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ABSTRACT

DESIGN OF A FAST ADDER ACCUMULATOR

The design of a pipelined adder accumulator 1s given. Plpelining 1s achleved
both at the macro and mticro level. The method Is applied In the design of a 24-
bit adder accumuiator capable of adding 64K 8 bit words. The circult Is used as
a threshold generator In a multl-processor Image processing system. The adder Is

implemented In a new non standard domino logle, namely, MULTIPLE OUTPUT
DOMINQ LOGIC , with mixed dynamlic and static loglc.

Furthermore the overall cilrcult 1s modified to achleve a degree of fault toler-
ance. Fault tolerance Is achleved through hardware redundancy. In our fault
tolerance approach, new deslgns are Introduced through duplication to achleve

error correctlon, without resorting to traditional Triple Module Redundancy

(TMR).
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CHAPTER 1: INTRODUCTION

Addltlon clrcultry 1s an important part of any computer architecture, since
1t 1s the major component of an ALU, floatlng polnt processors, or special purpose
chips(1).

Varlous types of adders were Introduced In the lliterature such as carry-look-
ahead, ripple carry, hierarchical, transmission gate, manchester carry, combina-
tional, ...etc.[1]. The lmplementatlon of the clrcult could be In elther statlc loglc
such as CMOS complementary or Pseudo-nMOS, or dynamic (complementary or
non-complementary) logic such as dynamlc CMOS, clocked C:OS, domlno, cas-

cade voltage switch, ...etc.[2].

In VLSI, deslgn area complexity and time/delay performance are important
factors that affect the performance of a design. The declslon to Implement a cer-
taln type of loglc to a certaln type of adder Is based on speed and area considera-
tlons needed for the requlred applicatlon. In our deslgn, the carry-iook-ahead
adder Implemented with the new Muitiple Output Domlno Loglc, was used for its

advantages of speed, and smaller area.

Adder Accumulator circults find thelr uses In a varlety of digital signal pro-
cessing systems. In our work, the addition clrcultry Is used as a threshold genera-
tor, which 1s part of a multl-processor Image processing system. The adder accu-
mulator (threshold generator) Is used to calculate the threshold of a frame as
soon as the frame pixels are generated from the A/D converter. The speed of the
adder accumulator has to match the speed at which the pixels are generated. In

our appllcation, this 1s 18NHz.

The adder accumulator Is bullt upon two types of carry-look-ahead adders.

A full 4-bit adder which is used to add 8 blt pixels, and a 4-bit partial adder



which Is used to accumulate the generated carry's. In addition to Implementing
the adders In the adder accumulator, they can also be used In the convolver
which 1s used In convolutlon calculation (one of the most frequent operations In
Image processing). They can also be Implemented In the edge detector, and any

other module that requlres fast addition circultry.

‘With the Increasing demand for rellable components, and with the advent of
VLSI, many fault tolerance technlques were made avallable. As the designed
adders could be Implemented In different modules, and the rellabllity of these

modules I1s of lmportance, thus the need to redeslgn the adders as fault tolerant

ones.

To deslgn a fault tolerant component, first a fault model Is bullt covering
the varlous faults that the fault tolerant module would be able to tolerate. In
our fault analysls, classical stuck-at-faults, non-classical stuck-open faults, and
physical shorts (short between gate and source, gate and draln, draln and source)

are studled.

The second step in deslgning a fault tolerant module 1s to decide between
various fault tolerance techniques, l.e. to select the most sultable technlque for

the applicatlon, In terms of time, area, and fault coverage.

In thls thesls :

Chapter 2 covers the theory and deslgn of the adder accumulator.

Chapter 3 Involves the deslgn of the 4-bit partial adder and full 4-bit adder,
a comparlson between our adders and other adders Involving elther different
types of logle (classical domino, static) or different types of adders (hlerarchical);

then an Implementation and simulation of the adder accumulator follows.



Chapter 4 covers the fault analysls for the 4-bits and full 4-bits adders.

Chapter 5 presents the analysls and design of the fault tolerant 4-blts and

full 4-blits adders.

Finally Chaptar 6 concludes the work.



CHAPTER 2: DESIGN OF A 24 bit ADDER ACCUMULATOR

2.1 INTRODUCTION

In this chapter we present the design of an adder accumulator uslng pipelin-
Ing technlques. Although the method 1s general to any length of bits, we will
consider the deslgn of a 24 blt adder accumulator that will be used In a multl-
processor Image processing system. The adder accumulator Is part of the thres-
bhold generator that Is used as 2 slave accelerator for the overall Image processing
multiprocessor belng developed(3). The Images produced by the camera are digl-
tlsed[4] to provide a digital image with a resolution of 256 by 256 pixels. Each
pixel 1s converted to an elght-blt word, thus, 1t will represent a grey level[5] of
256 grey levels. In our system, plxels are produced by the A/D converter at a
rate of 18 MHz. Durlng each cycle the accumulated value of the previous plxels
Is retrieved from the storage fllp flops, the value of the newly generated plxel Is

added to that previous sum, and finally the new sum 1s stored agaln.

2.2. THRESHOLD GENERATOR

The threshold generator Is used to calculate the threshold value of all the
pixels in a glven frame, as that frame Is sent by the camera. Thus we need to
monitor the data bus of the system and capture the value of each of the 84K pix-
els, In order to calculate their threshold value, and have It avallable to the sys-

tem.

The threshold value 1s deflned as the mean value of the plxels within a

frame, and Is calculated using:

250 280

INPIRL
T — ] §mr)

256 X 256



Where P;; 1s the plxel value represented by 8 blts.

2.3 ADDER ACCUMULATOR DESIGN

As was seen In the previous sectlon that caiculating the threshold value for a
frame Involves the addltion of 84K words of elght bits. Thls addition wlill pro-
duce a maximum sum of 24 bits. A simple solution would have been addlng a 24
bit accumulator to 8 bits from A/D converter using a 24-bit adder. Fig.2.1 shows

that simple conflguration. However that structure would be slow.

However, Introduclng plpelining, makes that structure plausible, since the
24-bit adder required wlll be divided Into multiple stages. Fig.2.2 shows the plpe-

I1ne structure using 8-bit partial adders, and full 8-bit adder.

Implementing the same principle but with using 4-bit partial adders and full

4-blt adders will result In our adder accumulator shown in Fig.2.3.

In declding on the adders slze, we had the cholce of elther having 8-blt, 4-
bit, 2-bit, or 1-bit (partlal and full) adders. The 8-blt size was discarded as 1t
would have been slow, slnce In the carry generatlon unit (of the partlal or full
adder) a path of 10 serlal nmos transistors will have a slowing impact on the
speed by which the carry’'s are generated, thus slowlng down the adder, In addl-
tion to having a low nolse margin due to the length of the nmos chaln. Imple-
menting the adders In 2-blt (or 1-bit) slze would have resulted In an Increased
number of transistors. Consldering the case of the full adder (and the same argu-
ment holds true for the partlal adder), with 2-bit (or 1-bit) we would have 4 (or
8) discharge nmos for carry generation unit as opposed to 2 In the case of using
4-bit, In additlon to 4 (or 8) nmos which are to be used to add carrys generated
by other carry generatlon units, as opposed to 2 In the case of 4-bit. As to the
impact of having 2-bit (or 1-bit) adders on the adder accumulator, an Increase In

the number of stages wlll result, which in turn, would Increase the flushing time
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of the pipellne, In addition to having extra flip flops to store the resultlng carry of

each stage.

2.4. ADDER ACCUMULATOR FUNCTIONALITY

Each 8 bit word that comes In, Is first latched by the valld data slgnal. The
first adder sees a stable value from the input latch (4 bits from the input word),
and another Input from DO3 - DOO of the accumulator, thus the adder produces a
stable sum that Is passed back to the D03 - D00 of the accumulator, while the
generated carry Is passed to a flip-flop, to be used with the second stage of the
plpellne durlng the next data valld slgnal. At the same time the second adder
sees the remalning Input 4 bits, another 4 bits from the accumulator (D07 - D04)
and a carry bit from the flip-flop (Initially 0). Agaln the second adder produces a
sum that s passed back to the accumulator (D07 - DO4), while the generated
carry Is agaln stored in another fllp-flop, to be used with the third stage of the
pipeline durlng the next data valld signal. When the next data valld signal
arrives, the first carry will be added to the sum stored in blts 4 through 7 of the
accumulator, In additlon to the 4 bits of the Input word. Also, the second carry
will be added to the sum In bits 8 through 11 of the accumulator using a 4-blt

adder.

The structure shown In Fig.2.3 implements the following functions:

Do3;, -+~ Doo; == D03;_;, = Do0o,_, + P03; — Poo;

FF1; = carry( D03,_, — D00;., + P03; — P00, )

Do7;, = Do4; = Do7;_, = Do4,, + P07; — Po4; + Fi1,,

FF2; = carry(DoO?_, — D04, + P07, - P04; + FF1,;,)
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D1y; = Dos; =D1y;_,~ Dos,_, + FFe,_,

FF3; = carry ( Dll.‘_l ~Do8;_, + FF2;.,)

Di1s; - D12, = D15, ,— D12, + FF3,_,

FF4; = carry( D15, , — D11, , + FF3,_,)

Di9; = D16; = D19, ,— D16,_, + FF4,;_,

FF5; = carry(D19;, - D16;_, + FF4;_, )

D23; — D20; = D23; , -~ D20, + FF5;_,

003; — 000; = D 03; — Doo;

0074y = O04;4, = D07; ~ D04; + P07;,, — Po4;,, + FF 1,
O11;43— 008;,, = D11, — D08, ,, + FF2,,

015 43 012,43 =D15;,0— D12; 5+ FF3;,,

01944 = O016;,y=D19;,3— D16;,3 + FF4; .5

023; 45 — 020,y = D23;,, — D16, ,, + FF5;,,

Where Dxx Is data in accumulator, Pxx Is Input pixel bits, and Oxx Is result-

ing output, 1 stands for clock Instant.

Flg.2.4 shows how temporary results propagate through the pipeline. It can
be seen that a carry bit generated by a data word only propagates to the last bit
of the accumulator flve clock cycles later, l.e. with this deslgn we have a flushing

time of 5 cycles.

To explaln thls we glve an example, and assume that at step 500 hex the
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Fig.2.4 Results Propagation
through Pipeline
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accumulator contalned TFFFFEF hex. That is the lower part contains F hex, and
so does the followlng four parts, and the upper part contalns 7 hex. Suppose also
that all the carry flip-flops contalned zero's. Also for the sake of clarity we'il

assume that after this step the input word 1s 00 hex.

Now, referring to Fig.2.5, If our Input word was OF hex, say at step 500 hex,
the lower part of the accumulator will be added to an F hex thus producing E
hex and a 1 carry, meanwhile the second part of the accumulator wil be adaed to
0O hex and a O carry (from the previous step), producing an F hex and a zero
carry. In the next step (501 hex) the carry In FF1 wlill be added to the second
part of the accumulator thus producing 0 hex and a 1 carry. In step 502 hex, the
carry In FF2 will be added to the third part of the accumulutor producing a O
hex and a 1 carry. In step 503 hex, the carry In FF3 wlil be added to the fourth
part of the accumulator producing a 0 hex and a 1 carry. In step 504 hex, the
carry in FF4 will be added to the fifth part of the accumulator producing a O hex
and a 1 carry. Flnally in step 505 hex, the carry tn FF5 will be added to the
upper part of the accumulator producing 8 hex and a O carry, and at that point
the resulting value of the additlon can be read from the accumulator which 1s

80000E hex. Fig.2.5 shows the computation steps.

Thus It can be seen that It takes flve clock cycles after the last data word

has arrived to get the final result of the threshold computatlon.

In the following chapter, the deslgn of the adders used, and the simulatlon of

the adder accumulator will be glven.
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STEF’P7—P®JD®3—-D®® FFID@7-D04FF2AD11-D@28FF3D15-D12
INIT.| X F @ F Y F ) F
S0 OF E 1 F Y F @ F
S01| 00 E @ Y 1 F ) F
502 00 E @ @ 2 2 1 F
503| 00 E 4 Y 0] @ Y @
504 | 00 E Y Y @ @ @ Y
—A 505 | 00 E @ Y Y /?\ @ @
) T T

0B3-000 007-004 011-008 015-012

STEPFF4D19—D16 FF5D23—D20
INIT. | @ F e 7
500 | o - 2 - 7FFFFF + OF — 80000F
501| @ F o |e 7
502 | @ F |0 7
503 1 Fo|e 7
504| 8| © 1 7
—505| @ % o 8
/I\

019-016 023-020

F1g.2.5 Computation Steps



CHAPTER 3: ADDERS DESIGN

3.1. INTRODUCTION

With the increasing demand for higher performance of CMOS VLSI proces-
sors with Increased sophisticatlon, there Is a greater need to improve the perfor-

mance, area efficlency, and functionality of the arithmetic unlt within them.

As mentioned In chapter 1, varlous adders were Introduced In the iiterature.
Rlpple carry adders provided circults with small area but with large propagation
delays[2]. Carry skip adders, Implementing Manchester carry chaln[3] or basic
ripple adders(7], improved on the performance of ripple carry adders by making
early slgnals more avallable by tradlng avallable time for extra hardware[6)].
Carry select adders, on the other hand, expended area In favor of speed by dupli-
cating two ripple carry adders, then selectlng the appropriate sum(2]. Carry-
look-ahead provided circults with small propagation delay, however the complex-

ity Involved In the clrcults Implementing this princlple remained.

Varlous CMOS logie styles were introduced exploiting noncomplementary
structure with dynamlc operations, in order to improve area efficlency, and specd
of CMOS loglc. Among these loglc styles, NORA [8] provided high speed circul-
try, high loglc flexibility, and compact chip area, hiowever, charge redistribution
and leakage of storage nodes problems were disadvantages to that CMOS logic
style. Domino loglc [8]) provided speed and area advantages, In additlon to belng
valuable for circults involving complex gates with hlgh fan-ln and fan-out, but
stlll shared with NORA the charge redistribution problems. Zlpper CMOS [10]
Incorporated the advantages of NORA and Domino In terms of structural simpll-
city and performance, and at the same time had a better Immunity to Instabllity

and charge redistribution problems.
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In the following sectlon we will discuss the new dynamic CMOS loglc style,
namely Multlple Output Domino Loglc (MODL), that is golng to be used for the

implementation of our clrcults.

3.2. MULTIPLE OUTPUT DOMINO LOGIC

MODL 1s a new dynamlc CMOS loglc style introduced by Hwang and
Fisher|[11], that allows a slngle gate to produce multiple outputs. In conventional
dom!no loglc and other noncomplementary MOS logie, cnly one output s avall-
able from a certaln gate. Thus If a certaln subfunction Is needed, as a separate
output, 1t wlll have to be lmplemented with addltlonal gates, hence, resulting In

s.dded elrcultry.

The baslc principle behind MODL Is the use of Intermedlate functions that
are avallable within the loglc tree, thereby, saving the need to replicate circultry,
and hence, reduclng the complexity of the design. These Intermedlate functions
are obtalned by precharging the corresponding Intermedlate nodes and adding

inverters to obtaln required outputs.

Thls logle design Is particularly favorable as It reduces device number 1n a
given circult, In addition to Inherent higher circult stabllity as compared to stan-
dard domino and other dynamlc clrcults. Also MODL circults are less susceptible
to charge sharing problems, due to the precharging of the Internal nodes. Due to
the reduced device number, an lmproved performance results since load capaci-

tance Is reduced correspondingly.

The declsion to Implement the carry generatlon part of our circults In
MODL with carry-look-ahead principle stems from the overall advantage of using
MODL in reducing the area and Increasing the circult performance plus allowing

speed efliclent deslgns.
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As discussed previously two types of adders are used 1n our Adder Accumu-
lator deslgn. A partlal bit adder which adds only a single bit to a full number,

and a full adder. This distinction 1s based on the princlple of saving area and

enhancing speed.

3.3. A 4-BIT MODL ADDER

A 4-blt partlal adder with a carry-iook-ahead organlzation 1s shown In
Fi1g.3.1. The adder consists of two maln vults. A carry generation unit which
generates the Intermedlate carry terms and the cutput carry, applying the for-

mula:

Ci =A; o C;,

As It can be seen from F1g.3.1, the serles connection of N1, N2, ..., N5 glves

the ANDIng function at each output node,

The second unit calculates the sum product, using a static XOR, using:

i =A; 8 G,

The clrcult consisted of 20 pmos and 22 nmos, with an overall gate area of
175.68 pm2. Tae carry-look-ahead devices' widths were slzed In multiples of the
minimum deslgn feature (L) following the "pyramid” FET scaling technique[12],
By scallng the nmos’s uslng this technique, better speed was achleved as opposed
to having all the serial nmos's In one size. It could also be seen here that had we
implemented the adder In 8-bits, the Increase in the size of nmos's, speclally the
bottom ones, would have an Increasing effect on the area, In additlon to a slowing
effect on speed. Also with a 2-bit or a 1-bit implementation, that technlque
would not have an obvious effect on speed, thus we would have only achleved an

overhead In the number of extra devices, and therefore area, without achleving
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any galn In speed.

3.3.1. SIMULATION

Simulation was carrled out uslng HSPICE, with CMOS 1.2u, at worst case
conditlions, l.e. at Input test vector A4, 1111 and carry In C, =1, with Vdd== 5v,
and at 25° C. The worst case condition resulted In a delay, from .he clock to S4,
of 0.78nsec. This comes from a worst case delay of 0.57ns In the carry generation
block from clock to Carry3, In additlon to 0.21ns delay in the XOR 1n order to
get S4. Fi1g.3.2(a, b, and ¢) 1s the Input test vector and the slmulatlon results for

the 4-blt partlal adder circuit.

3.4. AFULL 4-BIT MODL ADDER

The full 4-bit adder Is deslgned using the carry-look-ahead principle in addi-
tion to MODL logic style. F1g.3.3 shows the overall design of the adder. The
adder s split up to three units. The flrst unlt generates the generate and pro-
pagate terms. The second unlt generates the carry slgnals, and the third unit

generates the sum products.

3.4.1. GENERATE AND PROPAGATE GENERATION UNIT
(GEN:P&G)

This unit mainly calculates whether a carry should be generated, or simply
the previous carry should be propagated. A carry Is generated whenever both Al
and Bl (the bits to be added) are 1's, while the carry from the previous addition
wlll be propagated whenever elther Al or Bl Is 1. Thus the generate signal Is cal-

culated as:

G; =A; *B;

While the propagate signal Is calculated as:
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*PROPAGATION DELAY BETWEEN CLK AND COUT*
delayl = 6.1315E-10 targ= 5.1113E-08 trig= 5.0500E-08

*PROPAGATION DELAY BETWEEN CLK AND SUM4*
delay2 = 7.8332E-10 targ= 5.1283E-08 trig= 5.0500E-08

*PROPAGATION DELAY BETWEEN CLK AND SUM3+*
delay3 = 6.7383E-10 targ= 5.1174E-08 ¢trig= 5.0500E-08

*PROPAGATION DELAY BETWEEN CLK AND SUM2*
delay4 = 6.2051E-10 targ= 5.1121E-08 ¢trig= 5.0500E-08

*Propagation delay between CLK and SUM1l is not measured as both Cin and

Al are calculated during low CLK, thereby SUMl has an already steady
state value by the time the CLK becomes high.

Fig.5.2.c Summary of Simulation Result
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b = A @B,

The propagate slgnal Is calculated using the excluslve OR function Instead of
an OR function (which I1s commonly found In llterature) In order to avold the
case of having both the P signal and the G signal to be simultaneously equal to 1
(case when both Al and B! are equal to 1), as thls would cause a charge redistri-
bution problem. As the P signal Is calculated during low clock, while the G sig-
nal Is calculated during high clock, with P equal to 1 the nmos 1t controls will be
turned on, now, If during high clock G also goes high a charge redistribution will

occur, which might cause erroneous results.

F1g.3.4 shows the deslgn of the Gen:P&G unit.

3.4.2. CARRY GENERATION UNIT (GEN:CAR)

The Gen:Car unit Is 4-blt MODL carry generator that collects the resulting 8
generate and propagate signals, from the prevlous unlt, together with the input
carry (Cin). It then calculates the Intermedlate carrys (C1, C2, and C3), together

with the output carry (Cout). The carry calculatlon 1s carried as follows:

C = G; +(F,e ()

Fig.3.5 shows the design of the Gen:Car unit.

3.4.3. SUM CALCULATION UNIT (XOR)

Now with both the carrys and the propagate signals avallable from the pre-
vious stages, the sum products are calculated through a statlc XOR usling the for-

mula:

S =P, 8,
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F19.5.4 Generate & Propagate Circuit
(GEN:P&G)
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F1g.3.8 shows the static XOR used. While F1g.3.7 shows the full 4-blt adder

in transistor level.

