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Low-Latency Digit-Serial Systolic Double Basis
Multiplier over
  Using Subquadratic
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Chiou-Yng Lee, Senior Member, IEEE, Wen-Yo Lee, Che Wun Chiou, Member, IEEE, and Jim-Min Lin
Abstract—Recently in cryptography and security, the multipliers with subquadratic space complexity for trinomials and some speciﬁc
pentanomials have been proposed. For such kind of multipliers, alternatively, we use double basis multiplication which combines the
polynomial basis and the modiﬁed polynomial basis to develop a new efﬁcient digit-serial systolic multiplier. The proposed multiplier
depends on trinomials and almost equally space pentanomials (AESPs), and utilizes the subquadratic Toeplitz matrix-vector product
scheme to derive a low-latency digit-serial systolic architecture. If the selected digit-size is bits, the proposed digit-serial multiplier for both
polynomials, i.e., trinomials and AESPs, requires the latency of
, while traditional ones take at least
clock cycles. Analytical
and application-speciﬁc integrated circuit (ASIC) synthesis results indicate that both the area and the time area complexities of our
proposed architecture are signiﬁcantly lower than the existing digit-serial systolic multipliers.
Index Terms—Subquadratic Toeplitz matrix-vector product, digit-serial systolic multiplier, double basis, elliptic curve cryptography

1

INTRODUCTION

T

HE

Elliptic curve cryptography (ECC) [1], [2] has been
attracted by the cryptography researchers in recent years.
With the emergence of the ECC in public-key crypto-systems,
several hardware implementations of the ECC applications
have been also presented [3], [4]. We note that the NIST and
the ANSI have also recommended ﬁnite ﬁelds for use in the
ECDSA [5], [6]. NIST recommends ﬁve binary ﬁnite ﬁelds, i.e.,
, and
. In the
ECC-based cryptographic protocols, ﬁnite ﬁeld multiplication
is essential to compute the point multiplication. The efﬁcient
hardware realizations of crypto-systems are often constrained
in terms of area cost, power consumption, and performance.
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For high-speed very-large-scale integration (VLSI) implementations, systolic array architecture is a preferable ap, various efﬁcient
proach. In the extended binary ﬁeld
systolic array multipliers have been presented and can be
classiﬁed into architectures such as bit-parallel and bit-serial
[7]–[12]. Efﬁcient bit-parallel systolic multipliers usually
employ either the least-signiﬁcant bit ﬁrst (LSB-ﬁrst) or
most-signiﬁcant bit ﬁrst (MSB-ﬁrst) algorithms. The major
advantage of bit-parallel systolic multipliers is the high
throughout of the computations. However, these architectures
require
XOR gates,
for polynomial basis of
AND gates,
1-bit latches, and
latency
complexity. To reduce the time and space complexities, Lee
et al. [8], [9], [13] showed that ﬁnite ﬁeld multiplication for
some speciﬁc polynomials, such as all-one polynomials,
pentanomials, and trinomials, can use Toeplitz matrix-vector
product (TMVP) to develop fully bit-parallel systolic multipliers. Bit-serial systolic array multipliers require only
space complexity, but they impose longer computation delays.
For reaching the tradeoff between the time and the space
complexities between the bit-parallel and the bit-serial multipliers, the digit-serial systolic multipliers [14]–[20] have been
proposed in the literature. The digit-serial shifted polynomial
basis multiplier with digit-in parallel-out structure is proposed in [20]. In this multiplier, a ﬁeld element of -bit length
-bit sub-words. In every clock cycle,
is subdivided into
the multiplication of a -bit sub-word and an -bit multiplicand produces one -bit product. A scalable and systolic
multiplier using a ﬁxed
bit-parallel Hankel matrixvector multiplier has been proposed in [15] and [16] whose
clock cycles. Digit-serial systolic
latency is
multipliers using digit-in digit-out architectures are presented
in [14], [17], and [18]. The latency of these multipliers is
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clock cycles. As mentioned above, low-complexity design of
systolic ﬁnite ﬁeld multipliers depends on the selected irreducible polynomials and the chosen basis representation. We
note that these digit-serial multipliers require high latencies to
perform the operations.
Themaincontributions of thisworkareas follows.Referring
introduced
to the modiﬁed polynomial basis (MPB) of
in [20], we combine the polynomial basis and the MPB to form
the double basis multiplication. Some ﬁnite ﬁeld multiplications can be obtained in bit-parallel architecture with sub, irreducible trinomials
quadratic TMVP [21], [22]. In
and pentanomials are widely applied in cryptographic applications in which the ﬁeld size may be large. In [23], it is shown
that the irreducible pentanomials of the form
with ≊
≊ , and
≊ abundantly
exist in
for > . This pentanomial is called the almost
equally space pentanomial (AESP). By using the properties of
reduction polynomial for two polynomials (trinomials and
AESPs), we propose a new digit-serial systolic double basis
multiplier with subquadratic TMVP formulae. In case a
Toeplitz product is selected, the proposed architecture can
achieve very low latency of

