECORD_1... ...P_FIELD.RECORD_2...
...E_VECTOR(2 => *1’'... ...E_VECTOR(3 => *1'...
g<= x AND (y OR z); g<= (x AND y) OR z;

é.;: y OR z ; ;.;; t OR 2z ;

g <= X AND t ; t <= x AND ¥y ;
Errors in Constants: Each VHDL code usually contains some constants. False constants are consid-
ered as an error class. This can be in integer or bit (generally numeric) literals used directly in the
code or declared constant, and indirectly through attributes or user defined enumeration types.

Example 2: Vo VE:

CONSTANT C:BIT_VECTOR:=*101100~;
. B:= B + 4; .
. defined_type’'LEFT ..
. defined_state_0 ...

CONSTANT C:BIT_VECTOR:="110100";

. B:= B + 9;

. defined_type’RIGHT ...

. defined_state_1 ...

. Operator Errors: Each interchange of operators forms an operator error. Generally, this exchange
must be between the operators of a common group, like logic (anp, 0R, XOR, NAND, NOR, XNOR) Or
relational operators. Since the meaning of the operators can be overloaded in VHDL, the presump-
tion about operator groups can be changed too. It means one can simply gather logical and arith-
metic operators on vectored signals together.

However, some operators can not be grouped Example 3: Vo VE
with any other ones in any way, like the concate- - @8 XOR Db ... - @ORD ...
nation operator (s) considering the dissimilarity (c>= D) tc>D)
, , (E+F) (E-F)
in the word length of two concatenated signals

. (G +H) . =(G+H)
and the result of any other operator on them. To Kk MoD L ... K REM L ...
recover this difference and allowing change of X AND y ... . x AND NOT y ...

the concatenation operator with any other one, it
needs a change in the declaration parts, which is
forbidden in the assumptions discussed before.

. Errors in Assignments: An additional assign-
ment, absence of a necessary one, or false or

uncompleted assignments are three different

Example 4: Vo

D<=E + F ;
G<=(K XOR L);

VFI
A<= B AND C ;

G<=(K XOR L)OR M;

types of faults in assignments. Example 5: Vo VE
IF (condition) THEN IF (condition) THEN
. Conditional Statement Faults: Sequential condi- statementsl statementsl
tional expressions, such as expressions using IrF - statements3
THEN ELSE OF CASE WHEN statements (if_statement  ELSE ELSE
and case_statement), or concurrent conditional statements2 statements2
or selected signal assignments allow the END IF; END IF;
designer to control the data-flow of the design. ~ Statements3 wC
Controlling an expression with an unneeded o .
IF (condition) THEN IF (condition) THEN

condition or absence of a necessary control for

. . o . statementsl statementsl

an expression, while the condition expression statements3 .
itself exists somewhere in the description, or for- g cp ELSE
getting of having a needed conditional expres- statements2 statements?
sion at all, are considered as different Exp 1F; END IF;
conditional statement errors. - statements3

. Errors in Corn'gonenF Instantiating: Faul.ts inthe  1p (condition ) THEN  -em
name of an instantiated component, in ports statementsl statementsl
binding or in passed generic parameters are gLse statements?
three different faults grouped in this title. It statements2 ---
must be mentioned that if one generalizes the  ExD IF; ---
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faults in the signal and variable names to all of the identifiers, no matter whether they are a signal’s
or another object’s, the faults in the names of instantiated components can be grouped with them
too. But they are characterized separately, because almost all identifiers are used in the declaration
parts, which are assumed to be without any fault in this modelling.

To complete the classification of the VHDL Design Errors, other important points must be thought
over too:

® Some designers’ mistakes can be described by a set of faults, instead of a singular one. The paren-
theses misplacement in the Example 1 is a typical sample which is classified with four faults in the
signal names. (Exchange of the t, y, g, t to the g, ¢, t, y respectively)

Sometimes this classification of these mistakes can be done with multiple sets of faults instead of a
unique one, which lead necessarily to an identical circuit after the synthesis. For example, the previ-
ously mentioned parentheses misplacement can be represented by two errors in the signal names
and two ones in the operators, too. (Exchange of the or, z, aND, x to AND, x, OR, z, when comparing the
assignments with the similar targets)

® Some changes in the source code of the VHDL description that produce a faulty circuit individually
after its synthesis can neutralize the effect of each other when they are grouped and appeared
together. Definitely, this group of individual changes is not a design error, considering that they do
not lead to any undesired functionality in the design. Example 6 shows five changes in the Vj,
making the absolutely equivalent description as V; , even though these changes are five different
faults, if they appear lonely.

