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ABSTRACT

The demand for high security in energy constrained devices such as mobiles and
PDAs is growing rapidly. This leads to the need for efficient design of cryptographic
algorithms which offer data integrity, authentication, non-repudiation and confidentiality
of the encrypted data and communication channels. The public key cryptography is an
ideal choice for data integrity, authentication and non-repudiation whereas the private key
cryptography ensures the confidentiality of the data transmitted. The latter has an
extremely high encryption speed but it has certain limitations which make it unsuitable
for use in certain applications. Numerous public key cryptographic algorithms are
available in the literature which comprise modular arithmetic modules such as modular
addition, multiplication, inversion and exponentiation. Recently, numerous cryptographic
algorithms have been proposed based on modular arithmetic which are scalable, do word
based operations and efficient in various aspects.

The modular arithmetic modules play a crucial role in the overall performance of
the cryptographic processor. Hence, better results can be obtained by designing efficient
arithmetic modules such as modular addition, multiplication, exponentiation and
squaring.

This thesis is organized into three papers, describes the efficient implementation
of modular arithmetic units, application of these modules in International Data
Encryption Algorithm (IDEA). Second paper describes the IDEA algorithm
implementation using the existing techniques and using the proposed efficient modular

units. The third paper describes the fault tolerant design of a modular unit which has

online self-checking capability.



ACKNOWLEDGMENTS

It gives me great pleasure to thank all the people who have supported me and
made this thesis possible. I would like to thank Dr. Minsu Choi, who has been a great ad-
visor throughout my Master’s program and it has been a pleasure working with him. He
has been a continuous source of motivation and has helped me develop my skills.

I would like to express my sincere gratitude to Dr. Yiyu Shi and Dr. Sahra
Sedighsarvestani who are serving as committee members. I would like to thank Dr.
Beetner, Dr. McCracken, Dr. Al-Assadi and Dr. Ali Hurson who have taught me
excellent courses during my Master’s program. I am grateful to the department secretary,
Mrs. Regina Kohout who has guided me through departmental obstacles and paperwork. I
give sincere thanks to Jun Wu for associating with me in research and publications.

I would like to also thank my friends Vikram Surendra, Murali Bottu, Dr.
Bharath, Dr. Suhas, Arun Sharma, Komal and many more friends who have supported me
continuously throughout my Degree program and provided me a refreshing environment.
Most importantly, I would like to thank my parents, Krishna Reddy, Dhana Lakshmi, my

brother, Sathish Reddy whose continuous support made this degree possible.



vi

TABLE OF CONTENTS
Page
PUBLICATION THESIS OPTION .....ooiiiiiiiitieeecte e eeee et ceertene s e eseee e seneae e s s eeas iii
ABSTRACT ...ttt ettt et st s s sat e s s s e b bt e e sanse s ae e s et e e s sabasseseneas iv
ACKNOWLEDGMENTS ...ttt sttt ceireee st sennnes s sse s sresanessennnsessenaasos v
LIST OF ILLUSTRATIONS ...ttt ettt st snne s s ese st eesnann e s e e soneas ix
LIST OF TABLES..... oottt erreecrtee sttt eree s an s saae s s st s s saassab e s e sas s s aas s sane s s anenas X
SECTION
1. INTRODUCGCTION .....outiiiterereeeeeeenerennteeensneesssiaries s sssntsssssssnssasseessssnssssssnsnsoses 1
PAPER
I. A FAST LOW-POWER MODULO 2N+1 MULTIPLIER DESIGN.............c........ 2
PN T35 ¢ Yo S S 2
1. INTRODUCTION ...ctttieiiieirreeeieerseeeeesenntesnaseeessesssnasessssssssssassesssssesessssansennn 3
2. COMPRESSORS....ooeitteerrre ettt e e st st es it e e s ernnee e e seanee s 4
20 B.Y 16D QYA T, (0 ) SR 4
2.2. DESCRIPTION OF COMPRESSORS .....cooiiiiiiiiiiiiiiiiiiiivccrneecccne, 5
3. ALGORITHM FOR IMPLEMENTATION OF MODULO 2"+1
MULTIPLIER ...eoeeitieeeteeceiaeetesetesiesessstesnasesass e eeentnsssneessenrnnsessasssssesssssseanee 7
4. PROPOSED IMPLEMENTATION OF THE MOD 2N+1 MULTIPLIER........ 10
4.1. PARTIAL PRODUCTS GENERATION.......cccciiiiiiiriiceciieicceee, 10
4.2. PARTIAL PRODUCTS REDUCTION ....ccoooiiiiiieeeiceee 10
4.3. FINAL STAGE ADDITION ...cccoiniiiiiiiiiiiieeeiee et 11
5. SIMLATION AND RESULTS ...oooioiiiiierieetccntcic ettt 13
5.1. SIMULATION ENVIRONMENT ....oooiiiiiiiin e, 13
5.2. SIMULATION RESULTS ...oooiiiiiiiinitininiec et 13
6. CONCLUSIONS ....oiiterreniirenreireriiee et 15
7. REFERENCES ....ooctiiteettiriereiie ettt et s 16
IL. AN EFFICIENT IDEA CRYPTO-HARDWARE USING NOVEL
MODULAR ARITHMETIC COMPONENTS .....coccoviiiiiiiiiiine, 17

ADDSITACE. v vveeneensesnaanenseans e ssasei et et s a st e 17



III.

vii

L. INTRODUCGTION .....oouiiiiiiiiiiieiiiceieste ettt ese s eree s esaesseense e seens 18
2. COMPRESSORS........ooteiiiteriirene sttt eesress e sae et et sse e aaeeeresensenneereesnnens 20
2.1 MUX VS, XOR ciiiiiiiiniienieinenteereesresreesteesstaeseseessessesessssssesssssssseseseens 20
2.2. DESCRIPTION OF COMPRESSORS .....ccccctiiriiiiieittnciieeeee e eeeeeeinens 21
3. HARDWARE IMPLEMENTATION OF THE MOD 2M+1 .......ccocoiminne. 23
3.1. PARTIAL PRODUCTS GENERATION.......ccovtiiiiriiiniieeeeeeieeeereeinens 23
3.2. PARTIAL PRODUCTS REDUCTION .....cccccoiimitiriiiinietereertesereenrieenne 23
3.3. FINAL STATE ADDITION .....cootiiiitiiniinieeennieeeeireeneeeeeerereeeseeesaeenenes 24
4. NOVEL IMPLEMENTATION OF INTERNATIONAL DATA
ENCRYPTION ALGORITHM (IDEA) USING MODULO 2M+1................... 26
5. SIMULATION AND RESULTS ..ottt nereeee e e e saeeesevaraeens 28
5.1. SIMULATION ENVIRONMENT ......ooiiiiiiiiiiirirreerreere e e eveeeeens 28
5.2. SIMULATION RESULTS ...ooiieeteteeetetntres et sesneneteeesseaee s e esavaeens 28
6. CONCLUSION ...ootiiiieiccrreerieeeesieeeseeestetesseieeesasastesesessssseeessaseresesssassesssssnnnnens 30
7. REFERENQCES ...outtiiittiietereeestreeetesiteesseetesesatesesistastesssssnstssosesnanssasssmsaseesssnsees 31
EFFICIENT ON-LINE SELF-CHECKING MODULO 2N+1 MULTIPLIER
DESIGN . ...ooeeeeeeeeeetteeeiteeeeeerseeraesssesat e beesseses st s s st s e sas e s s abeesan e s s ssaesesbesssassesannnens 33
Nt o1 AT O 33
1. INTRODUGCTION ...oiiiiiieicttreeeteetereseseesenmassatssssnsesssnsessansssssssnsssssanesssnssennnees 34
2. PRELIMINARIES AND REVIEWS .....ociiiiiiiiiiiiiiiiicccns e e 37
D 1. MUX VS, XOR ceoooeieiieeerreeeesseeeteeintessss st s sssabas s es s sttt e s ssbs s ssaes s ssaesens 37
2.2. DESCRIPTION OF COMPRESSORS ....ccoviiiiieeecirceccee 37
2.3. SPARSE TREE ADDER BASED INVERTED END AROUND
CARRY ADDER.. ...ttt st ettt 41
2.4. MODULO 2N + 1 MULTIPLIER.......oiiiiiiieieeteteneee s 46
3. PROPOSED SELF-CHECKING MODULO 2N+ 1 MULTIPLIER
DESIGN . oeieeeeeeeeetesteseessesessessessesssrenar s as s e st s b e s e b et s bt e st b e ae et st et e ba et e e b 48
3.1. SELF-CHECKING MULTIPLIERS USING RESIDUE CODES............. 48
3.2. SELF-CHECKING MODULO 2N + 1 MULTIPLIERS USING
RESIDUE CODES ..ottt 52
4. PARAMETRIC COMPARISON ..cooruiiiiiiiiiiiiiieniitis e 58
4.1. UNIT-GATE MODEL ANALYSIS..c.coiiiiiiines 58

4.2, EXPERIMENTAL RESULTS ...ccvvvsssiccsmreressssssssssmmesseessssssssssssseseesesssss 60



5. CONCLUSIONS ..ottt eeertcereeee st sete s e e sree e e e e s nreesmsesseneseesnnons
6. REFERENCES ..ottt ettt esne st



ix

LIST OF ILLUSTRATIONS

Figure Page
PAPER 1
1. CMOS implementation of 2-input (a) XOR (b) MUX ....c..oociiiiiiiiiiiiiiiciinniees 4
2. 5:2 compressors; (a) Existing design (b) New design ........occcovcoiceiiiiiiininiciinnnnnn. 6
3. Initial partial product MatriX .......covciriimiinireciii e 8
4. Modified partial product MAatriX........ccceeiiiiririiiirici e 8
5. Final n X n partial product MatriX .......cocceevirirricinnienirniieniieictce e 9
6. Inverted EAC adder implemented using sparse tre€ structure...........covcuvvveevvueeeeeennen. 12
7. Proposed implementation of the mod 2'%+1 multiplier using efficient compressor..12
8. (a) Power (b) Delay comparisons of existing and proposed multipliers.................... 14
PAPER 11
1. CMOS implementation of 2-input (a) XOR (b) MUX .....cccccoiiiiiiniimiiiiiniiiins 20
2. 5:2 compressors; (a) Existing design (b) New design .......cocoeieiieiiinniniininnninnnen. 22
3. Proposed implementation of the mod 2'%+1 multiplier using efficient compressor..25
4. Datapath of IDEA cipher with 4 pipeline stages .......c..coooviiininniiniiinn, 27
PAPER III
1. CMOS implementation of 2-input (a) XOR (b) MUX ...cc.ccoiviininiiniiiiniiiieeen, 38
2. Block diagram of (a) 5:2 compressor (b) 7:2 COMPIESSOT .......eoveerieerrneareniraiieaiennenns 39
3. 5:2 compressors; (a) Existing design (b) New design ..o 40
4. Proposed MUX-based design of 7:2 COMPIESSOT ....coevmeruieninmiininninriiicnieenenines 41
5. (a) 16-bit Sparse tree based Inverted EAC adder (b) 4-bit conditional sum