clock cycles, while tradi-

clock
tional digit-serial multipliers require at least
and
for [17] and [21], respectively.
cycles, e.g.,
The rest of this paper is organized as follows. Section 2
presents the preliminaries regarding the modiﬁed polynomial
basis, double basis multiplication, basis conversion, and subquadratic TMVP. In Section 3, we present our proposed new
digit-serial systolic subquadratic multiplier for double bases
. In Section 4, time and space complexities are
of
analyzed. In Section 5, the results of our application-speciﬁc
integrated circuit (ASIC) synthesis on a 65-nm CMOS standardcell library are presented. Finally, we conclude the proposed
work in Section 6.

2

For example,
polynomial in

is an irreducible
, then we have
. According to the relation of
(3), the following remark is obtained.

is an irreducible trinomial,
Remark 1. If
then the corresponding modiﬁed binomial polynomial
.
(MBP) can be represented by
with
Assume that
< is an irreducible pentanomial of degree . If the
,
corresponding MPB is presented by
for
and
for
where
, then the corresponding modiﬁed quadrinomial
.
(MQ) can be represented by

2.2 Double Basis Multiplication over
  for MBP
In this subsection, two basis representations, PB and MPB, are
used to perform a double basis multiplication. For clarity, let a
ﬁeld be constructed by an irreducible MBP. A double basis
multiplication is performed by
mod
, where is
presented by PB; and are represented by MPB. Applying
the double basis representation in Deﬁnition 1, product
can be obtained as follows:

With the property of Remark 1, we can obtain the following
formula
>
Let an element
be represented by double basis representation. Assume that two
operations are deﬁned as

MATHEMATICAL BACKGROUND

In this section, we brieﬂy review the double basis multiplicaand the subquadratic TMVP algorithm.
tion over

2.1 Modiﬁed Polynomial Basis
Let the irreducible polynomial
be used to construct the ﬁeld
. The
is called the polynomial basis (PB)
set
. Assume that an element in
is repreof
sented by
Then, we present the following deﬁnition.

According to (5)–(7), we obtain that the product
obtained as

can be

Let two elements and in
be represented by
polynomial basis and double basis representations, respectively. The product with double basis representation can be
rewritten as

Deﬁnition 1. [24]. Let a ﬁeld be constructed by the irreducible
. The corresponding
trinomial formed by
modiﬁed polynomial basis (MPB) representation is then deﬁned
as follows:

where
could be formed by a Toeplitz
From (9), the matrix
matrix. For clarity, we use the following example to illustrate a
double basis multiplication.
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Example 1. Let a ﬁeld
be generated by
. Assume that
and
are two elements in
. By using (9), the product
can be computed as
follows.
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that is an
Toeplitz matrix. If the
entry of is
denoted by
, then we have
. The TMVP is
widely applied to compute ﬁnite ﬁeld multiplication, such
as dual basis (DB), shifted polynomial basis, and normal basis
multiplications. A Toeplitz matrix has the following
properties:
Proposition 1. An
Toeplitz matrix is determined by the
entries appearing in the ﬁrst row and the ﬁrst column.
to deﬁne a Toeplitz
We can use the vector
matrix .
Toeplitz matrices, then
Proposition 2. If and are two
requires
XOR gates.
To reduce the time and the space complexities, a subquadratic TMVP approach is recently proposed for implementing
binary ﬁeld multiplications [22]. In the following paragraphs,
we brieﬂy introduce the subquadratic TMVP multiplier
approach.
be a given vector and
, where is a
Let
.
Toeplitz matrix deﬁned by the vector
A Toeplitz product is described as

Referring to the above matrix
the following terms:

for constructing the matrix

, it is required to compute

.

