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A Universal Architecture for Designing
Efficient Modulo 2n + 1 Multipliers

Leonel Sousa, Senior Member, IEEE, and Ricardo Chaves

Abstract—This paper proposes a simple and universal archi-
tecture for designing efficient modified Booth multipliers modulo
(2 + 1). The proposed architecture is comprehensive, providing
modulo (2 + 1) multipliers with similar performance and cost
both for the ordinary and for the diminished-1 number repre-
sentations. The performance and the efficiency of the proposed
multipliers are evaluated and compared with the earlier fastest
modulo (2 + 1) multipliers, based on a simple gate-count and
gate-delay model and on experimental results obtained from
CMOS implementations. These results show that the proposed
approach leads on average to approximately 10% faster mul-
tipliers than the fastest known structures for the diminished-1
representation based on the modified Booth recoding. Moreover,
they also show that the proposed architecture is the only one
taking advantage of this recoding to obtain faster multipliers
with a significant reduction in hardware. With the used figures of
merit, the proposed diminished-1 multipliers are on average 10%
and 25% more efficient than the known most efficient modulo
(2 + 1) multipliers for Booth recoded and nonrecoded multi-
pliers, respectively.

Index Terms—Arithmetic units, digital signal processing, multi-
pliers, residue number systems (RNS).

I. INTRODUCTION

MODULO multiplication has been widely
used in the Fermat number transform and in residue

number system (RNS) implementations [1], which are fre-
quently applied, for example, in signal processing [2]–[4].
Although simple ROM-based structures can be used for mod-
ular multiplication, they are only efficient for a small , while
implementations based on arithmetic components are more
suitable for medium and large values of .

In the last few years, several algorithms and architectures
were proposed for designing modulo multipliers
[5]–[10]. Some of those multipliers [7], [8], [10] were specif-
ically designed for the diminished-1 number representation
proposed by Leibowitz [11] for Fermat number arithmetic.

Curiger et al. [5] investigated several methods for modulo
multiplication concluding that, for large and for

full-custom circuit design, the method based on additions
and a bit-pair recoding scheme with output correction is better
than the method that applies a -bit binary
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multiplier and a final modulo subtractor. However, an
-bit adder is required for residue reduction of

the carry save adder (CSA) array output (for -bit recoding).
Later, the method based on the binary multiplier was modified
in order to separately process the most significant bit (MSB) of
the operands [3], [6].

During the last few years, several architectures have been pro-
posed to design fast modulo multipliers for large
[7]–[12]. Four main stages can be identified in all those archi-
tectures: 1) partial products and correction terms (CTs) are gen-
erated; 2) partial products are added by using CSA structures,
for example, adder trees (Wallace trees) [13]; 3) the CTs are ap-
plied, namely by adding them to the previous sum, and finally
in stage 4) carry and sum bit-vectors are combined by using a
fast carry propagate modulo adder.

The architecture for modulo multiplication pro-
posed in [7], based on a Wallace tree, is specific for the dimin-
ished-1 number representation. It requires the precomputation
of a data-dependent CT before applying the Wallace tree, which
introduces an additional delay corresponding to some adders to
implement an -bit counter. In [12], it is shown that part
of this delay can be hidden by taking away this circuit from the
critical path.

The architecture in [8] applies bit-pair recoding to reduce
the number of partial products [13], but it also only accepts
numbers in diminished-1 representation. The number of partial
products was reduced to approximately , but two additional
modulo CSAs for modulo reduction are required. An
improved architecture of this type has been proposed in [10],
also for diminished-1 representation. For the first time, a modulo

architecture that applies bit-pair recoding and Wal-
lace tree adders has been proposed in [9]. However, the main
focus of this work is on modulo multiplication for the interna-
tional data encryption algorithm (IDEA) block cypher. The ar-
chitecture can be used for the modulo multiplication
of operands in the ordinary representation, but requires a dedi-
cated circuit which introduces an additional delay to accommo-
date the input value. Further adders have to be used to adapt
this architecture to support input operands in the diminished-1
representation, resulting in a circuit area and delay increase.

