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ABSTRACT

Error tolerance is an emerging concept in VLS| design and testing. kError olerant
system contains a circuit with some internal or external errors and which produces
acceptable results with accuracy greater than the minimum acceptable accuracy. The
threshold value of accuracy should be selected in such a way so that the output should
meet the requirements of the whole system. Based on error tolerance, an error tolerant
adder has been designed. Error Tolerant Adder (ETA) is able to ease the strict restriction
on accuracy at the same time achieve tremendous improvement in both power dissipation
and speed performance. When compared to conventional counterparts, Error Tolerant
adder is able to attain 65% improvement in Power-Delay product. One important
potential application of Error tolerant adder is in digital signal processing that can tolerate
certain amount of errors. Error tolerant adder has been simulated in Microwind and the

erformance is compared with that of the conventional adders.
P
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CHAPTER 1
INTRODUCTION

Adders are key components of many high performance systems such as FIR
filters, microprocessors, digital signal processors, etc. A system’s performance is greatly
determined by the performance of the adder because many numbers of adders will be
required. So if the delay of each adder is high then this may greatly increase the delay of
the system. Hence, optimizing the speed and power consumption of the adder is a major
design issue. However, there are always trade-offs between speed and power. Based on
the characteristic of digital VLSI design, some novel concepts and design techniques
have been proposed. The concept of error tolerance (ET) is one among them. In
conventional digital VLSI design, one usually assumes that a usable circuit/system should
always provide definite and accurate results. But in fact, such perfect operations are
seldom needed in non-digital applications. “Analog computation,” requires “good
enough” results rather than totally accurate results and the4 concept of error tolerance is

based on this.

1.1 Error Tolerant Adder

Increasingly huge data sets and the need for instant response require the adder to
be large and fast. The traditional ripple-carry adder (RCA) is therefore no longer suitable
for large adders because of its slow-speed performance. Many different types of fast
adders, such as the carry-skip adder (CSK), carry-select adder (CSL), and carry-look-
ahead adder (CLA) have been developed. Also, there are many low-power adder design
techniques that have been proposed. However, there are always trade-ofts between speed
and power. The error-tolerant design can be a potential solution to this problem. By
sacrificing some accuracy, the ETA can attain great improvement in both the power

consumption and speed performance.



1.2 Design of 32-bit Adder
The aim of this project is to design a 32 bit error tolerant adder and to compare its
performance in terms of delay, power dissipation and power delay product with that of

the conventional adders. Also the accuracy of the adder has to be calculated for the set of

random inputs.

1.3 Overview

The basic steps involved in the implementation of the project are summarized.

Generate the set of random inputs

A

Compute the accuracy of circuit

h 4

Design the accurate part of the ETA

h
Implement the accurate part of the ETA

4
Design the inaccurate part of the ETA

h 4

Implement the inaccurate part of the ETA

Simulate the power dissipation and delay

h

Compare the results with that of conventional adders
(RCA, CSK).

Figure 1.1: Implementation Flow



1.4 Softwares used
» Microwind 3.1.7

» DSCH version 3.1.10

> Microsoft Visual C++

1.5 Organization of the report

» Chapter 2 discusses about the error tolerant adder
» Chapter 3 deals with the design of 32 bit error tolerant adder.
» Chapter 4 shows the experimental results

» Chapter 5 shows the Conclusion and Future scope of the project.



CHAPTER 2
ERROR TOLERANT ADDER

Before detailing the ETA, the definitions of some commonly used terminologies

shown in this paper are given as follows.

2.1.

Overall error (OF): OF = |Rc - Re|, where R, is the result obtained by the adder,
and R. denotes the correct result (all the results are represented as decimal
numbers).

Accuracy (ACC): In the scenario of the error-tolerant design, the accuracy of an
adder is used to indicate how “correct” the output of an adder is for a particular
input. It is defined as: ACC =(1- (OE/ Rc)) X 100%.lts value ranges from 0% to
100%.

Minimum acceptable accuracy (MAA4): Although some errors are allowed to exist
at the output of an ETA, the accuracy of an acceptable output should be “high
enough” (higher than a threshold value) to meet the requirement of the whole
system. Minimum acceptable accuracy is just that threshold value. The result
obtamed whose accuracy is higher than the minimum acceplable accuracy is
called acceptable result.

Acceptance probability £4FP): Acceptance probability is the probability that the
accuracy of an adder is higher than the minimum acceptable accuracy. It can be

expressed as AP =P(4CC>MAA), with its value ranging from 0 to 1.