2.3 Basis Conversion from MPB to PB
Assume that a ﬁeld
is constructed from
. Let an element in
be represented by
double basis representation, e.g.,
, where
for
and
for
. Thus, we obtain

where

Therefore, the basis conversion from MPB to PB requires
the following complexities:
Space complexity: XOR gates,
Time complexity: one
delay.
It is noted that our proposed double basis multiplication
architecture does not need the basis conversion from PB to
MPB.

2.4 Subquadratic Toeplitz Matrix-Vector Product
In linear algebra, a Toeplitz matrix is a matrix in which each
descending diagonal from left to right is constant. Assume

By using divide-and-conquer method, (11) can be expressed by

According to the structure of Toeplitz product multiplication in (12), it involves three products, which has better
performance than the original product multiplication in
(11) that uses four products. According to (12), we can use
a three-step procedure, e.g., evaluation, point-wise multiplication, and ﬁnal reconstruction (FR), to implement a subquadratic TMVP multiplier.
Evaluation point step: From three-term products
,
, and
in (12), we can
deﬁne two evaluation points, i.e., component matrix
point (CMP) and component vector point (CVP). Two
evaluation points are described by

Point-wise multiplication step: Given the result of an
evaluation point operation, the corresponding point-wise
multiplication (PWM) is deﬁned by

Final reconstruction step: Based on (12), FR can be obtained as

As mentioned above, we can use recursive three-step
operations to implement a TMVP multiplier. Assume that
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TABLE 2
List of the Irreducible AESPs of Degree

for 160 <

< 201

Fig. 1. Functional block of the subquadratic TMVP multiplier architecture.

we use an
Toeplitz matrix with
. After
iterations by using evaluation point step, all matrix and vector
components collapse into the corresponding single coefﬁcients. Both matrix and vector components can be transpoint coefﬁcients, e.g.,
formed into
and
. Next, the
point-wise multiplication step is based on (15) to perform the
operation
. Finally, the FR step uses (16) to recover the original
product result. According to the three-step implementations,
Fig. 1 shows a subquadratic TMVP multiplier. By using the
recursive three-step operations, Fan and Hasan [21], [22] have
, the time and
shown that for the structure of Fig. 1 with
the space complexities of each component are derived as listed
in Table 1.

3

NEW DIGIT-SERIAL SYSTOLIC SUBQUADRATIC
MULTIPLIER FOR DOUBLE BASES OF
 

From (17), we can obtain the following time and space
complexities.
Proposition 3. Assume that a ﬁeld is constructed from irreducible
trinomials of degree . If an element is represented by MPB,
requires XOR gates and one
then the computation
delay.
Next, let a ﬁeld be constructed from pentanomials
with ≊
≊ , and
≊ .
Such type of pentanomial exists in
for
> [23].
As mentioned before, this polynomial is denoted by AESP.
Table 2 lists the AESPs with some speciﬁc values of .
Therefore, for computing
, we have:

In this section, we develop a novel digit-serial multiplier using
the subquadratic TMVP approach.

3.1 Notation of
Computation
In what follows, we discuss the
computations for trinomials and pentanomials. First, let the ﬁeld be constructed from
with
. From (6), the
the trinomial
is as follows:
computation of

where

where
Proposition 4. Assume that a ﬁeld is constructed from an AESP
of degree . If an element
is represented by MPB, then
computing
requires
XOR gates and one
delay.
TABLE 1
Complexities of Each Component of TMVP Multiplier for
(Based on [21] and [22])

3.2 Partial Product
to Form TMVP
Assume that a ﬁeld is constructed from an irreducible trinowith
.
mial of the form
over
Let an element
be represented by double basis representation, and let an
element be represented by polynomial basis representation,
, where
such that
. Given the double
and
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basis operation presented in the previous section, the partial
can be rewritten as
product
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.
Step 5. Modular reduction.
5.1.