In this paper, a new and efficient architecture is proposed for
designing efficient modulo multipliers. This architec-
ture is also based on bit-pair recoding and takes full advantage of
partial product entry tables with predefined values to distribute
the correction process through the various addition phases, in
stages 1) and 2). Moreover, stage 3) referred above corresponds
at most to a single addition of a CT derived by a set of simple
logic equations. We also prove that this method is valid for both
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normal and diminished-1 representations, leading to a universal
architecture suitable for designing efficient very large-scale in-
tegration (VLSI) modulo multipliers.

Experimental results show that the proposed multiplier struc-
ture is the fastest among all known modulo multipliers
and the first one to take full advantage of Booth recoding to
speedup modulo multiplication, as well as reducing
the amount of required hardware and power consumption.

This paper is organized as follows. In Section II, modulo
multiplication with bit-pair recoding is briefly pre-

sented. An algorithm for modulo multiplication is pro-
posed in Section III and an architecture for its implementation
is presented in Section IV. Based on experimental results pre-
sented in Section V, the proposed multipliers are evaluated and
compared with other well known fast modulo multi-
pliers. Section VI concludes the paper.

II. MODULO MULTIPLICATION WITH MODIFIED

BOOTH RECODING

The binary representation of integers modulo re-
quires -bits. A single bit can be used to identify one of
the possible values, while the other -bits are necessary
to represent the remaining different values. In the ordinary
binary representation, the MSB only takes the value “1” for the
number . On the other hand, in the diminished-1 representa-
tion, proposed to simplify modulo basic arithmetic opera-
tions [11], the zero is uniquely identified by the MSB (“1”). An-
other representation proposed for data encryption in [14] uses

-bit numbers in ordinary representation, except for the value
that is represented by the number 0 (the value 0 is not used).

The reduction modulo of a number with at most
bits can be computed with a single subtraction

(1)

For ordinary representation, the modulo product
of a multiplicand by a multiplier can be formulated as

(2)

where represents the th bit and the remaining least sig-
nificant bits of the number . By considering as dimin-
ished-1 representations

(3)

Modified booth recoding can be applied to speed up the com-
putation of the partial product terms in (2) and (3)

(4)

The two types of partial products found in (4) can be gener-
ated modulo by using (5) for

# (5)

and, derived in a similar way, by using (6) for
#

(6)
where represents bits of originally located in positions
from (less significant) to (more significant) and the symbol
# is used to concatenate bits.

This section is focused on the computation of the common
term in (2) and (3), by adding modulo the

partial products in (4). From now on, it is assumed
that the simplest modulo adders are used for that pur-
pose, the ones for diminished-1 representation, which naturally
add the constant 1 [7].

The only term dependent on of the partial products
is generated by a cyclic left-shift of bits of and by comple-
menting the least significant bits (5), or the most sig-
nificant bits (6). The multiplication algorithm proposed in this
paper manipulates both the terms and the terms that only de-
pend on in (5) and (6), designated by CTs

, in order to obtain a simple expression for the
modulo addition of these terms. These terms are pre-
sented in Table I, where is obtained by considering

[9]. The final CT can be formulated as

(7)

(8)
By performing the diminished-1 addition of the CTs, consid-

ering a common term and by applying the dis-
tributive property, CT can be formulated as

(9)
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TABLE I
GENERAL PRODUCT TERM (p ) AND CORRECTION TERM (ct )

It is easy to prove the correctness of the following equations,
where for odd and otherwise

(10)

Therefore, (9) is equivalent to (11) shown at the bottom of the
page.

The term was individually considered in order to sim-
plify the presentation of the proposed algorithm for modulo

multiplication. As it will be proved, an efficient al-
gorithm and a universal architecture for computing (2) and (3)
can be obtained by manipulating the expressions for and CT
(11).

III. ALGORITHM FOR MODULO MULTIPLICATION

The algorithm for modulo multiplication uses both
(2) and (3). So far, the expressions for and to compute
the common term have been obtained. All the other
terms in (2) and (3) have to be computed and added to this
common term.