As In the previous adder design, the devices' widths were sized In multiples
of the minimum design feature (L), with "pyramid” FET scaling technique {12].

The circult contains 40 pmos and 54 nmos with overall gate area of 368.64 pm?2.

3.4.4. SIMULATION

Simulation was carrled out again uslng HSPICE, with CMOS 1.2u, with a
set of test vectors, Vdd==5v, and at 25° C. The worst case conditlon resulted In a
delay, from clock to S4, of 0.92nsec. In the Gen:P&G block, with the worst case
condition simulation, all G's were set to 0. The resuiting P’s from the XOR were
calculated durlng low clock, therefore, they represented no delay during the fol-
lowing evaluation clock. In the Gen:Car unlt, the worst case delay between clock
and Carry3 was 0.7ns, that In additlon to 0.22ns delay In XOR generating the
sum, resulted In the 1ns overall worst case delay of the complete adder.

Fig.3.8(a, b, ¢, and d) shows the slmulation results for the full 4-blt adder clrcuit.

3.5. COMPARISON

In thls sectlon we present the results of varlous simulatlons carried on three
other full 4-blt adders so as to compare between these adders’ performance In
term of area and gate count, and speed to our full 4-bit adder. Fig.3.8.2 shows a
statle carry-look-ahead adder[2], while Fig.3.9.b shows the simulation results (the
same test vectors were used as in the case of the full 4-bit adder). From the
simulation the adder gave a worst case propagation delay of 2.209ns (Input A4 to
S4), and the overall transistor area was 410.112 pm?, with a total transistor count

of 190 mosfets.
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*PROPAGATION DELA

delayl
delay2
delay3
delay4

*PROPAGATION DE
delay5
delay6
delay?7
delay8

Imun Il;

inua

*PROPAGATION DELA

delay9

delayl0
delayll
delayl2

*PROPAGATION DELA

delayl3d
delayl4
delayl5
delayl6

Y

BETWEEN CLK

7.0488E-10
7.0252E~-10
5.2661E-10
S5.1726E-10

BETWEEN CLK

9.1651E-10
9.1828E-19
7.9400E-10
7.7795E-10

BETWEEN CLK

7.1115E-10
7.1331E-10
7.9210E-10
7.7383E-10

BETWEEN CLK

6.5226E-10
6.4978E-10
7.9230E-10
7.7252E-10

AND COuUT*

targ= 1.2120E-07
targ= 2.0120E-07
targ= 2.4103E-07
targ= 2.8102E-07

AND SUM4*

targ= 1.2142E-0C7
targ= 2.0142E-07
targ= 2.4129E-07
targ= 2.8128E-07

AND SUM3*

targ= 1.2121E-07
targ= 2.0121E-07
targ= 2.4129E-07
targ= 2.8127E-07

AND SUM2*

targ= 1.2115E-07
targ= 2.0115E-07
targ= 2.4129E-07
targ= 2.8127E-07

trig=
trig=
trig=
trig=

trig=
trig=
trig=
trig=

trig=
trig=
trig=
trig=

trig=
trig=
trig=
trig=

*Propagation delay between CLK and SUMl is not measured
and Pl are calculated during low CLK, thereby SUM1 has an already
steady state value by the time the CLK becomes high.

(SN S [ SN S N [ SR U S

(O S N
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.2050E-07
.0050E-07
.4050E-07
.8050E-07

.2050E-07
.0050E-07
.4050E-07
.B050E-07

.2050E-07
.0050E-07
.4050E-07
.8050E-07

.2050E-07
.0050E-07
.4050E-07
.B050E-07

both Cin

F1g.3.8.c Summary of Simulation Result
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PROPAGATION DELAY is 9.1828E-10 sec. *

RISE TIME is 5.3262E-10 sec. *

FALL TIME is 3.1559E-10 sec. *

AVERAGE POWER DISSIPATION is 2.6450E-04 watt *
MINIMUM POWER DISSIPATION is 6.0400E-09 watt *
MAXIMUM POWER DISSIPATION is 1.9132E-02 watt *
MAXIMUM Idd = 2.3869E-4 amp*

TEMP = 25 C *

Vdd = 5 volts *

CAPCITIVE LOAD ON EACH OUTPUT (assuming a buffer) is 5.5801E-14 farad *

F1g.5.8.d Specification of
Full 4—-Bit Adder



33

4304V Y10 JILVIS p'6'¢ by

Zpuou .
¥3 .2”< ¢ e
e T !&e.:\ .\ (i K e
o O E - A
X = e - Gt
Zpudu 1+ +8
-~— -
wm. 9l v v
AN
o
51y N.ocxa
zio 5 &d "o Y
x .
v Zpupu -
Zsox & . - o ﬂm
R et RPN 1} s
€2 a - D
Zioux
- [
A
NS
it G (g Rl 4
29 " v A
Zioux .
P iy
o
.~v“.8k ] 18
9 o~~—F" v

utd




*PROPAGATION DELKY

delay9

delayl4
delayl9
delay28

*PROPAGATION DELAY

delay4
delay8
delayl3
delayl8
delay22
delay2?7

*PROPAGATION DELAY

delay3
delay?
delayl2
delayl7
delay?2l
delay26

*PROPAGATION DELAY

delay2
delayb
delayll
delayl6
delay20
delay25

*PROPAGATION DELAY

delayl
delay5
delayl0
delayl5
delay23
delay24

mnwnunan

i

BETWEEN I/P AND COUT*
1.
2.

1

BETWEEN I/P AND SUM4*
.4525E-10
.713%E-09
. 2905E-09
.7160E-09
.6583E-10
.0324E-10

[ Ve R Sl NN |

BETWEEN I/P
.4915E-10
.4280E-09
.9063E-09
.4191E-09
.1141E-09
.5220E-10

N

BETWEEN I/P
.9622E-10
.1643E-09
.5297E-09
.1644E-09
.2782E-09
.6864E-10

UHPHH®

BETWEEN I/P AND SUM1*
.4397E-10
.1000E-10
.6148BE-10
.1000E-10
.4184E-10
.0709E-10

HEMNMDNDLE

7790E-09
1115E-09

."7652E-09
2.

0686E-10

targ=
targ=
targ=
targ=

targ=
targ=
targ=
targ=
targ=
targ=

AND SUM3*

.1899E-08
.0248E-07
.4296E-07
.8247E-07
.2216E-07
.0170E-07

targ=
targ=
targ=
targ=
targ=
targ=

AND SUM2*

.1946E-08
.0221E-07
.4258E-07
.8221E-07
.2233E-07
.0172E-07

targ=
targ=
targ=
targ=
targ=
targ=

targ=
targ=
targ=
targ=
targ=
targ=

1.

1
1

WM

WO

WO

W N

0283E-07

+4316E-07
.8282E-07
3.

0136E-07

.1795E-08
.0276E-07
.4334E-07
.8277E-07
.2202E-07
.0175E-07

.1194E-08
.0126E-07
.4131E-~07
.8126E-07
.6119E-07
.0126E-07

trig=
trig=
trig=
trig=

trig=
trig=
trig=
trig=
trig=
trig=

trig=
trig=
trig=
trig=
trig=
trig=

trig=
trig=
trig=
trig=
trig=
trig=

trig=
trig=
trig=
trig=
trig=
trig=

G B b

WA b= N W= W=

WK =
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.0108E-07
.4105E-07
.B105E-07
.0115E-07

.1050E-08
.0105E-07
.4105E-07
.8105E-07
.2105E-07
.0115E-07

.1050E-08
.0108E-07
.4105E-07
.8105E-07
.2105E-07
.0115E~07

.1050E-08
.0105E-07
.4105E-07
.8105E-07
.2105E-07
.0115E-07

.1050E-08
.0105E-07
.4105E-07
.8105E-07
.6105E-07
.0115E-07

F1g.3.9.b Summary of Simulation Result
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The second adder we used for comparison was a standard domlno carry-
look-ahead adder|2] (shown In F1g.3.10.a). From the simulatlon (Fig.3.10.b) the
adder gave a worst case propagation delay of 1.54ns (CLK to S4), and the overall

transistor area was 665.136 pm?, with a total transistor count of 116 mosfets.

Our last slmulatlon was carrled on a statlc hlerarchical adder (shown in
Fig.3.11.2) so as to compare our adder with an adder with a different type.
Simulatlon results (F1g.3.11.b) showed a propagation delay of 3.02ns (Input B4 to
S4), and with a transistor area of 327.86 pm?, and a total transistor count of 136

mosfets.

The following table summarizes the simulation results and the percentage of

speed, area, and gate count between the MODL adder and the other adders.

Prop.del. % Area % no.of %
Adder (ns) speed (pm) ;I:eca gates égfe
MODL 0.92 100 368.64 0 84 0
Statlic CLA 2.29 40.17 410.112 111.25 190 202
Std. Domino CLA 1.54 59.7 ©65.136 | 180.4 116 123.4
Hlerarchlcal 3.02 30.46 | 327.6 88.9 138 144.7

Table 3.1 Comparlson Between Varlous Adders

From the slmulatlon results 1t could be seen that in terms of speed the
MODL adder Is the fastest, followed by the standard Domino CLA adder (with
only 60 % of the MODL speed). In terms of area MODL compares favorably
with standard Domino, and statle CLA adder, and even though It 1s slightly
larger than the hlerarchlcal adder (due to the pyramld sizing In the carry-look-
ahead block, which Is not requlred In the hlerarchical), 1t stlll compares favorably

to all the adders In term of gate count.
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Zul

*PROPAGATION DELAY BETWEEN CLK AND COUT*

delay4 = 1.2071E-09 <targ= 1.2171E-07 <trig= 1.2050E-07
delay8 = 1.2071E-09 targ= 2.0171E-07 <trig= 2.0050E-07
delayl2 = 3.0608E-10 targ= 2.408lE-07 +trig= 2.4050E-07
delayl6 = 3.2386E-10 targ= 2.8082E-07 trig= 2.8050E-07
*PROPAGATION DELAY BETWEEN CLK AND SUM4*

delay3 = 1.5360E-09 targ= 1.2204E-07 trig= 1.2050E-07
delay?7 = 1.5360E-09 targ= 2.0204E-07 ¢trig= 2.0050E-07
delayll = 7.8898E-10 targ= 2.4129E-07 trig= 2.4050E-07
delayl5 = B8.1950E-10 targ= 2.8132E-07 trig= 2.8050E-07
*PROPAGATION DELAY BETWEEN CLK AND SUM3¥*

delay2 = 1.1681E-09 targ= 1.2167E-07 trig= 1.2050E-07
delay6 = 1.,1683E-09 targ= 2.0167E-07 trig= 2.0050E-07
delayl0 = 7.8934E-10 targ= 2.4129E-07 trig= 2.4050E-07
delaylé4 = 8.1857E-10 targ= 2.8132E-07 trig= 2.8050E-07
*PROPAGATION DELAY BETWEEN CLK AND SUM2*

delayl = ©9.3269E-10 targ= 1.2143E-07 trig= 1.2050E-07
delay5 = 9.3272E-10 targ= 2.0143E-07 trig= 2.0050E-07
delaySs = 7.9733E-10 targ= 2.4130E-07 +trig= 2.4050E-07
delayl3 = B8.2783E-10 targ= 2.8133E-07 trig= 2.8050E-07

w
e

Fig.3.1@0.b Summary of Simulation Re
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HA
.
HAC
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HAC
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Fig.3.11.0 HIERARCHICAL ADDER



*PROPAGATION DELAY
delay9
delayl4
delayl9
delay28

nuwu

*PROPAGATION DE
delay4
delay8
delavl3
delayl8
delay22
delay27

nwwnan !I;

*PROPAGATION DELAY
delay3
delay?
delayl2
delayl?
delay2l
delay26

*PROPAGATION DELAY
delay2
delay6
delayll
delayl6
delay20
delay25

il

*PROPAGATION DE
delayl
delay$5
delayl0
delayl5
delay23
delay24

wawnaun Il;

BETWEEN I/P AND COUT*

2.9736E-09
2.7272E-09
2.4102E-09
5.6742E-10

Y BETWEEN I/P

1.3697E-09
3.0177E-09
2.8698E-09
2.4424E-09
1.5263E-09
1.3780E-09

BETWEEN I/P

.2208E-10
.4870E-09
.3677E-09
.8859E-09
.0305E-09
. 2975E-10

.5472E-10
.9635E-09
.8164E-09
.4206E-09
.9427E-09
1.1525E-09

[l oS Be o) NHHHENN®

ETWEEN I/P

targ=
targ=
targ=
targ=

1.0402E-07
1.4378E-07
1.8346E-07
3.0172E-07

AND SUM4*

targ=
targ=
targ=
targ=
targ=
targ=

6.2420E-08
1.0407E-07
1.4392E-07
1.8349E-07
2,2258E-07
3.0253E-07

AND SUM3*

targ=
targ=
targ=
targ=
targ=
targ=

6.1872E-08
1.0354E-07
1.4342E-07
1.8294E-07
2,2208E-07
3.0188E~-07

AND SUM2*

targ=
targ=
targ=
targ=
targ=
targ=

6.1805E-08
1.0301E-07
1.4287E-07
1.8247E-07
2.2299E-07
3.0230E-07

Y BETWEEN I/P AND SUM1*

.5003E-10
.0607E-09
.1313E-09
.0082E-09
.0481E-09
.7432E-10

@MY

targ=
targ=
targ=
targ=
targ=
targ=

.2000E-08
.0211E-07
.4218E-07
.8206E-07
.6210E-07
.0202E-07

WK

Fig.3.11.b Summary of Simulation
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.0105E-07
.4105E-07
.8105E-07
.0115E-07

WH -

.1050E-08
.0105E-07
.4105E-07
.8105E-07
.2108E-07
.0115E~07

WNHHERFHO

.1050E-08
.0105E-07
.4105E-07
.8105E-07
.2105E-07
.0118E-07

WO

.1050E-08
.0105E-07
.4105E-07
.8105E-07
.2105E-07
.0115E-07

WNHHEO

.1050E-08
.0105E-07
.4105E-07
.8105E-07
.6105E-07
.0115E-07

W =N

Result
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3.6. SIMULATING THE ADDER ACCUMULATOR

‘With both the 4-bit partial adder and the full 4-bit adders, deslgned, the fol-

lowing step Is the slmulation of the adder accumulator, discussed in the previous

chapter.

Due to the dynamic nature of the adders, the output of the adders will be
stored during hlgh clock after the outputs have reached a steady state by using a
result valld slgnal(result valid slgnal goes high 68ns after the clock Is high, and 1t
remalns high for 12ns, then goes low lus before the clock goes low and the results
are no longer valid). On the other hand, data from the reglsters are to be
presented to the adders durlng the low clock uslng a data valld signal(data valld
signai goes high durlng low clock 6.5ns before the clock goes high, remalns high
for 5ns, then goes low 2.3ns before clock goes high). F1g.3.12 shows a segr.ent of
the adder accumulator with varlous control signals. As D flip-flops are used for
storage, it was taken in conslderation that the duration of the control signals be
long enough to ensure stable results. F1g.3.13 shows the timing dlagram of the
control slgnals. The INIT slgnal s used to clear the registers at the beginning of
every new frame(INIT signal, again, goes high during low clock, remalins high for
1 ns and meanwhlle a O Input Is presented to the flip flops to Initlallze them, then

slgnal goes low before the data valid slgnal goes high by 0.3ns).

The adder accumulator 1s simulated with O Initlal cond!itions, followed by FF
words for 4 clock cycles, followed by 00 words to clear the pipellne and propagate

the generated carry’s down the pipe. Flg.3.14 shows the simulation results,

The delay in every stage of the adder accumulator is proportional to the
adder's delay In that stage, and as explalned In the previous chapter, the final
result of the additlon, wlll be avallable after 5 clock cycles from the last word

arrival.
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DATA_VALID
RESULT_VALID CLK

A4 A3 A2 A1 INT

Vs
N
N
a
9

Vs
9
a
Y
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q

DFF| |DFF| |DFF| IDFF

o

[ 19 P

DFF| |DFF| |DFF| |DFF

4full  bit
ADDER# 1
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03 02 01 0]7%

F1g.5.12 ADDER ACCUMULATOR
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Fig.3.14.a Simulation Result of Stage#1
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It 1s Interesting to note two polnts in favor of this deslign. One Is that: as
the number of bits Incrrase, because of the pipeline nature of thy design, the
clock rate remalns constant depending solely on the speed of the full 4-bit adder,
therefore, the performance Is Independent of the bit slze apart from the flushing
requirements at the end of the calculatlon. The second polnt Is In regard to the
area: apart from the first word size adder, which Is a full adder, the rest of the

adders are all partial bit adders, thus saving on area tremendously as the blt slze

Increases.

Appendix A gives the splce decks for the 4-bit partial adder, the full 4-bit

adder, and the adder accumulator.



CHAPTER 4: FAULT ANALYSIS

4.1. INTRODUCTION

In thls chapter results of a complete analysls is glven for the faults that
might occur In both the 4-bit partial adder, and the full 4-bit adder, and which
will be used as the base for deslgning the fault tolerant adders. Due to the bulk
of the work, results of simulatlon runs are presented in Appendilx C, with only
the overall conclusion of the analysls presented In thils chapter. We begln by dls-
cussing the varlous types of fault models, this wlll be followed by the analysis of

the faults and the effect of these faults on the clrcults’ behaviour.

4.2. FAULT CHARACTERIZATION

Appendix B glves why and where physlcal faults occur. These physical
faults are translated to stuck-at faults. Stuck-at fault model had been widely
accepted In the past since it was adequate for the eariler fabrication technolo-
gles[13]). However, Wadsack[14] discovered that digital circults implemented In
CMOS technology could display fault models other that stuck-at faults. Wad-
sack[14] Introduced the non-classical stuck-open fault. This condition Is defined
as the open or high state Impedance. Stuck-open faults are the result of mlssing
connections to gate, source, or drain of FET. Non-classical faults cause combina-
tional circults to behave In a sequential way. However, Wunderlich and Rosen-
stiel{15] proved that for dynamic clrcults these type of faults will not cause

sequential behaviour.

Relatlon of physical faults to fault models and thelr classification Is glven In

Appendix B. In our analysls the following faults will be studled:

a. Short between gate and draln.
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b. Short between gate and source.
¢. Short between draln and source.
d. Open gate.

e. Open drain.

f. Open source.

g. Inputs stuck-at.

h. Outputs stuck-at.

Appendix C gives detalled analysls of the above mentloned faults, thelr man-
Ifestation In the adders’ cilrcults, and the test vectors to detect them. The work
is comprehenslve and have been put in the appendix to focus this chapter only on

the concluslon of the analysls work.

4.3. FAULT MODEL

As mentioned In the previous section, the faults that we are golng to cover
Include shorts (between gate and draln, gate and source, and draln and source),
opens (In gate, draln, and source), and stuck at faults. Based on the fault
analysis supplled In Appendlx C, faults manifest one of three states. The first
manlifestation gives the effect of the unit's output being stuck-at-1, the second
glves a stuck-at-O eflect, and the third glves Intermedlate values (such as soft 1's,
or soft 0's). A summary of these manifestations follows for various units of the
4-bit partial adder and the full 4-bit adder. For more understanding of how

these concluslons were drawn, please refer to Appendlx C.

4.4. FAULT MODELS FOR 4-BIT PARTIAL ADDER

In the following sectlons the fault model of each module of the adder 1s

glven.
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4.4.a. CARRYB GENERATION
The eflect of varlous faults Js grouped into:
A. Faults that give the effect of output belng stuck-at-1:

1. Inputs s-a-0.

2. Outputs s-a-1.

3. Short between gate and source in any of the nmos (thls would
cause the carryb’s above the faulty nmos to become s-a-1, while those
bejow will behave normally, meanwhile the carryb connected to the
source of the faulty nmos, will vary between 1 and O depending on the
value of the input).

4. Short between draln and source in the charging pmos would cause
the carryb connected to the faulty pmos draln to be s-a-1, while those
below It might have Intermedlate values depending on the inputs.

5. Open 1n ground connection of the discharge nmos.

6. Open In gate connection of the discharge nmos.

7. Open In Input connection to any of the nmos's gate.

8. Open In source connection of any nmos.

B. Faults that glve the effect of output belng stuck-at-0:

1. Inputs s-a-1.

2. Outputs s-a-0.

3. Short between draln and source In any of the nmos (agaln here the
carryb's above the faulty nmos will be affected depending on the
input values, while those below it will be unaffected).

4. Open In draln connection of any pmos.

C. Faults that give outputs with Intermedlate values:

1. Short between drain and gate of any nmos.
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2. Short between gate and source of Input nmos (th!s would affect the
carryb that Is connected to the source of the faulty nmos and those
below It whenever the Input to that faulty nmos is 1).