Proposed addition Arithmetic

In a conventional adder circuit, the delay is mainly atiributed to the carmry

propagation chain along the critical path, from the least significant bit (LSB) to the most

significant bit (MSB). Meanwhile, a significant proportion of the power consumption of

an adder is due to the glitches that are caused by the carry propagation. Therefore, if the

carTy propagation can be eliminated or curtailed, a great improvement in speed

performance and power consumption can be achieved.



We first split the input operands into two parts: an accurate part that includes
several higher order bits and the inaccurate part that is made up of the remaining lower
order bits. The length of each part need not necessary be equal. The addition process

starts from the middle (joining point of the two parts) toward the two opposite directions

simultaneously.
Operstion Operation
direction i direction
MSS8 Starting LSB
Accurate Part Inaccurzte Part

A A

I o B
10011010 Input
000110011 operands

AA

- ~ !
10110011;
+ 011010015

| i
100011100!1001111  Sum

Normal eperation Al bits set to ™17

Figure 2.1:Proposed addition arithmetic

In the example of Fig. 1, the two 16-bit input operands, A =
“1011001110011010” (45978) and B = “0110100100010011” (26899), are divided
equally into 8 bits each for the accurate and inaccurate parts.

The addition of the higher order bits (accurate pait) of the input operands is performed
from right to left (LSB to MSB) and normal addition method is applied. This is to
preserve its correctness since the higher order bits play a more important role than the
lower order bits. The lower order bits of the input operands (inaccurate part) require a
special addition mechanism. No carry signal will be generated or taken in at any bit
position to eliminate the carry propagation path. To minimize the overall error due to the
elimination of the carry chain, a special strategy is adapted, and can be described as
follow: 1) check every bit position from left to right (MSB to LSB); 2) if both input bits
are “‘0” or different, normal one-bit addition is performed and the operation proceeds to

next bit position; 3) if both input bits are ~1,” the checking process stopped and from this



bit onward, all sum bits to the right are set to “1.” The addition mechanism described can
be easily understood from the example given in Fig. 1 with a final result of
“100011100100111117 (72863).

The example given in Fig. 1 should actually yield “1000111001010110}” (72877) if
normal arithmetic has been applied. The overall error generated can be computed OF =
72877-72863 = 14. The accuracy of the adder with respect to two input operands is these
ACC =11-(14/72877)) X100% = 99.98% .By eliminating the carry propagation path in
the inaccurate part and performing the addition in two separate parts simultaneously, the

overall delay time is greatly reduced, so 1s the power consumption.

2.2. Relationships Between Minimum Acceptable Accuracy,

Acceptance Probability, Dividing Strategy, and Size of Adder

The accuracy of the adder is closely related to the input pattern. Assume that the input of
an adder is random; there exists a probability that we can obtain an acceptable result .The
accuracy attribute of an ETA is determined by the dividing strategy and size of adder. In
this subsection, the relationships between the minimum acceptable accuracy the dividing
strategy, and the size of adder are investigated. We first consider the extreme situation
where we accept only the perfectly correct result. The minimum acceptable accuracy in
this “perfect” situation is 100%. According to the proposed addition arithmetic, we can
obtain correct results only when the two input bits on every position in the inaccurate part
are not equal to “1” at the same time.

In situations where the requirement on accuracy can be somewhat relaxed are
investigated, the result will be different. C program is engaged to simulate a 32-bit adder
that had adopted the proposed addition mechanism. By checking the output results, we
can derive the relationship between the minimum acceptable accuracy and acceptance
probability. For the input patterns, we randomly selected certain inputs from all possible
input patterns (i.e., 0-65 535). It can be deduced that the lower the minimum acceptable

accuracy set, the higher the acceptance probability for the adder.



As modern VLSI technology advances, the size of the adder has to increase to cater to the
application need. The trend of the accuracy performance of an ETA is therefore
investigated by following the same dividing strategy whereby the inaccurate part is three
times larger than that of the accurate part. Since small numbers will be calculated at the

Inaccurate part of the adder, the proposed ETA is best suited for large input patterns.

2.3. Hardware Implementation

The block diagram of the hardware implementation of such an ETA that adopts our
proposed addition arithmetic is provided in Fig. 3. This straightforward structure consists
of two parts: an accurate part and an inaccurate part. The accurate part is constructed
using a conventional adder such as the RCA, CSK, CSL, or CLA. The carry-in of this
adder is connected to ground. The inaccurate part constitutes two blocks: a carry-free
addition block and a control block. The control block is used to generate the control
signals, to determine the working mode of the carry-free addition block. In the next
section, a 32-bit adder is used as an example for our illustration of the design

methodology and circuit implementation of an ETA.
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Figure 2.2: Hardware implementation of the EFA



2.4. Applications

In image processing and many other DSP applications, fast Founier transformation
(FFT) is a very important function. The computational process of FFT involves a large
number of additions and multiplications.