A. Modulo Multiplication for Diminished-1
Representation

For diminished-1 multiplication, modulo addition of
and has to be performed whenever and are equal to

zero (see (3)). The term can be added to whenever
, which leads to the replacement of the four rows in Table I

by the equivalent rows in Table II and the following
expression for the term in (11):

(12)

TABLE II
PRODUCT (p ) AND CORRECTION (ct ) TERMS

FOR DIMINISHED-1 REPRESENTATION

TABLE III
PRODUCT (p ) AND CORRECTION (c ) TERMS (i � 1)

FOR DIMINISHED-1 REPRESENTATION

In Table II, the bit takes the place of the bit, which is
always zero, and is assigned the value zero when .
To obtain a simple logic equation for CT, the term has
to be eliminated in (12). For , the value can be
directly added modulo to the entry of corresponding
to by changing its value from ‘0’ to “ ” (see
Table II). For , it can be taken advantage of the fact that

(see (3)) must be added to . Thus, remains with
the value “0” but takes the place of in (11) for both values
of

(13)

To add the remaining bits of when , the terms
and must be added to in (11) for all in

(14)

Once again, to avoid undesirable arithmetic operations, the
term in (14) can be added to the corresponding
partial product for , leading to

(11)
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TABLE IV
MODIFIED PRODUCT (p ) AND CORRECTION (ct ) TERMS

FOR DIMINISHED-1 REPRESENTATION

So in (11) is replaced by in (15) and is gener-
ated according to Table III

(15)

By isolating and simplifying the terms of , for
(11), as well as the terms of (13), simple logic

equations are obtained to compute CT

(16)

(17)

In both (16) and (17), the th bit of the result takes the value
.

1) Improving the Algorithm for Even: Only two of
the eight entries in Table III are used for even and

, and from those two entries
just the term where is not constant—it takes the
value . Since Table II only has five filled
entries, these two tables can be merged together into a single
one (Table IV), by adjusting the CT.

Hence, Table IV has been obtained from Table II by adding
the term for . This new table can be considered
to have only eight entries, by addressing it with .
However, the CT has to be adjusted, in order to: 1) accommodate
the new for ; 2) subtract from the

TABLE V
PRODUCT (p ) AND CORRECTION (ct ) TERMS

FOR ORDINARY REPRESENTATION

final CT, since this term was already part of ; 3) include
the remaining original term.

By isolating the terms of , for
(15), and by adding the terms previously referred in 2) and 3)
one obtains

(18)

By adding (13) with expression (18), for

(19)

The new corresponding to the terms for is
derived by applying the new values in Table IV to [see (11)]
and by adding the term [see derivation of (13)]

(20)

By adding expressions (19) and (20), the following equation
is obtained to compute CT:

(21)

and the th bit of the result takes the value .

B. Modulo Multiplication for Ordinary Representation

For ordinary multiplication, modulo addition of
and has to be performed whenever the values of and
are nonzero [see (2)]. By following the same approach used for
the diminished-1 representation, the term can be added to

whenever . The bit takes the place of the
bit, which is always zero, leading to the last row in Table V and
to the following expression for in (11):

(22)

Unfortunately, by adding to CT when does not
lead to any simple logic equation. This term can be added by
filling the unused half part of the last product terms of Table I
for with the value
and by replacing the input bit by . However, this
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TABLE VI
PRODUCT TERM (p ) FOR ORDINARY REPRESENTATION

is a disadvantage regarding the diminished-1 multiplication as
it prevents further improvement of the algorithm [Section III-
A1)].

The product term with the already mentioned
modifications is presented in Table VI. Before introducing
in Table VI, the previous term must
be added to the CT, together with the constant term 2 from

. Adding these terms and [see (2)], (11)
and (22) lead to

(23)

Although the terms and (see (11)) apparently
overlap, fortunately they are never simultaneously different
from zero .

By isolating the terms of for in
(23) and by operating logic simplifications, we obtain (24) and
(25) to compute CT

(24)

(25)

Fig. 1. Example of a diminished-1 modulo (2 + 1) multiplication using the
proposed algorithm.

C. Algorithm Formulation

According to the previous sections, the proposed modulo
multiplication algorithm can be formulated through

(26) by using Tables VII and VIII for diminished-1 and the
ordinary representations, respectively. The symbol in the
definition of and CT in Table VII means that can assume
the value of CT and no further CT has to be applied, as it is
represented in (26). The 1’s in (26) are automatically added
since diminished-1 units are used. However, due to
the fact that the number of additions is one less than the number
of terms in the sum, the constant terms “1” and “2” have to be
added for the diminished-1 with even and for all other cases,
respectively

for diminished- and even
otherwise.