205113 21 1) RO O VO YUUO P U TP PSR POPO NOT P T TR N OORR 45
6. Hardware implementation of the modulo 216+ 1 multiplier ...ovveereeneeneeei e, 47
7. A block diagram of the multiplier with residue code check ... 49
8. A block diagram of the residue code checker ..., 51
9. A block diagram of the self-checking modulo 2"+ 1 multiplier.........c..coeevrininennnnn. 54
10. Modulo generator with check base 2* - 1 for input Width=16 ........c..coeocovrrrerrirnnnnn. 56

. Modulo generator with check base 2* + 1 for input width=16 .......c.ceccovrrnrrrrrcrnnne. 57



LIST OF TABLES

Table
PAPER 11

Page

1. COMPARISON OF THE PERFORMANCE MEASUREMENTS FOR
IDEA CIPHER 29

......................................................................................................

PAPER III

1. AREA AND DELAY COMPARISON OF MODULO 2N + 1
MULTIPLIERS WITH AND WITHOUT SELF-CHECKING
PROPERTY USING UNIT-GATE MODEL ANALYSIS

2. EXPERIMENTAL RESULTS SHOWING THE AREA AND
DELAY COMPARISON OF MODULO 2N + 1 MULTIPLIERS WITH
AND WITHOUT SELF-CHECKING PROPERTY



1. INTRODUCTION

Cryptography has become an integral part of most of the security applications and
low-power embedded applications. The ability to secure and the performance of the
cryptographic algorithm are the major factors that decide the overall efficiency of the
system. Very secured cryptographic algorithms have been designed and it is really
difficult to crack these algorithms. The performance of these algorithms can be improved
by designing very efficient hardware models. This thesis focuses on the novel hardware
implementation of a cryptographic algorithm. Experiments are performed to check the
overall performance. The fault tolerant design of this multiplier is analyzed and
implemented using residue codes.

This thesis is comprised of three research publications. The first paper describes
the efficient implementation of modulo 2°+1 multiplier which is the basic building block
of International Data Encryption Algorithm (IDEA). For the efficient implementation of
modulo multiplier, efficient compressors and a newly designed sparse tree adder is used.

The second paper describes the design of hardware implementation of the IDEA
cipher using novel modulo 2™+1 multipliers. It shown that the proposed modulo 2°+1
multiplier improves the performance of the various cryptographic algorithms used in
secure communication systems of networked instrumentation and distributed
measurement systems. Efficient compressors and sparse tree based inverted end around
carry adders are used to reduce the delay and complexity of the multiplier. Simulations
are performed on the known implementation and the proposed implementation.

The third paper describes the online self-checking model of the modulo 2°+1
multiplier based on residue codes is presented. The self-checking multiplier is secured
against faults affecting a single gate at a time and produce an error at the gate output,
which may propagate through the subsequent gates and generate an error at the output of
the modulo multiplier. These self-checking modulo multipliers are analyzed using unit-
gate model and compared with the modulo multipliers without self-checking property.
These models are designed for different values of the input length and simulated to get

the experimental results.
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L. A FAST LOW-POWER MODULO 2%+1 MULTIPLIER DESIGN
Rajashekhar Modugu' and Minsu Choi'
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*Department of Computer Science
Oklahoma State University
Stillwater, OK 74078-1053, USA
npark@cs.okstate.edu

Abstract— Modulo 2°+1 multipliers are the basic building blocks in many security
applications such as International Data Encryption Algorithm in cryptography. In this
paper, a fast low-power hardware implementation of modulo 2"+1 multiplier is proposed.
Novel hardware implementations for a previously proposed algorithm are shown by using
the efficient compressors and modulo carry look-ahead adders as the basic building
blocks. The modulo carry lookahead adder uses the sparse-tree adder technique. The
resulting implementations are compared both qualitatively and quantitatively, in standard
CMOS cell technology, with the existing implementations. The results show that the
proposed implementation is faster and consume less power than similar hardware

implementations making them a viable option for efficient designs.

Index Terms— Compressors; International Data Encryption Algorithm (IDEA); modulo

multiplier; sparse-tree adder;



1. INTRODUCTION

In the recent years, the number of internet and wireless communication nodes has
grown rapidly, which involves the transmission of data over channels. The confidentiality
and security requirements are becoming more and more important to protect the data
transmitted and received. Various cryptographic systems have been studied and
implemented to encode and to decode the data. International Data Encryption Algorithm
(IDEA) [1] is one of the most reliable cryptographic algorithms used for transmission of
the data. The ability to perform fast encoding and decoding operations is then still a
major issue for the implementation of IDEA, particularly from a hardware point of view.

The three major operations that decide the delay and the overall performance of
IDEA cipher are modulo 2" addition, bitwise-XOR and modulo 2"+1 multiplication. As
the first two operations take less time and are easy to implement, improving the delay and
power efficiency of the modulo 2"+1 multiplication operation leads to significant increase
in the performance of the entire IDEA cipher. Although numerous algorithms [2-5] of the
modulo 2"+1multiplier were proposed, hardware implementation of the same needs
considerable effort. More recently, Vergos and Efstathiou [S5] proposed an efficient
algorithm for computing modulo 2"+1 multiplication, in which the partial product
reduction block, which contributes most to the overall delay, is designed using full
adders. Hence, the demand for efficient implementation of the partial product reduction
block is continuously increasing.

In this paper, a new hardware implementation of the partial product reduction
module of the mod 2"+1 multiplier is proposed. And also, the final stage addition module
is redesigned using more efficient carry lookahead adder technique. The resulting
hardware implementation is faster and consumes less power than existing ones.

The paper is organized as follows; Section II introduces multiplexor-based
compressors. In Section II1, the algorithm for computation of modulo 2"+1 multiplication
is given. Section IV discusses the proposed implementation of the multiplier, with
implementation example for the input word length, n=16, which is used in IDEA cipher.
A comparison of this implementation to a recently proposed implementation is made in

Section V. Conclusions are drawn in Section V1.



2. COMPRESSORS

2.1. MUX VS. XOR

Existing CMOS designs of 2-1 MUX and 2-input XOR are shown in Fig.1.
According to [6], the CMOS implementation of MUX, it performs better in terms of
power and delay compared to XOR. Suppose, X and Y are inputs to the XOR gate, the
output is XY + XY. The same XOR can be implemented using MUX with inputs X, X and
select bit Y. The efficient implementation of compressors [7] is achieved by using both
output and its complement of these gates. This also reduces the total number of garbage

outputs.

L
L

XOR

(@)
sS4 S-<{
A—Q B~<{
A— B—{ (o] °
S— 5-{

(b)
Fig.1 CMOS implementation of 2-input (a) XOR (b) MUX



2.2. DESCRIPTION OF COMPRESSORS
A (».2) compressor with p inputs x1,x2..xp and two output bits Sum and Carry

along with carry input bits and carry output bits is governed by the equation:

v t t
Do X+ (Cdi=Sum+2(Carry+ ) (Coud)
i= i= i=
Efficient design of the existing XOR-based 5:2 compressor [8-9], which takes 5

inputs and 2 carry inputs, is shown in Fig. 2a. The critical path delay of this compressor is
44 — xor (delay denoted by A).

The newly designed compressors use multiplexers in place of XOR gates,
resulting in high speed arithmetic. Also, as shown in Fig. 1 in all the existing CMOS
implementations of the XOR and MUX gates both the output and its complement are
available but the designs of compressors available in literature do not use these outputs
efficiently. In the CMOS implementation of the MUX if both the select bit and its
complement are generated in the previous stage then its output is generated with much
less delay because the switching of the transistor is already completed. And also if both
the select bit and its complement are generated in the previous stage then the additional
stage of the inverter is eliminated which reduces the overall delay in the critical path. The
new MUX-based design of 5:2 compressor [7] is shown in Fig. 2b, the delay of which is
A — XOR + 34 — MUX. CGEN block used in Fig. 2 can be obtained from the equation
Coutl = (x1 +x2) - x3 + x1 - x2.



X, Xz X3 Gin2 X, Xs Gin1

(comn | [ non ||| [ oon |

o [son ] | [on pl{wn ]
= -
inn | Mux |

1 Xz X1 Gin2 X4 Xs GCin1

==t
[com] (xz..x.ljJ ]
et o W | Twox ]l x|

P L
I Cout2
MUX ¢
MUX -L’_J MUX
S&m Calrry

(b)
Fig. 2 5:2 compressors; (a) Existing design (b) New design



3. ALGORITHM FOR IMPLEMENTATION OF MODULO 2"+1 MULTIPLIER

The algorithm for computation of X - Y mod 2" + 1 is described below. From the
architectural characteristic comparisons [5], the algorithm presented in [5] is considered
as the best existing algorithm for the computation of X- Y mod 2" + 1 in the literature.
Hence, this algorithm is used for the proposed implementation of the modulo multiplier.
According to the algorithm it takes two n+1 bit unsigned numbers as inputs and gives one
n+1 bit output. The proposed implementation can be adapted to IDEA cipher [1-2], in
which the mod 2" + 1 multiplication module takes two n-bit inputs and gives one n-bit
output, by assigning the most significant bits of the inputs zeros and neglecting the most
significant bit of the output.