3. During low clock with a short between source and drain of the
discharge nmos. Thls, however, will have no effect on the clrcult
behaviour durlng evaluation phase, but it can be seen that the domino
concept 1s no longer applicable.

4, Short between drain and source in charging pmos (this will affect
the carryb's below the faulty pmos).

5. Open In drain connectlon of any nmos would cause the carryb con-
nected to the faulty nmos to be floating, while the carryb's above it
would be kept at 1.

6. Open In gate connectlon of any the charging pmos.

4.4.b. INVERTER
In the Inverter the manifestation of faults Is grouped into:
A. Faults that glve the effect of outputs stuck-at-1:
1. Input s-a-0.
2. Output s-a-1.
3. Short between gate and source of nmos.
4. Short between draln and source of pmos.

5. Open In ground connection of nmos.

6. Open In nmos gate connection.

B. Faults that glve the effect of output belng stuck-at-0:

1. Input s-a-1.

2. Output s-a-0.



3. Short between gate and source of pmos,
4. Short between draln and source of nmos.

5. Open tn Vdd connectlon of pmos.

C. Faults that give intermedlate values for the output. Thls basically

includes an open In the pmos gate connection.

In addition to these three groups, the Inverter manifests a fourth type of
error, which 1s the its falllng to Invert the Input. This happens whenever a short

between gate and draln occurs In either the pmos or the nmos of the Inverter.

4.4.c. XOR

Due to the nature of the static XOR, even though the faults manifest the
same three values of output, they cannot be grouped slnce they depend on the
different comblnation of inputs and the same fault could give different manifesta-

tions with different comblinations of Input.

4.5. FAULT MODELS FOR FULL 4-BIT ADDER

In the following sections a summary of the manlifestations of varlous faults
In the adder’s different units, and the unlts’ fault models are presented. The
effect of faults Is grouped Into: output stuck-at-1 effect, output-stuck-at-O effect,

and output having Intermedlate values.

4.5.a. GEN:P&G

The effect of varlous faults on the Gen:P&G block (thls does not Include the
XOR faults' effect as they are the same as the previous XOR glven In the fault

tolerant 4-bit partlal adder) Is grouped Into:

A. Faults that glve the effect of output belng stuck-at-1:
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[y

. Inputs s-a-1.

2. Output s-a-1.

(2]

. Output of small totem pole (or input to Inverter) s-a-0.

[*-Y

. Short between gate and source In Inverter nmos.

5. Short between draln and source in any of the totem pole nmos's.

6. Short between draln and source of Inverter pmos.

7. Short between gate and draln In any of the totem pole nmos's
(whenever the Input to that faulty nmos Is 0).

8. Open draln connection of charging pmos.

9. Open In GIND connectlon of inverter nmos.

10. Open In the gate connection of the inverter nmos

b. Faults that give the effect of output being stuck-at-0:

1. Inputs s-a-0.

2. Output s-a-1.

[

. Output of small totem pole (or Input to Inverter) s-a-1.

4, Short between gate and source in any of the totem pole nmos's.

o

. Short between gate and source of Inverter pmos.

(o]

. Short between draln and source of charging pmos.

7. Short between draln and source of Inverter nmos.

8. Short between gate and draln In any of the totem pole nmos's
(whenever the Input Is 11).

9. Open In GND connectlon of discharge nmos.

10. Open In the gate connection of any of the totem pole nmos's
(Including the dlscharge nmos).

11. Open In the source connection of any of the totem pole nmos's.

12. Open In the VDD connectlon of the Inverter pmos.
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C. Faults that give outputs with Intermedlate values:

1. Short between draln and source In discharge nmos ( seen during low
clock only).

2. Short between gate and draln In Inverter nmos or pmos.

3. Open In gate connectlon of Inverter pmos.

4. Open In gate connection of charging pmos.

4.5.b. GEN:CAR
The eflect of various faults is grouped into:
A. Faults that glve the effect of output belng stuck-at-1:

1. Inputs s-a-1.

2. Outputs s-a-1.

3. Outputs of totem pole (or Inputs to Inverters) s-a-0.

4. Short between gate and source In Inverter nmos.

5. Short between draln and source In any of the totem pole nmos's.
6. Short between draln and source of Inverter pmos.

7. Open 1n drain connection of any of the charging pmos.

8. Open In GND connection of Inverter nmos.

9. Open In gate connection of Inverter nmos.

B. Faults that give the effect of output belng stuck-at-0:
1. Inputs s-a-0,
2. Outputs s-a-1,
3. Outputs of totem pole (or inputs to Inverters) s-a-1.
4. Short between gate and source In any of the totem pole nmos's.
5. Short between gate and source of Inverter pmos.

8. Short between draln and source of any charging pmos (for the
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carry’'s above the faulty pmos, and the carry connected to the faulty
pmos drain).

7. Short between drain and source of inverter nmos.

8. Open 1n GND connection of discharge nmos.

9. Open In gate connection of discharge nmos.

10. Open in source connectlon of any of the totem pole nmos's.

11. Open in VDD connection of Inverter pmos.

12. Open In gate connectlon of any of the totem pole nmos's.

C. Faults that glve outputs with Intermediate values:

1. Short between draln and source In discharge nmos ( seen durlng low
clock only).

2. Short betv/een gate and dralin In Inverter nmos or pmos.

3. Short between gate and draln of any of the totem pole nmos's.

4. Short between draln and source of any of the charging pmos (for
the carry's below the faulty pmos).

5. Open 1n gate connection of Inverter pmos.

6. Open 1n gate connection of charglng pmos.

7. Open In draln connectlon of any of the totem pole nmos's.

4.5.c XOR

The faults manifestation for the XOR was already given before, In the fault

analysls of the 4-bit partlal adder.

In the following chapter, the deslgn of the fault tolerant adders wlll be glven,

based on the fault models that were glven In this chapter.



CHAPTER 5: FAULT TOLERANT ADDERS DESIGN

5.1 INTRODUCTION

In this chapter the deslgn and analysls of two fault tolerant adders (based on
the previous design of the 4-bit partlal adder and full 4-bit adder and the prevl-
ous fault models) Is presented. A study of the avallable fault tolerance tech-
niques Is first glven, followed by the design and the simulatlon results of the two

adders.

5.2. FAULT TOLERANCE TECHNIQUES

Achleving increased rellabliity could be done through one of two approaches:
fault avoldance (fault Intolerance} and fault tolerance[21]. In this sectlon, fault
tolerance techniques will be presented, as our goal I1s to deslgn a fault tolerant

system.

Ever since the ldea of Introducing redundancy to Improve the rellabllity of
systems originated In the 1850's, redundancy has been recognized as a realistic
means for constructing rellable systems(22]. In fault tolerant deslgns redundancy

Is used to provide information necessary to negate the effect of the fallures.

Redundancy 1s manifested In two ways: extra time, or extra components|21].
Time redundancy Involves the repetitlon of computations In ways that allow
errors to be detected, thus it attempts to reduce the amount of extra hardware at
the expense of using extra time[23]. Component redundancy, on the other hand,
Involves the use of extra gates, functlonal modules, and the llke to supply the

extra Informatlon needed to guard against the effect of fallures[21].

The fundamental concept of time redundancy Is to perform the same compu-

tation two or more times and compare the results to determine If a dlscrepancy
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exists. If an error !s detected, the computations are repeated to see if the error

still exists. This approach Is seen to be useful for detecting errors resulting from

transient faults.

On the other hand, alternating logic[24], recomputing with shifted operands
(RESO)[25], recomputing with swapped operands (RESWO), and recomputing
using duplicatlon with comparison (REDWC)[23], have the abllity to detect per-
manent faults. However, most of the tlme redundant techniques require a consid-
erable amount of extra clrcultry (1009 Increase In alternating loglc technique to
make a clrcult self dual, added circultry such as shifters and reglsters in order to
Implement RESO, RESWO), besldes, belng able to only detect faults and not

correct them.

The time redundant approach, however, can be used for error correction, if
the computation Is repeated three or more times, then the results are compared,
and the error Is corrected using a majority voter[26]. Another method for error
correction was given 1n{27], where the computation Is carrled twice to detect any
discrepancy (based on RESO method), and once an error was detected, a third

rotation and a third computation 1s carried out.

Hardware redundancy has become more practical as the semiconductor com-
ponents have become smaller and less expenslive. There are three baslc forms of

hardware redundancy(21,26].

Passlve technlques, which Involves masking the faults In order to hlde the
occurrence of faults and prevent the faults from glving erroneous results, Include
N modular redundancy and voting (NMR), error correcting codes, and masklng

loglc.

Actlve technlques, or dynamlc redundancy, achieves fault tolerance through
detecting the existence of faults, and performing some actlon to remove the

faulty hardware from the system. These techniques Include reconfigurable
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duplication, reconfigurable NMR, backup sparing, and graceful degradatlon.

Hybrid technlques comblnes both the passive and actlve approaches. Fault
maskKing 1s used to prevent the faults from generating erroneous results, while
fault detectlon, locatlon, and recovery, are used to Improve the fault tolerance by

removing faulty hardware and replacing it with spares.

5.3. DESIGN OF A FAULT TOLERANT 4-BIT ADDER

In the following sections the deslgn of a fault tolerant 4-bit partlal adder Is
given, based on the previous deslgn of our 4-bit partial adder. We begin by
introducing the fault tolerance approach that will be Implemented. The deslgn of
the varlous adder clrcultry (used to achleve fault tolerance) Is glven, together
with the compiete design of the fault tolerant adder. Flnally, simulation Is car-
rled out to see the adder's behaviour In the presence of varlous faults, followed

by a comparlison with Triple Modular Redundancy.

65.3.1. FAULT TOLERANCE APPROACH

In order to achleve fault tolerance, hardware redundancy, as opposed to time
redundancy, was chosen to correct faults effects,as the area of the clrcult Is fairly

small, besldes, opting for speed.

With dupllcation, we can only detect the occurrence of a fault In elther
modules. Our approach was to add to the error detection module additional cir-
cultry that would enable the cholce of the correct value from the two avallable

results of the two modules whenever possible.

In the deslgn, each part of the circult (carryb generatlon, inverters, and
XOR's) Is duplicated, then the results are compared and corrected If necessary.
This approach does not allow a fault that happens in one module to propagate to

the followilng modules thus making the correction circults more slmple, and the
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percentage of fault tolerance even higher.

To declde which of the two avallable values Is correct, we are golng to use
two dlfferent approaches. The first one Is to make use of the fault analysls that
was done, In order to determine on a statistical basls, which are the most likely
faults to occur and thelr manifestation in the clrcult, so that to choose the right
value. It can be seen that this approach wlll not achieve a 1009 fault tolerance,
but, It will achleve a percentage of fault tolerance proportional to the number of
most llkely faults to occur, beside, being simple and easy to !mplement. The
second one, Is based on the fact that knowing the correct value, we can simply
plck the correct value. Thls approach offers a very high percentage of fault toler-
ance, as the correcting clrcult will be able to select the correct value of the two
avallable results, as long as the two resuits do not have the same faulty value,
regardless of the type of fault that caused the erroneous result, but, it can be
implemented only with small clrcults, as otherwlse with large clrcults, the

Involved clrcultry will be too complicated.

In the deslgn of our fault tolerant adder, the first approach was used to
achleve fault tolerance In the carryb generatlon unlt, while the second approach

will be used for both the Inverters set, and the XOR's set.

We assume that no faults wlll occur that will affect the clock slgnal, l.e.
faults such as short between gate and source or between gate and draln of any of
the charging pmos's or the discharge nmos will be consldered not to occur. The
second assumption 1s that, for the carryb generation unlt, Inverters and the
XOR's, no two modules fall at the same tlme such that the values of the two out-
puts are erroneously ldentical. This assumptlon does not 1mply single fault
assumptlon (as wlll be seen later, the fault tolerant addrers will be able to
tolerate multiple faults), 1t slmply assumes that If faults occur In any two

modules the manifestation of the faults will not be ldentlcal (for example one
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module mlght manifest a stuck-at-1 value, while the other might give an Inter-
medlate value, as opposed to both modules simultaneously giving a stuck-at-1, or
stuck-at-0 ... etc.). The third assumption 1s that correcting circultry are assumed
to be fault free. One last thing s that all global Input signals are buffered, so
that a fault In one module (e.g. short or open to that Input signal llne) will not

affect another module that vses the same signal.

5.3.2. FAULT CORRECTING CIRCUITS

In this sectlon, the deslgn for each fault correcting clrcult will be glven

together with the varlous faults that 1t will cover.

5.3.2.a. CARRYB GENERATION CORRECTION CIRCUIT

The clrcult shown in Flg.5.1, shows a simple AND circult that would choose
a 0 whenever one or both outputs from the two carryb generation circult Is O,

and 1 with both outputs equal 1o 1.

In this circult we Introduced an additional pmos at the output, for the sake
of controlling 1t In such a way that it will always be charged to 1 during low
CLIK signal, regardless of what the values of the carryb's belng compared are, so
that the output does not aflfect the following clrcults or cause discharge problems,
also this will cover the problem of having a short between draln and source of
discharge nmos which Invalldates the domino principle. Also, an extra nmos was
Introduced In series with the Inverter nmos, and Is controlled with CLK slgnal, in
order to avold a direct d¢ path to gnd that might occur in case either carryb or

carrybdup or both of them become 0's during low CLK.

The faults that wlll be covered by this clrcult Include any fault that might
cause the carryb to be erroneously stuck-at-1, and faulis that result in an Inter-

mediate value where the correct value Is 0.
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F1g.5.2 shows the result of the clreult simulatlon.

5.3.2.b. INVERTER CORRECTION CIRCUIT

The second clrcult to be discussed 1s the clrcult used to correct the output of
the Inverter. As mentloned before, the design depends on the fact that knowing
what the right value of the output should be, the circult should be able to pick
the correct value from the avallable outputs. The circult Implements the follow-

ing function:

Correctearry = Correctearryb (Carry 1 + Carry 2)

Where correctcarryb Is the correct carryb generated by the totem pole and
corrected by the carryb correct circult. Carryl, and carry2 are two outputs from

two Inverters Inverting simultaneously correctearryb.
F1g.5.3 shows the inverter correction circult.

The clrcuit would be able to correct any fault occurring in either inverter, so
long as both Inverters do not fall simultaneously with a failure that makes them
both result In the same erroneous value. However, this circult 1s weak due to the
presence of an Inverter 1n Its serlal path, which In a way defeats what we are try-

ing to do.

Flg.5.4 shows the simulation results of the clrcult. It should be uoted that
the test vectors glven are for the sake of fully testing the clrcult under all poss!-
ble comblnations, but in actuallty, Correctcarryb will always be 1 during low
CLK (It was taken care of that issue In the carryb correctlon circult), thus avold-
Ing a direct dc path to gnd when both carry and carydup are equal to 1 during

low CLK.
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2 Circuit Simulation for Fig.5.1

Fig.D
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vDD

Fig.5.3 Inverter Correcting Circuit (INVCOR)
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5.3.2.c. XOR CORRECTION CIRCUIT

F1g.5.5 shows a slightly modified circult for the static XOR that was used In
the original adder clrcult. An extra nmos (that Is controlled by CLKD) Is added
at the output. The reason for that modificatlon Is to malntain the XOR output at
O during low CLK so that no discharging problem would occur in the followlng

XOR correctlon circult.

As In the case of the Inverter correction clrcult, we agaln use the fact that
knowing both Inputs to the XOR, the correct resulting vajue could be known.
W1th the outputs from two ldentical XOR's avallable, the XOR correction circuilt

Implements the function:

Correclsum, = (A; & C,_|) (Sum 1 + Sum2)

Where C Is the correctearry resulting from the previous stage, suml and

sum?2 are the two outputs of two duplicate XOR's that are to be compared.

Flg.5.8 shows the XOR correction circult.

It could be seen that N3 and N4 Implement the excluslve or part of the func-
tlon, while N1 and N2 Iimplement the oring part of 1t. Agaln the XOR correction
circult is able to cover any type of faults occurring In elther XOR, even If
different faults occur simultaneously In both XOR, so long as both XOR's do not

result 1n ldentical erroneous results,

F1g.5.7 shows the stmulatlon results for the circult. Again, 1t should be
noted here that the test vectors given are for the sake of fully testlng the clrcult
under all possible comblnations, but In actuality, Suml and Sum?2 will always be
0 during low CLK (it was taken care of that by adding extra nmos In XOR clr-

cult as mentloned before), thus avolding any discharge during low CLK.
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5.3.2.d. FAULT TOLERANT 4-BIT PARTIAL ADDER

Flg.5.8 shows the complete adder, while Fig.5.9.a shows a set of worst case
test vectors. Resuits of simulation are shown in Fig.5.9.b. From tbe simulation
results, the complete adder glves a worst case propagation delay of 1.8ns. Wurst
case delay Is consldered to be for the carry slgnal to be produced correctly (that
Is from CLK to Carry4). Thls comes from 1.2ns delay to get the Carry4b
correctly, plus 0.6ns delay to get the correct result from the inverter correcting
circult. The reason we did not take the CLK to Sum4 propagatlon delay as the
worst case delay, Is that, of the added clrcultry, the output of XOR Is kept low
during low CLK, also, the carry slgnal belng fed to the XOR 1s Kept at O durlng
low clock. So even though Input A4 might reach the XOR durilng low clock, the
output will be kept at O durlng that duration, therefore, abolishing the need to
discharge the XOR output during evaluation perlod which was the case with our

non-fault tolerant adder.

5.3.3. FAULT SIMULATION
Next, a set of faults were Introduced to the circult. These faults are:

1. An open fault In the draln connection of nmos N4, in carryb generation
circult (F1g.5.10).

2. A short between drain and source in discharge nmos NDd, In duplicate
carryb generation clrcult (F1g.5.10).

3. A short between gate and source of nmos Ni1,in inverter circult(Flg.5.11).
4. A short between draln and source of nmos Ni1d, In duplicate Inverter cir-
cult (Flg.5.11).

5. A short between draln and source of nmos Nx1 1n xor circult (Fig.5.12).
6. A short between gate and source of nmos Nx2d In duplicate xor clrcult

(F1g.5.12).
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* PROPAGATION DELAY BETWEEN CLK AND COUT*
delayl = 1.8013E-09 targ= 5.2301E-08 trig= 5.0500E-08

*PROPAGATION DELAY BETWEEN CLK AND SUM4*
delay2 = 1.5870E-09 targ= 1.0209E-07 ¢trig= 1.0050E-07

*PROPAGATION DELAY BETWEEN CLK AND SUM3*
delay3 = 1.5870E-09 targ= 1.0209E-07 trig= 1.0050E-07

*PROPAGATION DELAY BETWEEN CLK AND SUM2*
delay4 = 1.5870E-09 targ= 1.0209E-07 trig= 1.00S0E-07

* PROPAGATION DELAY BETWEEN CLK AND SUM1*
delay5 = 1.5625E-09 targ= 1.0206E-07 trig= 1.0050E-07

F1g.5.9.c Summary of Simulation Result
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The effect of these faults could be seen as following:
A. For carryb generatlon clrcult:

1. Due to the open draln connection In the first clrcult carryb4 and car-
ryb3, will always have a value of 1, which should have been 0 with test vec-
tor 11111. However, carryb2 and carrybl will not be aflected by that fault.
2. Due to the short between draln and source of discharge nmos In the

dupllcate clrcult, the carryb's wlll never charge up durlng low clock.

B. For Inverter circult:

1. Due to short between gate and source of nmos in first inverter, the out-
put wiil be always stuck-at-1.
2. Due to short between drain and source of nmos In duplicate Inverter, the

output will be always stuck-at-0.

It should be noted that for the sake of slmulatlon 1t is assumed that the
faults In both Inverter and duplicate Inverter are repeated for the set of 4 Invert-

ers generating the carry's.
C. tor exclusive or circult:

1. Due to short between draln and source of nmos In the first inverter of
the xor, the output of thls Inverter Is always kept at 0, thus dlsabling the
transmisslon gate nmos and causing the output to be a soft 0 (1v) to result
with a 10 Input to the xor.

2. Due to the short between gate and source of nmos In the second Inverter
of duplicate xor, with a 11 Input to the xor, the transmission gate nmos wili

be turned on thus passing a faulty 1 to the output.

From the slmulation results It could be seen that the carrryb correction cir-
cult was able to correct the faults that occurred In the carryb generatlon circult

and the duplicate one, thus passing a fault free set of carryb’s to the Inverter



sets. Flg.5.13.a, 5.13.b, 5.13.¢, and 5.13.d show the simulation results.