Example 6: Vo Vi
IF a AND b THEN IF NOT a OR NOT b THEN
statementsl statements2
ELSE ELSE
statements2 statementsl
END IF; END IF;

® As shown previously in the parentheses misplacement case, many designers’ mistakes must be
classified indirectly, particularly faults in procedures, generated statements, loop expressions, etc.
In some cases, one simple fault can result a long set of different ones. For example, an operator error
in a function that is used many times is not only one single fault in it, but some faults propagated
whenever the function used. In the following example, a fault in the binding of an instantiated
component is repeated 16 times, in account of the generaTE statement. Therefore, this error must not
be considered as only a simple one, but sixteen design errors.

Example 7: Vo Vg
label_1:FOR i IN 0 TO 15 label_1:FOR i IN 0 TO 15
GENERATE GENERATE
label_2:ANY_COMPONENT label_2:ANY_COMPONENT
PORT MAP(A(i),B(i).C(1)); PORT MAP(A(i),B(i),D(1));
END GENERATE; END GENERATE;

4) Methods for Correctability of Design Errors

For investigating different aspects of programmable implementation of designs, an experimental com-
piler is developed that produces programmable circuit, robust against defined groups of design errors.
The synthesized design needs some programming informations to operate equivalent to the original
VHDL code, or the code after some variations. Thus, a proper amount of Programming Memory Cells
(PMC) holding these informations are distributed overall the design and must be loaded with the rele-
vant data at the beginning of the circuit operation. This is exactly like the operation of the SRAM based
FPGAs, but the method of the design programmability is totally different: using PLEs like configurable
operators and LUTs, without having any programmable interconnection resources.

Specification and operation of these PMCs are quite identic to the Configuration Memory Cells used in
the SRAM based FPGAs [11]. Therefore, the experiences of their design can help well for an optimal
development of the PMCs in an ASIC. Besides, these cells must match other specifications, particularly
geometrical ones of the ASIC library in use, so that the other necessary steps of the design, like Place
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and Route or timing back annotations can be done regularly without any change in their algorithms or
tools. Otherwise, along with the synthesizer, other afterward necessary tools must be designed newly
in addition, which means a high expenditure. However, the exact definition of PMC structure and their
development for an ASIC library as an example is not yet done.

The behavior of the two parts of the compiler is being discussed in the following two subsections. The
current compiler accepts only sequentially described designs in VHDL, which is used widely in the RT
level description and synthesis, but its enhancement from pure sequential description to a mixture of
sequential and concurrent statements is not an important issue in this stage.

Design Error Tolerant Implementation of Expressions

Each conditional statement has a boolean expression whose trueness or falseness controls the flow of
data. This expression, with a considerable role in the circuit, might be faulty and hence must be imple-
mented appropriately programmable.

Primarily, the below shown brief BNF (Backus-Naur Form) is used to describe the boolean expressions
[15]. This BNF is selected such as to cover the major parts of the practically used subset of VHDL
expressions. The quite specific forms of the boolean expressions that infer some flip-flops in the syn-
thesized design (using 'eveNT or 'srasLE attributes) are behind of this short BNF. A design error in
these forms either is not synthesizable and therefore is not imaginable as a design error (like using c1x
OR clk’EVENT instead of c1k AND clk’EVENT), Or causes some great changes in the design, like inferring
fewer or more than required flip-flops, changing the polarity of their clocks or even defining some new
ones, that are not considered yet by the compiler and hence are not repairable now.

expression ::= relation {logic_operator_1 relation} | relation [logic_operator_2 relation]
logic_operator_1 ::= AND | OR | XOR

logic_operator_2 ::= NAND | NOR | XNOR

relation ::= simple_expression [ relational_operator simple_expression ]
relational_operator ::=>l<l=l/=l>=l<=

simple_expression ::= term { adding_operator term}

adding_operator ::= + [ -

term ::= factor

factor ::= primary | NOT primary

primary ::= signal_name | constant | ( expression )

Further, with the following techniques, the synthesized expression is made robust against the relevant
faults.