It is therefore a good platform for embedding the ETA.ETA can be replaced for all
adders involved in a normal FFT algorithm. However, for many digital signal processing
(DSP) systems that process signals relating to human senses such as hearing, sight, smell,
and touch, e.g., the image processing and speech processing systems, the error-tolerant
circuits may be used. The potential applications of the ETA fall mainly in areas where
there is no strict requirement on accuracy or where super low power consumption and
high-speed performance are more important than accuracy. One example of such
applications is in the DSP application for portable devices such as cell phones and
laptops.

Of course, not all digital systems can engage the error-tolerant concept. In digital
systems such as conirol systems, the correctness of the output signal is extremely

important, and this denies the use of the errortolerant circuit.



CHAPTER 3
DESIGN OF 32 BIT ERROR TOLERANT ADDER

3.1 Strategy of Dividing the Adder

The first step of designing a proposed ETA is to divide the adder into two parts in a
specific manner. The dividing strategy is based on a guess-and-verify stratagem,
depending on the requirements, such as accuracy, speed, and power. First, we define the
delay of the proposed adder as Ty = max(T,, T) ,where T} is the delay in the accurate part
and 7 is the delay in the inaccurate part. With the proper dividing strategy, we can make
T}, approximately equal to 7; and hence achieve an optimal time delay.

With this partition method, we can check whether the accuracy performance of the adder
meets the requirements preset by designer/ customer. This can be checked very quickly
via some software programs. (Here this is done using C++ program). For example, for a
specific application, we require the minimum acceptable accuracy to be 95% and the
acceptance probability to be 98%. The proposed partition method must therefore have at
least 98% of all possible inputs reaching an accuracy of better than 95%. If this
requirement is not met, then one bit should be shifted from the inaccurate pait to the
accurate part and have the checking process repeated. Also, due to the simplified circuit
structure and the elimination of switching activities in the inaccurate part, putting more
bits in this part yields more power saving.

Having considered the above, we divided the 32-bit adder by putting 12 bits in the

accurate part and 20 bits in the inaccurate part.

3.2 Design of Accurate Part of the Adder

In the designed 32-bit ETA, the inaccurate part has 20 bits as opposed to the 12 bits
used in the accurate part. The overall delay is determined by the inaccurate part, and so
the accurate part need not be a fast adder. The ripple-carry adder, which 1s the most

power-saving conventional adder, has been chosen for the accurate part of the circuit.
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3.3 Design of Inaccurate Part of the adder

The inaccurate part is the most critical section in the proposed ETA as it
determines the accuracy, speed performance, and power consumption of the adder. The
inaccurate part consists of two blocks: the carryfree addition block and the control block.
The carry-free addition block is made up of 20 modified XOR gates, and each of which is
used to generate a sum bit. The block diagram of the carry-free addition block and the
schematic implementation of the modified XOR gate are presented in Fig. 4. In the
modified XOR gate, three extra transistors, M1, M2, and M3, are added to a conventional
XOR gate. CTL is the control signal coming from the control block of Fig. 5 and 1s used
to set the operational mode of the circuit. When CTL =0, Ml and M2 are turned on,
while M3 is turned off, leaving the circuit to operate in the normal XOR mode. When
CTL=1, M1 and M2 are both turned off, while M3 is turned on, connecting the output
node to VDD, and hence setting the sum output to “1”.

The function of the control block is to detect the first bit position when both input
bits are “1,” and to set the control signal on this position as well as those on its right to
high. It is made vp of 20 control signal generating cells (CSGCs) and each cell generates
a control signal for the modified XOR gate at the corresponding bit position in the carry-
free addition block. Instead of a long chain of 20 cascaded GSGCs, the control block 1s
arranged into five equal-sized groups, with additional connections between every two
neighboring groups. Two types of CSGC, labeled as type I and II in Fig. 5(a), are
designed, and the schematic implementations of these two types of CSGC are provided
in Fig. 5(b). The control signal generated by the leftmost cell of each group is connected
to the input of the leftmost cell in next group. The extra connections allow the propagated
high control signal to “jump” from one group to another instead of passing through all
the 20 cells. Hence, the worst case propagation path [shaded in gray in Fig. 5(a)] consists

of only ten cells.
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CHAPTER 4
EXPERIMENTAL RESULTS

To demonstrate the advantages of the error tolerant adder we have simulated the
ETA along with the other two conventional adders the ripple carry adder (RCA) and the
carry skip adder (CSK).The simulation is done using Microwind3.1.7.