Let the selected digit-size be satisﬁed by <
we obtain

. Then,

We note that, generally,
represented as

can be

for

with
-bit length
Observing the result of (20),
means that
-bit digit
is inserted into the least signiﬁcant bit of .
, an element
Therefore, for computing a partial product
-bits:
should be translated into the element with

where

From
polynomial be represented by

, let the modiﬁed

.

is performed by the followThus, the partial product
ing steps:
.
Step 1.
.
Step 2.
.
Step 3.
.
Step 4.
As stated above, Step 1 is a grade-school multiplication,
Step 2 is performed by a simple modular operation, Step 3
performs shift-by- -bit operation, and Step 4 calculates the
. To demmodular reduction through polynomial
onstrate the above four-step operations, we use the ﬁeld
to illustrate the partial multiplication through the
following example.

Example 2. Let a ﬁeld
be constructed from
. The corresponding modiﬁed polynomial is
and
is presented
represented by
by polynomial basis, where
for
and 1. Another element
is presented by double bases, where
for
and
for
. Assume that
the selected digit-size is
, then, based on (20), the element
is transferred to
, where
for
and
for
. In the following, we utilize the proposed four. In Step 1,
step operation to illustrate the partial product
we obtain the polynomial multiplication
, where
,
,
for
,
, and
. In Step 2,
. Step 3
obtains
and ﬁnally, we obtain

Algorithm 1 Computing the partial product
Inputs:
Output:

and

.
.

Step 1. An element
component

, where
for
, and
Moreover, we deﬁne two sub-words multiplication:
Assume that

is converted to
Toeplitz matrix
based on (25) and (26).

.

Step 2. Compute component matrix and vector points using
(13) and (14).
2.1.

.

2.2.

where both degrees of and
four-step operation, we have

.

Step 3. Compute point-wise multiplication (PWM).
3.1.

,
.

Step 4. Final reconstruction.
4.1.

are less than . Applying the
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where

. The double basis multiplication can be rewritten as

Finally, the partial product

With

can be obtained

the

matrix-vector representation,
can be translated into the following
matrix-vector product.

where

Algorithm 2 Digit-serial double basis multiplication
Inputs:

and

are represented by PB and MPB, respectively.

Output:

, where

is represented by MPB.

1. Initial step
is
From the above matrix-vector product, matrix
formed by a Toeplitz matrix, which is deﬁned in the terms
. Hence, the
of the vector
partial product in (24) can be denoted as

.
.
2. Multiplication step
2.1. for

to

2.2.
Therefore, a partial product can be divided into
Toeplitz matrix-vector multiplications and one modular reduction polynomial . Consequently, we can use the sub.
quadratic TMVP approach to realize a partial product
According to the structure of subquadratic TMVP in (26), one
can obtain Algorithm 1.

2.3.
2.4. for
2.5.

performs Step 1 of Algorithm 1

2.6.

performs Step 2.1 of Algorithm 1

2.7.

3.3 Proposed Digit-Serial Systolic Multiplier
Let
and be three elements in
generated by the
with
. The
irreducible trinomial
element is presented by polynomial basis representation,
and two elements
and
are presented by double basis
representation, where
. Assume that
satisﬁes
<
, where is the selected digitsize. If is not a multiple of
, then a ﬁeld element must pad
-bit zeros to replace the most signiﬁcant bit, like
. Accordingly, an element
can

be

represented

by

,

where

to

performs Step 2.2 of Algorithm 1

2.8.
Algorithm 1

performs Step 3.1 of

2.9.
2.10. endfor
2.11. endfor
3. Final reconstruction step:
3.1

performs Step 4 of Algorithm 1

4. Reduction modiﬁed polynomial step
4.1.

performs Step 5 of Algorithm 1

PAN ET AL.: LOW-LATENCY DIGIT-SERIAL SYSTOLIC DOUBLE BASIS MULTIPLIER

Fig. 2. (a) The original circuit for computing

, (b) The recombined circuit for computing

We utilize the proposed partial product scheme for comis pre-computed
puting a partial product in (28) and
by using the recursive computation
. Applying the structure of (8),
is straightforwardly performed by
. After
for
are computed, we can use (21) to
translate
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.