® Each logic_operator is implemented using LUTs instead of the normal inflexible gates. The maxi-
mum number of the LUT inputs is limited to a fixed number N (investigations towards the optimal
value for N were made in [16]). If a logic_operator functions on more than N signals, a group of
together connected LUTs is used. Using LUTs can not only make the design tolerant against all of
the logic operation faults in the operator errors class, but also can implement some more functions,
which are caused by other faults, i.e. false assignments. For example, using an LUT with 2 inputs
for the synthesis of (» anp B), can implement any new circuit with directly exchange of the
logic_operator, like (A OR B), (A XOR B), (A NAND B), (A NOR B), (A XNOR B), and some other functions
as well, like (a), (voT 2), (B), (NOT B), (*0*), (*1’), (A AND NOT B), (NOT A AND B), (A OR NOT B) and
(NOT A OR B).

An LUT with # inputs needs 2" PMCs and can be simply implemented using a 2" to 1 multiplexer
with n control lines as LUT inputs [11]. Special and optimal development of 2, 3,... N input LUTs as
complementary to the ASIC library, can increase the speed and decrease the area used by them,
though the above mentioned structure of multiplexers is always usable in each ASIC library.

® A general comparator, which produces six different relational functions based on its three program-
ming bits (controlled by three PMCs) is used to implement each relational_operator. With this tech-
nique, the circuit will tolerate all errors in the relational_operator.

® With passing each signal through a controlled inverting module, like an XOR gate whose one input
is connected to a PMC, each adding_operator and inverter is implemented programmable. Control-
ling of the carry input of adders is necessary too. Principally these controlled inverting modules
make adders function quite generally, adder or subtracter and therefore, each error in
adding_operator and inverter (absence or extra existence of the nor operator) is further repairable.
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This module does not need to be implemented necessarily with XOR gates, despite that is the sole
solution in many currently available ASIC libraries, because of two reasons. First, the difference of
required timing restrictions between inputs and outputs. The delay between the controlled input
and the output is not essential, because it changes so rarely (only when some new programming
data should be loaded), but the other one is important and influences the operation of the whole
system. Second, existence of the inverted version of the control line in the relevant PMC, which
makes the implementation of the XOR function far easier. This fact can result in a very good effi-
ciency when a number of controlled inverters are necessary and must be controlled with only one
PMC. It means that one can develope some extra library elements, combining a PMC and a simpli-
fied XOR, or a PMC and an array of simple XOR gates for different vector signals, with an optimal
area and speed.

® In order to prevent any faults in constants, each of them is synthesized using proper amount of
PMCs. These PMCs can have any arbitrary value (within the same word length), based on the
changes made by the designer in the VHDL source code.

Unfortunately this type of implementation of constants has an absolutely huge overheads, because
of the fact, that a circuit after the logic optimization does not usually have any cell holding constant
values. It means that all constants, namely connections to power supply or ground, are absorbed by
other gates during the logic minimization. Therefore, when the constants are implemented using
this method, not only some extra cells (PMCs) are used to hold their values, but also any further
area reduction by logic minimization is prevented too. For instance, a circuit that checks if a 32 bits
wide signal is equal to a specific constant value (synthesized circuit of a VHDL code like: a(31
DOWNTC 0)=(OTHERS => ‘'0’) ), needs approximately 5 times less gates and area than a circuit that
checks if two 32 bits wide signals have equal values (VHDL code like: 2(31 DowNTO 0)=B(31 DOWNTO
0)). This is because the former is a simple function between 32 single bit signals that can be imple-
mented easily using some AND and inverter gates (the nature of this function depends on the value
of the constant side, but it is always an AND between the signals compared to ‘1’ and the inverted
value of the ones compared to ‘0’), but the later needs 32 XNOR gates to compare each individual
signal first, and then an AND function between all of their outcomes.

Design Error Tolerant Implementation of Assignment Controls

A sequential description, which is defined by a process keyword, with considering some restrictions
explained later, can be seen as a tree of conditions, made by a group of if_statements and/or
case_statements, and some assignments in each conditional branch. This is valid if the process does
not have any wait_statement, and other sequential statements (such as procedure_call_statements and
loop_statements) are expanded or translated to a plain sequential code. If the process defines only a
pure combinational circuit, even with some logic loops defining latches, the description can be synthe-
sized in the following four parts [17]:

1. A combinational circuit for each conditional expression, such as the argument of the if_statement.
This can be synthesized robust against specific error classes using the methods presented in the pre-
vious subsection.