Let |A|g denote the residue of A modulo B. Let X and Y be two inputs
represented as X = XpXp—1 -.Xg and Y = ypyn-1 ... Yo Where the most significant bits x,,
and y, are ‘1’ only when the inputs are 2" and 2", respectively. X - Y mod 2" + 1 can be
represented as follows:

n n
P=IX Yl = | 22t ) 320
j=0

n

n
i=0

i=0 j=0

2™+1 2n41

The n X n partial product matrix is derived from the initial partial product matrix
in Fig. 3, based on several observations. This n X n partial product matrix is shown in
Fig. 5. First observation is, the initial partial product matrix can be divided into four
groups A, B, C and D in which the terms in only one group can be different from ‘0’.
Groups A, B, D and C are different from ‘0’, if inputs (X, Y) are in the form of (0Z, 0Z),
(1Z,0Z), (0Z, 1Z) and (10..0,10..0), respectively (here ‘Z’ is a 16-bit vector). Hence the
four groups can be integrated into a single group by performing logical OR operation
(denoted by v) instead of adding the bits arithmetically. Logical OR operation is
performed on the terms of the groups B, D and A in the columns with weight 2" up to
2212 454 on the two terms of the groups B and D with weight 22"~ (the ORed terms of
the groups B and D are represented by qi, where q; = pn,iVPin )- Since |22 Y ,ny, =
20-1 4 1, the term with weight22"~1, q,_, can be substituted by two terms g, in the

columns with weight 27"~ and 1, respectively, and ORed with any term of the group A



there. Moreover, since [22"|,n,; = 1, the term p,, ncan be ORed with pg o. The modified

partial product matrix is shown in Fig. 4.

220 22ﬂ-1 22'!-2 veen 2n+2 2n¢1 2" 2n-1 zu-z veee 22 21 20

n1,0 Pnzo - P20 P1o Poo
Pn214 Pnaig e P11 Po,1

Pn22 Pn32 Pnsez ... Po,2

P4an1 P3nt Pz2n1 P1n1 Pon2
n- An4 > Psnt Panda Pint Poa- A
[Pnin Pn2n = Pzn  Pin_ Pon |D

Fig. 3 Initial partial product matrix

2 .. o gm L 2 2
: Pn1oVOnt Pn2o e+ P20 P1p P00V PnaV Gn4
pn-1.1"q°: Prn21  Pn31 - P11 Pos
Pn.1,2Va4 Pn-2,2 : Pna,2 Pn42 - Po2
|
Psn2 P22 l| Pinz  Pon2
Pnt,n4Vn-2 «os P2t P1.n4 : Po,n1

Fig. 4 Modified partial product matrix

Second observation is repositioning of the partial product terms in the modified

partial product matrix, with weight greater than 2"~ 1 based on the following equation:

[s2¢ = |—32mn|2n+1 =|(2"+1- s)zlilnlz,,+1

2™+1
= IEleln + 2n2|i|n|2n+1 (1)
Equation (1) shows that the repositioning of each bit results in a correction factor

of 272llln In the first partial product vector, there is only one such bit and in the second



partial product vector 2 bits need to be repositioned and so on. Hence the correction
factor for the entire partial product matrix would be:
COR1 =2"(2(1 + 2 + 22 -+ 42" — (n - 1))
=2"(2"-n-1) 2
The n X n partial product matrix along with the equation (2) results in n+l
operands. These partial product terms can be reduced into two final summands Sum array
and Carry array using a Carry Save Adder (CSA) tree. Suppose the carry out bit at it"
stage of CSA is c¢; with weight 2™, this carryout can be reduced into:
[ci2™|aney = |=cilaney = |2 + Cilanag
Therefore the carry output bits at the most significant bit position of each stage
can be used as carry input bits of the next stage. In an n-1 stage CSA in [5] produces n-1
such carry out bits. Hence there will be a second correction factor (3). And the overall
correction factor using this algorithm is:
corz = |2"(n—1)|

(3)

The final correction factor will be the sum of COR1 and COR2. The constant ‘3’

2"+1

in equation (4) will be the final partial product.
COR = COR1+4+ COR2 =|2" (n—1) +2"(2" —n — 1)|yn4,

= |27(2" — 2)|yn4 = 3 4)
2n-1 2"-2 2n—3 22 21 20
PPo= Pn1oV Gn1 Pn20 Pn-30 P20 P10 Poo VQn1V Pnn
PPy = pna1 Pn-3,1 Pn-4.1 Pi.1 Po.1 Pn-1,1V Qo
PP2= pn31 Pn-4,.2 Pn-s.2 Po.2 Pn-12VQ1r  Pna22
PPp2=Pin2 Po.n-2 Pn-1.n-2V Qn-3 Psn2 Pan2 P2n-2
PPn.1= Pon-1 Pr1n1VQn2  Pnzna P3nt  Pzn P1.n-1

Fig. 5 Final n X n partial product matrix
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4. PROPOSED IMPLEMENTATION OF THE MOD 2"+1 MULTIPLIER

The proposed implementation of the modulo multiplier consists of three modules.
First module is to generate partial products, second module is to reduce the partial
products to two final operands and the last module is to add the Sum and Carry operands

from partial products reduction to get the final result.

4.1. PARTIAL PRODUCTS GENERATION
From the above n xn partial product matrix (shown in Fig. 5), it is possible to

observe that the partial product generation requires AND, OR and NOT gates. The most

complex function of partial product generation module is pp_1,n-1V qn—2, where p;; =

a;b; and q; = PniVpin-

4.2. PARTIAL PRODUCTS REDUCTION

This is the most important module which largely determines the critical path delay
and the overall performance of the multiplier. Hence this module needs to be designed so
as to get minimum delay and consume less power.

The existing implementations [4-5, 11] use full adders (FA) and half adders (HA)
to construct this module. The series of full adders in any column can be replaced by the
novel compressors that take the same number of inputs. In the proposed implementation
use of suggested compressors is done which not only reduces the delay and power
consumption but also the area of the circuit. For a modulo 2'%+1 multiplier in IDEA
cipher the FA implementation requires fifteen full adders in series in any column, these
fifteen full adders can be replaced by two 7:2 compressors, one 5:2 compressor and two
3:2 compressors.

Computation of the correction factor COR for compressor implementation

involves computing only corz, because COR1 is obtained based on repositioning of the
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partial product term, which is same for both implementations. The correction factor cor2
computation for FA implementation which has n — 1 stages of additions is shown in [5].
And the cor2 computation for the proposed multiplier implementation using the
compressors also yields the same result. Since, any (p, 2) compressor can be primarily
designed using (p —-2) FAs which give p — 2 carry outs with 2 weight. Hence, the overall
correction factor CcorR computation for FA implementation and compressor

implementation yield the same result i.e, 3 as shown in (4).

4.3. FINAL STAGE ADDITION

The partial product reduction module gives one n-bit carry vector and one n-bit
sum vector which need to be added in the final stage addition module. Very efficient
parallel prefix adders are designed to do this operation [2].

Suppose S and C are sum and carry vectors produced after the partial product
reduction section. As it is shown in the work of Zimmerman [2] that:

IS+ C+ 1lzn41 = |S+ C + Cout|,, (5)

The constant ‘1’ in the above equation can be obtained from the final partial
product term cOR (4) which is the constant ‘3°. Hence the new final partial product is the
constant ‘2°. The equation (5) can be implemented using an inverted End-Around-Carry
adder [2, 4-5]. Even though the propagation delay of this adder is in the order of logn, it
has a drawback of high interconnect complexity and high fan-out. This can be overcome
by sparse tree adder [10] based on the prefix network logic. The sparse tree adder takes
the carry for every four bits instead of taking it at every stage and using a carry select
block for selecting the final carry after the prefix network. This sparse tree adder was
proven to be much more efficient in terms of both delay and power when compared with
the existing prefix tree based adders [12]. Hence this sparse tree can be used to design
Inverted-End-Around-Carry adder. The newly designed Inverted-End-Around-Carry
adder using sparse tree adder structure is shown in Fig. 6. The proposed implementation

of the modulo 26 + 1 multiplier for IDEA cipher is shown in Fig. 7.
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Fig. 6 Inverted EAC adder implemented using sparse tree structure
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>
Sparse tree based Inverted End Around Carry Adder

1 i i + +

Fig. 7 Proposed implementation of the mod 2'®+1 multiplier using efficient compressor
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5. SIMLATION AND RESULTS

5.1. SIMULATION ENVIRONMENT

All the simulations have been carried out using Mentor Graphics design suite. The
calculation of power and delay are carried out using the Eldo simulation tool. The power
and delay calculations are done using the 0.18u CMOS technology. The simulations are
performed at 1.8V with all inputs fed at a frequency of 100 MHz.

5.2. SIMULATION RESULTS

The proposed and existing implementations of the modulo 2°+1 multipliers for
different values of n (8, 16, 32) are done with CMOS tsmc018 technology. The power
and delay comparisons with the existing implementations are given in Fig. 8a and Fig.
8b, respectively. For n=16 case which is used in the IDEA cipher, the power and delay

reduction ratios are 23.77% and 29.27%, respectively.
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Fig. 8 (a) Power (b) Delay comparisons of existing and proposed multipliers
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6. CONCLUSIONS

In conclusion, an efficient implementation of modulo 2"+1 multiplier is proposed.
The use of novel compressors in place of full adders resulted in considerable savings in
terms of delay and power. The final stage adder is redesigned using sparse tree adder
which has less interconnection complexity. Simulations have been performed on the
proposed implementation and on the existing implementation. The proposed
implementation is proven to perform better than the existing one in every aspect, (i.e,

delay, power and power delay product).
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Abstract— The cryptographic algorithms such as International Data Encryption
Algorithm (IDEA) have found various applications in secure transmission of the data in
networked instrumentation and distributed measurement systems. Modulo 2"+1 multiplier
and squarer play a pivotal role in the implementation of these algorithms. In this paper, an
efficient hardware design of the IDEA using novel modulo 2"+1 multiplier and squarer as
the basic modules is proposed for faster, smaller and low-power IDEA circuits. Novel
hardware implementation of the modulo 2"+1 multiplier is shown by using the efficient
compressors and sparse tree based inverted end around carry adders is given. The novel
modules are applied on IDEA algorithm and the resulting implementation is compared
both qualitatively and quantitatively with the IDEA implementation using the existing
multiplier implementations. The measurement results show that the proposed
implementation is faster and smaller and also consume less power than similar hardware

implementations making it a viable option for efficient hardware designs.