The partial product

can be represented by

into a polynomial formation, and each term

utilizes (25) and (26) to construct
plitz matrices, e.g.,

-term Toe.

in (28) can be rewritten as

Since each term reconstruction in (33) is the same as the FR
can be recombined by
circuit, the partial product

Applying the developed partial product scheme in Algois the point-wise multiplication of
rithm 1, assume that
and
:

For clariﬁcation, Fig. 2(a) is the original structure of the
in (33), and Fig. 2(b) is the modiﬁed
computation of
in (34). We use the cutstructure of the computation of
set retiming procedure so that Fig. 2(b) can be partitioned into
processing elements (PE) and one ﬁnal reconstructionreduction-polynomial (FRRP) module. Therefore, according to (27) and Algorithm 1, the proposed double basis
multiplication is shown as Algorithm 2.
According to Algorithm 2, Fig. 3 shows the entire double
basis multiplication architecture, which includes PEs (each
of which is shown in Fig. 4), R3 modules, and FRRP
modules. Each FRRP circuit is composed of one FR module

Therefore, the partial product

where
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Fig. 3. The systolic array double basis multiplication architecture.

and one R2 module. R2 performs the
compu. Each PE is composed of
tation and R3 realizes
one R1 module, one CMP module, one CVP module, one
XOR gates, and
-bit
PWM module,
latches. Moreover, the R1 module performs
.
row of the systolic array double
We note that in Fig. 3, the
basis multiplication architecture computes .
According to (28), we select the cells in the ﬁrst row of Fig. 3
to construct a new digit-serial systolic multiplier, as shown in
Fig. 5. In the initial step, the register is set with the element ,
and the register is set with zero. For clarity, we use the ﬁeld
GF(2 ) to present the proposed digit-serial multiplication.

Fig. 4. The detailed circuit for the processing element (PE).

Assume that the selected digit-size is
, then, an element
. Based on
can be represented as
the structure of Fig. 5, Table 3 shows each PE operation in each
clock cycle. For this case, the proposed digit-serial systolic
multiplier requires 6 clock cycles.

4

TIME

AND

SPACE COMPLEXITIES

The proposed digit-serial systolic multiplier presented in
Fig. 5 is composed of PEs, two registers, one R3 module,
and one FRRP module. Each PE is based on the
TMVP
structure to construct the CMP and the CVP modules. Each
CMP module is performed according to Step 2.7 of Algo-term matrix components, and the CVP
rithm 2 to translate
module constructs one vector component. Applying CMP
and CVP in the PE architecture, the PWM module requires
-bit point-wise multiplications. In the FRRP module,
FR is based on the structure of PE to build
-term reconstruction components. Therefore, based on the space complexity presented in Table 1, each CMP module requires
XOR gates, each CVP module needs
XOR gates, each FR module requires
AND
XOR gates, and the PWM module requires
gates. Table 4 shows the space complexity of our proposed
architecture for trinomials and AESPs. As depicted in Table 4,
it is shown that the hardware complexity of the AESP-based
digit-serial multiplier is slightly increased (by
XOR gates) as compared to the trinomial-based digit-serial
multiplier.

PAN ET AL.: LOW-LATENCY DIGIT-SERIAL SYSTOLIC DOUBLE BASIS MULTIPLIER
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Fig. 5. The proposed digit-serial systolic multiplier.