In the Inverter stage, even though both Inverters were glving stuck-at output
values, however, the Inverter correctlon clrcuit was able to correct these faults,
and passed a set of correct carry's to the excluslve or stage. Fig.5.14.a, 5.14.b,

5.14.¢, and 5.14.d show the simulation results.

In the third and final stage of the adder, the xor correctlon circult corrected
the faults occurring In both xor and duplicate xor, by depending on the fact that
we have both Inputs to the xor fault free and comparing the two avallable out-
puts to determlne the correct sum values. Flg.5.15.a, 5.15.b, 5.15.¢, and 5.15.d

show the simulation results.

F1g.5.18, shows the flnal results of the simulation of the complete clrcult
(with faults), and It could be seen that all outputs are correct and match the

fault free clrcult results, in term of values and propagation delays.

5.3.4. COMPARISON

It could be seen that In dividing the orlginal adder into three parts, the
design of fault correctlon clrcults became less complicated, and the fault coverage

Inadvertently increased.

In the clrcult 176 transistors were used, which would compare, In terms of
area, to 258 transistors that would have been used had we Implemented TMR for
each part of the adder as we did In our fault tolerance approach, and which
would compare, 1n terms of area and fault coverage, to 188 transistors that would

have been used had TMR been implemented for the adder as one part.

In terms of speed our clrcult compares favorably with TMR Implemented on
the orlginal circult as one part, In our clrcult the worst case propagation delay 1s
1.8ns which compares to 1.6ns for TMR. Even though our clrcult 1s 0.2ns slower

than TMR, our implementation is better if area, speed, and fault coverage are
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comblined. In terms of rellabllity, If we assume the rellabliity of each unit In the
edder 1s R,, then the rellabllity of the adder (R,, ) before Introducing redundancy

is:

3
Rcyv = n Rm
1
If we assume the rellability of each of the correctlon circult and the voter (for
TMR) Is R,,, then for TMR (Implemented on the adder as one unit) the rellabll-

1ty of the resultlng system would be[21]:

RTMR = R,, (3Ron 2- 2R0yt a)

While the rellabllity of our fault tolerant adder (R, ) 1s[21]:

3
thp = H Rc' (2Rm - Rm 2)
1

It could be seen that the rellabllity of our fault tolerant adder Is bettcr than
that of TMR, and also of the original adder under the assumption that the
correcting clrcults and the voter have better rellabllitles than the adder’s
modules. However, If we assume that the correcting clrcults and the voter have
the same rellabllity as the adder’s modules, we still have better rellabllity with

our circult In comparison to TMR or the original adder.

5.4. DESIGN OF A FAULT TOLERANT FULL 4-BIT ADDER

In the following sectlons, the design of a fault tolerant full 4-bit adder will
be presented based on the glven design of the full 4-blt adder, and the fault toler-
ance approach used In the previous fault tolerant 4-bit partlal adder. The design
of the varlous added circultry (again based on the fault models of the varlous
units of the adder Introduced 1n the previous chapter) will be glven, together with

the complete design of the adder. And finally, the simulation results of the adder
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with various faults simulated wlll be presented, followed by a comparlson with

Triple Modular Redundancy.

5.4.1 FAULT TOLERANCE APPROACH

The fault tolerance approach that we are golng to use 1s the same approach
used In the fault tolerant 4-bit partial adder. In the design, the first approach (to
choose between two outputs based on the most likely fault occurrence and effect)
was used to achleve fault tolerance In the Gen:Car unlt, whlle the second
approach (to choose between two outputs knowing the correct value) will be used

for both the Gen:P&G units, and the XOR's set.

5.4.2. FAULT CORRECTING CIRCUITS

In thls sectlon, the design for each fault correction circuit will be glven

together with the varlous faults that it will cover,

5.4.2.a. GEN:P&G CORRECTION CIRCUIT

The circult shown in F1g.5.17 i, used to correct the generate and propagate
signals (G&P). It 1s designed based on the fact that knowing the Inputs to the
Gen:P&G block, and thus the correct output, the clrcult should be able to plck
the correct value from the avallable outputs. The circult Iimplements the follow-

ing functlons:

Peorrect = (A; & B; )(P1 + P2)

Where P1 and P2 are the two P outputs from duplicate P&G generation
blocks, Al and BI are the Inputs to the two duplicate blocks, and Pcorrect Is the

correct P value. The G value 1s corrected through the functlon:
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vDD

GND

YDD

Pcorrect

o D—

a1 >

Fig.5.17 Gen:P&G Correcting Circuit
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2 (PGCOR)



05

Georreet = (A; ¢ B, Y{(G1+ G2

Where agailn, G1 and G2 are the two G outputs from duplirate P&G genera-
tlon block, and Georrect s the correct G value, The circult would be able to
cover all shorts, opens, and stuck at faults, so long as the duplicate blocks do not

fall simultaneovsly with the same fallure.

F1g.5.18 show the slmulation results for the correction eircuilt.

5.4.2.b. GEN:CAR CORRECTION CIRCUIT

The clrcult shewn In Flg.5.19, shows a simple OR clrcult that would choose
a 1 whenever one or both outputs from the two carry generation circult Is 1 or

Geceorrect 1s 1, and 0 with all outputs equal to 0.

The reason for addlng G 1s that we know that we have {0 generate a carry
whenever G Is 1. Therefore, no matter what values the two duplicate carrys have,
as long as G Is 1 the correct carry will be produced. On the other hand, with P
equal 1, we have to propagate whatever value the previous carry had. Thus when

ever G Is equal 0, we will choose the value of the carry that is equal to 1.

The faults that will be covered by thls clrcult include any fault that might
cause the carry to be erroneously stuck-at-0, and faults that result in an Inter-
medlate value where the correct value I1s 1. plus faults that might occur In any

nmos that Is controlled by G input.

Flg.5.20 shows the result of the clrcult simulatlon.

5.4.2.c XOR CORRECTION CIRCUIT

The same modified XOR and XOR correction circult will be used for the

correction of the sum product.
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5.4.2.d. FAULT TOLERANT FULL 4-BIT ADDER

F1g.5.21 shows the complete adder, whlle Flg.5.22.a shows a set of test vec-
tors (the same used with the full 4-bit adder). Results of simulatlon are shown In
Fig.5.22.b. From the simulation results, the complete adder glves a worst case
propagation delay of 2.8ns. Worst case delay Is consldered to be for the sum slg-
nal to be produced correctly (that is from CLK to Sum4). This comes from 1ns
delay to get the generate signals correctly, plus 0.8ns delay to get the correct

carry slgnals, plus 0.8ns to get the correct sum slgnal.

5.4.3. FAULT SIMULATION
Next, a set of faults were Introduced to the circult. These faults are:

1. A short between gate and source In nmos of Ilnput Al In Gen:P&G
(Fig.5.22),

2. A short between gate and drain In nmos and pmos of the inverter In
Gen:P&G (F1g.5.23).

3. A short between drain and source 1n nmos1 of xor In Gen:P&G(F1g.5.23).
4. A short between draln and source In discharge nmos of Gen:P&G dupll-
cate (Fig.5.23).

5. A short between draln and source In pmosl of xor In Gen:P&G duplicate
(F1g.5.23).

8. An open In GND connectlon of discharge nmos In Gen:Car (F1g.5.24).

7. A short between gate and source in nmos of Input G3 In Gen:Car
(F1g.5.24).

8. A short between draln and source In nmosl of xor in sum calculation
(F1g.5.25).

9. A short betweer draln and source In pmosl of xor In sum calculation

(F1g.5.25).
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* PROPAGATION DELAY BETWEEN CLK AND COUT*

delayl
delay2
delay3
delay4

mnian

*PROPAGATION DELAY
delay5
delay6
delay?

delay8

i n ll;

*PROPAGATION DELAY
delay9
delayl0
delayll
delayl2

*PROPAGATION DELA
delayld =
delayl4q
delayl5
delayl6

*PROPAGATION DELA
delayl? =
delayl8
delayl9
delay20

wnw

2.5570E-09
2.6001E-09
1.4643E-09
1.5002E-09

BETWEEN CLK
2.5880E-09
2.6004E-09
2.4697E-09
2.5194E-09

BETWEEN CLK
2.588B0E-09
2.5704E-09
2.4697E-09
2.5194E-09

BETWEEN CLK
2.5880E-09
2.5505E-09
2.4696E-09
2.5194E-09

BETWEEN CLK
1.6352E-09
2.5354E-09
2.5398E-09
1.6646E-09

Fig.5.22.c Summary of

1.2306E-07
2.0310E-07
2.4196E-07
2.8200E-07

targ=
targ=
targ=
targ=

AND SUM4*

targ= 8.3088E-08
targ= 1.6310E-07
targ= 2.4297E-07
targ= 2.8302E-07

AND SUM3*

targ= 8.3088E-08
targ= 1.6307E-07
targ= 2.4297E-07
targ= 2.8302E-07

AND SUM2*

targ= 8.3088E-08
targ= 1.6305E-07
targ= 2.4297E-07
targ= 2.8302E-07

AND SUM1*

targ= 4.2135E-08
targ= 8.3035E-08
targ= 1.6304E-07
targ= 2.8216E-07

trige
trig=
trig=
trig=

trig=
trig=
trig=
trig=

trig=
trig=
trig=
trig=

trig=
trig=
trig=
trig=

trig=
trig=
trig=
trig=
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.2050E-07
.00S0E-07
.4050E-07
.8050E-07

NN

.0500E-08
.6050E-07
.4050E-07
.8050E-07

[ VR R ]

.0500E-08
.6050E~-07
.4050E-07
.8050E-07

N

.0500E-08
.6050E-07
.4050E-07
.8050E-07

Nt = QO

4.0500E-08
8.0500E-08
1.6050E-07
2.8050E-07

Simulation Result
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The effect of these faults could be seen as following:

A. For Gen:P&G block. Due to short between gate and source of nmos of Al
Input, the output Is kept from discharging, however due to the added short
between gate and draln In nmos and pmos of the Inverter the output G! fluctu-

ates between 2.5v and 3.6v.

Also due to the short between drain and source of nmosl In xor of
Gen:P&G, nmos3 In the xor is always turned off, thus with Al equal 0 and Bl
equal 1, nmos?2 Is turned on, thereby, discharging the 1 that Is passed through

pmos3.

The short between draln and source In dlscharge nmos In duplicate
Gen:P&G causes Gb (G bar) to charge to an Intermedliate value durlng low clock,

speclally whenever both Al and Bl are 1's.

Flnally a short between draln and source of pmosl In xor of duplicate
Gen:P&G causes nmos2 of xor to be turned off while nmos3 will be always turned
on, thus with both A and B equal 1, we get a faulty 1, while with Al equal 1 and

Bl equal 0 we get a faulty soft 0 (1v).

B. For Gen:Car block. WIith an open source connectlon to ground In
discharge nmos, all nodes will be unable to discharge no matter wha. Input

values of P's and G's we have, thus resulting in a fixed value of 0 for al! carry’s.

Also with a short between gate and source of nmos of G3 input, wiil cause

the carry to have a 0 faulty value whenever G3 1Is 1.

C. For XOR (sum generatlon block), a short “etween draln and source of
nmosl in xor block, and a short between drain and source of pmosl in xor dupli-
cate block was simulated. The eflfect of these faults were described in the xor

behaviour of the Gen:P& G block.

From the simulation results it could be seen that the P&G correction circult
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was able to correct the faults that occurred In the Gen:P&G blocks and the

duplicate ones, thus passing a fault free set of P's & G's to both the Gen:Car,

and Gen:Car duplicate blocks.
Fig.5.26.a, 5.26.b, 5.28.¢c, and 5.26.d show the simulation results.

In the carry generatlon stage, even though at one polnt both Gen:Ca: blocks
were giving a faulty result (with one of the blocks glving a constant O for the
carry’s and the other glving a O for Carry3 (C3) when G3 equal 1 ), however, the
carry correction clrcuit was able to correct these faults, and passed a set of
correct carry’'s to the excluslve or stage. Fig.5.27.a, 5.27.}, 5.27.c, and 5.27.d

show the simulation results.

In the third and final stage of the adder, the xor correctlon circult corrected
the faults occurring In both xor and duplicate xor, depending on both Ilnputs to
the xor that are fault free and comparing the two avallable outputs to determtine

the correct sum values.
Fig.5.28.a, 5.28.b, 5.28.¢, and 5.28.d show the simulation results.

Fi1g.5.208 shows the flnal results of the simulation of the complete circult, and
1t could be seen that all outputs are correct and match the fault free clrcult

results, In term of values and propagation delays.

5.4.4. COMPARISON

As was seen In the fault tolerant 4-bit partlal adder, by dividing the original
adder Into three parts, the deslgn of fault correction clrcults became less compll-

cated, and the fault coverage Inadvertentiy Increased.

In the clrcult 320 transistors were used, which would compare, In terms of
area, to 426 translstors that would have been used had we implemented TMR. for

each part of the adder as we did In our fault tolerance approach, and which
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would compare, In terms of area and fault coverage, to 3568 transistors that would

have been used had TMR been implemented for the adder as one part.

In terms of speed our clrcult compares favorably with TMR implemented on
the original clrcult as one part. In our circult the worst case propagation delay s
2.6ns which compares to 2.1ns for TMR. Even though our circult Is 0.5ns slower
than TMR, our Implementation Is better If area, speed, and fault coverage are
combined. Finally, the same rellabllity equations, developed for the 4-blt fault
tolerant partlal adder, hold true for the full 4-bit fault tolerant adder, which

agaln Indicates that our adder has better reliabiiity.



CHAPTER 6: CONCLUSION

In this thesls the deslgn of a plpelined adder accumulator 1s glven, with a
24-blt Implementation. The adder accumulator Is used as a threshold generator.
In crder to achleve the design, a 4-bit partial adder and a full 4-bit adder were
deslgned. The adders are deslgned in MODL which gave the advantage of small
propagation delays, small area, in additlon to ellminating the charge redistribu-
tlon problems which normally occurs In standard domlino loglc. The full 4-bit
adder Is compared to other types of adders (hlerarchical), and to adders of the
same type (carry-look-ahead) but Implemented In other types of logic (standard
dom!no, and statle CMOS), and was proven to be both faster, and more area
efMclent. The deslgn of the adder accumulator was then presented, based on the
adders, Implemented In a pipellne deslgn. The delay of the adder accumulator Is
proportional to the delay of the full 4-bit adder, plus it requlres flve extra cycles
(afver the last plxel of the frame arrlves) to clear the plpeline. Thls Is acceptable
as the delay In the adder Is 0.92ns while the pixels are generated from the A/D

converter with a rate of 18MHz.

In thie second part of the thesls, fault analysls of the two adders Is presented,
plus the deslgn of the fault tolerant adders. Fault tolerance was achleved by
hardware dupllcatlon for detectlon, and the additlon of extra clrcultry for correc-
tion. The fault tolerant adders are proven to be able to handle most of the stu-
dled faults, 1n addition to the abllity to handle more than one fallure In any of
the adder’s modules. Comparison with Triple Modular Redundancy showed that
our fault tolerant deslgn compared favorably In terms of area, speed, and fault

coverage.
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APPENDIX A

SPICE DECK FOR 4BIT ADDER

* gimulating a 4 bit adder *

.OPTIONS post=2 ACCT OPTS probe

.options nomod

AANRAR A RN AR R R AR AR A AR AR R AR AR AR R R R R AR AR AR R R AR R AR A AR KRR AR R R A AR R AR A AR Ak AR kN kR

* model for the PMOS *
RRRARARAKRRANARRAAA RN R AAARRR AR RN AR A ANRRARNRARRERAR R AR R A A AR R AR Ak se e ko Aok
MODEL pl PMOS (LEVEL=8 VIO=-0.9665 KP=0.000 GAMMA=0.001 PHI=0.000
+LAMBDA=0.000 RD=91.75 RS=91.75 CBD=0.000 CBS=0.000 IS=100E-18 PB=0.8
+CGS0=93.84E-12 CGDO=93.84E~12 CGB0O=940E-12 RSH=0.000 CJ=410E~-6 MJ=0.540
+CJSW=3.4E-10 MJSW=0.300 JS=100E-6 TOX=2SE-9 NSUB=1.983E+16 NSS=0.000
+NFS=2.989E+12 TPG=1.000 XJ=58.41E-9 LD=147.5E-9 U0=378.4 UCRIT=1.0E+4
+UEXP=0.2550 UTRA=0.000 VMAX=3.642E+4 NEFF=1.815 XQC=1.000 FC=0.5
+DELTA=1.101 THETA=0.000 ETA=0.000 KAPPA=0.2 )

RAMNARAARRRRANNR A ARARR AN AR RR AR AR AR RN AR ARAARAN AN A AN AR R A AR A A AR A AAAA R A AR AR AR A kR

* model for the NMOS *
KRR AR AA R R R A AR AR IR AR AN RAKNRR KR AARR AR AR I AR AR A A Ak bk Ak kR R kAR A R Ak dkkhk
.MODEL nl NMOS (LEVEL=8 VTO=0.8199 KP=0.000 GAMMA=0.001 PHI=0.000
+LAMBDA=0,000 RD=33.26 RS=33.26 CBD=0.000 CBS=0.000 I1S=100E-18 PB=0.8
+CCS0=17.94E-12 CGDO=17.94E-12 CGBO=940E-12 RSH=0.000 CJ=290E-6 MJ=0.486
+CJSW=3.3E-10 MJSW=0.330 JS=100E-6 TOX=25L-9 NSUB=1.500E+16 NSS=0.000
+NFS=1.000E+12 TPG=1.000 XJ=100E-9 LD=107.3E-9 UO=813.1 UCRIT=1.0E+4
+UEXP=0.1429 UTRA=0.000 VMAX=4.925E+4 NEFF=5.147 XQC=1.000 FC=0.5
+DELTA=0.6954 THETA=0.000 ETA=0.000 KAPPA=0.2 )

I RS EEEREERREEEEERREREERSERRRt R ARt R iR R R R X2 2]

* clock and power signals *
[ E2 2 E R R R EE S SRR R R SRR E R RS R R EREEEESZS AR RS R R R X RRERE 2 2]
vdd 1 0 dc 5v

vclk 2 0 pulse(0 5 0 lns 1lns 25ns 50ns)

vb4 5 0 pulse(0 5 26ns 1ns lns 99ns 150ns)

vb3 9 0 pulse(0 5 26ns 1ns lns 99ns 150ns)

vb2 13 0 pulse(0 5 26ns 1lns 1lns 99ns 150ns)

vbl 17 0 pulse(0 5 26ns 1lns Ilns 49ns 150ns)

vcin 19 0 pulse(0 5 26ns 1lns lns 99ns 150ns)

AARARARRRARAAR R R XA A RRRARRRRRN AR R ARRRAARRRRRRR A AR AR AN R AR AR AN R A A Aok ok k

* transmission gate for Xor *
ARAARAAARAN AR AR AAR AR AR AR RN AAA Rk ky Tk ok ko kv s e sk 2 ok s ok ok ok ok ok e o ok ok o o o o ok
.subckt trg 1 102 104 105

*1 is VDD *

*102 is C input , 104 is B input, 105 is output *

mbll 103 102 1 1 pl 1=1.2u w=3.6u ad=10.8p pd=13.2u

mbl2 103 102 0 0 nl 1=1.2u w=2.4u ad=7.2p pd=10.8u

mbl3 105 104 102 1 pl 1=1.2u w=3.6u ad=10.8p pd=13.2u

mbl4 105 104 103 0 nl 1=1.2u w=2.4u ad=7.2p pd=10.8u

mbl5 104 102 105 1 pl 1=1.2u w=3.6u ad=10.8p pd=13.2u

mbl6é 104 103 105 0 nl 1=1.2u w=2.4u ad=7.2p pd=10.8u

.ends trg
RRAARRRA AR ARANRARN R AR RARAAARAARARRAEAA AR RRARAARRRA PARRRRRRR R AR AR R R R R R AR KRR KK
* inv definitions *

RRARKR AR KR AARAN AR R R AR AR AR A AR AR R AR AR A AR AR R A AR AR R A AR R Rk Ak Ak kAR Ak R Rk ok

.subckt inv 1 201 202

* 1 is VDD *

* 201 is input , 202 is output *

mb21l 202 201 ' 1 pl 1=1.2u w=3.6u ad=10.8p pd=13.2u
mb22 202 201 0 0 nl 1=1.2u w=2.4u ad=7.2p pd=10.8u
.ends 1inv
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AANKRE A ARRARRR R R RAR R A AR RAR AR R R AL AR AR AR AR AR AR R AR AR ANRAA KRNI R A RANRR RN N A IAR AR