Index Terms— Modulo 2" + 1 multiplier; International Data Encryption Algorithm

(IDEA); Sparse-tree adder; Power/area/speed measurement;
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1. INTRODUCTION

The demand for high security in communications channels, networked
instrumentation and distributed measurement systems is ever growing rapidly. The
confidentiality and security requirements are becoming more and more important to
protect the data transmitted and received. This leads to the need for efficient design of
cryptographic algorithms which offer data integrity, authentication, non-repudiation and
confidentiality of the encrypted data across the communication channels. Various
cryptographic algorithms have been studied and implemented to ensure security of these
systems. In this paper, modulo 2°+1 multiplier has been much focus as it has found its
important role in IDEA algorithm. For example, the three major operations that decide
the overall performance and delay of the IDEA [i, 4, 15] are modulo 216 addition,
bitwise- XOR and modulo 2'®+1 multiplication and the GF(2n) Montgomery
multiplication and modular exponentiation can be implemented using repeated
multiplication and squaring of the vectors. Among these operations, improving the delay
and power efficiency of the modulo 2"+1 multiplication operation leads to significant
increase in the performance of the entire cryptographic cipher.

Numerous hardware implementations of the IDEA algorithm are proposed in the
literature using different modulo 216+1 multiplier architectures. The IDEA algorithm has
been implemented in software [3] on Intel Pentium II 445 MHz with encryption rate of
23:53 Mb/Sec. Later, IDEA was realized on hardware chip by curiger et.all [1] with
encryption rates up to 177 Mb/sec. By using a bit-serial implementation [4], which
enables the IDEA to be fully, pipelined the encryption rates reached 500 Mb/sec with 125
MHz clock rate. The efficiency of the IDEA cipher can still be improved if efficient basic
modules such as modulo multipliers and adders are used. The efficient implementation of
the modulo 2™+1 multiplier based on novel compressors and sparse tree based inverted
end around carry adders is presented in [7]. Even though the architecture of the modulo
multiplier is very efficiently proposed in [6], the hardware implementation and
optimization are considerably improved in [7]. This is resulted by replacing the full adder
arrays with the novel compressors and the final stage adder with the sparse tree based

inverted end around carry adder.
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The paper is organized as follows; Section II introduces multiplexor-based
compressors. In Section III, the hardware implementation of modulo 2" +1 multiplier is
given. Section IV discusses the proposed implementation of the IDEA cipher which uses
modulo 2!%+1 multiplier. A comparison of this implementation to a recently proposed

implementation is made in Section V. Conclusions are drawn in Section V1.
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2. COMPRESSORS

2.1. MUX VS. XOR

Existing CMOS designs of 2-1 MUX and 2-input XOR are shown in Fig.1.
According to [6], the CMOS implementation of MUX, it performs better in terms of
power and delay compared to XOR. Suppose, X and Y are inputs to the XOR gate, the
output is XY + XY. The same XOR can be implemented using MUX with inputs X X
and select bit Y. The efficient implementation of compressors [7] is achieved by using

both output and its complement of these gates. This also reduces the total number of

garbage outputs.

A
T T
A-d B%{ B=q
XOR
XNOR
B_
: -
A A—| B—
=+ -
(a)
= 54{
A-g B-Ci
(o]
A— B—i o]
s— §—l

Fig.1 CMOS implementation of 2-input (a) XOR (b) MUX
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2.2. DESCRIPTION OF COMPRESSORS
A (p,2) compressor with p inputs x1,x2..xp and two output bits Sum and Carry

along with carry input bits and carry output bits is governed by the equation:

P t t
D K+ (Cdi=Sum+2(Carry+ ) (Courd)
i=1 i=1 i=1
Efficient design of the existing XOR-based 5:2 compressor [8-9], which takes 5

inputs and 2 carry inputs, is shown in Fig. 2a. The critical path delay of this compressor is
44 — xor (delay denoted by A).

The newly designed compressors use multiplexers in place of XOR gates,
resulting in high speed arithmetic. Also, as shown in Fig. 1 in all the existing CMOS
implementations of the XOR and MUX gates both the output and its complement are
available but the designs of compressors available in literature do not use these outputs
efficiently. In the CMOS implementation of the MUX if both the select bit and its
complement are generated in the previous stage then its output is generated with much
less delay because the switching of the transistor is already completed. And also if both
the select bit and its complement are generated in the previous stage then the additional
stage of the inverter is eliminated which reduces the overall delay in the critical path. The
new MUX-based design of 5:2 compressor [7] is shown in Fig. 2b, the delay of which
iS 4 — XOR + 34 — MUx. CGEN block used in Fig. 2 can be obtained from the equation
Coutl = (x1 + x2) - x3 + x1 - x2.
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Fig.2 5:2 compressors; (a) Existing design (b) New design
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3. HARDWARE IMPLEMENTATION OF THE MOD 2"+1

The hardware implementation of the modulo multiplier consists of three modules.
First module is to generate partial products, second module is to reduce the partial
products to two final operands and the last module is to add the Sum and Carry operands

from partial products reduction to get the final result.

3.1. PARTIAL PRODUCTS GENERATION

The n X n partial products matrix is obtained from the n+1-bit input vectors. This
partial product matrix is generated after repositioning the bits of the initial partial product
matrix based on several observations presented in [6]. The partial products bits can be

computed from AND, OR and NOT gates. The most complex function of partial product

generation module is Py_1n-1V Gn-2, where p; j = a;b; and q; = pn,iVPin-

3.2. PARTIAL PRODUCTS REDUCTION

This is the most important module which largely determines the critical path delay
and the overall performance of the multiplier. Hence this module needs to be designed so
as to get minimum delay and consume less power.

The implementations from the literature [5, 6, and 13] use full adders (FA) and
half adders (HA) to construct this module. The series of full adders in any column can be
replaced by the novel compressors that take the same number of inputs. In the proposed
implementation use of suggested compressors is done which not only reduces the delay
and power consumption but also the area of the circuit. For a modulo 2'® + 1 multiplier in
IDEA cipher the Carry Save Adder (CSA) array implementation using Full Adders
requires fifteen full adders in series in any column, these fifteen full adders can be

replaced by two 7:2 compressors, one 5:2 compressor and two 3:2 compressors.
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Correction factor computation is an important step while generating the partial
products matrix. The full adder implementation [6] and the compressor based
implementations [7] result in the same value. Because of the space constraints,
computation of the correction factor COR for full adder implementation [6] is not given
in this paper. COR computation for compressor implementation involves computing only
COR2, because CORI1 is obtained based on repositioning of the partial product term,
which is same for both implementations. The correction factor COR2 computation for FA
implementation which has n-1 stages of additions is shown in [6]. And the COR2
computation for the proposed multiplier implementation using the compressors also
yields the same result. Since, any (p, 2) compressor can be primarily designed using (p-2)
FAs which give p-2 carry outs with 2n weight. Hence, the overall correction factor COR
computation for CSA array FA implementation and compressor implementation yield the

same result i.e, 3 as shown in [5].

3.3. FINAL STATE ADDITION

The partial product reduction module gives one n-bit carry vector and one n-bit
sum vector which need to be added in the final stage addition module. Very efficient
parallel prefix adders are designed to do this operation [2].

Suppose S and C are sum and carry vectors produced after the partial product
reduction section. As it is shown in the work of Zimmerman [2] that:

IS + C + 1lgngy = |S + € + Cout|,, (1)

The equation (1) can be implemented using an inverted End- Around-Carry adder
[2, 5, and 6]. Even though the propagation delay of this adder is in the order of logyn, it
has a drawback of high interconnect complexity and high fan-out. This can be overcome
by sparse tree adder [12, 16] based on the prefix network logic. The sparse tree adder
generates the carry for every four bits instead of generating it at every stage and using a
carry select block for selecting the final carry after the prefix network. This sparse tree

adder was proven to be much more efficient in terms of both delay and power when
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compared with the existing prefix tree based adders [14]. Hence this sparse tree can be
used to design Inverted-End-Around-Carry adder.

The newly designed Inverted-End-Around-Carry adder using sparse tree adder
structure is used in the final stage addition of the modulo multiplier is shown in Fig. 3.

The proposed implementation of the modulo 2'®+ 1 multiplier for IDEA cipher is shown

g T
1—[ Sparse tree based Inverted End Around Carry Adder I..r.u

4 1 18 1 i

Fig. 3 Proposed implementation of the mod 2'®+1 multiplier using efficient compressor



26

4. NOVEL IMPLEMENTATION OF INTERNATIONAL DATA ENCRYPTION
ALGORITHM (IDEA) USING MODULO 2N+1

The modulo 2°+1 computation is an integral part of the International Data
Encryption Algorithm (IDEA) where n = 16 [1, 4, 15]. Three major operations that
decide the overall delay and performance of IDEA cipher are:

1) modulo 2'¢ addition,

2) bitwise-XOR and 3) modulo 2'¢ + 1 multiplication.

As the first two operations take less time and are easy to implement, the delay and
power efficiency of the entire IDEA cipher depends significantly on the modulo 21641
multiplication operation. Hence, the IDEA cipher is implemented using the proposed
modulo multiplier and compared with the existing implementations. To encrypt a data
block using IDEA cipher, the data should be processed through three modulo
multiplication operations in a single round and the manipulated data again should pass
through seven such rounds iteratively and a final output transformation to produce the
final encrypted output. The IDEA cipher takes 64-bit input data and produces a 64-bit
cipher text with a 128-bit key. The encryption and decryption algorithms in IDEA are
almost identical except they utilize two different sets of sub key generated by the same
key with different processes.