TABLE 3
Contents of the Components in the Proposed Digit-Serial Systolic Multiplier for

in Each Clock Cycle

TABLE 4
Space Complexity of the Components of the Proposed Multiplier

Note:

Recently, various digit-serial multipliers have been proposed in [16], [18], and [25]. In [16], Chen et al. have presented
a scalable systolic DB multiplier with the Hankel matrixvector approach. Talapatra et al. multiplier [18] has used the
TMVP scheme to develop an efﬁcient digit-serial systolic
Montgomery multiplier for trinomials and all-one polynomials. Ibrahim et al. [25] have proposed a digit-serial systolic
DB multiplier. Our proposed multiplier is based on

, and

, where

is the selected digit-size.

subquadratic TMVP to obtain a new digit-serial multiplier
for trinomials and AESPs. Table 5 lists the comparison results
of our proposed multiplier and the existing digit-serial systolic multipliers proposed in [16], [18], and [25]. We note that
as tabulated in this table, the proposed trinomial-based digitserial multiplier architecture in this paper has the latency of
clock cycles, which is the same as that of the AESPbased digit-serial multiplier. Furthermore, the critical path
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TABLE 5
Comparisons of Various Digit-Serial Systolic Multipliers over GF(

Note:

, and

TABLE 6
Comparison of Latencies for Digit-Serial Multipliers over GF(

delay of
is derived for both of these two architectures, as shown in Table 5 for the trinomial-based digitserial multiplier architecture.
Table 6 presents a comparison for the latencies of the digit). Form Table 6, it is shown that
serial multipliers over GF(
for
the latencies of our proposed architecture over
the digit-size
2, 4, 8, 16, 32, and 64 are 30, 22, 16, 12, 8, and 6
clock cycles, respectively. Therefore, as seen in this table, the
latency of our proposed architecture is lower than other
multipliers under the same digit-size. Scalable multiplier
[16] has the highest latency, comparably, as seen in Table 6.
Under the same latency, e.g., 30 clock cycles, our proposed
architecture utilizes small digit-sizes (
) as compared to
the other digit-serial multipliers in Table 6, e.g., Talapatra et al.
[18] uses
.
In the next section, we present and compare the results of
our ASIC synthesis to benchmark the time and hardware
complexities of the architectures on this hardware platform.

5

ASIC SYNTHESIS

AND

COMPARISONS

In this section, we present the results of our ASIC synthesis for
both the proposed multiplication scheme and the previouslypresented multipliers. The synthesis through ASIC platform
is a step-forward towards more accurate derivation of performance and area metrics.

5.1 ASIC Synthesis
In the previous section, we have compared our proposed
architecture with various existing digit-serial multipliers.
Based on Table 6, our multipliers can obtain low-latency
implementations compared to the three multipliers presented
in [16], [18], and [25]. For reaching results closer to real
implementations and to compare the performance and complexity metrics with two multipliers presented in Ibrahim
et al. [25] and Talapatra et al. [18], this section utilizes a TSMC
65-nm standard-cell library and the Synopsys Design

)

, where

is the selected digit-size.

)

Compiler for obtaining the ASIC synthesis results. We note
that the multiplier in [18] is based on an irreducible trinomial
to implement an efﬁcient digit-serial systolic multiplier. In the
NIST standard, it is recommended that the irreducible trinois used to construct the
mial of the form
). Therefore, we have considered the ﬁeld GF
ﬁeld GF(
) for trinomials to synthesize the multipliers in [18] and
(
[25] and our multiplier architecture of Fig. 5. Then, the results
of synthesis for the aforementioned multipliers have been
derived and tabulated in Tables 7 and 8.
Our multiplier is based on the subquadratic TMVP structure and we have considered ﬁve different latencies, i.e., 4,
6, 8, 10, and 12, for synthesizing and both multipliers [18], [25]
are also synthesized for the same latencies. Moreover, the
corresponding digit-sizes of the two multipliers presented in
[18] and [25], i.e., 205,137,103,82, and 69, respectively, are
presented in Table 7. For our proposed multiplier, these
latencies correspond to the digit-sizes 103, 46, 26, 17, and 12,
respectively, which are listed in Table 8. We note that although a range of digit-sizes yields for the multipliers with the
depicted latencies in tables, we choose the lowest digit-size for
all the cases to have a consistent comparison among the cases
benchmarked. The derived results of synthesis include the
, the critical path delay (CPD) latency
area in terms of
(denoted hereafter as total-time) in terms of
, and
, as seen in
the total-time area in terms of
Tables 7 and 8. Given the two tables, it is shown that the digitsizes for our presented multiplier for each latency are smaller
than those for [18] and [25]. For example, under the latency of
10 clock cycles, our proposed multiplier has the digit-size of
17, while both other multipliers require the digit-size of 82.
As seen in Table 7, the performance metrics of the multipliers in [18] and [25] are depicted. For both of these multipliers,
the area and the total-time go lower and higher, respectively, as
the latency increases. As seen in this table, the performance
metrics of the multiplier in [18] (both area and total-time) are
better than those of the multiplier in [25]. We note that the worst