* agdder circuit definitions
ARR KA RARRRRRR AR RN ARRRRAARRARRRANRAR AR AAA AR AR AR AR AR AR AR R A AR AR AR R R R AR ok

mctl
x1l 1
*
mct2
mct3
x2 1
*

x3 1
*
mcté
mctd
x4 1
L]

x5 1
*
mct6
mct?
x6 1
*

x7 1
*
mct8
mct9
x8 1
*

mc .10

*

3 211pl1=1.2u w=3.6u ad=10.8p pd=13.2u
3 4 inv
*q4 == COUT
356 0mnl 1=1.2u w=3.6u ad=10.8p pd=13.2u
6 211 pl 1=1.2u w=3.6u ad=10.8p pd=13.2u
6 7 inv
*6 == C3b 7 ==2C3
7 58 trg
*S == B4 7 == C3 8 == S4
6 9 10 0 nl 1=1.2u w=4.,8u ad=14.4p pd=15.6u
10 21 1 pl 1=1.2u w=3.6u ad=10.8p pd=13.2u
10 11 inv
*10 == C2 b 11 == C2
11 9 12 trg

*g == B3 11 == C2 12 ==
10 13 14 0 nl 1=1.2u w=6u ad=18p pd=18u
14 211 pl 1=1.2u w=3.6u ad=10.8p pd=13.2u
14 15 inv
*14 == Cl b 15 == C1
15 13 16 trg
*13 == B2 15 == C1 16 ==
14 17 18 0 nl 1=1,2u w=8.4u ad=25.2p pd=22.8Bu
18 19 21 0 nl 1=1.2u w=8.4u ad=25.2p pd=22.8u
19 17 20 trg
*17 == Bl 19 == Cin 20 ==
21 2 0 0 nl1 1=1.2u w=9.6u ad=28.8p pd=25.2u

.tran 2ns 150ns
Jprint tran v(2) v(4) v(8) v(12) v(16) v(20)
.print tran v(5) v(9) v(13) v(17) v(19)

.meas
.meas
.meas
Jmeas
.end

delayl trig v(2) val=2.5 rise=2 targ v(4) val=2.5 rise=1
delay2 trig v(2) val=2.5 rise=2 targ v(8) val=2.5 fall=l
delay3 trig v(2) val=2.5 rise=2 targ v(12) val=2.5 fall=1
delay4 trig v(2) val=2.5 rise=2 targ v(16) val=2.5 fall=1

S3

s2

S1
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SPICE DECK FOR 4FULL BIT ADDER

* 4 pit full adder *

.OPTIONS post=2 ACCT OPTS probe

.options nomod limpts=5000

RAARRARR AR R AN R AR A AR AR AR AR AR AR R AR AR R ARRAR AR AR R AN AR AR A Ak hd kb kA hh ok

* model for the PMOS *
HAARAN SRR R R AR R T AR R R AR R R AR AR RARARRARR AN RAR R AR ARk Ak kA Ak kA hhk ki
.MODEL pl PMOS (LEVEL=8 VIO=-0.9665 KP=0.000 GAMMA=0.001 PHI=0.000
+LAMBDA=0.000 RD=91.75 RS=91.75 CBD=0.000 CBS=0.000 IS=100E-18 PB=0.8
+CGS0=93.84E-12 CGDO=93.84E-12 CGBO=940E-12 RSH=0.000 CJ=410E-6 MJ=0.540
+CJSW=3.4E-10 MJSW=0.300 JS=100E-6 TOX=25E-9 NSUB=1.983E+16 NSS=0.000
+NFS=2.989E+12 TPG=1.000 XJ=58.41E-9 LD=147.5E-9 U0O=378.4 UCRIT=1.0E+4
+VEXP=0.2550 UTRA=0.000 VMAX=3.642E+4 NEFF=1.815 XQC=1.000 FC=0.5
+DELTA=1.101 THETA=0.000 ETA=0.000 KAPPA=0.2 )

ARARNAAA RN RAANARARR AR AR A ARRARKRAARNARARAN AN RAARR AR ARRA R AR A AR A R A AR A Ak Ak Ak

* model for the NMOS *
RANRKAN AR AARARRARAARRR AR R ARRRRRARRRAR R A RARRRAR AR ARNNA AR ARAA R AN AARRRR AR A A AR
.MCDEL nl NMOS (LEVEL=8 VTO=0.8199 KP=0.000 GAMMA=0.001 PHI=0.000
+LAMBDA=0.000 RD=33.26 RS=33.26 CBD=0.000 CBS=0.000 IS=100E-18 PB=0.8
+CGS0=17.94E-12 CGDO=17.94E-12 CGBO=940E-12 RSH=0.000 CJ=290E-6 MJ=0.486
+CJSW=3.3E-10 MJSW=0.330 JS=100E-6 TOX=25E-9 NSUB=1.500E+16 NSS5=0.000
+NFS=1,000E+12 TPG=1.000 XJ=10CE-9 LD=107.3E-9 U0=813.1 UCRIT=1.0E+4
+UEXP=0.1429 UTRA=0.000 VMAX=4.925E+4 NEFF=5.147 XQC=1.000 FC=0.5
+DELTA=0.6954 THETA=0.000 ETA=0.000 KAPPA=0.2 )

AAARANAA AR R AR R A NN R RAN R TR RRR R AR RAR AR R AR AR A AR AR A AR AR R R R A AR R AR AR Ak A kok ok

* clock and powver signals *
RANRRANRNA AR AR AN AR AR R R AR R AR AR RRAAA AN AR A AR AR A AR AR A AR R AN AR RN AR RARR AR R ARR
vdd 1 0 dc 5v

veclk 2 0 pulse(0 5 0 Ins lns 20ns 40ns)

vcO 19 0 pulse(0 5 21ns 1lns 1lns 39ns 80ns)

val 3 0 pulse(0 5 141ns 1ns 1lns 159ns 320ns)

vbl 4 0 pulse(0 5 6lns 1lns 1Ins 79ns 160ns)

va2 7 0 pulse(0 5 141ns 1lns lns 159ns 320ns)

vb2 8 0 pulse(0 5 6Ins 1ns lns 79ns 160ns)

va3 11 0 pulse(0 5 14lns 1lns 1ns 159ns 320ns)

vb3 12 0 pulse(0 S 6lns 1Ins lns 79ns 160ns)

va4 15 0 pulse(0 5 141ns 1ns lns 159ns 320ns)

vb4 16 0 pulse(0 5 6lns 1ns 1lns 79ns 160ns)

RARAARR R AR AR AN A AR R R AR AR A AR R AR AR R AR R R R R R AR R R A AR AR AR R AR AR R AR IR R AR R Rk kb

* transmission gate for Xor *
I EXRREER AR AR R AR e RS R R R R R R XX R R R R R R R R R R N R X R R X2 ]
.subckt trg 1 102 104 105

*1 is VDD *

*102 is C input , 104 is B input, 105 is output *

mbll 103 102 1 1 pl 1=1.2u w=3.6u ad=10.8p pd=13.2u

mbl2 103 102 0 0 nl 1=1.2u w=2.4u ad=7.2p pd~10.8u

mbl3 105 104 102 1 pl 1=1.2u w=3.6u ad=10.8p pd=13.2u

mbl4 105 104 103 0 nl 1=1.2u w=2.4u ad=7.2p pd=10.8u

mbl5 104 102 105 1 pl 1=1.2u w=3.6u ad=10.8p pd=13.2u

mbl6 104 103 105 0 nl 1=1.,2u w=2.4u ad=7.2p pd=10.8u

.ends trg
RAARA AN R AN AR AR AR AR AR AR AR AR AR A AR A AR AR R AR AR AR R R AR A A AR kA kA Ak k k&
* invl definitions *

ARRARRARR AR ARARAR R A AR AR R R R R AR AN R A RARR R AAANR AR AR AR AN AR AR AARAN R R AR R AR AR R Ak

.subckt invl 1 201 202

* 1 is VDD *

* 201 is input , 202 is output *

mb21 202 201 1 1 pl 1=1.2u w=3.6u ad=10.8p pd=13.2u
mb22 202 201 0 0 nl 1=1.2u w=2.4u ad=7.2p pd=10.8u
.ends invl
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RRAA R A AR R AR R R A A AR AR R R AR A AN AR R R R AR R AR R AR AR AR R AR AR R AR R NAAR AR RARRRRRR R AR AR

* genpg (blockl) definitions *
t*titti*t**it**tﬁit*ti****t*tt*i*itt**t*iiittlititlii!iititﬁiﬁﬂttiiiﬁii
.subckt genpg 1 2 305 307 304 309

*1 is VDD , 2 is CLK *

* 305 is B1 , 307 is AL *

* 304 1s Gi1 , 309 is Pi *

mct3l 303 2 1 1 pl 1=1.2u w=3.6u ad=10.8p pd=13.2u

x31 1 303 304 invl
* *304 = G

mct32 303 305 306 0 nl 1=1.2u w=2.4u ad=7.2p pd=10.8u
mct33 306 307 308 0 nl 1=1.2u w=3.6u ad=10.8p pd=13.2u
*

x32 1 305 307 309 trg
*

*309 ==
mct34 308 2 0 0 nl 1=1.2u w=4.8u ad=14.4p pd=15.6u
.ends genpg
RARRRR AR AR AR AR A AR AAR SRR AR AR R RA AR R A RRR A AR KRR R KRR AR KRARAANARA R AANANARR AN ARk d
* cgen (block2) definitions *

ARAKARRRRAAARRARA AR AR AR AR AR RANR AR KRR AARANRR AN R AR R A A A AR A AAARARAARAAR AR AR AR

.subckt cgen 1 2 406 409 410 413 414 417 418 421 420 405 408 412 416
* 1 is VDD , 2 is CLK *
* 406 is p4 , 409 is g4

* 410 is p3 , 413 1s g3 *
* 414 is p2 , 417 is g2 *
* 418 is pl , 421 is gl , 420 is CO **

* 405 is C4 (cout) , 408 is C3 , 412 is C2 , 416 is Cl1 *
mct4l 404 2 1 1 pl 1=1.2u w=3.6u ad=10.8p pd=13.2u

x4l 1 404 405 invl
*

»

*405 == COUT (C4)
mct42 404 406 407 0 nl 1=1.2u w=3.6u ad=10.8p pd=13.2u
mct43 404 409 422 0 nl 1=1.2u w=3.6u ad=10.8p pd=13.2u
mct44 407 2 1 1 pl 1=1.2u w=3.6u ad=10.8p pd=13.2u

x42 1 407 408 invl
* *408 == C3

mct45 407 410 411 O nl 1=1.2u w=4.8u ad=14.4p pd=15.6u
mct46 407 413 422 0 nl 1=1.2u w=4.8u ad=14.4p pd=15.6u
mct47 411 2 1 1 pl 1=1.2u w=3.6u ad=10.8p pd=13.2u

x43 1 411 412 invl
* *412 == C2

mct48 411 414 415 0 nl 1=1.2u w=6u ad=18p pd=18u
mct49 411 417 422 0 nl 1=1.2u w=6u ad=18p pd=18u
mctS0 415 2 1 1 pl 1=1.2u w=3.6u ad=10.8p pd=13.2u
x44 1 415 416 invl
d *416 == C1

mct51 415 418 419 0 nl 1=1.2u w=7.2u ad=21.6p pd=20.4u
mct52 419 420 422 0 nl 1=1.2u w=8.4u ad=25.2p pd=22.8u
mct53 415 421 422 0 nl 1=1.2u w=7.2u ad=21.6p pd=20.4u
met54 422 2 0 0 nl 1=1.2u w=9.6u ad=28.8p pd=25.2u

.ends cgen
AR AN RN R R RN AR R R A AN N AR R RN R AR R R RN R AR AR AR TN A AR AR NN AN RANRA NN RAN AN N RARR
* sgen (block3) definitions ¥

RARA A AAN R AR AR AR AR AR KRR AR AR A AR R A RA AR AP AR AN AR A AR RN N AR A AR A AN AN R AR R AR AR AR

.subckt sgen 1 503 504 505

* 1 is VDD *

* 503 is Ci , 504 is Pi , 505 is Si *
X51 1 503 504 505 trg

.ends sgen
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ARARR RN AR R AR AR RN R R R R AR A AR R AR R AR AR R AR AR KRR AR R AR AR R A AR R R AR AR Ak R Ak kAR R A

* adder circuit *
RANR A AN ARANAN A A AR A AR R A ARAAN R AR AN R R A AR A AR R A AR R R R AN AR AN AR RN A AN AR AR A bk &
xl11 2 345 6 genpg
* 3=A1 4=Bl 5 =0G1 6 = P1
x21 27889 10 genpg
* 7=A2 8=B2 9=G2 10 = P2

x3 1 21112 13 14 genpg

* * = A3 12=B3 13 =G3 14 = P3
x4 1 2 1516 17 18 genpg

* *15=A4 16 =B4 17 =G4 18 = P4
x51 2 1817 14 13 10 9 6 5 19 20 21 22 23 cgen

* *18 =P4 14 =P3 10 =P2 6 =P1

* *17=6G4 13=G3 9=G2 5 =01

* * 19 = CO

* *20=C0C4 21 =C3 22=C2 23=2C1
x6 1 19 6 24 sgen

b *19=C0 6=P1 24 = S1

x7 1 23 10 25 sgen

* * 23 =C1 10 =P2 25 = S2

%x8 1 22 14 26 sgen

* * 22 =C2 14 =P3 26 = 83

x9 1 21 18 27 sgen

* * 21 =C3 18 = P4 27 = S4

.tran 2ns 320ns

.print tran v (2) v(20; v(27) v(26) v(25) v(24)

.print tran v(19) v(3) v(4)

.meas delayl trig v(2) val=2.5 rise=4 targ v(20) val=2.5 rise=1
.meas delay2 trig v(2) val=2.5 rise=6 targ v(20) val=2.5 rise=2
.meas delay3 trig vézg val=2.5 rise=7 targ v(zo; val=2.5 rise=3
.meas delay4 trig v(2) val=2.5 rise=8 targ v(20) val=2.5 rise=4
.meas delay5 trig v(2) val=2.5 rise=4 targ v(27) val=2.5 fall=1l
.meas delay6 trig v(2) val=2.5 rise=6 targ v(27) val=2.5 fall=2

.meas delay7 trig vgzg val=2.5 rise=7 targ v(27) val=2.5 rise=3
.meas delayB8 trig v(2) val=2.5 rise=8 targ v(27) val=2.5 rise=4
.meas delay9 trig v(2) val=2.5 rise=4 targ v(26) val=2.5 fall=1
.meas delayl0 trig v(Z; val=2.5 rise=6 targ v(26) val=2.5 fall=2
.meas delayll trig v(2) val=2.5 rise=7 targ v(26) val=2.5 rise=3
.meas delayl2 trig v(2) val=2.5 rise=8 targ v(26) val=2.5 rise=4
.meas delayl3 trig v(2) val=2.5 rise=4 targ v(25) val=2.5 fall=l
.meas delayl4 trig vszg val=2.5 rise=6 targ v(25) val=2.5 fall=2
.meas delayl5 trig v(2) val=2.5 rise=7 targ v(25) val=2.5 rise=3
.meas delayl6 trig v(2) val=2.5 rise=8 targ v(25) val=2.5 rise=4
.end
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SPICE DECK FOR 24BIT ADDER ACCUMULATOR

* simulating an adder accumulator *

.OPTIONS post=2 ACCT OPTS probe

.cptions nomod

RARAR A AR R R AR R AR AR A AR R AR A AR R AR R AN RNAN R AN SRR AR AN AN R AR A RANANRR AR AARRR A AR

* model for the PMOS *
PR AR AR A AR AN R R R AN R RA RN R AR ARARR AR R AR AAR AR AR AN TARRAR AN AR R AN AR AR AN RA N AR
.MODEL pl PMOS (LEVEL=8 VTO=-0.9665 KP=0.000 GAMMA=0.001 PHI=0.000
+LAMBDA=0.000 RD=91.75 RS=91.75 CBD=0.000 CBS=0.000 1S=100E-18 PB=0.8
+CGS0=93.84E-12 CGD0=93.84E-12 CGB0O=940E-12 RSH=0.000 CJ=410E-6 MJ=0.540
+CJSW=3.4E-10 MJSW=0.300 JS=100E-6 TOX=25E-9 NSUB=1.983E+16 NSS=0.000
+NES=2,989E+12 TPG=1.000 XJ=58.41E-9 LD=147.5E-9 U0=378.4 UCRIT=1.0E+4
+UEXP=0.2550 UTRA=0.000 VMAX=3.642E+4 NEFF=1.815 XQC=1.000 FC=0.5
+DELTA=1.101 THETA=0.000 ETA=0.000 KAPPA=0.2 )

RARR R A AR R R R AR R AR R KRR R RA AR R RRRRARR R RRAARRAR R KRR RAR AR RRANAARAARR AN ARN AR ARk

* model for the NMOS *
AARRRARRKAARAARA KRR R R A AR R A AR XA R A AR N AR RARRNR AR AR AN AR RAR AR A A AR A AN AR AR ARk
.MODEL nl1 NMOS (LEVEL=8 VT0=0.8199 KP=0.000 GAMMA=0.001 PHI=0.000
+LAMBDA=0.000 RD=33.26 RS=33.26 CBD=0.000 CBS=0.000 IS=100E-18 PB=0.8
+CGS0=17.94E-12 CGDO=17.94E-12 CGBO=940E-12 RSH=0.000 CJ=290E-6 MJ=0.486
+CJSW=3.3E-10 MJSW=0.330 JS=100E-6 TOX=25E-9 NSUB=1.500E+16 NS5=0.000
+NFS=1.000E+12 TPG=1.000 XJ=100E-9 LD=107.3E-9 UO=813.1 UCRIT=1.0E+4
+UEXP=0.1429 UTRA=0.000 VMAX=4.925E+4 NEFF=5.147 XQC=1.000 FC=0.5
+DELTA=0.6954 THETA=0.000 ETA=0.000 KAPPA=0.2 )

AARRNRAANNRRR AR AR ANRRARRAA R AR RRRR AR AN R ARR AR AR AR RN AR AN AANA AR ANAR AN R A ARARAR AN

* clock and power signals *
t*t*i***h*hi*titti**t**titi*ﬁt*ﬁti*iii*ttﬁuii*iiﬁ*iitiiitﬁii*itﬁ*t*tit*
vdd 1 0 dc 5v

vclk 2 0 pulse(0 5 8ns lns 1lns 20ns 40ns)

vdv 3 0 pulse(0 5 15ns lns 1lns 12ns 40ns)

vinda 4 0 pulse(0 5 1.5ns 0.lns 0.1lns Sns 40ns)
vc0 5 0 dc Ov

val 6 0 pulse(0 5 0 1ns lns 150ns ls)

vbl 7 0 pulse(0 5 0 1ns lns 150ns ls)

va2 8 0 pulse(0 5 0 1ns Ins 150ns 1s)

vb2 9 0 pulse(0 5 0 1ns 1lns 150ns 1s)

va3 10 0 pulse(0 5 0 1ns 1lns 150ns 1ls)
vb3 11 0 pulse(0 5 0 Ins 1lns 150ns 1s)

va2 12 0 pulse(0 5 0 Ins 1lns 150ns 1s)

vb4 13 0 pulse(0 5 0 1ns 1lns 150ns 1s)

vinits 9999 0 pulse(0 5 0 .lns .lns 1lns 1ls)

vinit 9998 0 dc Ov
ttt**i*t*t*tﬁtt****i*t******tt*ﬁ*ﬁﬁit**ﬁi*itﬁt*ii*titiﬁﬁi*t**tttﬁittt*i
* EXCLUSIVE OR CIRCUIT *
it*i**ti*tiﬁﬁtﬁii****tiﬁ*i*ﬁ*t*ittiiii***iﬁiiﬁit**tii*ittiﬁiiittﬁiﬁitﬁi
.subckt trg 1 102 104 105

*] is VDD *

*102 is C input , 104 is B input, 105 is output *

mbll 103 102 1 1 pl 1=1.2u w=3.6u ad=10.8p pd=13.2u

mbl2 103 102 0 0 nl 1=1.2u w=2.4u ad=7.2p pd=10.8u

mbl3 105 104 102 1 pl 1=1.2u w=3.6u ad=10.8p pd=13.2u

mbl4 105 104 103 0 nl 1=1.2u w=2.4u ad=7.2p pd=10.8u

mblS 104 102 105 1 pl 1=1.2u w=3.6u ad=10.8p pd=13.2u

mbl6 104 103 105 0 nl 1=1.2u w=2.4u ad=7.2p pd=10.8u

.ends trg
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AARAAARN A RN R RN ARANR A RN R AR RARARARA AR AR AR AR R AR A RAR AR AR AR A ARk A kR Ak ok Ak k&

*» INVERTER CIRCUIT *
.tttﬁitti*ﬁititii*itit*tttti'htt*ﬁQﬁ***t***t**t***iitii***i******t**t***
.subckt inv 1 201 202