The IDEA encryption and decryption processes consist of eight rounds of data
manipulation using sub keys and a final output transformation stage. In this cipher, all the
operations are carried out on 16-bit sub-blocks. In the encryption process, the input data
block of 64-bits is divided into 4 sub blocks of 16-bits each (X;, X2, X3, X4). 52 sub
keys for the encryption process are generated from the original 128-bit key by shifting a
part of it. Out of the 52 sub keys, six different sub keys (i.e. 7O, .70, .70, 70, 79, and
Z® ¢, where r is the round number) are used for each round and the remaining 4 sub keys
are used in the final output transformation stage. The 16-bit outputs at each round are
represented as Y®,, YO, Y®,, Y9, and W;,W2, W3, W, are the outputs of the final output
stage transformation. The 52 subkeys used for the decryption process are obtained using a
different algorithm [17]. As shown in Fig. 4, the critical path consists of three modulo

21641 multiplication operations, two modulo 218 addition operations and two 16-bit XOR
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operations in each round. In the final output transformation stage, critical path consists of
a single modulo 2'°+1 multiplication operation. The throughput of the IDEA cipher can
be improved, if the delay of the modulo 2!4+1 multiplication operation is reduced in the
pipelined implementation of the IDEA cipher. Fig. 4 shows the datapath of encryption
process of the IDEA cipher and datapath of a single round with 4 pipeline stages with the

proposed modulo multiplier.

X4 X2 Round 1 X3 ) Xy X2

Z1(1L<> FACEYAL . D
> :

single round X X4

K
N
Z" %—‘ ]
h. E Registers 2
e Ze" Zs—
A 9 — Registers 3 E)
by s I
W k e
Q] (1) (1) 1) agisters
Y’ Y:2 Seven more rounds Y:3 Y:4
Z1 ® Zz(g) 23(9) 24(9) Y1 Yz Ys Y
M va' W Pipelined datapath of a single round of IDEA cipher
1 2 3 4

Modulo 2'%+1 multiplication of two 16-bit
blocks, here the value ‘0’ is considered as 2'

EE Modulo 2'® addition of two 16-bit blocks

@ 18-bit XOR operation on 16-bit bicoks

Fig. 4 Datapath of IDEA cipher with 4 pipeline stages
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5. SIMULATION AND RESULTS

This particular design of the IDEA cipher with four pipeline stages using novel
modulo 2n+1 multipliers is used to analyze and compare with the well-known IDEA
cipher implementations. The use of the novel modulo multiplier improves the throughput
and performance of the IDEA cipher significantly. The hardware implementation of the
modulo multiplier consists of three modules. First module is to generate partial products,
second module is to reduce the partial products to two final operands and the last module
is to add the Sum and Carry operands from partial products reduction to get the final

result.

5.1. SIMULATION ENVIRONMENT

All the simulations have been carried out using Mentor Graphics design suite. The
IDEA cipher design is specified using verilog HDL and the multiplier descriptions are
mapped on a 0.18 'm CMOS standard cell library using Leonardo Spectrum synthesis
tool from Mentor Graphics. The design is optimized for high speed performance. Netlists
generated from synthesis tool are passed on to standard route and place tool, the layouts
are iteratively generated to get the circuits with minimum area. The calculation of power
and delay are carried out using the Eldo simulation tool. The simulations are performed at

1.8V with all inputs fed at a frequency of 25 MHz.

5.2. SIMULATION RESULTS

The IDEA cipher is implemented using both the proposed multiplier and the
multipliers presented in [6]. Various performance measurements for the IDEA cipher
using both the proposed multiplier and the existing multiplier are parametrically obtained

and listed in Table 1.



TABLE 1. COMPARISON OF THE PERFORMANCE MEASUREMENTS FOR

IDEA CIPHER
Performance Using proposed Using the o .
Measurement Multipliers multipliers in [6] 76 Reduction
Encryption Rate
Mb/sec 460.25 412.15 11.25
Critical Path 4372 5.168 154
delay
Area of the cipher 3.68 422 12.79

(mm?)
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6. CONCLUSION

Hardware implementation of the IDEA cipher using novel modulo 2"+1
multipliers is presented in this paper. It is shown that the proposed modulo 2"+1
multiplier improves the performance of the various cryptographic algorithms used in
secure communication systems of networked instrumentation and distributed
measurement systems. Efficient compressors and sparse tree based inverted end around
carry adders are used to reduce the delay and complexity of the multiplier. Simulations
are performed on the known implementation and the proposed implementation. The
presented implementation is proven to perform better than the existing one in various

aspects, (i.e, throughput and critical path delay).
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III. EFFICIENT ON-LINE SELF-CHECKING MODULO 2™+1
MULTIPLIER DESIGN
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Abstract— Modulo 2"+1 multiplier is one of the critical components in the area of data
security applications such as International Data Encryption Algorithm (IDEA), digital
signal processing and fault tolerant systems that demand high reliability and fault
tolerance. Transient faults caused by electrical noise or external interference are resulting
in soft errors which should be detected online. The effectiveness of the residue codes in
the self-checking implementation of the modulo multipliers has been rarely explored. In
this paper, an efficient hardware implementation of the self-checking modulo 2"+1
multiplier is proposed based on the residue codes. Different check bases in the form 2°-1
or 2° + 1 (c € N) are selected for various values of the input operands. In the
implementation of the modulo generators and modulo multipliers, novel multiplexor-
based compressors are applied for efficient modulo 2" + 1 multipliers with less area and
lower power consumption. In the final addition stage of the modulo multipliers and
modulo generators, efficient sparse tree based inverted end around carry adders are used.
The proposed model is capable of detecting errors caused by faults on a single gate at a
time. The experimental results show that the proposed self-checking modulo 2™+1

multipliers have less area overhead and low performance penalty.
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1. INTRODUCTION

In the recent years, the number of internet and wireless communication nodes has
grown rapidly, which involves the transmission of data over channels. The confidentiality
and security requirements are becoming more and more important to protect the data
transmitted and received; consequently secured communication of the data is given the
utmost priority. Various cryptographic systems have been studied and implemented to
ensure the security of these systems. International Data Encryption Algorithm (IDEA) is
one of the most reliable cryptographic algorithms used for transmission of the data [10,
11, 12]. In the hardware implementation of IDEA, the three equation major operations
that decide the delay and the overall performance of IDEA cipher are modulo 2" addition,
bitwise-XOR and modulo 2" + 1 multiplication. The performance of data path of the
IDEA cipher significantly depends on the modulo 2" + 1 multiplication module. Apart
from this, the modulo 2" + 1 module has found applications in Fermat number transform
computation [13], digital signal processing [1] and fault tolerant design of ad-hoc
networks[2]. Hence, the efficient and fault secured design of the modulo 2" + 1 multiplier
is highly desired. The protection against errors is necessary in security applications such
as IDEA for reliability. In VLSI systems transient faults can be detected by built in online
fault detection circuits and self-checking circuits have this property [25, 33, 34].
Especially, transient faults caused by internal noise or external interference are not
tolerable in this high speed computing world, these faults should be detected online. The
self-checking designs detect the errors immediately as they occur and the output can be
corrected by repeating the last operation. Hence, it is highly desirable to design efficient
algorithms and methods that can detect the errors on-line, which may prevent any harm
caused by the faults. Designing efficient self-checking circuits with less area overhead
and performance penalty has been an important challenge in the area of fault tolerant
applications. In the recent years, various self-checking circuits [14, 15, 16, 17] using
different coding schemes such as parity prediction, arithmetic codes are presented, to
check the functionality of the circuits. Self-checking arithmetic circuits using residue
codes are reported in some of the industry applications [28, 29]. Parity code schemes for

memory systems and register files may achieve fault secure property at low hardware
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cost; sometimes they fail to achieve the fault secure property in arithmetic circuits [20,
22]. In the self-checking arithmetic circuits using parity prediction scheme [24] detects
errors only at the output of the circuit; however a fault in the intermediate signal gets
propagated to other output signals and remains undetected. Even though the parity codes
result in less area overhead in self-checking circuits, arithmetic circuits may sometimes
produce multiple output errors which are not detectable by the parity codes. Especially in
case of multipliers the circuit overhead is in the range of 40% to 50% when parity
prediction codes are used [19]. Therefore, in the multipliers with large input operand
width, the overall area overhead is adversely affected with parity prediction schemes. In
the literature, self-checking implementations of the arithmetic circuits such as adders and
multipliers have been proposed [30, 31, and 32]. These self-checking circuits use parity
prediction schemes and arithmetic code schemes in the design by trading off with the
hardware overhead, performance penalty and fault secureness. Few of the self-checking
circuits are described as follows. In [23], self-checking adder circuits based on arithmetic
codes were proposed [26, 27]. These checkers using arithmetic codes suffered from
hardware complexity and overhead. An alternative method to design self-checking adders
[24] is by using parity prediction schemes. However, this approach detects errors only at
the outputs and a fault in the carry gets propagated and remains undetected leading to
unreliability. A different technique is used in [14], to design a self-checking carry-select
adder. The adders are totally self-checking for both permanent and transient stuck-at-
faults. A self-checking multiplier is proposed in [25], based on parity prediction scheme.
The multiplier consists of AND matrix, Carry Save Adder and a final sum-bit duplicated
adder. Single stuck-at-faults in the combinational logic and all even or odd errors in one
of the duplicated output registers are detected. In [17], a self-checking code-disjoint
booth multiplier based on linear Carry Save Addition is designed. This implementation
can detect all the single input faults, single stuck-at-faults and all errors in the output
register. In the work of [17, 40], it is described that the transient faults in the circuits
create soft errors in the output latches of the combinational circuit when:

e An output is related to the faulty sub circuit with respect to the input(logical

condition).
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e A pulse, altered by the faults, has a significant pulse width and amplitude
(electrical condition).

e A pulse, resulting from the faults, arriving at the clock transition (latching

window).

Because of the numerous masking effects, these transient faults result in single bit
errors. Hence, circuits which can detect single input faults, single stuck-at-faults or
multiple output faults are of usual interest. In this paper, a new hardware implementation
of the self-checking modulo 2" + 1 multiplier based on residue codes is proposed. In the
proposed implementation several techniques are used to come out with an efficient self-
checking modulo 2"+1 multiplier and they are listed below:

e Efficient compressors are employed in the multiplier design and modulo

generators design to reduce the overhead.

e The residue code circuits with the check bases of the form 2* -1 and 2* +1 are

efficiently designed using compressors and sparse tree based adders.

The resulting self-checking circuit has area overhead in the range of 20% to 45%
for different values of n.