2. Regular combination of the conditional expressions to produce one and only one branch control
signal, which controls all of the assignments and other conditional statements in each conditional
branch. It can be done with two AND gates, one of whose inputs is the branch control signal of the
conditional branch where the if_statement appears, and the other inputs are the value and the
inverted value of the conditional expression output, building the branch control signal in the THEN
and eLsE parts respectively. The first if_statement is controlled by an always ‘1’ signal.

3. Combinational circuit necessary for the implementation of the right hand side of each assignment.
The difference between signal and variable assignments and the role of the duplicated sequential
assignments to a same target, which causes an overriding to the previous values (specifically the
concept of the temporary and short-time variables), must be considered carefully in the synthesis of
this part.

4. Some multiplexers, whose inputs come from the logic of the previous part (implementing the right
hand side of the assignments), controlled by some signals from the second part, driving the com-
mon target of a group of assignments with the identic left hand side. The control lines of the multi-
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PROCESS (a,b,c,d)
BEGIN
IF boolean_exp_l THEN
-~ this branch is
----- -- controlled by C1
) X <= a AND b;

X v <= ¢;
:Dn—_cz ELSIF boolean_exp_2 THEN
boolean_exp_2 t -~ this branch is

c3 -- controlled by C2
X <= a OR b;
[N g a Yy <= ¢;
ELSE
aAND b -- this branch is
-- controlled by C3

boolean_exp_1

aORb X <= a XOR b;
d
aXORb y <= d;
QS END IF;
S END PROCESS;
™ ™
593 e e
Figure 2: Four synthesized circuit parts of Example 8 Example 8: A simple sequential code

plexers are always either one of the branch control
lines directly or the output of a multi-input OR gate
that operates on a selected set of them. s
These four parts for VHDL code of the Example 8 are

shown in the Fig. 2. To MUX

In order to make the design robust against all of the 2 Control Lines
designers’ faults, which does not effect any change in the 3

multiplexers and their inputs (3rd and 4th parts above), ‘_‘[D._j
or saying more clearly, to make the assignments not to ¢t

matter in which conditional branch appear (if the assign-

ment does not have any temporary variable), a control- Figure 3: Controlled multi-input OR gate

led multi-input OR gate is used between the branch

control signals and the multiplexer control lines. It is a normal multi-input OR gate, whose inputs are a
selection out of all of the branch control signals (c1, c2 and c3 in the above example). Some PMCs are
needed to pick necessary control lines for each multiplexers control inputs. This structure is shown in
Fig. 3. It is far better to encode the multiplexer control lines to reduce the number of them, and subse-
quently the number of the required PMCs. This encoding can simply use binary codes. The developed
compiler benefits from this reduction, and for instance, generates for the multiplexers (driving x and v
signals) of the above example only 2 and 1 control lines, instead of 3 and 2, respectively. This does not
influence the structure of the multi-input OR gate and the controlling PMCs.

Usage of this method of programmability in the multiplexer control lines can make two groups of
faults in the VHDL code of the Example 8 repairable: 1- any exchange between anp, or and xor
logic_operator, but not if one is changed to another operator, like nanp. 2- Y can be driven by ¢ or p, no
matter in which conditional branch, but not by other available sources like a or 5.

If the compiler can somehow predict which alternatives, apart from the ones appeared in the original
VHDL, are possible and probable for a target, it would be able to implement the needed circuits in the
multiplexers part of the design so as to use them in the required cases, after some changes made by the
designer. For instance, if the designer indicates the compiler, or the compiler guesses itself, that the v in
the previous example can be driven by a or s too, despite that it is not the fact now, it can implement a
4 to 1 multiplexer to drive v from a,s,c and p, instead of the current one with only two inputs.

Furthermore, if this programmable OR function is used in the input of the two AND gates, associated
to each conditional expression logic, one can make arrangements for the appearance of the if_statement
in each conditional branch too. For instance, Fig. 4 shows a circuit which can implement the behavior
of all of the six VHDL codes shown in the Example 9. Proper selection of the PMC values prevents
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occurrence of any logical loop, which seems to appear in the circuit at the first look. (One of the two
PMCs that are directly connected to the OR gates is always ‘1, which indicates the first boolean expres-
sion in the sequential VHDL code.)