* 1 is VDD *

* 201 is input , 202 is output *

mb21 202 201 1 1 pl 1:=1.2u w=3.6u ad=10.8p pd=13.2u

mb22 202 201 0 0 nl 1=1.2u w=2.4u ad=7.2p pd=10.8u

.ends inv
'Y R A T Y R Y TSI 3222222222222 EX2SSSS 222222222 R 2R S

* genpg (blockl) definitions *
ARRRA R R AN A AR R RN R AR AR R R R R AR R R AR AR AR AR R AR R AR AR R AR AR AR R AR AR Rk Ak A kA ok Rk
.subckt genpg 1 2 305 307 304 309

* 1 is VDD , 2 1s CLK *

* 305 is Bi , 307 is Al *

* 304 is G1 , 309 is Pi *

mct3l 303 21 1 pl 1=1.2u w=3.6u ad=10.8p pd=13.2u

x31 1 303 304 inv
* *304 ==

mct32 303 305 306 0 nl 1=1.2u w=2.4u ad=7.2p pd=10.8u
mct33 306 307 308 0 nl 1=1.2u w=3.6u ad=10.8p pd=13.2u
®

x32 1 305 307 309 trg
' *309 == P

mct34 308 2 0 0 n1 1=1.2u w=4.8u ad=14.4p pd=15.6u
.ends genpg

*ﬁ*ﬁi***ii*t*tﬁii*i***t**i*t****ii****i**ti**i****’ki*i**iii***ii*tﬁ**ii

* cgen (block2) definitions *

iti*tt*ttittttﬁiat**t'kﬁ***t**t******t*******tt**********************t**
.subckt cgen 1 2 406 409 410 413 414 417 418 421 420 405 408 412 416
*14s VDD, 2 is CLK *

* 406 is p4 , 409 is g4 *

* 410 is p3 , 413 is
* 414 is p2 , 417 is g2
* 418 is pl , 421 1s gl , 420 is CO *

* 405 is C4 (cout) , 408 is C3 , 412 is C2 , 416 is C1 *
mct4l 404 2 1 1 pl 1=1.2u w=3.6u ad=10.8p pd=13.2u

x4l 1 404 405 inv
® *405 == COUT (C4a)

mct42 404 406 407 0 nl 1=1.2u w=3.6u ad=10.8p pd=13.2u
mct43 404 409 422 0 nl 1=1.2u w=3.6u ad=10.8p pd=13.2u
mct44 407 2 1 1 pl 1=1.2u w=3.6u ad=10.8p pd=13.2u

§42 1 407 408 inv

nQ
W
» »

*208 == C3
mct45 407 410 411 0 nl 1=1.2u w=4 8y ad=
.2u W=4.8u ad=14.4p pd=
:Szgg 3?2 31§ gzz 0 nl 1=1.2u w=4.8u ad=14.4§ BS:%?'SE
: pl 1=1.2u w=3.6u ad= = '
x43 1 411 412 inv 4 a9=10-8p pd=13.2u
%312 = C2
mct48 411 414 415 0 nl 1=1.2u w=6u ad=18p od=
gcggg 2%% glz 422 0 nl1 1=1.2u w=6u ad=18§ gg;igﬁ
C 1 pl 1=1.2u w=3.6 = =
x24 1 415 416 iny 4 89710.8p pa=13.2u
*
*416 == C1
mct51 415 418 419 0 .11 1=1.2u w=7.2u ag=
) .2U W=7.2u ad=21.6p pd=
mct52 419 420 422 0 nl 1=1.2u w8 4u ad=25.2§ §§=§3’§3
mct53 415 421 422 0 nl 1=1.2u w=7.2u ad=21.6p pd=20.4u
L X

mct54 422 2 0 0 nl1 1=1. = = =
“onds coen u w=9.6u ad=28.8p pd=25.2u

DR s 3™ Aot 2 et L Lk [ s o s
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***tii*;itt****ﬁ**it**i****t*tt****itﬁi*i*titti*t***Qi*i**iitiit*tﬁiilt
* sgen (block3) definitions d

ARRR AR RRA AR R AR AR AR AR R AR A AR AR AR R AR AR R R R R R ARRAAAARRR A AR RARRRARRAANR A AR AR R
.subckt sgen 1 503 504 505

* 1 1s VDD *

* 503 is C1 , 504 is P1 , 505 is Si *

x51 1 503 504 505 trg

.ends sgen
KA RS AR R AR R AN AR R AN R R R AR AN RN R AR AR A AR A ARAR AR N R AR R A AR AR AN NI AAN R AN AR hh
* 4 full bit adder circuit *

RARR R R AN A A AR R R AR AR AR AR AR R AR A AR R AR AR AN A AR AR AR AR R RN R R AAN AN AR AR RN R RN Rk

.subckt adderl 1 2 603 604 607 608 611 612 615 616 619 620 627 626

+625 624

* 1 vdad, 2 CLK *

* 603, 607, 611, 615 are Al, A2, A3, and A4 *

* 604, 608, 612, 616 are Bl, B2, B3, and B4 *

* 619 is Cin *

* 620,627, 626, 625, 624 are Cou, S4, S3, S2, and S1 *

x1 1 2 603 604 605 606 genpg

* * 603 = Al 604 = Bl 605

x2 1 2 607 608 609 610 genpg

* * 607 = A2 608 = B2 609

x3 1 2 611 612 613 614 genpg

*®
1

Gl 606 = P1

G2 610 = P2

* 611 = A3 612 = B3 613 = G3 614 = P3
x4 1 2 615 616 617 618 genpg
* * 615 = A4 616 = B4 617 = G4 618 = P4
x5 1 2 618 617 614 613 610 609 606 605 619 620 621 622 623 cgen
* * 618 = P4 614 = P3 610 = P2 606 = P1

* * 617 = G4 613 = G3 609 = G2 605 = G1

* * 619 = CO

* * 620 = C4 621 = C3 622 =C2 623 =0C1

x6 1 619 606 624 sgen

* * 619 = CO 606 = P1 624 = Sl

x7 1 623 610 625 sgen

* * 623 = Cl1 610 = P2 625 = 852

x8 1 622 614 626 sgen

* * 622 = C2 614 = P3 626 = 83

x9 1 621 618 627 sgen

* * 6§21 = C3 618 = P4 627 = 84

.ends adderl

AR AR AR RAR AR AR KRR AR RN AR KRR R NN AR A AR AN AR AR AR R AR IR ANAANN RN R R AN AN A AN A AR AR AL
* 4 bit adder circuit *

ARRARR AN K ERRRRNRARRRRA KRR ARKARRRAARRAARAR AN R ARARRAR R RN R AN A AN RARAR A A AN R AR

.subckt adder2 1 2 705 709 713 717 719 704 708 712 716 720
* 1 is VDD, 2 is CLK *

* 705, 709, 713, 717, 719 are B4, B3, B2, Bl, and Cin *

* 704, 708, 712, 716, 720 are Cout, S4, S3, S2, and Si *
mb71 703 2 1 1 pl 1=1.2u w=3.6u ad=<10.8p pd=13.2u

x701 1 703 704 inv
* *704 == COUT

mb72 703 705 706 0 nl 1=1.2u w=3.6u ad=10.8p pd=13.2u
mb73 706 2 1 1 pl 1=1.2u w=3.6u ad=10.8p pd=13.2u
x702 1 706 707 inv
* *706 == C3 b 707 == C3
x703 1 707 705 708 trg
* *705 == B4 707 == C3 708 == S4
mb74 706 709 710 0 nl 1=1.2u w=4,8u ad=14.4p pd=15.6u

mb75 710 2 1 1 pl 1=1.2u w=3.6u ad=10.8p pd=13.2u

x704 1 710 711 inv
* *710 == C2 b 711 == C2
x705 1 711 709 712 trg
b *709 == B3 711 == C2 712 == 83
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mb76 710 713 714 0 nl 1=1.2u w=6u ad=18p pd=18u
mb77 714 2 1 1 pl 1=1.2u w=3.6u ad=10.8p pd=13.2u
x706 1 714 715 inv
* *714 == C1 b 715 == Cl1
%707 1 715 713 716 trg
" *713 == B2 715 == Cl1 716 == 82
mb78 714 717 718 0 nl 1=1.2u w=8.4u ad=25.2p pd=22.8u

mb79 718 719 721 0 nl 1=1.2u w=8.4u ad=25.2p pd=22.8u

x708 1 719 717 720 trg
* *717 == Bl 719 == Cin 720 == 81
mb80 721 2 0 0 nl 1=1.2u w=9.6u ad=28.8p pd=25.2u

.ends adder2
NARRARANN AR A A S RN A RN N A A A AR A RN AN AR AR A AR AR AR A A A kAR R Rk Rk ke kA ok
* nand gate *

RRAR A RN RNARAN R AN R AR AR R AN AR AR R A AR IR R AR ARA R R A AR R AR AR AR AR Rk ARk kR ko kk ko

.subckt nand 1 902 903 904

* 1 is VDD *

* 902 1is data_available, 903 is i/p *

* 904 is o/p *

mb90 904 902 1 1 pl 1=1.2u w=3.6u ad=10.8p pd=13.2u
mb91l 904 903 1 1 pl 1=1.2u w=3.6u ad=10.8p pd=13.2u
mb92 904 902 905 0 nl 1=1.2u w=2.4u ad=Sp pd=1lu
mb93 905 903 0 0 nl 1=1.2u w=3.6u ad=10.8p pd=13.2u

.ends nand
AARNANAARAARR R A ARAR R AR ANRNARARARRRAAAR RN ARARARKA RN AR AARR AR AR AR R A AR AR A A ANk ko
* D flip flop *

AANANRANRRRAR R RN YA AR A AN R AR AR AR A A AR AR A A A Ak kR kA Rk kb kAR bk ok

.subckt dff 1 . 2 1003 1007

* 1 is VDD *

* 1002 is data_available, 1003 is i/p *
* 1007 is o/p *

x1001 1 1003 1005 inv

x1002 1 1002 1003 1004 nand

x1003 1 1002 1005 1006 nand

x1004 1 1004 1008 1007 nand

x1005 1 1006 1007 1008 nand

.ends dff
AAARANAARNRRRR R A RRAARRA AR A ARAAR AN R R ARAR R R AR AR R AR AR AR A A A ARk kA Ak ek ko k&
* STORE INPUT DATA *

ARARRRANRRRRAA R R A KRR A A AR AR R A A AR R AR R AN ARRN R R R AR RN AR R AR R ARk Ak kA kA Rk kA Kk
.subckt stdata 1 4 1103 1104 1105 1106 1107 1108 1109 1110 1111 1112

+1113 1114 1115 1116 1117 1118 1119 1120

* 1 1s VDD, 4 1s input data valid signal *

* 1103, 1104, 1105, 1106, 1107, 1108, 1109, 1110, 1111 are data to be stored *
* 1112, 1113, 1114, 1115, 1116, 1117, 1118, 1119, 1120 are data to be retrieved

x1101 1 4 1103 1112 dff

x1102 1 4 1104 1113 dff

x1103 1 4 1105 1114 4ff

x1104 1 4 1106 1115 4Aff

x1105 1 4 1107 1116 dff

x1106 1 4 1108 1117 dff

x1107 1 4 1109 1118 4ffr

x1108 1 4 1110 1119 dff

x1109 1 4 1111 1120 dff

.ends stdata

RARRAAANAAR A AR R R RAARA RN AR R AR A R AR A AR A R AR AR A A AR AR AR R R R KRR AR RN AR AR R AR Ak kk
* STORE PARTIAL SUMS *

AARRARARA AR R R R AR AN A RN R RARA AR A R AR AR R RN AR AR A R A RAAR R RN A AR AR AR AR A AR R AR A kN

.subckt stpts 1 3 1203 1204 1205 1206 1207 1208 1209 1210
* 1 is VDD, 3 is generated results valid *
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* 1203, 1204, 1205, 1206 results to be stored *
* 1207, 1208, 1209, 1210 results to be retrieved to be passed to second

* set of D ff *
x1201 1 3 1203 1207 Qff
x1202 1 3 1204 1208 4ff
x1203 1 3 1205 1209 4aff
x1204 1 3 1206 1210 Aaff

.ends stpts
***tﬁ*titttt*ttttﬁtt'titt*tiitt**a*tt**t***t*tﬁtttitit*t*t***n*titﬁiiit
* RETRIEVE PARTIAL SUMS *

ii**i*********i*******ﬁ**i*******tii*****i*i*t**i*ttii*i***i*iii*it*ﬁii

.subckt rtpts 1 4 1303 1304 1305 1306 1307 1308 1309 1310

* 1 is VDD, 4 is input data valid *

* 1303, 1304, 1305, 1306 results to be stored *

* 1307, 1308, 1309, 1310 results to be retrieved to be passed to adders
x1301 1 4 1303 1307 Adff

x1302 1 4 1304 1308 4Aff

x1303 1 4 1305 1309 Aff

x1304 1 4 1306 1310 dff

.ends rtpts
ii******t***ittttit*t*i*******t**i***i****t*ﬁttiat**t**tniﬁ******tii*ti
* STORE CARRY *

KRR AR AARRR A A AR AR AR R AR R AR A AR AR AR A AR AR A AR AR AR ARR AR AR R AR AR R AR R AN AANRRNRAANRA

.subckt stcar 1 3 1403 1404

* 1 is VDD, 3 generated result is ready *

* 1403 carry to be stored *

* 1404 carry to be passed to second D ff *

x1401 1 3 1403 1404 dff

.ends stcar

AERKRTRRRRRR R A A RARRR I R AR R AR R AR AR AR AR ARARR R R AR RARRAR AR AN KRR AR AR AN A RAAARAR AR

* RETRIEVE CARRY *
RARRAAA AR AR A AR AR AR R R A R R A AR A A R R A AR R AR ARAR R AR AR A AR AR R AN AR AR A AR RN AR
.subckt rtcar 1 4 1503 1504

* 1 is VDD, 4 input data valid *

* 1503 carry to be stored *

* 1504 carry to be passed to adder *

x1501 1 4 1503 1504 dff

.ends rtcar

KRR KRN RR AR AR AR AR AR AR AR AR R R A AR AR A A AR A AR A R AR AAR AR A AN R AR RN AR AR A AN AR Ak H

* INITIALIZE SUMS *
ARk AR R R AR AR R R R AR AR A R R R AR AR R AR KRR A A AR R AR RN R AR KRN RR AN AR R AR AR kAR kR R AR A AN
.subckt inpts 1 9999 1603 1604 1605 1606 1607 1608 1609 1610

x1601 1 9999 1603 1607 A4ff

x1602 1 9999 1604 1608 dff

x1603 1 9999 1605 1609 dff

x1604 1 9999 1606 1610 dff

.ends inpts
(222X R 22222 RS20 222 R R R8RSR NS R E R SRR R SRR R SRR R RS
* INITIALIZE CARRY *

ARRNARAKRRAN R R R IR RAA R AR A S AR AR AR AR N A RRA AR N R R ARR R AR AN AN RANAA RN AR AR A A I AR

.subckt incar 1 9999 1703 1704

x1701 1 9999 1703 1704 dff

.ends incar

ARARERRARRR PR RN AARKARRN A ARARARA AN KRR ARRRNR R RN AR AARRA AR RN KRRRRRARRARARARNRAND

* ADAC CIRCUIT *
AN A RRARRARAR RN RARNEAR R RN R AR A A A NRARARRARRARRR AR R A AR NARA A AR A ARA SRR R AN R AN AN
xx11 1 9999 9998 9998 9998 9998 114 115 116 117 inpts
xxi2 1 9999 9998 9998 9998 9998 800 801 802 803 inpts
xxi3 1 9999 9998 9998 9998 9998 124 125 126 127 inmpts
xxi4 1 9999 9998 9998 9998 9998 804 805 806 807 inpts
xx15 1 9999 9998 9998 9998 9998 134 135 136 137 inpts
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xxi6 1 9999 9998 9998 9992 9998 808 809 810 811 inpts
xxi7 1 9999 9998 9998 9998 9998 144 145 146 147 inpts
xxi8 1 9999 9998 9998 9998 9998 812 813 814 815 inpts
xx19 1 9999 9998 9998 9998 9998 154 155 156 157 inpts

xx110 1 9999 9998 9998 9998 9998 816 817 818 819 inpts
xxi11l 1 9999 9998 9998 9998 9998 164 165 166 167 inpts
xx112 1 9999 9998 9998 9998 9998 820 B2l 822 823 inpts
xxi13 1 9699 9998 123 incar

xxil4 1 9999 9998 900 incar

xx115 1 9999 9998 133 incar

xxi16 1 9999 9998 901 incar

xxi1l7 1 9999 9998 143 incar

xxil8 1 9999 9998 902 incar

xx119 1 9999 9998 153 incar

xx120 1 9999 9998 903 incar

xx121 1 9999 9998 163 incar

xxi22 1 9999 9998 904 incar

xx1 1456 789106 11 12 13 105 106 107 108 109 110 111 112 113 stdata
xx2 1 4 800 801 802 803 114 115 116 117 rtpts

xx3 1 2 106 114 108 115 110 116 112 117 105 118 119 120 121 122 adderl
xx4 1 3 122 121 120 119 800 801 802 803 stpts

xx5 1 3 118 900 stcar

xx6 1 4 804 805 806 807 124 125 126 127 rtpts

xx7 1 4 900 123 rtcar

xx8 1 2 107 124 109 125 111 126 113 127 123 128 129 130 131 132 adderl
xx9 1 3 132 131 130 129 804 805 806 807 stpts

xx10 1 3 128 901 stcar

xx11 1 4 808 809 810 811 134 135 136 137 rtpts

xx12 1 4 901 133 rtcar

xx13 1 2 137 136 135 134 133 138 139 140 141 142 adder2
xx14 1 3 142 141 140 139 808 809 810 811 stpts

xx15 1 3 138 902 stcar

xx16 1 4 812 B13 814 815 144 145 146 147 rtpts

xx17 1 4 902 143 rtcar

xx18 1 2 147 146 145 144 143 148 149 150 151 152 adder2
xx19 1 3 152 151 150 149 812 813 814 B15 stpts

xx20 1 3 148 903 stcar

xx21 1 4 816 817 818 819 154 155 156 157 rtpts

xx22 1 4 903 153 rtcar

xx23 1 2 157 156 155 154 153 158 159 160 161 162 adder2
xx24 1 3 162 161 160 159 816 817 B18 819 stpts

xx25 1 3 158 904 stcar

xx26 1 4 820 821 B22 823 164 165 166 167 rtpts

xx27 1 4 904 163 rtcar

xx28 1 2 167 166 165 164 163 168 169 170 171 172 adder2
xx29 1 3 172 171 170 169 820 821 B22 823 stpts

.tran 2ns 240ns

.print tran v(9999) v(4) v(2) v(3) v(5) v(6)
.print tran v(118) v(119) v(120) v (121) v(122)
.print tran v(128) v(129) v(130) v(131) v(132)
.print tran v(138) v (139) v (140} v (141) v(142)
.print tran v§148) v(149) v(150) v (151) v(152)
.print tran v(158) v(159) v(160) v (161) v$162)
.print tran v(168) v(169) v(170) v(171) v(172)
.end



APPENDIX B

As mentloned In chapter 4, digital clrcults implemented In CMOS technology
could display fault models other than stuck-at faults. Thus consldering the
stuck-at or stuck-open fault model only, 1s not sufficlent to cover the effects of all
physlcal errors. Understanding the effect of physical fallures Is essential to design
tests In order to be able to detect them and tolerate them {16]. According to
Mangir[17], process related fallures could be due to elther photolithography or
process quallty. Photolithography errors lnclude oxide defects, lmplant defects,
extra or mlssing contact cuts, unintended or missing connections between
different parts of the device, allgnment errors, ...etc. Process quallty errors, on
the other hand, include metalllzatlon defects, lnterlayer defects, contact defects,

contamination, interconnect defects, ...etc.

Faults could be divided Into shorts, opens, and clrcult degradations{13].
Shorts are due to oxlde breakdown, hot electrons, hot holes, punchthrough, or
avalanche breakdown. While opens are the results of several manufacturing steps
such as over-etching, poor contacts, and sharp step coverage[18]. Metalllzation
problems, caused by electromlgration or electromechanical corrosion, can produce
short and open faults. Clrcult degradations include threshold voltage shifts,
whlch are caused by lonle contamination, surface charge spreading, and the trap-
ping of hot electrons In the gate oxlde. These degradations, If permanent, are

translated Into stuck-at faults[13].