(26)

D. An Example

Fig. 1 shows an example of modulo diminished-1
multiplication using the proposed algorithm. The multiplicand
and the multiplier are represented in diminished-1 notation,
assuming the values 106 and 91, respectively. The generation
of the partial products and of the CTs is done according to
Table VII. The carry save addition of these terms leads to
the final pair of sum and carry bit vectors (S, C) which are
combined in a modulo carry propagate addition. The
result is .

Fig. 2 shows a similar example using the same bit values
but assuming the ordinary representation, which means that the
operand values will be 105 and 90. The generation of the partial
products and of the CTs is done according to Table VIII and the
result takes the value .

IV. ARCHITECTURE FOR MODULO MULTIPLICATION

The proposed architecture for modulo multiplication
is presented in Fig. 3. The sum of the generated partial products
is obtained by using a Wallace tree of modulo CSAs (MCSA).
The Wallace tree accommodates and
operands (including the CT) for the diminished-1 representation
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TABLE VII
PRODUCT TERM (p) AND CORRECTION TERM (CT) FOR DIMINISHED-1 REPRESENTATION

TABLE VIII
PRODUCT TERM (p) AND CORRECTION TERM (CT) FOR ORDINARY REPRESENTATION

Fig. 2. Example of an ordinary modulo (2 + 1) multiplication using the
proposed algorithm.

with even and for all other cases, respectively. An additional
MCSA structure, for adding the CT, is represented apart just
for simplifying the presentation and the explanation. A modulo
carry propagate adder (MCPA) structure is also required to cal-
culate the final result from the sum and carry bit vectors. The

th bit of the product is generated by the MCPA structure for
the ordinary representation, while it only depends on and
for the diminished-1 representation.

The performance of the proposed multipliers and the com-
parison with other structures is strongly dependent on the target
technology used for the implementation. Therefore, to obtain a
fair assessment of these modulo multiplier architec-
tures independently of the target technology this evaluation was
carried out by first using a neutral and theoretical criteria. Con-
sequently, it was decided to adopt the model proposed by Tyagi,
which relates the required circuit area with the propagation
time of each logic cell [15]. Each two-input monotonic cell
counts as one gate (area and delay), a XOR cell counts as two

Fig. 3. Block diagram of the proposed architecture for modulo (2 + 1)
multiplication.

gates both to the area and to the delay and an -bit logic cell,
derived from elementary logic cells, counts as gates to
the area and gates to the delay.

For the proposed modulo multipliers, the main com-
ponents that contribute to the delay and area are identified in
Fig. 3

(27)

where PPG, CSA, COR, and CPA denote the partial-product
generator, the CSAs, the correction unit and the final CPA with
modulo reduction.
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Fig. 4. Components of the architecture proposed for modulo (2 + 1)
multiplication. (a) Partial product generator. (b) Modulo (2 + 1) CS adders
and CT generator.

TABLE IX
NUMBER OF STAGES OF A WALLACE TREE AS A FUNCTION OF

NUMBER OF OPERANDS (K)

The final reduction stage is formed by a MCPA structure with
a single additional logic gate for computing the th bit for the di-
minished-1 representation. A Sklansky parallel-prefix structure
with a fast output incrementer [16] can be used to implement a

Fig. 5. Architecture for modulo (2 + 1) multiplication.

fast -bit modulo CPA for diminished-1 representa-
tion, with the delay and the circuit area

(28)

Fig. 4 provides more detailed information about the re-
maining components of the modulo multipliers and
their characteristics according to the Tyagi model. The Wal-
lace-tree adder is formed by a set of modulo
CSAs, to compress the column size corresponding to each bit
position from to 2. The number of stages for adding
the numbers is given in [7] and can also be found in Table IX.

The delay of a 1-bit full-adder is considered to be 4 gates
while its area corresponds to seven gates. Therefore, the delay
and area of a Wallace-tree that accommodates the -bit terms
should take the values in (29)

(29)

In general, radix-4 recoding can be implemented by using 8:1
-bit multiplexers. However, by analysing the Booth Tables I to

VI and considering that a controlled inverter is used, this selec-
tion only applies to three or four terms. Therefore, a significant
reduction in circuit area can be achieved by using a (4:1) -bit
multiplexer plus XOR gates that will invert the partial product
value whenever it is required. The delay and circuit area for such
multiplexer (MUX’) is given in Fig. 4(a), where the single 3 to
8 decoder common to all bits is neglected. A (8:1) 1-bit mul-
tiplexer is used for generating each of the -bits of the CT [see
Fig. 4(b)]. The corresponds only to the time required to
introduce the CT in the final result, since this term is generated
in parallel with the other processing.