This technique makes it possible too, to add a quite new if_statement block somewhere in the sequen-
tial description code, which is forgotten by the designer in the original description. For this purpose, a
totally programmable circuit, e.g. some together connected LUTs, and additionally two previously
mentioned regular AND gates are necessary. The common input of these two AND gates must be con-
trolled by only one branch control signal out of all available ones. This control is done again by a multi-
input OR gate and some PMCs. Thus, the reserved programmable logic, yet without any programming
data, can become a new conditional expression in the branch, whose control signal drives the two
AND gates common inputs. In this case, the structure of the reserved programmable section, which
implements a conditional expression circuit, and its inputs must be predicted and implemented by the

designer independently. This structure is shown in Fig. 5.

The physical structure of the above frequently mentioned
controlled multi-input OR gates, whose inputs are selected
by PMCs out of a set of signals, is rather similar to PLAs
whose transistors are not controlled by (E)EPROM or bipolar
antifuses, but by some PMCs, holding the necessary infor-
mations. They can be fabricated efficiently, small in the area
and acceptable in the speed, using only NMOS transistors.

Area and Speed Overheads

Each so far presented method for synthesis of correctable
designs can be performed using normal ASIC library ele-
ments. Even for PMCs, one can use serially connected D-
type Flip Flops. However, this direct usage of library ele-
ments has an absolutely huge area overheads for the imple-
mentation of the methods. Specific layout design of
necessary PLEs, such as PMCs, controlled inverting ele-
ments, LUTs and controlled multi-input OR gates can
extremely reduce this overheads.

On the other side, in the optimal design of each PLE the
speed losses must be additionally taken into account. Add-
ing new programmable elements decreases generally the
speed of the design, and this is more critical for some sort of
PLEs, e.g. multi-input OR gates.

boolean_exp_2

boolean_exp_1

To Controlied Multi-input OR Gates
Figure 4: Controlling the if_statement appearance location

169

IF boolean_exp_1 THEN
IF boolean_exp_2 THEN

ELSE
END IF;
ELSE

IF boolean_exp_2 THEN
IF boolean_exp_1l THEN

ELSE
END IF:;
ELSE

IF boolean_exp_1 THEN

ELSé"
IF boolean_exp_2 THEN

ELSE
END IF;
END IF;

IF boolean_exp_2 THEN

ELSE
IF boolean_exp_1l THEN

ELSﬁ..

END IF;
END IF;
IF boolean_exp_1 THEN
ELSé..
if boolean_exp_2 THEN
ELSé.-

END IF;

Example 9: Six different codes, that can

be implemented using the
circuit of Fig. 4.



The speed and/or area overheads of
the entire design depend highly on

ca ’ three major factors: First, individual
T overheads of each method. Second, the
ED design error classes specified first to be

correctable and third, number and
type of PLEs that a design needs to be
synthesized properly correctable.

To Controlled Multi-Input OR Gates

= -, 5) Conclusion

— LUT {—
= wr = = wr | Hitherto, designers l.nave had only two
— = ror | alternatives for the implementation of
= or |5 their designs: ASICs and FPGAs.
= FPGAs do not have all the possibilities

available by ASICs (e.g. analog compo-
nents) and are very limited in capacity
Figure 5: A structure that can implement a reserved if_statement ig sgﬁziimﬁe);:ffs;;}ﬁ o::fe-f:gltg

capacity and speed, respectively. This
means, even though designers can develope their designs first using FPGAs and correct any design
errors simply without spending any extra NRE costs (ASIC prototyping using FPGAs [3]), FPGAs can
not achieve the required specification in many cases. ASICs on the contrary do not have currently any
flexibility for the correction of design errors.

This new design error tolerant design methodology benefits from the advantages of both ASIC and
FPGA: very high capacity and speed and meanwhile robust against specific classes of design errors.
The merge of these two specific characteristics needs extended or even quite new synthesis tools and
algorithms. In addition, specific solutions for other fault classes that can not be synthesized correctable
yet (like errors in signal and variable names), considering the concept of programmable interconnec-
tions beyond PLEs and usage of other available programmable device technologies such as antifuses,
(E)EPROM and laser are important points that must be studied in this regard. Finally, an accurate met-
ric is necessary to help the designer to find an optimal trade-off between correctability and its over-
heads.

Reserved Programmable Logic
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