According to Gallay et al.[19] the faults occurring were observed to be

divided with the following percentages:



*

FAULT %
* Short between metallizatlons 39
* Open metallizations 14
* Short between diffuslons 14
* Open diffuslon 6

* Short between metallizatlon & substrate 2

Inobservable

* Insignlificant

10

15

140

‘Where the Inobservable faults are cases were logical faults were established,

without observable physical faults.

On the other hand the Insignificant faults

were faults that presented a large imperfectlon (e.g. a scratch from one side to

the other of the chip) and which could be easlly detected by any test sequence.

On the other hand, Banerlee and Abraham(20] classified physical faults Into

most likely, less

likely, and least llkely.

The followlng table shows the

classiflcation:
Class Device Fallure Interconnect Fallure
Most * Gate to draln short * Short between
l1kely * Gate to source short diffuslon lines
Less * Draln contact open * Alumintum polysliicon
ltkely * Source contact open cross over broken
Least % Gate to substrate short * Short between
ltkely x Floating gate aluminium lines

T P A Ty S TP S



APPENDIX C

C.1. INTRODUCTION

In the followilng sectlons a complete analysls Is given for the faults that
might occur In both the 4-blt partlal adder, and the full 4-blt adder. We analyze
the varlous faults that might occur and the Input patterns that wlll expose them,

and the effect of these faults on the clrcults’ behaviour.

C.2. FAULT ANALYSIS IN 4-BIT PARTIAL ADDER

In the following sectlons a coverage of possible physlcal faults Is presented,
along wilth the results of slmulations done to verify the output from the circuit
due to the occurrence of dlfferent faults. In our fault analysls faults are con-
sldered to be single faults, and that each part of the 4-bit partial adder will be
consldered separately In terms of analyzing the faults and detecting them. The
4-blt partial adder will be split up into three separate parts, the carryb genera-

tlon part, the Inverter, and the XOR.

A study nf the physlcal faults (shorts and opens), thelr effect on each part's
behavlour, and thelr detection, Is first presented. This s followed by the classical

stuck-at faults.

N.B. In the simulation results, the number In parenthesls represents the vol-
tage value In fault free case. Also, a (b) next to any varlable, indicates the nega-

tion of this value (e.g. Cbl is C1 bar).

C.3. CARRYB GENERATION BLOCK

In the carryb generation block, we’ll start by studying the effect of ditferent

types of short faults in the circuit (short between gate and drain, short between
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gate and source, and short between draln and source), thls will be followed by the
study of open faults, and finally we present the eflfect of classical stuck-at-faults.

F'1g.C.1 shows the carryb generation block with varlous faults.

C.3.1. SHORTS BETWEEN GATE AND DRAIN

The effect of thls short and Its detectlon Is studled In a- the discharge nmos,

b- any of the Input nmos's, and ¢- the charging pmos's.

C.3.1.a. THE DISCHARGE NMOS

A short between the gate and draln would cause the clock to have Intermedi-
ate values ranging from 1.18v for loglcal O, to 2.18v for logical 1. When a test
vector of 11111 Is applled (durlng a low clock), we notice that respectlve carryb's
(carry bar) are not pulled up to 1 during the charging perlod. Now during the
evaluation period, Instead of the carryb’s golng down to 0, a weak 1 ranglng from
3.1v to 4.9v could be seen (thls could be attrlbuted to the fact that during the
evaluatlon perlod the pmos's are stll! turned »n, thus charging up carryb's at the

very time they are belng dlscharged).

clk ¢in al a2 a3 a4 ¢bl cbh2 cb3 cb4
1.17(0) & 5 5 5 5 2.3(5) 2.9(5) 3.5(5) 4.8(5)

2.4(5) 5 5 5 5 5 31(0) 3.4(0) 3.80) 4.9(0)

e

C.3.1.b. ANY OF THE INPUT NMOS'’s

A short between gate and draln would affect the behaviour of the block
depending on the input value to the gate of the faulty nmos. Testing for that
fault could be seen by applying a test vector of 00000, the nmos that has a short

would have a carryb equal to 0 (carryb Is seen at the draln of the nmos and



143

Cb4

n
~ D q = \moss
T Jl%woss i Sens
foutc.3.) oultC.3.30
D 054
d FouitC.3.2
Fi 3.
‘:‘“c 3'5.\ P uitC.3-2¢ oultC.3. 3¢
N rouites.). 0S?2 s Dew
e
22 D = NMOS3
ﬂg i%PMOS1 Dt
M D FoultC.).5.¢ X
on D

Foult.3.50 %

Fourc3sn N /

o)
=

Fig.C.1 FAULTS IN CARRYb GEN. BLOCK



144

pmos). It could also be seen when a test vector of 11111 1s applied that an Inter-
medtate value of 1 (3.27v) is seen for carryb, and all carryb’s above the faulty
nmos, while a soft 0 (1.08) Is seen for the carryb directly below the faulty nmos

(this Is Instead of a O for all carryb’s). Slmulation is for shorted nmos n4.

clk cin al a2 a3 a4 c¢bl cb2 cb3 cb4
5 0 o O O O 5 5 0(5) 5
0 5 S 5 5 5 ) 5 5 5

5 5 5 5 5 5 O 1.08(0) 3.27(0) 3.27(0)

C.3.1.c. THE CHARGING PMOS's

Agaln as with the case of discharge nmos, a short between gate and drain
would result In the clock belng pulled to a changed level rather than 5v and Ov.
This would result in Intermediate to O charge of carryb during charging tlme, and

Intermedliate carryb values durlng evaluation time. Simulation 1s for shorted

pmos p2.
clk elm al 22 a3 a4 cbhl ¢b2 ¢b3 ch4
5 (8] O 0 0 0 ) 5 5 5

1500 5 5 5 5 5  1.54(5) 1.56(5) 2.27(5) 3.4(5)

295) 5 5 5 5 5 1.99(0) 2.89(0) 3.26(0) 4.07(0)
1760y 5 O 5 5 5  1.89(5) 1.78(5) 2.4(s)  3.5(5)
5 5 0 5 5 5 42(5) 5 4.2(5)  4.2(5)
(0] 0 o 0 0 0 5 o(5) 5 5

It could be seen that applying a test vector of 11111 would detect all the
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faults of shorts between gate and draln in discharge nmos, charging pmos’s, and
any of the Input nmos's (even though a test of 00000 would detect which of the
input nmos’s Is faulty). On the other hand due to the Intermediate values belng

seen care should be taken in observing them.

C.3.2. SHORTS BETWEEN GATE AND SOURCE

A short between gate and source would cause the transistor to be in cutofl,
However due to the fact that the nmos are connected serlally, when the gate of
the shorted nmos Is subjected to a high voltage, 1t would charge the draln of the
following nmos causing 1t to discharge slowly or 1o an intermediate value, as will

be seen later.

C.3.2.a. THE DISCHARGE NMOS

A short between the gate and source In the discharge nmos would cause the
transistor to be turned off no matter what phase of the clock we have. Thus
causing the carryb’s to be always at a value of 1. Thls fault could be tested by
applylng a test vector of 11111, which would result In a faulty 1 for all carryb’s.

Thus this fault could be modeled as all inputs stuck at O,

clk cin al a2 a3 a4 ¢bl cb2 cb3 cb4
o) O 0 4] 0 0 5 5 5 5
0 5 5 5 5 5 5 5 5 5

o(5) 5 5 5 5 5 50 50 50) 5(0)

C.3.2.b. ANY OF THE INPUT NMOS's

This fault could be tested easlly by applylng a 00000 vector, which would

result In a faulty carryb, with a 0 value, which Is connected to the source of the
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faulty nmos. On the other hand, with a test vector of 11111, the carryb's above
the faulty nmos wlll be faulty with a value of 1, while the lower carryb will
discharge to a soft O (this I1s due to the gate of the faulty nmos charging the draln

of the following nmos). Simulation s for nmos n4.

clk cin al a2 a3 a4 c¢bl cb2 ¢b3 cb4
5 0 0 0 o 0 5 0(5) 5 5
O 5 5 5 5 5 5 5 5 5

5 5 5 5 5 5 1.18(0) 1.880) 5(0) 5(0)

C.3.2.c. THE CHARGING PMOS's

‘With a short between gate and source In any pmos, It would cause all the
pmos's to be turned off (as the clock Is always pulled to 1), while the discharge
nmos will be turned on always. This fault Is a very serlous one as the domlno
principle will be non applicable, since no charging or discharging occurs. Thus a
0 output s always resultlng no matter what comblnation of Input values we're

having. Simulation 1s for pmos p2.

clk cin al a2 a3 a4 cbl cb2 cb3 cb4
5(0) 5 5 5 5 5 05 o) o) o005)
5 5 ) 5 5 5 ¢ 0 0 0o

5(0) 5 o 5 5 5 0 0B o005) o0@5)
5 5 4] 5 5 5 o(5) o0(5) o0(5) o0(5)

C.3.3. SHORTS BETWEEN DRAIN AND SOURCE

A short between draln and source causes the transistor to be turned on
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always. The effect of that fault could be serlous as In the case of dlscharge nmos

and the charging pmos's.

C.3.3.a. THE DISCHARGE NMOS

WIith the discharge nmos turned on always, again here the domino principle
ts Invalld. It could be detected by monitoring the output carryb’s durlng low

clock. The resulting output would be Intermedlate values.

clk cin al a2 a3 a4 cbl cb2 cb3 cb4
5 (0] 0 0 0 0 S S 5 5
0 5 5 5 5 5 1.57(5) 2.39(5) 3.14(5) 4.87(5)

5 5 S 5 5 5 o 0 0 Q

C.3.3.b. ANY OF THE INPUT NMOS's

Detecting a short between drain and source In any of the input nmos 1s feasl-
ble by applylng a O to the faulty nmos and 1's to the rest, resulting in all O's

carryb's instead of some 1's and some 0's. Slmulatlon Is for nmos n4.

clk cin al a2 a3 a4 cbl cb?2 ch3 cb4
5 0 4] 0 0 0 5 5 5 5
0 5 5 5 4] 5 5 5 5 5

5 5 5 5 0 5 0 0 o(5) 0(5)

C.3.3.c. THE CHARGING PMOS’s

With the faulty pmos belng always turned on, it will cause the correspond-

Ing carryb and those above it to retaln a high value, even though with a test
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vector of 11111 they should be all 0's, while those below It will discharge to a

very soft 0 (2.12v). Simulation Is for pmos p2

clk cln al a2 a3 a4 c¢bil cb2 cb3 cb4
5 0 0 0 0 0 5 5 5 5
0 5 5 5 5 5 5 5 5 5

5 5 5 5 5 5 2120) 5(0) 5(0) 5(0)

As could be seen for most short faults, a single test vector could usually
detect the occurrence of the fault, and some of these faults could even be

modeled as classlcal stuck at faults.

C.3.4. OPEN FAULTS

Open faults, which are consldered to be less or least llkely to occur faults, on
the other hand requilre two consecutlve test vectors to be detected. Thelr effect
will be studled when they occur In the clock line, Input to gates, and ground con-

nection.

C.3.4.a. OPEN IN THE CLOCK LINE
An open fault in the clock llne (controlling the gates of the discharge nmos,
and the charging pmos), would cause the discharge nmos to be turned off, while

the charging pmos will be turned on always, resulting In a constant output of 1.
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¢lk cln al a2 a3 a4 cbl cb2 ¢b3 cb4

5 5 5 5 5 5 50) 5(0) 5(0) 5(0)

C.3.4.b. OPEN IN DISCHARGE NMOS GATE

With a floating gate of the discharge nmos, the transistor will act as If It Is

in the cutoff, thus resulting In constant outputs of 1.

clk  c¢in al a2 a3 a4 cbl cb2 c¢b3 cb4
S (4] 0 0 0 0 S 5 S5 5
0 5 5 5 5 5 5 5 5 5

5 5 5 5 5 5 »50) 50 50 5(0)

C.3.4.c. OPEN IN ANY CHARGING PMOS GATE

Any pmos having a floating gate would act as If the gate Is subjected to a 0
input (results of simulation showed a gate voltage ranging from Ov to 2.2v, but
this Is however enough to keep the pmos turned on). The following will show the
result of applylng two test vectors, a 00000 vector, and a 11111 vector. It wlll be
noticed thaﬁ the output Is somehow correct, but 1t does have changed levels (l.e.

Instead of getting a O result with test vector 11111, we get a changed level 0).

Wn«m ey
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clk e¢in al a2 a3 a4 c¢bl cb2 ¢b3 cb4

5 (0] 0 0 0 o 5 5 5 5

) 5 5 5 5 5 5 i) S 5

5 5 5 5 5 5 0 1.3(0) 1.3(0) 1.3(0)

C.3.4.d. OPEN IN GND CONNECTION

An open In the ground connectlon would cause the output not to discharge,

whenever there Is a path to ground.

clk cln al a2 a3 a4 cbl cb2 ¢b3 cb4
5 0 0 0 0 0 5 5 5 5
0 3 5 5 5 5 5 5 5 5

5 5 5 5 5 5 5(0) 5(0) 50) 5(0)

C.3.4.e. OPEN IN THE GATE CONNECTION OF ANY INPUT
NMOS

A floating gate In one of the input nmos would agaln make the transistor
behave as If 1t were turned off. The effect of thls fault could be observed on the
carryb’s above the faulty nmos, since they never discharge. However, for carryb's
below the faulty nmos behave normally. The following table shows the effect of a
floating gate to the nmos connected to Input a2(n3). It Is seen that ¢2b, c3b, and

c4b do not discharge even with a 11111 test vector, however clb behaves nor-

mally.

Bt ame bl wabim o br ot T e wm
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clk cin al a2 a3 a4 c¢bl cb2 ¢b3 cb4

5 0 o 0o o0 o0 5 5 5 5
0 5 5 5 5 5 5 5 5 5
5 5 5 5 5 5 0 50) 5(0) 5(0)

It could be seen that some of the open faults could be modeled as stuck at
faults, however, 1t i1s sometimes difficult to mode! the rest of them due to the

changed voltage levels they display.

C.3.5. STUCK AT FAULTS

For classical stuck at faults, these are detected easlly for Inputs stuck at 1

(0) by applylng test vectors 1's and 0 (0's and 1) , 0(1) to the faulty nmos, to

check for the fault.

C.4. INVERTER BLOCK

The same sequence of analysls will be carrled for the Inverter as for the carry

generation block. Flg.C.2 shows the inverter block with various faults.

C.4.1. SHORTS BETWEEN GATE AND DRAIN

A short between gate and draln 1n elther the nmos or the pmos would cause
the output elther to a have a changed value but, correct outpu. (1.e. soft 1 and
soft 0) or to follow the Input (1.e. no Inversion), depending on whether the short
impedance s large or very small respectively. Slmulation results shown are for

small impedance value.
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¢b ¢
5 5(0)
0 0(5)

C.4.2. SHORTS BETWEEN GATE AND SOURCE

A short occurring between gate and source causes the transistor to be In the

cutoff reglon.

C.4.2.a. FOR NMOS

With the gate of the nmos shorted to the source, the nmos Is turned off,
while the Input to the Inverter wlll also be pulled down to O -regardless of the
actual !nput- (silmulation was carrfed with voltages driven from two fault free

Inverters), causing the pmos to be always turned on and the output remalning at

1.
¢cb ¢
o(5) 5(0)
0o 5

C.4.2.b. FOR PMOS
Agaln the short would cause the pmos to be turned off, but here the Input

would be always pulled up to 5v, thus turning on the nmos and keeping the out-

put always at 0.
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¢b ¢
5 0
5(0) 0(5)

It could be seen that the short between gate and source could be modeled as
elther the output stuck at 1 or the Input stuck at O for faulty nmos, while It
could be modeled as elther the output stuck at O or the input stuck at 1 for

faulty pmos.

C.4.3. SHORTS BETWEEN DRAIN AND SOURCE

Short between draln and source causes the transistor to be always turned on,
thus keeping the output constantly elther at O or at 1 depending on whether the

short was In the nmos or the pmos respectively.

C.4.3.a. FOR NMOS

cb ¢

S 0

0 0o(5)
C.4.3.b. FOR PMOS

cb ¢

5 5(0)
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Agaln thls fault could be modeled as elther the output stuck at O or the
Input stuck at 1 for faulty nmos, and modeled as elther the output stuck at 1 or

the Input stuck at 0 for faulty pmos.

C.4.4. OPEN FAULTS

Open faults are studled for opens In input to either the nmos or pmos gates,

open in the vdd connection, and open In the gnd connection.

C.4.4.a. OPEN IN NMOS GATE CONNECTION

Due to the open In gate connectlon, nmos behaves as If Input gate voliage 1s

0, thus keepling the output to be always charged to 1.

ch c
5 5(0)
0 )

C.4.4.b. OPEN IN PMOS GATE CONNECTION

With a floating gate of the pmos, when a 5v Is applled to the Inverter,
Instead of having a 0, a soft O results, due to the fault which keeps the pmos

turned on, thus charging the output when 1t Is belng dlscharged.

ch ¢
5 1.6(0)
0 5

5  1.8(0)
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C.4.4.c. OPEN IN GND CONNECTION

An open In the ground connection would keep the output from the inverter

from discharging, thus keeping it fixed at 1.

cb c
S5 5(0)
0 5

C.4.4.d. OPEN IN VDD CONNECTIOT!

An open in the VDD connect' . would cause the output never to be charged

up, thus keeplng 1t always at O.

cbh c
5 0
0 0(3)

C.4.5. STUCK AT FAULTS
It could be seen that stuck at faults could be detected directly by testing for
them or by belng Impllied through other fauits which glve the same erroneous

output.

C.5. STATIC XOR
The analysls of faults In the XOR Is rather long, slnce we have to see the
effect of each fault and how It could be detected In each transistor of slx transls-

tors composing the XOR. Flg.C.3 shows the statlc XOR with faults,
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C.5.1. SHORTS BETWEEN GATE AND DRAIN

C.5.1.a. FOR NMOS & PMOS PAIR no. 1

We know from previous analysis that a short between gate and draln causes
the Inverter to fall from Inverting Its Input, thus to test for this fault applylng
test vector 11 would result In an output of a changed value 1 (4.29v). Due to the
fault, n2 1s turned off, while n3 1s turned on. WIith a equal to 1, p2 Is also turned
ofl, thus leaving n3 to pass 1, resulting In a changed value 1. The fault could be

further seen by a O1 test vector resulting In a soft O (1.5v).

c a of/p comments
5 5 4.2(0) faulty o/p with changed level
0 5 1.5(5) faulty o/p with changed level
5 0 0(5) faulty o/p

0O 0 O fault free

C.5.1.b. FOR NMOS & PMOS PAIR no. 2

Agaln with the knowledge that due to that short the Inverter would fall to
invert, we applyv a test vector that would inhibit the function of the transmission
gate. Applylng ¢ equal to 1 and any value to a, the output would follow a, l.e.

with a 10 vector we get 0, and wlith 11 vector we get 1.
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¢c a o/p comments
5 5 5(0) faulty o/p
0O 5 3§ fault free

5 0 0(5 faulty o/p

0 0O O fault free

C.5.1.c. FOR NMOS & PMOS PAIR no. 3

The effect of the short and detecting 1t would be studled for each transistor

separately.

C.5.1.c.i. FOR NMOS

Due to the short between the gate and draln, changed levels of the applled a
will result. With ¢ equal to 1, the transmission gate would be dlsabled, however
due to the short, a will be pulled to a changed level (Instead of the applled 5v, a
becomes 1.24v since the gate voltage of n3 Is 0), thus turning p2 on and n2 ofl,

resulting In a 1 Instead of a 0.

c a o/p comments
5 1.2(5) 5(0) faulty o/p & changed (a) level
0 b 5 fault free
5 O 5 fault free
0 1.5(0) 1.5(0) faulty o/p & changed (a) level

C.5.1.c.ii. FOR PMOS

WIith that short occurring In p3, a will be pulled to the value of ¢, Thus,
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with ¢ equal to 0 and a equal to 1, a will be pulled to 0, resulting In a O passing

through the transmission gate.

c a o/p comments

5 5 0 fault free

0 0(5) 0(5) faulty o/p & changed (a) value
5 5(0) 0(5) faultyo/p & changed (a) value
o o 0] fault free

C.5.2. SHORTS BETWEEN GATE AND SOURCE

C.5.2.a. FOR NMOS & PMOS PAIR no. 1

With short occurring 1n nmos, we know that ¢ will be always pulled to 0,
thus resuiting 'n an output of 1 from flrst inverter, and disabling the second

Inverter. That makes our output to be always equal to the values of a.

c a o/p comments
0(5) 5 5(0) faulty o/p & changed (c) value
0 5 & fault free
0(5) 5 0(5) faulty o/p & changed (c) value

0 0O o0 fault free

On the other hand, a short occurring in the pmos would cause ¢ to be always
1, and the output ,from the first Inverter, to be a 0. Thus the transmisslon gate

will always be disabled, and the output from the XOR will be equal to ab (a bar).
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c a ofp comments

5 5 0 fault free

5(0) 5 0(5) faulty o/p & changed (c) value
5 0O 5 fault free

5(0) O 5(0) faulty o/p & changed (c) value

We can see that a short between the gate and source In the first Inverter
transistors could be modeled as ¢ stuck at O for faulty nmos, and as ¢ stuck at 1

for faulty pmos.