MICROWIND is truly integrated EDA software that allows the designer to
simulate and design an integrated circuit at physical descriptionlevel. Microwind3 unifies
schematic entry, pattern based simulator, SPICE extraction of schematic, Verilog
extractor, layout compilation, on layout mix-signal circuit simulation, cross sectional &
3D viewer, netlist extraction, BSIM4 tutorial on MOS devices and sign-off correlation to
deliver unmatched design  performance and designer productivity.
The package contains a library of common logic and analog ICs to view and simulate.
The MICROWIND software has the segment DCH.DCH is a schematic editor and a
simulator. DSCH provides fast simulation with delay analysis, which allows the design
and validation of complex logic structures

o All the circuits were simulated using the 0.18um CMOS process
» The input frequency was set as 100 Mhz.

The simulation results at the various stages of implementation are attached below.
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4.1 Delay Simulation

4.1.1 Error Tolerant Adder

@ Yerilog, Hierarchy and Netlist

Verilog a Hierarchy] Netlist :C_:r.;ﬁéél'ﬁé'tﬁ' ;*'Information”

{Path n* Symbol {Pin Node Delay [ns) ~ ‘ Module name (8 char. max)

E cou(1] 3 0.202 -+ | faccurstepart :
2 fulladdmodule(3): Cout(S) ‘39 0.202 i ¥ Add gate delay info .
3 fulladdmodule(3] Cin(3} 35 0189 W Append simul, infomations
4 tulladdmodule(8), Coul(S) 35 0188 7 Add labels as comments
5 fulladdmodule(8] Cin(3} 3 0.172
5 fuladdmoduie1( Cout) a 0172 . The Verilog file has 134 fines |
! leddmodieIlCr®) 2 01% The design includes 110 symbals:
8 fulladdmodule{11 Cout5) a2 0.156  The circuithas 85 nodes '
9 fulladdmodule{1 Cin{3) 5 0140 :

10 fulladdmodule(1 ). Cout(5) 6 0.140 i

m fuladdmodule(1) Cinl3l 4 0124  Misc.

12 fulladdmodule(1z Couts) 4 0.124 * Time scale: Too T

13 fulladdrmodiAe(1 Cin(3) 20 0.108 ‘

ik fulladdimodulz(7] Cout(S) 0 0.108 . Update }fe;@h:@
HE fulladdrodule(7] Cinl3) % 0,092
16 fultaddmodulz{8) Cous) L 0,092 _
17 fulladdmodule(S} Cinl3) 2 0.076
18 fulacidmodule{5} Cout(5) 2 G076 !
H
13 fullacdmodulz(5} Cin(3) 15 0.060 |
20 fulladdmodule(3} Cout(5) 15 0.060 ;
21 fuladdmocuie(3) Cin(3) 13 0.044 : |
22 | ruladdmodute4) Cout(s) 13 0044 v, 5 e OK

Figure 4.1: Delay of accurate part of ETA



'ié,nid _i-ﬁ.er'a_irch ..a|-1d Netli_st e )

Verilog | Hierarchy | Netist  Critica! path i

Pathn* Symbol jPin §|Node |Deiay ins)
1 light{4) s001) 5 0.157
2 carr_yJinee_mo-:luleE SUM[4] 13 0157
3 carrylree_module; CYRLN) 5 0.144
2 CSGO1(E ctif4) 5 0144
5 CSGCYS)  clipl(3) g 0135
5 CSGCIN0) ofife) 5 0.135
7 CSGCIH0)  clipl(3) 12 0.124
8 CSGCIGY) i) 12 0.124
Is LSGCINT) ctip(3) 15 0113
10 CSGC2(12)  CTLiS) 15 0.145
17 CSGC2(12)  CTLipl(4) 19 0.133
12 CSGCIE21) ctild) 19 0.133
13 CSGCM21  ctipl(3) 35 0.122
14 CSGCH20E  ctild) 35 0122
i [CSGCI20)  clipl(3) 2 0111
%15 CSECIMS)  etid) 32 0.111
a7 CSGCINY clipl(3l 13 0.100
er CSEC2M18 CTLIS) 13 IRk
19 CSGE2(18)  CTlpi) 24 0117
120 CSGC13Y) chif4) 23 017
2t |CSROIEH ol 10 0.106
Iz CSGCI3)  ctil4) 40 0.108

Information

Module name (3 char. max)

oo
-‘ ;maccurateparta

& Add gate delay info

& Append simul. infomations

™ Add labels as comments

" The Yarilog file has 259 linas
- The design includes 241 symbols!
. The circuit has 160 nodes

——
Time scale ;11,90

Update Verilog] . e

v

w OK

accurate part and 77 is the delay in the inaccurate part.