The paper is organized as follows; Section II introduces multiplexor-based
compressors, which are used in the self-checking multiplier design [5]. Section III
discusses the proposed implementation of the self-checking modulo 2" + 1 multiplier, and
the efficient implementation of the modulo generators with check bases 2%_1and 2+ 1
is given. Experimental results showing the area overhead and performance penalty of the

resulting self-checking circuits are given in IV. Conclusions are drawn in Section V.
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2. PRELIMINARIES AND REVIEWS

2.1. MUX VS. XOR

Multiplexor (MUX) is one of the logic gates used extensively in the digital
design, which is very useful in efficient design of arithmetic and logic circuits. According
to the CMOS implementation of MUX [6], it performs better in terms of power and delay
compared to exclusive-OR (XOR). Suppose, X and Y are inputs to the XOR gate, the
output is X¥ + XY. The same XOR can be implemented using MUX with inputs X, X and
select bit Y. Efficient compressors have been designed using MUX and reported in [7]. In
the proposed compressors [7], both output and its complement of these gates are used.
This also reduces the total number of garbage outputs. Existing CMOS designs of 2:1
MUX and 2-input XOR are shown in Fig. 1 for comparison.

2.2. DESCRIPTION OF COMPRESSORS
A (p:2) compressor has p inputs X1 X3..... Xp-1,Xp and two output bits (i.e., Sum
bit and Carry bit) along with carry input bits and carry output bits. Its functionality can be
represented by the following equation:
P Xi+Xi1(Cin)i = Sum + 2(Carry + Yi=1(Cour)i) (1)
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Fig.1 CMOS implementation of 2-input (a) XOR (b) MUX

For example, a (5, 2) compressor takes 5 inputs and 2 carry inputs and generate a
Sum and Carry bit along with two carry out bits. Block diagrams of 5:2 and 7:2
compressors are shown in Fig. 2. Efficient designs of the existing XOR-based 7:2, 5:2
and 4:2 compressors [8, 9]have critical path delays of 6A(XOR), 4A(XOR) and 3A(XOR)
(delay denoted by A), respectively [8].
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+ ¥
Carry Sum
(b)

Fig. 2 Block diagram of (a) 5:2 compressor (b) 7:2 compressor

The newly proposed efficient compressors [7] use multiplexers in place of XOR
gates, resulting in high speed arithmetic due to reduced gate delays. Also as shown in Fig.
1, in all the existing CMOS implementations of the XOR and MUX gates both the output
and their complements are available but the designs of compressors available in literature
do not use these outputs efficiently. In CMOS implementation of the MUX if both the
select bit and its complement are generated in the previous stage then its output can be
generated with much less delay because the switching of the transistor is already
completed. And also if both the select bit and its complement are generated in the
previous stage then the additional stage of the inverter can be eliminated which reduces
the overall delay in the critical path. The existing XOR based and proposed MUX-based
designs of a 5:2 compressor are shown in Fig. 3, the delays of which are A (XOR) +3A
(MUX) and 4A (XOR). These compressors are primitive blocks of the proposed self-
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checking modulo multipliers. The proposed MUX-based design of the 7:2 compressor is

shown in Fig. 4. CGEN block used in Fig. 3, Fig. 4 can be obtained from the equation
Coutl = (x1 + x2) - x3 + x1 - x2.

in1

L

3 B
Cout2
B&m t:ll'rrylr
(a)
}:1 Xz X1ﬁln2 X, Xs Cinmi
CGEN I ona-xuonJ |xon-xuon!
S MUX MUX -L( MUX J
= | coutz
MUX +
1
l MUX Ja—-Ll MUX I
S&m Carry

(b)
Fig. 3 5:2 compressors; (a) Existing design (b) New design
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Fig. 4 Proposed MUX-based design of 7:2 compressor

2.3. SPARSE TREE ADDER BASED INVERTED END AROUND CARRY
ADDER

In binary addition operation, the critical path is determined by the carry
computation module. Among various formulations to design carry computation module,
parallel prefix formulation [41] is delay effective and has regular structure suitable for
efficient hardware implementation. The binary addition of two numbers using a parallel
prefix network is done as follows. Let A = a,.1Gy.2 .... aiao and B = b,.1b,.5 .... b1bg be two

weighted input operands to the network. The generate bit (g;) and propagate bit (p;) are
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defined as g; = a; AND b, and p; = a; OR b,, and these generate bits can be associated
using the prefix operator + as follows:

(gi p) o(gi1. pi1) = (€tpi&i1, Pipi1) = (8ii-1, Pii-1) Where + is the logical OR
operator and. is the logical AND operator.

The carry outs (C;) for all the bit positions can be obtained from the group
generate (G; = C;) where (G, P;) = (g; p:) © (gi.1, pi-1) ©.... (&1, P1) © (8o, Po)-

The function of End Around Carry (EAC) adder is to feed back the carry out of
the addition and add it to the least significant bit of the sum vector. Similarly, in inverted
End Around Carry adders the carry out is inverted and fed back to the least significant bit
of the sum vector. The parallel prefix network based Inverted EAC adder [42] achieves
the addition of the input operands by recirculating the generate and the propagate bits at
each existing level in Jog2n stages. Let C"; (G*) be the carry at bit position i in the
inverted EAC, this can be related to G; as follows:

(Gyp-1, Pp_g) fori= —1
(Gi,P) o (Gp—1a41,Pacgnsr) forn—22i20
In the above equation (G, B) = (G, P),
where (G, Pi) = (gi, Pi) © (gi-1, Pi-t) ©.... (&1, P1) © (&0, Po)-

)

(G, = {

(Gn—1:i+1l Pn—l:i+1)
= (8n—1,Pn-1) ° (8n-2, Pn—2) «- o+ (8i+2, Pi+2) © (8i+1, Piv1)

In some cases it is not possible to compute (G*, P*) in log2n stages, then in
these cases the equations in (2) are transformed into the equivalent ones as shown in Eq.
(4) by using the following property {42]:

Suppose that (GX, P¥) = (g,p) © (G, P) and (G¥,PY) = ((5,8) ° (G, P))

GC=g+p.G=g+p.G=8(H+0G)
=(8p)+8G=p+gG 3)

Therefore G* = G” and in (2) P’ is computed as p. P.
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To implement the parallel prefix computation efficiently, these transformations

have to be applied j number of times recursively on (G;, P,) ¢ (Gp—1.141, Pa—1141) using

the following relation:

n, ifi>>-1
n—-1—i+j= 4
Tl oifision @
2 2
The new carry outs can be computed using the following equation:
. e (Gp—1,Ph—y) fori= -1
(Gi.Pi)={-_ P . )
(Pli Gl) e (Gn—1:1+1' Pn—l:l+1) forn-22i=0

Hence, the transformations used above to achieve the parallel prefix computation
in log2n stages result in more number of carry merge cells and thereby adding more
number of interstage wires. Parallel prefix adders suffer from excessive inter-stage wiring
complexity and large number of cells, and these factors make parallel prefix based adders
inefficient choices for VLSI implementations. Therefore, a novel sparse tree based EAC
and inverted EAC adders are used as the primitive blocks in this work.

In sparse tree based inverted EAC adders [3, 4], instead of calculating the carry
term G*; for each and every bit position, every K" (K=4, 8 ..) carry is computed. The
value of K is chosen based on the sparseness of the tree, generally for 16 bit and 32-bit
adders K is chosen as 4 [36, 37, 38]. The higher value of K results in higher value of non-
critical path delay compared to critical path delay of O(log2n) which should not be the
case. The proposed implementation of the sparse tree based Inverted End-Around-Carry
Adder (IEAC) is ekplained below clearly for 16-bit operands. For a 16-bit sparse IEAC
with sparseness factor (i.e, K) equal to 4, the carries are computed for bit positions -1, 3,
7 and 11. Here, bit position -1 corresponds to the inverted carry out ((Gs, Pr5)) of the
bit position 15. The carry out equations for the 16-bit sparse tree IEAC are as follows:

CZ; = (G5, P15) = (915, P15) ° (G14/P14) © - . ° (g1, P1) ° (9o, Po)
€3 =(G3,P3) (G154, P1s:a) = (g3,03) °*+° (go, Po) ° (915, P15) © e o0 (G4, Ps)
= (P3,G3) ° (G15:4, Pis:a)
C; = (G7,Py)  (Gis:g, Pisis) = (97,P7) o+ (9o, o) © (g15,P15) © - ... (g, Pg)
= (P5,Gy) © (G1s:8, P15:8)
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Ci1 = (G11,P11) © (Gis:12, P15.12)
= (g11,P11) °*- ° (go,Po) © (915, P15) © - oo .0 (12, P12)
= (P11,G11) ° (015:12rP15:12)

Figure 5 shows the finalized 16-bit sparse tree Inverted EAC adder. From Fig. 5,
observe that all the carry outs are computed in /og2n stages with less number of carry
merge cells and reduced inter-stage wiring intensity [36]. The implementation of the
sparse tree based EAC is similar to IEAC shown in Fig. 5, except the carry is not

inverted.
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The Conditional Sum Generator (CSG) shown in Fig. II-C is implemented using
ripple carry adder logic, two separate rails are run to calculate the carries C',-ﬂ, C'ua Clas
and C'j.4 assuming the input carry C”; as 0 and 1. Four 2:1 multiplexers using the carry
C"; from sparse tree network as 1-in-4 select line generate the final sum vector. The
conditional sum generator is shown in Fig. 5 (b). The final sum is generated in Jog2n
stages in IEAC sparse tree adder with less number of cells and less inter-stage wiring.
Hence, this approach results in low power and smaller area while providing better

performance.

2.4. MODULO 2~ + 1 MULTIPLIER

Modulo 2" + 1 multiplier is extensively used in many digital signal processors and
cryptographic applications. As 2" +1 is an n+1 bit number, the input operands can be of
n+1bits. A brief explanation of the algorithm and implementation of the modulo 2"+1
multiplier [3, 4] is given below.