C.5.2.b. FOR NMOS & PMOS PAIR no. 2

The short between gate and source In nmos would cause n2 to be turned off.
To see the effect of the fault we disable transmisslon gate by applying ¢ equal to
1. Applying a equal to 1, we notlce that a is pulled down to 1.24v due to the

short In n2, thus enabling p2 and resulting In an output of 1.

c a o/p comments

5 1.24(5) 5(0) faulty o/p & changed (a) level

0 5 5 fault free
5 0 5 fault free
0 1.5(0) 1.5(0) faulty o/p & changed (a) level

On the other hand, If the short was In p2, p2 will be turned off, while both ¢
and a willl have the same value. Thus with a equal to 1, and ¢ equal to 0, ¢ will
be pulled to 1 thus disabling the transmlission gate, and resulting In a 0 Instead of

1.
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¢ a ofp comments
5 5 O fault free
50) 5 O(5) faulty o/p & changed (c) value
0(5) 0 O(5) faultyo/p & changed (c) value
0 0O O fault free

C.5.2.c. FOR NMOS & PMOS PAIR no. 3

The eflect of thls short In n3 can be seen by applylng ¢ equal to 1, which In
fault free case disable the transmission gate. Applylng a equal to 0 would enable
the second inverter, and agaln |n fault free case result In a 1. However, due to

the short, the output 1s pulled to 0.

¢c a o/p comments
5 5 0 fault free
0O 5 5 fault free

5 0 0(5) faulty o/p

0 0 27(0) faulty o/p with changed level

While the short In p3 could be seen by applying ¢ equal to 0, In order to
enable transmisslon gate, and applylng a equal to 1. The output will be a O

instead of a 1 (passing through p3) due to the short.

P U LI
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¢ a o/p comments
5 5 5(0) faultyofp
0 5 0(5) faulty o/p
5 0 5 fault free

o 0 0] fault free

C.5.3. SHORTS BETWEEN DRAIN AND SOURCE

C.5.3.a. FOR NMOS & PMOS PAIR no. 1

A short between draln and source would cause translstor to be turned on
regardless of what gate voltage Is applled. To test for this fault In nl, applying ¢
equal to O should result In a 1 from the Inverter, however as 0 results, p2 and n3
will be turned off, whlle n2 could turn on depending on gate voltage. With a
equal to 1, we should get a 1 (passing through p3), however as n2 1s turned on, 1t

wlill discharge the XOR output, resulting In a soft 0 (1.51v).

¢ a o/p comments
5 & O fault free
0 5 1.5(5) faulty o/p with changed level
5 0 b5 fault free

0O o O fault free

If the short was In pl, we know that the first Inverter wlll always glve an
output of 1, thus disabling n2. Applying c equal to 1, would only dlsable p3, but
n3is turned on due to fault. With a equal to 1, p2 will be disabled, leaving n3 tc

pass a changed value 1.
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c a o/p comments

5 5 4.2(0) faulty o/p with changed level
O 5 5 fault free

5 0 0(5) faulty o/p

O 0 o fault free

C.5.3.b. FOR NMOS & PMOS PAIR no. 2

Testing for this fault 1n either n2 or p2, willi be by disabling the transmission

gate, l.e. by applying 1 to c.

To test for the fault In n2, we apply a equal to 0. Instead of getting a 1, we

only get 0.

c a o/p comments
5 5 O fault free
0 5 b5 fault free

5 0 0(5) faulty o/p

0O 0 2.7(0) faulty o/p with changed level

For the pmos, on the other hand, we apply a equal to 1. Agaln Instead of

getting a 0, we get 1.
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¢ a ofp comments

5 5 5(0) faulty o/p

0O 5 0(5) faulty o/p
5 0 5 fault free
0O 0 0 fault free

C.5.3.c. FOR NMOS & PMOS PAIR no. 3

In fault free case, transmission gate should be turned off when c 1s equal to
1. However, due to fault, it 1s always turned on. Thus with a equal to 1, Instead
of getting a 0 as a result of the second Inverter Inverting a, our output is charged

up to 1 due to the fault.

¢ a ofp comments
5 5 5(0) faulty o/p
0O 5 & fault free

5 0 0(5) faulty o/p

O 0 © fault free

C.5.4. OPEN FAULTS

In the following section the effect of open faults are studled, together with

silmulations to detect them.

C.5.4.a. OPEN FAULT IN LINE C

With an open fault in the carry line, the output follows the value of input a,

1.e. fault could be seen as a stuck at O fault of c.
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¢c a ofp comments
5 5 5(0) faulty o/p
0 & 5 fault free

5 O 0(5) faultyo/p

0 0O O fault free

C.5.4.b. OPEN FAULT IN LINE A

An open fault In the a line, results in a voltage of 1.8 to 2.1v supplled to
both the transmisslon gate and the second inverter. Thils results in a faulty 5v
output when a 11 test vector Is applled, otherwise the voltage ranges from 1.08v

to 1.88v for other test vectors,

¢c a ofp comments
5 5 5(0) faulty o/p
0O 5 1.86(5) faulty o/p with changed level
5 0 1.07(5) [faulty o/p with changed level

0 0 1.45(0) faulty o/p with changed level

C.5.4.c. OPEN IN N1 GATE CONNECTION

A floating gate of n1 could be seen whenever an input of 5v 1s applied to c.
With the output of the first Inverter kept at 5v, the output from the xor will

therefore be faulty.
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¢c a o/p comments

5 5 4.5(0) faulty o/p with changed level
0O 5 5 fault free

5 0 05 faulty o/p

0O 0 o fault free

C.5.4.d. OPENIN P1 GATE CONNECTION

With a floating gate of pl, the output of the first Inverter Is kept foating

between 2v and 5v. Hence agaln affecting the output of xor whenever ¢ s 5v,

a ¢ o/p comments

5 5 2.1(0) o/p with changed level
0O 5 5 fault free

5 0 4.2(5) ofp with changed level

0] 0 O fault free

C.5.4.e. OPEN IN GND CONNECTION

Open In gnd connectlon would disable first Inverter from dlscharging, thus
turning on n3 all the tlme. Agaln the effect of this fault could be seen whenever

¢ is 5v.
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¢c a ofp comments

5 & 4.5(0) faulty o/p with changed level
0 5 5 fault free

5 0 05) faulty o/p

0 O 0 fault free

C.5.4.f. OPEN IN OUTPUT OF 1st INVERTER

With an open fault in output line of first Inverter, the output 1s notlced to

follow the input a.

¢ a o/p comments
5 5 5(0) faulty o/p
0 5 & fault free

5 0 0(5) faulty o/p

0O 0 O fault free

C.5.4.g. OPEN IN N2 GATE CONNECTION

Due to floating gate, n2 acts as If 1t 1s turned off. It’s effect could be seen by

disabling transmission gate, by applylng ¢ equal to 5v.

¢ a of/p comments
5 0 5 fault free
5 5 5(0) faulty o/p

5 O 5 fault free

i s e
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C.5.4.h. OPEN IN P2 GATE CONNECTION

Agaln by disabling transmission gate, we can observe the fault.

¢ a o/p comments

5 0 5 fault free

(24
(<)

2(0) o/p with changed level

5 0 5 fault free

C.5.4.i. OPEN IN N2 SOURCE CONNECTION

‘With the output of the second lnverter kept constant at 5v, the fault could

be seen whenever c Is 5v.

¢ a ofp comments

5 O 5 fault free

&
o

5(0) faulty o/p

5 O 5 fault free

C.5.4.j. OPEN IN P2 SOURCE CONNECTION

Agaln disabling the transmission gate the fault could be seen.

¢ a of/p comments
5 & 0 fault free

5 O 0(5) faulty o/p
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C.5.4.k. OPEN IN N3 GATE CONNECTION

Due to floating gate of n3, charge Is trapped on thils gate, causing the nmos
to be always turned on. Applylng 5v to ¢ should in fault free case dlsable
transmission gate, however as n3 is turned on, and with the applicatlon of Ov to
a, the cutput 1Is pulled down to 0 Instead of belng 5v. On the other hand with a
belng 5v, and ¢ belng 5v, the output is charged to a soft 1, Instead of its belng

pulled down to Ov.

c a o/p comments
5 0O 0(5) faulty o/p
0O 5 5 fault free

5 5 3.6(0) faulty o/p with changed level

C.5.5. STUCK AT FAULTS

For classlcal stuck at faults In Inputs, with a stuck at 1 the output would be
equal to c¢b (carry bar), while a stuck at O would result in ¢. Moreover with ¢
stuck at 1 we get an output equal to ab (a bar), whlle a stuck at 0 ¢ would result

in a.

C.86. FAULT ANALYSIS OF FULL 4-BIT ADDER

In the following sections we'll contlnue with the analysls of the full 4-bit
adder. In these sectlons we’ll only analyze faults In the carry generatlon block
(Gen:Car), and the propagate & generate slgnals generatlon block (Gen:P&G).
As the statlc XOR used for sum calculation and In the Gen:P&G block Is the
same statlc XOR used In the 4-bit partial adder, we will not repeat the analysis.
Also, for some of the transistors, llke the discharge nmos and the charging pmos

in both the Gen:P&G and the Gen:Car, the analysis for some of the faults will
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not be repeated as It Is the same analysls as In the carry generation block of the

4bit partial adder.

C.7. GEN:P&G BLOCK

In the following section the analysls of the faults that might occur In the
Gen:P&G block Is glven. We'll be looking at faults that might occur In the small
totem pole and the Inverter. Flg.C.4 shows the Gen:P&G block with varlous

faults.

C.7.1. SHORTS BETWEEN GATE AND DRAIN

C.7.1.a. NMOS1

A short between gate and draln In nmosl causes the evaluated node 10 have
Intermedlate value with a 11 vector (3.5v) Instead of 0, thus causing the output
to be a faulty 0. On the other hand, with a 00 or 01 vector, the evaluated node 1s
pulled down to O, thus causing the output to be a faulty 1(also during low clock,
the node s not fully charged up..4.3v). Finally, with a 10 vector, no eflcct of the

fault 1s seen.

clk al bl gl
5 0 0 5(0)
0 5 5 0
5 5 5 o(5)

5 o 5 5(0)
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F1g.C.4 FAULTS IN GEN:P&G BLOCK



C.7.1.b. NMOS2

A short between gate and drain In nmos?2 causes agaln Intermedlate value to
be seen at the evaluated node with a 11 vector (2.8v) Instead of O, thus causing
the output to be a fauity 0. With a 10 vector, the evaluated node 1s pulled down
to a 0 thus causing the output to be a faulty 1(also durilng low clock the node is

not fully charged up..3.3v). Finally, both 00 and 01 vectors do not cause the fault

to show.

clk al bl gl
5 5 5 0o(5)
0 5 1.2(0) O

5 5 0 5(0)

C.7.1.c. INVERTER NMOS & PMOS

A short between gate and .raln 'n elther the Inverter pmos or nmos, will
cause the output of the inverter and thus the output of the Gen:P&G block to
have Intermediate values ranging from 1.1v to 3.6v. With a 11 vector the output
becomes 1.1v as opposed to a 5v that should have resulted. With 00, 01, or 10
the output Is a 2.2v which should have been a O. Finally during low clock the

output Is never fully charged up (only 3.5v).
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clk al bl gl

5 0 0 2200
0 5 5 3.5(0)
5 5 5 1.1(5)
0 0 5 3.500)
5 0 5 220
0 5 0 3.5(0)

5 5 0 2.2(0)

C.7.2. SHORTS BETWEEN GATE AND SOURCE

C.7.2.a. NMOS1 OR NMOS2

A short between gate and source In either nmosl or nmos2 wlll cause elther
nmos to be always turned off, thus disabling the totem pole from discharging,

and thus keeping the output of the Gen:P&G block to be always kept at 0.

clk al bl gl

5 5 5 0(5)

C.7.2.b. INVERTER NMOS

A short between gate and source in 1nverter nmos will kKeep the nmos turned

off, thus keeping the output always at 1.
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clk al bl gl
5 0 0 5(0)
0 0 5 5(0)

5 0 5 5(0)

C.7.2.c. INVERTER PMOS

A short between gate and source of Inverter pmos will cause the output of

the Gen:P&G block to be always at 0.

ctkk al bl g

5 5 5 0(5)

C.7.3. SHORTS BETWEEN DRAIN AND SOURCE

C.7.3.a. CHARGING PMOS

A short between draln and source will cause the charging pmos of the totem
pole to be always turned on, thus keeping the node charged up and causing the

output of the Gen:P&G to be always kept at O.

clk al bl gl

5 5 5 05)
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C.7.3.b. DISCHARGE NMOS

A short between drain and source will cause the discharge nmos to be always
turned on. This fault could be seen durlng low clock, and with both Al and BI
equal to 1, where the node does not charge up full (only to 2.8v). This fault,

however, has no effect durlng evaluation perlod, but It falls the domino princlple.

clk al bt glb

0 5 5 2.8(5)

C.7.3.c. NMOS1 OR NMOS2

A short 1n any of these nmos's will keep the faulty transistor always turned
on. This fault could be seen by applylng ¢ 1 to the non faulty nmos and a O to
the faulty one (l.e. test vector 10, or 01). The output of Gen:P&G goes to 1

Instead of 0. Slmulation Is for faulty nmos2.

clk al bl gl

5 5 0 5(0)

C.7.3.d. INVERTER NMOS

With the inverter nmos always turned on, the output of Gen:P&G will

always be 0.

clk at bl gl

5 5 5 5(0)
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C.7.3.e. INVERTER PMOS

Finally, with the Inverter pmos turned on always because of the fault, the

output of Gen:P&G Is kept at 1.

ck al b g

C.7.4. OPEN FAULTS

In this sectlon we'll discuss the effect of open faults. This will Include open
connectlons to translsior's gate, source, and draln. An open draln connectlon of
the charging pmos, or an open connection to the ground In ihe inverter nmos, or
an open connectlon In the Inverter nmos gate, wlll cause the circult to behave as

if the output was stuck-at-1.

Meanwhlle, an open connectlon to the ground of the dlscharge nmos, or an
open connectlon In the gate of the elther the discharge nmos or any of the totem
pole nmos’s, or an open in the source of any of the totem pole nmos’s, or an open
in the draln of nmos2, or an open in the VDD connectlon in the inverter pmos,

wlll cause the output to behave as if It Is stuck-at-0.

Finally, an open in the Inverter pmos gate connectlon, or an open in the
drain of nmosl, or an open In the gate connectlon of the charging pmos, will

cause the output to have an Intermedlate value.

C.8. GEN:CAR BLOCK

We'll start the fault analysls by covering first the different short faults, fol-

lowed by the open faults. Fl1g.C.5 shows the Gen:Car block with varlous faults.
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C.8.1. SHORTS BETWEEN GATE AND DRAIN

C.8.1.a. ANY OF THE NMOS'’s

A short between gate and draln In any of the totem pole nmos will cause the
nodes above the faulty nmos to discharge to an Intermediate value, thus causing
the corresponding carry’'s to have a faulty Intermedlate value. Also the node
directly above the faulty nmos will not charge up (actually 1t charges up to 1.1v)
during low clock when the gate of that nmos Is subjected to a O Input. The

nodes below the faulty nmos (and hence the corresponding carry’s) will not be

affected by this fault. Simulation 1s for fault 1n nmos with g2 as Input.

clk  cln pl,3,4 g2 g1,3,4&p2 ¢l c2 c3 c4

5 0 0 o o 0 5(0) 0 0

0 5 5 5 0 0 (0] 0 0

5 5 5 5 0 5 3.6(5) 3.7(5) 3.8(5)
0 0 0 o o 0 5(0) 0 0

C.8.1.b. INVERTER NMOS & PMOS

A short between gate and draln of elther nmos or pmos of inverter wlll cause
the resulting carry to have an intermedlate value ranging from 1.1v to 2.2v

(Instead of 5v and O respectively) during high clock, and 3.2v during low clock.

¢clk c¢in p! gl ci1 c2 c3 c4

5 ) 0 0 22(0) 220 220) 2.20)
0 5 5 0 3.2(0) 3.200) 3.20) 3.20)
5 5 5 0 1.1(5) 1.4(5) 1.8(5) 1.9(5)
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C.8.2. SHORTS BETWEEN GATE AND SOURCE

C.8.2.a. ANY OF THE NMOS'’s

A short between gate and source In any nmos In the totem pole (excluding
the discharge nmos) will cause this nmos to be turned off, thus keeplng the
carry's above this faulty nmos to be always kept at 0, while those below it will be

unaflected by thls fault. Simulation Is for faulty nmos with p2 Input.

clk cin pl gl ¢1 ¢2 ¢3 c4
0 5 5 0 0 0 0 0

5 5 5 0 5 0() o05) 0p5)

C.8.2.b. INVERTER NMOS

A short between gate and source In the inverter nmos wlll cause the nmos to

be turned off, thus keeping the output always at 1.

clk c¢ln p! gl cl c2 3 c4
5 0 0 0 5(0) 5(0) 5(0) 5(0)

0 5 5 0 50) 50) 50) 5(0)

C.8.2.c. INVERTER PMOS

A short between gate and source In the Inverter pmos will cause the pmos to
be turned off, thus preventing the output from belng charged and keeplng the

output always at 0.
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ek e¢n p! gl ¢l c2 ¢3 c4
0 5 5 0 0 0 0 0

5 5 5 0 0) 0(5) o) ofb)

C.8.3. SHORTS BETWEEN DRAIN AND SOURCE

C.8.3.a. ANY CHARGING PMOS

A short between draln and source In any of the charging pmos of the totem
pole willl keep the pmos always turned on, thus Keeping the nodes above the
faulty pmos, and the node connected to 1t from discharging, therefore, keeping
the carry’s of these nodes always at 0. However, the nodes below the faulty pmos
wlll discharge to an Intermedlate value (2.15v), thus causing the corresponding
carry’s to have an intermedlate value of 3.5v Instead of 5v. Simulatlon for faulty

pmos3.

clk cln p! gl cl c2 c3 c4
0 5 5 0 0 0 0 0
5 5 5 0 3.5(5) o0(5) 05 05)

C.8.3.b. THE DISCHARGE NMOS

The effect of thils fault as before could only be seen durlng low clock. How-
ever, despite the fact that this fault will not affect the clrcult behavior durlng

evaluation perlod, the domino effect will not be valid.
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clk c¢n p! gl clb c2b ¢3b c4b

0 5 5 0 1.5(5) 2.3(5) 3(5) 3.8(5)

C.8.3.c. ANY OF THE NMOS'’s

WIith a 0 applied to the gate to the faulty nmos, this transistor showd be
turned off, however, due to the short beiween drain and source the nmos will be
turned on, thus discharging the nodes above the faulty nmos and the carry's
corresponding to these nodes will give a faulty 1. Meanwhile, this fault will not
affect the carry's below the faulty nmos. Slmulation Is for faulty nmos of p2

input.

¢elk ecin  pl1,3,4 gl&p2 cl c2 c3 c4
0 5 5 0 0 0 0 0

5 5 5 0 5 5(0) 5(0) 5(0)

C.8.3.d. INVERTER PMOS

A short between drain and source In the Inverter pmos wlll cause the output

of the carry resulting from that Inverter to be always 1.

C.8.3.e. INVERTER NMOS

On the other hand, the short between draln and source In the Inverter nmos

will cause the carry resulting from that Inverter to be always O.

C.8.4. OPEN FAULTS

Open faults that will be covered here include open connections to transistors’
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gate, source, and draln. An open In the drain connection of any of the charglng
pmos In the totem pole, or an open connection to the ground in the inverter
nmos, Or an open connection to the Inverter nmos gate wlll cause the output of

the carry generation clrcuit to behave as If the output is stuck-at-1,

‘While an open connection to the ground of the discharge nmos, or an open
connection In the gate of the discharge nmos, or an open connection in any of the
totem pole nmos's gate, or an open 1n the source of any of the nmos In the totem
pole (this regards the carryb’s above the faulty connectlon), or an open to the
VDD connection in the inverter pmos, wlll cause the output of the block to

behave as If the output is stuck-at-0.

Finally, an open In the Inverter pmos gate connectlon, or an open In the
draln (or source) connection of the totem pole nmos (thls regards the carry
directly connected to the faulty nmos), or an open in the gate connectlon of any

of the charging pmos, willl cause the output to have an Intermedlate value,