Delay i1s Max{0.202ns,0.157ns) => 0.202ns

Figure 4.2 : Delay of inaccurate part of ETA

Delay of Error tolerant adder 1s 7d = max(Th,T]} ,where Th is the delay in the
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4.1.2 Ripple Carry Adder

BA Verilog, Hierarcl:ny and Netlist

Verilog | Hierarchy | Netlist Informatigny e
Pathn® | Symbal Pin {Node |Delay [ns) [ A gi Mndulejf_nli . EB_ char. mend
1 | cout(1) 0 10355 a ripplecanyadde

2 fulladdmodule(3}. Cout(S} 40 10.355 ¢ ¥ Add gate delay info

3 fulladdmodulef9} Cin(3) 36 10136 ; ¥ Append simul. infomations

4 fultaddmadule(S): Cout(E) 6 10335 i Add lakeis as comments

5 fulladdmodule(2) Cin{3} 34 9815 ‘
5 szfIIa"édn.woﬁL-J!.e[‘I( Couts 34 3815 —— Verilog file has 340 lines

/ ulladdmockef1( Cin(3) 4 34% The design includes 290 symbols .
B | hulladdmoduie(11 Cout(5) 43 9,495 The circuit has 225 nodes

9 fulladdmodule(11 Cin{3) [ 3175 T T .

f0 fulladdmodulef1 ) Cout(5) B 3175

1 fulladdmodulef1 }:Cin(3) 4 8.855 : ~Misc.

12 fulladdmodulef1Z Cout5) 1 3.855 | Timescale /100

13 fulladdmodule(t 2 Cin(Z) K} 8.535 :

14 {fuladdmodule[7] Coutts) k3] 8535 Update Veritog:
118 hullzddmodule(7) Cin(3) 27 B2i5 S
:@18 fhulladdmodulels) Coutis) 27 8.215

a7 fulladdmodule(5] Cin{3) 22 7.835

13 fulladdmodule(5) Cou(b) 23 7895

119 fuladdmodule(B} Cin(3) 15 7575

20 fubaddmodule(3) Cout) 15 7575

21 fulladdmodule(3] Cin(3) 14 7.255 :

22 iulladdmodule(4) Cow(S) 14 7.255 b : ___95__.

Figure 4.3 : Delay of ripple carry adder



4.1.3Carry Skip adder
ﬁ Verilog, Hierarchy and Netlist
Verilog | Hiererchy | Netiist ~ Critical path | N Information -
Path n* Symbol Pin INnde IDelay ns) ~i | Module name (8 cher. mex)
1 Hlight{25) Carry(1) 122 18420 - & carrySkip_fullekt
§2 canyskip_musx(2: C3[4) 122 18.420 ! ¥ Add gate delay infc
i3 canyskip_mui-:[z- Camyi2) 73 18.070 i W Append simul. informations
) cfa'n;jslée;;;ﬁiallla'a{‘c‘aér'y'm] 79 15.070 | [~ Add Iabels as comments
5 canyskip,_Fullach Cin(3) o 15.370 :
s canyskip_mun(z L) i 13370 | The Verilag file has 547 lines
! canyskp_mulZ Cany?) - 152 14820 | The design includes 466 symbols
|8 canyskip.Fullach Camy(11) 32 14.820 . The circuithas 410 nodes
3 canpskip_Fulladi Cin(3) f E5 12120 :
i canyskip_mux(1: C3(4) ‘85 14.820
i i1 cauyskip,_rnuk[t Cany(2) ‘B3 14,270 ~Misg
12 canpskip_Fullads Camy(11) 63 14.270 Timescale 100
337 [canyskip_Fullach Cini2) 54 1157 :
Mo Jcanyskin_mui-C4) 64 14.270 | Update Verilog|
‘I‘E'—— canyskip_mus{1: Camy(2) E7 13720 S o i
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Figure 4.4 : Delay of carry skip adder



4.2 Simulation of Power Dissipation

4.2.1Error Tolerant Adder

- Analog simulation of C:\Documents and Settings\zogWesktap\ela_inaccurate MSK
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Figure 4.5 : Power dissipation of ETA



4.2.2 Ripple Carry Adder

- Analog simulation of example
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Figure 4.6 : Power dissipation of RCA
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