Let |A|g denote the residue of A modulo B. Let X and Y be two inputs
represented as X = X, Xp—1 ... Xg andY = y, ¥, ... ¥o where the most significant bits x,

and y, are ‘1’ only when the inputs are 2™ and 2", respectively. X - Y mod 2™ + 1 can be

n . .
n (Z _ pi2tY )
j=0

represented as follows:

©6)

2n+1

P=|X -Yan4 = l2?=oxi2i ' Z;’l:o}’jzjl =

2M41

where p;; = a; AND b;

From (6), observe that it results in an (2" + 1) X (n + 1) partial products matrix.
This matrix is modified into an n Xn partial products matrix based on several
assumptions [43]. The conversion of the (2" + 1) X (n + 1) partial products matrix into
n X n partial products matrix results in a correction factor of 3. Then X n partial
products matrix is reduced into one sum vector and one carry vector. A part 2 of the total
correction factor 3 is added to the n x n partial products matrix and the other part 1 is

used in the final stage addition. In the reduction of the partial products, novel
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compressors are used instead of full adders in each column of the carry save adder
network. This selection of the compressors is based on the input width. For a particular
input width, several compressor networks are possible. The best possible compressor
network consists of compressors with high order such as 7:2 and 5:2 compressors. The
sum and carry vectors generated by the partial products reduction module have to be
added in the final stage addition module. A part of the correction factor 1 left behind is
used in the final stage addition to take advantage of the following equation.
IS + C + 1l3n41 = |S + C + Cout|,, (7)
From (7), observe that the inverted carry out of the addition of Sum and Carry
vectors has to be fed back. Hence, adding a constant 1’ to the Sum and Carry vectors
results in Inverted End Around Carry (EAC) modulo 27 addition which has regular VLSI
implementation. This inverted EAC is efficiently designed using the sparse tree adder
network, which has less interstage wiring and less cell density. A novel modulo 21641
multiplier, which uses efficient compressors in the partial products reduction module is

shown in Fig. 6.

PPos1s PPras PPog 14 PPraa PPos1a PPrass PPgasz PPraa PPoas PPras PPoan PPrao

..... s

Sparse tree based Inverted End Around Carry Adder

+ +

Fig. 6 Hardware implementation of the modulo 2! + 1 multiplier
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3. PROPOSED SELF-CHECKING MODULO 2N + 1 MULTIPLIER DESIGN

For any self-checking circuit to detect online-errors, the circuit has to comply
with a set of properties. These properties are described below [17].

e Code disjointness: If each non-code input is mapped to a non-code output

word then the circuit is called code-disjoint.

e Fault secure: A circuit is called fault secure if for any fault in the fault set
there is no input code word that causes the circuit to generate incorrect code
word.

e Self-testing: For all faults in the fault set, there is at least one input code word
that generates an output which is not a code word.

e Self-checking: If the circuit obeys both the self-testing and fault secure
properties then it is called totally self-checking.

If input registers are used in the implementation then code-disjointness ensures
that the faults in the input registers are detectable. Using the fault secure property, for an
input fault the circuit either generates a correct output or detects the fault. In the self-
testing circuits faults can be detected by applying an input vector.

In this section, the analysis of the self-checking multipliers using residue codes,
which includes fixing a fault model and selection of the check bases is given. The
analysis of the integer multipliers is extended to the proposed implementation of the

modulo 2" + 1 multipliers.

3.1. SELF-CHECKING MULTIPLIERS USING RESIDUE CODES

The self-checking two’s complement multiplier is clearly studied for a fixed fault
model and appropriate check bases are designed for the same in [15]. The brief
explanation of the self-checking two’s complement multiplier [15] is given below. Let
the inputs and outputs of self-checking multiplier circuit S are encoded using the error-
detecting code I(O) and F be the fault set used for the circuit S. The fault secureness of
the circuit S affected by the fault set F can be achieved by selecting the code space O
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such that any error in the output can be detected by a residue code check. The definition
of the fault-secureness with respect to a fault set F is as follows. Let f € F and S denote
the circuit S affected by fault f. For a particular input i € [ the output of S(§ 7Y is given
by (i) [ S7 (i) ]. Then, S is fault-secure for fault set F () for any input i € I and for any
fault f € F,S() # ST(i) implies S7 (i) € 0. The basic block diagram of the multiplier

with residue code check is shown in Fig. 7.

X Y I{x)modb I(y)modd
] | | i
s
v ¥
o I(p)=1(x)XI(») I(p)modb

Fig. 7 A block diagram of the multiplier with residue code check

In the above figure, M represents the multiplier and M’ represents the modulo
multiplier with residue check base b € N. I (x) mod b, I(y)mod b and I(p)mod b
represent the residues of the inputs and output with check base b. The efficient
implementation of the modulo generators is given in following sections. These modulo
generators use novel compressors and sparse tree adder based end around carry adders.

The error p' in the multiplier output is detected in and only if

[p/,I(p)mod p] & O
& I(p)mod b # I(pf)mod b
& |I(p) = I )|mod b # 0
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To simplify the analysis, let us assume a fault model for the multiplier with
residue codes. For the fault set F, assume fault caused by a primitive block in the
multiplier circuit S [15]. The single fault is caused by the primitive blocks such as half
adders or full adders. This fault results in change in the functional behavior of the
primitive blocks thus producing an erroneous output. Let E(M) denote the set of the
absolute errors in the output of the multiplier circuit M caused by a single fault in the
primitive blocks. Then, E(M) can be represented as follows:

E(M) = {|I(p) — I(")| f fault caused by a primitive block in M
p=M(x,y),
pf =M/ (x,y)}/0

The multiplier circuit S is fault secure to the fault set ¥ «

Ve € E(M):e modb # 0 ®)

Hence, to achieve low hardware costs minimum value of a check base is selected
which satisfies the above result. The selection of the check bases in the residue code
based circuits is an important task. In selecting the check bases, first the absolute error set
E(M) caused by the single faults have to be characterized. For different set of faults in
various primitive blocks, the circuit functions differently. In this paper, the fault model
consists of faults in a single primitive block.

The multiplier circuit S design so far is only fault-secure i.e, only testable fault
from the fault set F will be detected. In some cases, untestable faults from the fault set
may affect the fault-secure property of the circuit. Hence, to achieve the fault-secureness
for all the faults, the multiplier circuit has to be self-testing too. A brief explanation of the
self-testing property [15] is given below.

Let S be the self-checking multiplier circuit, / be the input code space and O be
the output code space. Let the set of inputs subjected to the circuit in the fault free case be
N, these inputs are given to the circuit as normal inputs, N < I. Then the circuit § is called
self-testing when:

e For a fault f € F, there exists an i € N such that S ()¢ o.

e The circuit S is self-testing for fault set F « S is self-testing for every fault

from the set F.
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For the multiplier circuit S with residue code check, in most applications N = I
Hence, the input set for both M and M’ can be subjected to arbitrary values. Thus, if M
and M’ are realized without internal redundancy then the fault-secureness implies that the
circuit S is self-testable. A basic configuration of the multiplier with residue code checker
is shown in Fig. 8. In Fig.8, modsui b computes the residue of the multiplier output i.e,
I(p) mod b. Dual Rail Check compares the output from modss b and output of the
inverter and asserts the error signal if the two inputs are not complementary to each other.
with the above residue and dual rail checkers the self-testing property many not be
always achieved. This guarantee the self-testing property of the multiplier circuit, the

structure of the checkers has to be properly selected.

I(p)modb

r .
Y
v v

Dual Rail Check

1

v

error

Fig. 8 A block diagram of the residue code checker

The check base selection of the residue codes depends on the faults in the fault set
F and the resulting absolute error in the output vector of the multiplier. Hence, before

selecting the check base, the E(M) set has to be fixed. As only one fault in a single
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primitive block such as half adder or full adder is assumed, corresponding E(M) can be
computed and proper check base is selected using (8). For the two’s complement
multiplier studied in [15], the check base b is fixed as 3 for most of the input cases. This
result is obtained by making a particular assumption, otherwise check base 7 is used.
Suppose for an n-bit multiplier, the partial products reduction module is designed using
half adders and full adders. A single fault in any one of these primitive blocks may result
in an error in the sum or carry outputs. If the fault causes an error set E(M) given by:
E(M) c {a2!|a € [1:3),i € [0:2n — 2]} U {5.22""%} )

The check base b achieves the fault secureness for the given multiplier if

beN\ {y2i|y € [1:5],i € {0, N}} (10)
where N denotes the set of all natural numbers.

Hence, the smallest check base that satisfies (10) and to achieve the fault
secureness for the given multiplier is 7. Since, modulo 3 generator is very popular, the
check base 3 is used based on an assumption. In the partial products reduction module,
half adders and full adders are assumed such that error values of the form +3 do not
occur. Assuming this error analysis, it can be shown that under the restricted fault model
the error set E,.(M) can be represented as:

Ere(M) c {2]i €[0:2n—1]}u {3.22"7?} an

From (11) there exists only one error which cannot be detected by modulo 3
check base. This error value occurs for only one input combination which is I(x) = I(y) =
-2™! and a fault on the outputs of the primitive block with weight 2272 This case is highly

improbable and hence is neglected.

3.2. SELF-CHECKING MODULO 2N + 1 MULTIPLIERS USING RESIDUE
CODES

In this section, a fault secured implementation of the modulo 2" + 1 multiplier
using residue codes is given. The fault model for this self-checking multiplier includes
faults affecting a single gate. And consequently, the same fault may propagate through

the subsequent gates and generate errors at the multiplier outputs. Hence, to achieve fault
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secureness these errors must be detected by the residue codes [19]. As shown in Fig. 3,
the fault model includes any fault affecting the gates that generate the outputs sum and
carry outs.

From the implementation of the modulo 2"+ 1 multiplier [3], it consists of partial
products generation module, partial products reduction module and final stage addition
module. The partial products generation consists of basic logic gates and the partial
products reduction module is implemented using compressors of different order (3:2, 4:2
and 5:2 compressors etc). The final stage addition module is designed using sparse tree
based inverted end around carry adder. For ordinary integer multipliers, the error in the
arithmetic value of the output caused by the faults are well studied in the literature [21].
In residue code based self-checking multipliers [15, 19, 21, and 23], to detect an error the
arithmetic difference should not be divisible by the check base of the residue codes.