PAN ET AL.: LOW-LATENCY DIGIT-SERIAL SYSTOLIC DOUBLE BASIS MULTIPLIER

1179

TABLE 7
ASIC Synthesis Results for the Previously-Presented Multiplier Architectures over GF(

Note: Total-time = CPD

) for Different Digit-Sizes

latency.

TABLE 8
ASIC Synthesis Results for the Proposed Multiplier Architecture
(Trinomials) over GF(
) for Different Digit-Sizes

total-time area of the multiplier in [18] is achieved for the
digit-size and latency of 103 and 8, respectively, i.e., 5, 139, 761
. However, for [25], this metric increases up
to the lowest latency, as seen in Table 7.
As seen in Table 8, the area of the proposed multiplier
gets lower as the latency gets higher, i.e., from
for the latency of 4 and digit-size of 103 to
for the
latency of 12 and digit-size of 12. Furthermore, the total
time gets higher from
to
,
as seen in this table. Finally, the total-time area starts from
for the latency of 4 and digit-size
of 103 and reaches its maximum of
for the latency of 8 and digit-size of 26 and gets
lower as the latency and the digit-size reach 12 to the total.
time area of

5.2 Comparisons
In Tables 7 and 8, we have presented the synthesis results for
our and two previously-presented digit-serial multipliers. In
what follows and through Table 9, we compare the total-time
area of these multipliers. This performance metric is used
commonly to benchmark the efﬁciency of a multiplication
schemes as it, inherently, assesses the suitability of the scheme
for combined low-area and high-speed applications. Before
proceeding to Table 9, we note that compared to [18], the
minimum area saving of our multiplier can be derived as 33%
from Tables 7 and 8. Moreover, we can save at least 55% area
compared to the work presented in [25].
To compare the total-time
area complexities, Table 9
shows that our proposed multiplier can save at least 43.6% as
compared to two multipliers [18], [25], although this saving is
much more for the case of the work presented in [25]. Finally,
we note that the total-time
area savings grow as the
latencies get lower, with the maximum saving achieved for
the lowest latency, as seen in Table 9.
As mentioned above, it is shown that our proposed digitserial systolic multiplier using subquadratic TMVP scheme

TABLE 9
Comparison of the Total-Time Area between the Proposed
Multiplier and the Two Multipliers [25], [18]

has better performance compared to those of the two
digit-serial multipliers. We note that the multiplier presented in [18] is based on the TMVP structure to develop
an efﬁcient digit-serial systolic architecture; however, its
architecture is only suitable for special classes of polynomials over GF( ).

6

CONCLUSION

In this work, we have developed a novel digit-serial systolic
.
architecture for double basis multiplication over
Through utilizing the subquadratic TMVP scheme, we have
proposed the presented digit-serial systolic multiplier over
for irreducible trinomials and AESPs. In this regard,
our analytical results in this paper have shown that the area
complexity of the AESP-based multiplier is slightly increased
XOR gates as compared to the trinomialby
based multiplier, where is the selected digit-size. We note
that the proposed architectures for trinomials and AESPs
clock cycles and are particularly suitable for
require
implementing the ECC cryptography and in the resourceconstrained environments. We have performed ASIC synthesis to benchmark the performance of our proposed multiplier
and it is shown that it outperforms its counterparts in terms of
area and total-time area performance metrics. Moreover,
our proposed architecture leverages the features of regularity,
modularity, and concurrency, and is suitable for efﬁcient and
high-performance applications.
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