The total delay and area values of the modulo mul-
tiplier structure proposed in this paper can be found in the first
row of Tables X and XI, for even values of . In practice, al-
most all multipliers have an even number of bits, but similar
results for odd values of can also be easily derived from the
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TABLE X
COMPARISON OF DELAYS FOR MODULO (2 + 1) MULTIPLIERS (n EVEN)

TABLE XI
COMPARISON OF CIRCUIT AREAS FOR MODULO (2 + 1) MULTIPLIERS (n EVEN)

TABLE XII
EXPERIMENTAL RESULTS FOR THE ORDINARY REPRESENTATION

previous equations and tables. In the next section, these values
will be compared with the delay and area of the most efficient
modulo multipliers known to date [7]–[9]. Moreover,
since there is not any theoretical model accurate enough to rep-
resent real synthesized multipliers, the results obtained with this
model will be validated with the help of a real implementation.

A. Example of an Architecture for Modulo
Multiplication

Fig. 5 shows an implementation of the proposed architecture
for the case of the modulo multiplication in the dimin-
ished-1 representation. The inputs (operands) enter from the top

TABLE XIII
EXPERIMENTAL RESULTS FOR THE DIMINISHED-1 REPRESENTATION

of the structure and the partial products are generated with the
MUX’ component represented in Fig. 4(a). During the compu-
tation from the top to the bottom, those products are added in
the CSA tree and in a final modulo CPA (MPCA).
The two logic gates at the top of the MPCA increment the result
[(26) with ]. It can be seen from Fig. 5 that the proposed
architecture is extremely regular, which is a clear advantage for
VLSI implementations.

V. EXPERIMENTAL RESULTS

The proposed multiplier architectures were specified in the
hardware description language (VHDL) and synthesized using
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Fig. 6. Relative additional delay and area of multipliers for the ordinary representation, using the proposed structure as reference. (a) (b) Tyagi model.
(c) (d) Experimental results.

Synopsys synthesis tools and the Diplomat-25 standard cell li-
brary, based on the UMC 0.25- m CMOS technology process
from Virtual Silicon Technology Inc. [17]. Their overall func-
tionality was then thoroughly tested under typical conditions
(i.e., typical process, 25 C and 2.5 V). Some experimental re-
sults were also obtained using the recent UMC 0.13- m CMOS
technology process [18] with the purpose of evaluating the im-
pact of interconnect on deeper submicrometer technologies. Un-
fortunately, the available models for this technology are not so
accurate, for example they disregard the net area.

Although all these multipliers have been designed and op-
timized for a single specific representation, the multiplier pre-
sented in Zimmermann [9] was adapted also to the diminished-1
representation by adding the two additional terms and by sepa-
rately treating the special case of [see (3)]. To investi-
gate the effectiveness of the use of modified Booth recoding on
speeding up modulo multiplication, the multiplier de-
scribed in [7] for the diminished-1 representation was improved
by computing the data-dependent CT in parallel with the addi-
tion of the partial products on the Wallace-tree and by adding it
in a CSA just before the final CPA [12].

Tables X and XI present the modulo multipliers’
delay and area computed with the Tyagi model. For the sake of
simplicity, the addition of a constant CT, required by all multi-
pliers, is not considered in the computation of delays and areas.
The experimental results, presented in Tables XII and XIII,

are used to validate those estimated values with the theoretical
model.

A. Results for the Ordinary Multipliers

The modulo multiplier architecture in [9] for the or-
dinary representation that applies bit-pair recoding and Wallace
tree adders does not directly accommodate the input value in
the CT, requiring an additional circuit. This circuit introduces an
additional multiplexer in the critical path, which corresponds to
an additional delay of 2 gates (see Table X) and gates
(see Table XI). The experimental results show that the proposed
modulo multipliers are always faster and occupy less
circuit area than the multipliers in [9]. These results are also
shown in Fig. 6, where the proposed multiplier was used as ref-
erence. There are certain values of for which the proposed
multiplier is about 10% faster (e.g., for and ).
On average, the area is about 3% smaller.