The block diagram of the self-checking modulo 2"+1 multiplier based on residue
arithmetic codes [19] is shown in Fig. 9 (i.e, in the modulo A generator block is either 2k,
1 or 2%+1). From the figure, observe that the self-checking modulo 2°+1 multiplier
consists of a modulo multiplier, modulo generators for the input operands followed by a
modulo multiplier and modulo generators (with check bases of the form 2°-1lor2°+1)
for each of the modulo multiplier outputs. In the final stage, an arithmetic code checker to
check the output of the modulo multiplier against its check part. In this case, a dual-rail

checker is used.
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I

Dual-rail Checker

v

error

Fig. 9 A block diagram of the self-checking modulo 2"+ 1 multiplier

As shown in Fig. 9, the modulo generator calculates input modulo 2° -1 or 2° + 1.
The check base selection for arithmetic circuits such as adders and multipliers is
presented in the literature [15, 21]. The hardware implementation and structure of the
modulo multiplier is similar to integer multipliers 31

In the array multipliers implementation reported in [35], the partial products
reduction module consists of full adders and half adders which generates Sum and Carry
outputs. A fault on the set of the gates that generate these Sum and Carry signals cause an
output error [19, 21]. An error on the sum signal gives an arithmetic value of +2' (where i
is the weight of the error signal), similarly an error on the Carry signal gives an

arithmetic value of +2.2'. Hence, errors produced on both of these signals give an
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arithmetic value of +3.2'. To detect the error caused by these faults, the check base of the
residue codes should be selected such that the arithmetic difference should not be
divisible by the check base. The final stage adder of the array multiplier is generally
implemented using parallel prefix adders. Various algorithms are proposed to select the
check bases for these fast parallel prefix adders. Unlike the ripple carry adders, the carry
computation problem is logarithmic rather than linear. Hence, the error propagation is
also different and causes various output errors. A brief description on the check base
selection discussed in [19, 21] is presented below. The arithmetic value of the errors in
the outputs is determined based on a couple of facts.

e Faults on the signals with divergent degree higher than 1 result in errors with

arithmetic value +2'.

e Consider faults on a random signal w; which can be propagated to the carry c;.

The error may propagate to the other carry signals ¢; (j > i) which structurally
depend on c; subsequently on wi. In the actual implementation, not all the
carries ¢; (j > i) structurally depend on w;. Hence, two kinds of errors are
possible, in the first case all the carries c; (j > i) may depend on ci resulting in
an error with final arithmetic value £2i+1. In the second case, only a subset of
the carries ¢; (j > i) may structurally depend on ci producing an output error
given below:

° i[a0(2i+1 + 2i+2 s i_2i+k) + a1(2i1+1 + i1+2 i2i1+k1) +

a2(2i2+1 + 2i2+2 i2i2+k2) ot am(zim+1 + 2im+2 e iZim'”‘m)]
where ag, @ .....am € [0,1] and im + km < n,n is the width of the operands
used in the adder.

To achieve the fault secureness of the self-checking modulo 2°+1 multiplier, the
resulting arithmetic value of the output errors caused by the faults must not be divisible
by the check base. Hence, the smallest odd integer is chosen which does not divide the
arithmetic value of the errors in the output. The check bases are that best suit for this
operation are of the type (2°-1/2°+1, ¢ € N) and these check bases result in efficient
residue code computation [21, 15].

In the modulo 2n + 1 multipliers, the partial products reduction module is

designed using compressors which are similar to full adders in operation. A fault in set of
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the gates of the compressors generate an error with arithmetic value K. 2' (K is a
constant). The final stage adder is designed using sparse tree based inverted end around
carry adder. The operation of the sparse tree adder is same as parallel prefix adders,
except the carries are computed at every 4th or 8th bit. Hence, the error analysis gives
same output error as proven in [21]. Hence, to design efficient modulo generators, the
check base of the form (2°-1/2°+1, ¢ € N) is chosen. Efficient implementation of the
modulo generators with check bases 2%-1 and 2%+ 1 for an input operand of width 16 are
shown in Fig. 10 and Fig. 11. These modulo generators use novel sparse tree based end
around carry adder and inverted end around carry adder, respectively. In the novel

designs of the modulo generators, full adders are replaced by the efficient compressors.

F(1a r)(-:sl X4 F(w [i(;z] Xul Xso XLI l:XF] er l Xg I )?s l ()Il );; l )jz X
4-2 4-2 4-2 4-2
Compressor Compressor Compressor Compressor
' — ! -
C C C |
l Sparse tree based end around carry adder J
}3 Sz S So

Fig. 10 Modulo generator with check base 2% - 1 for input width=16
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X[ X[ X[ xs]  [xe]xa]xa] %] [ [x]x] )] x]xe|x]
0
4-2 4-2 4-2 4-2
Compressor Compressor Compressor Compressor
2 1 ] 1

[ ] | 1 ]

Sparse tree based inverted end around carry adder

l l l l

33 32 s 1 SO

Fig. 11 Modulo generator with check base 2% + 1 for input width=16

Thus, the proposed self-checking modulo 2" +1 multiplier based on residue codes
efficiently detects all errors caused by the faults on a single gate at a time. The efficient
use of the compressors in the modulo generators and modulo multipliers result in good
savings in terms of area overhead and delay. The self-checking two’s complement

multiplier is clearly studied for a fixed fault model and appropriate check bases are

designed for the same in [15].
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4. PARAMETRIC COMPARISON

The efficient self-checking modulo 2" + 1 multiplier is obtained from the efficient
use of the novel compressors in the modulo multipliers and modulo generators. In this
section, the self-checking modulo 2" +1 multipliers are compared against the modulo 2"
+1 multipliers without self-checking property. The comparisons are carried out using the
unit-gate model proposed by Tyagi [39] and also experimental results are compared. The
hardware overhead in the proposed implementation of the modulo 2" + 1 multiplier is
caused by the modulo generators, dual-rail checker the modulo multiplier which is used
to generate the check part for the dual-rail checker to check against the actual result of the
modulo 2" + 1 multiplier. The performance penalty of the multiplier is caused by the dual
rail checker and the modulo generators. If the combined delay of the modulo generators
and dual rail checker are more than the delay of the modulo 2" + 1 multiplier, this pays
penalty for the performance of the multiplier. For different values of the input operands
of the modulo 2" + 1 multiplier, the modulo generators have different check bases to
achieve the full fault secureness. The residue code check bases of the form 2°-1 and 2° +
1, for different values of the input operands are selected and corresponding modulo

generators are designed.

4.1. UNIT-GATE MODEL ANALYSIS
The modulo multipliers and the modulo generators contribute largely to the

overall area and delay of the multiplier. In the unit-gate model presented by Tyagi [39],
each 2-input monotonic gate is considered as a single gate equivalent for both the area
and delay comparisons, and the 2-input XOR gate and 2:1 MUX are considered as two
gate equivalents (area and delay). The area and delay terms of the modulo multiplier with
and without self-checking property are shown below.

Ayws = Amg + Aum + Aprc

Tuws = Tme + Tum + Tore

Ayw = Aum
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Tuw = Tum

In the above equations Axmws, Taws denote, respectively the area and delay of the
modulo multiplier with self-checking property. 4ymws and Taws are obtained by summing
the areas and delays of the Modulo generators (4,7 1c), modulo multipliers (4 am, T am)
and dual rail checker(4prc,Tprc). Aryw, Taw are the area and delay of the modulo
multiplier without self-checking property, they are nothing but the area and delay of the
ordinary modulo 2” + 1 multiplier denoted by A and Ty, respectively. The unit-gate

areas and delays of these multipliers are computed and tabulated in the below table.

TABLE 1. AREAAND DELAY COMPARISON OF MODULO 2" + 1
MULTIPLIERS WITH AND WITHOUT SELF-CHECKING PROPERTY USING
UNIT-GATE MODEL ANALYSIS

%
% Area
n Amw Amws overhead Tmw Twmws Per:::;ll?ynce
8 553 4454 43 30 33 10
16 1968 2676 36 52 56 7.7
32 7825 10251 31 94 98 4.25
64 25637 30508 19 168 173 2.98
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4.2. EXPERIMENTAL RESULTS

Even though the unit gate model gives delay and area comparisons in terms of
gate counts, the standard cell based implementation of the proposed compressor based
multiplier gives much more accurate delay and area estimations. The proposed self-
checking modulo multipliers for various values of input length are specified in Verilog
Hardware Description Language (HDL). The multiplier descriptions are mapped on a
0.18um CMOS standard cell library using Leonardo Spectrum synthesis tool from
Mentor Graphics. The design is optimized for high speed performance. Netlists generated
from synthesis tool are passed on to standard route and place tool, the layouts are

iteratively generated to get the circuits with minimum area.

TABLE 2. EXPERIMENTAL RESULTS SHOWING THE AREAAND DELAY
COMPARISON OF MODULO 2" + 1 MULTIPLIERS WITH AND WITHOUT SELF-

CHECKING PROPERTY
% Area %
2 2 0 p
n A(um®) | Ax(um®) overhead T, T, ex};f:;;r;?ynce

8 3072 4454 45 1.982 2.121 7

16 10933 14540 33 4216 4.427 5
32 43472 56078 29 8.542 8.884 4
64 1608847 | 194624 21 15.315 15.621 2
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In Table. 2 4, and A4, represent the area of the modulo 2"+1 multiplier without the
self-checking property and with the self-checking property, respectively. Similarly, 7}

and T, represent the delay of the modulo 2" +1 multiplier without the self-checking
property and with self-checking property, respectively.
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5. CONCLUSIONS

In this paper, a new self-checking modulo 2"+1 multiplier based on residue codes
is proposed and validated. In the proposed implementation, the self-checking modulo
multiplier consists of modulo generators with check bases of the form 2°-1 or 2°+1 (c €
N), modulo multipliers and self-checking dual rail checkers. All the modulo components
such as modulo generators, modulo multipliers are efficiently designed using novel
compressors. The final stage addition modules of the modulo multipliers and modulo
generators are efficiently designed using sparse tree based inverted end around carry
adders. The self-checking multiplier is secured against faults affecting a single gate at a
time and produce an error at the gate output, which may propagate through the
subsequent gates and generate an error at the output of the modulo multiplier. These
selfchecking modulo multipliers are analyzed using unit-gate model and compared with
the modulo multipliers without self-checking property. These models are designed for
different values of the input length and simulated to get the experimental results. The
results show that the proposed self-checking multiplier results in 20% to 45% area

overhead and 2% to 7% performance penalty for n = 64 to 8.
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