Tables X–XII also present the theoretical and the exper-
imental values obtained with the other modulo
multiplier architectures, for ordinary representation but without
Booth recoding [12]. In about half of the considered values of ,
the theoretical estimated delays are smaller for those multipliers
than for the proposed multiplier. The charts with the obtained
experimental values confirm those results, in spite of curves
not being completely coincident. The charts in Fig. 6 show a
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Fig. 7. Relative additional delay and area of multipliers for the diminished-1 representation, using the proposed structure as reference. (a) (b)Tyagi model.
(c) (d) Experimental results.

disparity between the theoretical and the experimental results
in what concerns the relative additional area. This disparity is
mainly due to some inaccuracies in the model of growth of the
Wallace tree, since the interconnection area, not considered
by the Tyagi model, can be quite significant. In particular, this
disparity is greater for multiplication architectures without
Booth recoding, such as Chaves [12] and Wang [7], that make
use of larger MCSA matrices.

B. Results for the Diminished-1 Multipliers

Table XIII presents the experimental results for the dimin-
ished-1 multipliers, in contrast with the theoretical values pre-
sented in Tables X and XI. In general, the adaptation of the
architecture with Booth recoding proposed in [9] to the dimin-
ished-1 representation leads to a multiplier architecture that ex-
hibits the worst efficiency among all considered multipliers. An
additional delay of three gates is imposed and more gates
are required when compared to the ordinary original multiplier.
Moreover, Table X also shows that these multipliers impose the
longest delay and require the largest area among all studied mul-
tipliers with the modified Booth recoding. The usage of modi-
fied Booth recoding in [8] implies the addition of a correction
value (only dependent on ) and two additional CSA stages in
front of the CSA tree (for modulo reduction). Theoretically, its

delay is approximately the same as of the Zimmermann mul-
tiplier structure, but eight more gates exist in the critical path
when compared with the corresponding multiplier structure pro-
posed in this paper. Based on the Tyagi model, the multiplier in
[8] exhibits the smallest area, with less gates than the
proposed multiplier and with less gates than the other
multipliers.

The plots of the experimental results in Fig. 7 follow the
values predicted by the theoretical model. On average, the mea-
sured delay is about 10% larger for the multipliers in [8] and [9]
than for the modulo multiplier proposed in this paper.
However, experimental results show that the average circuit area
is 7% smaller for the multiplier in [8] than for the proposed one.

Let us analyze the results obtained for the improved modulo
multipliers without Booth recoding. Both the delay

values computed with the Tyagi model and those experimentally
obtained evidence that the improved version of the multiplier
presented in [7], that does not apply recoding, is preferable to
the ones proposed by Zimmermann and Ma that apply this tech-
nique. On average, the former is about 10% faster than the latter.
For the diminished-1 representation, the architecture proposed
in this paper is the only one that really takes advantage of Booth
recoding to speedup modulo multiplication: it is faster
both on average terms and for 7 of the 10 possible values of .
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TABLE XIV
EXPERIMENTAL RESULTS FOR POWER CONSUMPTION

Fig. 8. Experimental results of the product T � A for the considered
multipliers, using the proposed structure as reference. (a) Ordinary
representation. (b) Diminished-1 representation.

C. Efficiency and Power Consumption

The charts in Fig. 8 compare the relative efficiency of the mul-
tipliers according to the figure of merit given by the product of
the square of the delay by the area . For the ordinary
representation, it is shown that the proposed modulo
multiplier is more efficient than all the other multipliers except
for small values of , where the modified Booth recoding does

not provide an increase in the efficiency (for ). The effi-
ciency of the proposed multiplier can be up to 30% and 40%
greater than the Zimmermann structure and the Chaves mul-
tiplier , respectively; these figures become 11.3%
and 12.4% when average values are considered. The chart in
Fig. 8(b) shows that the modulo multiplier proposed in
this paper is much more efficient than any of the already known
multipliers using diminished-1 representation. On average, the
proposed multiplier is 10% more efficient than the multiplier in
[8], 25% more efficient than the improved version of the multi-
plier in [7], and 37% more efficient than the multiplier in [9].

Beyond performance and cost, power consumption becomes
a measure of growing importance to evaluate the efficiency of
electronic systems. The power consumption of all the consid-
ered multipliers was estimated with post-synthesis information
using the Power Compiler software tool [19]. Table XIV
presents the obtained values for the power consumption with
an operating voltage of 2.5 V. The charts in Fig. 9 plot the
relative power consumption of the different multipliers, by
taking the proposed ones as reference. A first and important
conclusion that can be drawn from these results is that Booth
recoding considerably reduces the power consumption of the
multipliers, by reducing the switching activity. Among the
considered multipliers, the proposed ones are only surpassed
by the one from Zimmermann for the ordinary representation
(about 7%) and by the mutiplier proposed by Ma [8] in the class
of diminished-1 multipliers (about 10%). It must be noticed
that those values have been obtained for the maximum allowed
operating frequency of each multiplier, which is greater for the
case of the proposed multipliers.

Some of the considered multipliers, namely for diminished-1
representation, were also synthetized with the UMC 0.13 m
CMOS technology process [18], in order to evaluate the interest
of the proposed multipliers for deep submicrometer technology
implementations. The UMC L130E SG-HS 1P8M process is a
single poly, 8-layer metal process with an operating voltage of
1.2 V, while the UMC 0.25 1P5M process is a single poly,
5-layer metal process with an operating voltage of 2.5 V. Ex-
perimental results show that switching from 0.25- to 0.13- m
process leads to a reduction of the delay by a factor which ranges
between 2 and 3 and of the area by a factor greater than 5. The
chart in Fig. 10(b) shows that the relative values for the addi-
tional circuit area are similar to those obtained for the 0.25 m
technology. Nevertheless, the plot of the relative delay in both
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Fig. 9. Experimental results for power consumption, using the proposed
multiplier as reference. (a) Ordinary representation. (b) Diminished-1
representation.

technologies, depicted in Figs. 7(c) and 10(a), are not coinci-
dent. The effect of interconnect is larger for the 0.13- m tech-
nology and the curve of the delay becomes less regular. How-
ever, on average the proposed multiplier continues to be the
fastest multiplier: about 5% faster than the Ma and Wang mul-
tipliers and about 7% faster than the Zimmermann multiplier. It
is also interesting to note that the proposed multipliers are even
faster for this technology regarding to the Wang multipliers, in-
creasing about 10 times the difference in delay, from 0.5% to
5%.

VI. CONCLUSION

This paper proposes a single architecture to design modulo
multipliers with similar efficiency for both the ordinary

and the diminished-1 representation. This architecture takes ad-
vantage of the modified Booth recoding scheme to simplify and
to speedup the correction and the reduction procedures inherent
to this type of nonbinary multipliers. A theoretical model was
applied to assess the efficiency of the proposed modulo
multipliers and to compare it with the already known modulo

multiplier structures independently of the target tech-
nology. The corresponding circuits have been synthetized for a
representative set of modulo multipliers, by using a
0.25 m StdCell library. The experimental results were used to
validate the estimated values with the theoretical model.

Fig. 10. Relative additional delay and area of multipliers for the diminished-1
representation and 0.13 �m CMOS technology, using the proposed multiplier
as reference. (a) Additional delay. (b) Additional area.

The presented results show that the modulo multi-
pliers based on the proposed architecture are, in general, faster
and more efficient than all other known multipliers. Assuming
that the product of the area and the square of the delay is a good
figure of merit to evaluate the efficiency, it can be concluded that
the average efficiency of the proposed multipliers is 11.3% and
12.4% greater than the efficiency of the other two multipliers
considered for the ordinary representation. In what concerns the
diminished-1 representation, the efficiency of the proposed mul-
tipliers is 10%, 25%, and 37% better than the efficiency of the
other three multipliers used for comparison. On the other hand,
the power consumption estimated for the proposed multiplier is
similar to the estimated for the other multiplier structures based
on Booth recoding, but is significant less than the power con-
sumption of the multipliers that do no apply recoding. It is also
possible to conclude from the obtained results that the archi-
tecture proposed in this paper is the first one that really takes
advantage of the modified Booth recoding to achieve faster and
less expensive modulo multipliers.
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