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Abstract: In this study, asymmetric non-pipelined large size unsigned and signed multipliers are implemented using symmetric
and asymmetric embedded multipliers, look-up tables and dedicated adders in field programmable gate arrays (FPGAs).
Decompositions of the operands are performed for the efficient use of the embedded blocks. Partial products are organised in
various configurations, and the additions of the products are realised in an optimised manner. The additions used in the
implementation of the multiplication include compressor-based, Delay-Table and Ternary-adder-based approaches. These
approaches have led to the minimisation of the total critical path delay with reduced utilisation of FPGA resources. The
asymmetric multipliers were implemented in Xilinx FPGAs using 18 × 18-bit and 25 × 18-bit embedded signed multipliers.
Implementation results demonstrate an improvement of up to 32% in delay and up to 37% in the number of embedded blocks
compared with the performance of designs generated by commercial synthesis tools.

1 Introduction

Large size operand asymmetric multipliers are essential in
computational cores, used in real-time applications such as
wireless communications, image processing and network
security [1, 2]. These applications require high performance
and low resource utilisation. However, from the hardware
realisation point of view, large size asymmetric multipliers
may require large area resulting in slower operation,
especially when targeting reconfigurable platforms.

During the last decade, reconfigurable devices, such as
FPGAs, have been improved considerably in architecture,
logic density, functionality and speed. Moreover, modern
FPGAs now provide powerful computing-oriented
embedded blocks, such as embedded DSP blocks including
small size multipliers and dedicated arithmetic elements
[3–5]. This advancement has facilitated the efficient
realisation of complex and computation-intensive
algorithms on a single FPGA device.

To efficiently use these resources and improve
performance, optimised design approaches for the
implementation of the multiplication are required. The most
challenging issues are the decomposition of the complex
computational function, mapping the processing elements
onto the embedded blocks in FPGAs, and processing the
partial products for the final solution. Some efficient design
approaches have been found in literature. In [6–8],
optimised design approaches for realising symmetric large
size signed and unsigned multipliers were proposed by the
authors. The embedded multipliers in FPGAs are used
efficiently, and the improvements in speed and area usages

have been achieved by using these approaches. An
approach targeting asymmetric large size unsigned
multipliers is proposed by Srinath and Compton [9]. This
technique simply groups the partial products of the
multiplication as a diagonal architecture and separates the
partial products into three regions. Then the operands in
the middle region are organised as normal adder trees, and
the operands in the top and bottom regions are organised
such that the addition starts with the top row operand to the
bottom row operand, which is named as outside-in (OI)
method. In [10], another approach for realising the
asymmetric large size unsigned multipliers was presented.
Different tiling techniques were used to decompose the
large size multipliers, which efficiently reduce the use of
multiplier blocks but are less flexible. In [11], a new
algorithm was proposed to construct a low-power multiplier
based on the Wallace tree. Among other things, it tackles
the lengthy interconnects in Wallace tree multipliers and
reduces the power dissipation and the gate usage through
the use of high-order counters. Multipliers with widths of 8,
16 and 32 bits were implemented using this approach.
Parandeh-Afshar et al. [12, 13] presented compressor tree
synthesis on commercial high-performance FPGAs. The
generalised parallel counters (GPCs) efficiently compress
the multiple input operands to reduce the number of levels
in an adder tree. These compressors were implemented in
newer Altera’s and Xilinx’ FPGAs using look-up table
(LUT)-only and arithmetic models [12]. For a GPC with six
or fewer inputs, the LUT-only implementation is faster than
the arithmetic model, which is the approach considered in
our paper. For a GPC with more than six-input operands,
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the arithmetic model achieves better results by incorporating
the fast carry chains.

To further improve the implementation of asymmetric large
size signed and unsigned multipliers, in this paper we propose
three optimised design approaches: the compressor-based
approach, the Ternary-adder-based approach and the Delay-
Table-based approach, which we have previously used for
symmetric-based multipliers [6–8]. In this paper we are
developing algorithms for the same approaches but
targeting asymmetric signed and unsigned multipliers. The
objective of these approaches is to realise designs with
increased performance and to minimise the number of
embedded multipliers required. It is worth mentioning here
that to achieve highly optimised realisation, these
algorithms target a specific FPGA architecture. Therefore in
this paper we are considering Xilinx’ Virtex-5 as the target
platform.

The paper is organised as follows. Section 2 describes the
compressor-adder structure and the Ternary-adder structure in
Xilinx’ Virtex-5 FPGA as a background. In Section 3 the
decomposition of the asymmetric large size multipliers is
presented. Our compressor-based approach, Delay-Table-based
approach and Ternary-adder-based approach are proposed in
Sections 4–6, respectively. The implementation results of
the asymmetric large size unsigned and signed multipliers
are presented in Section 7. Then, the conclusions are stated
in the last section.

2 Background

In order to efficiently utilise FPGA resources for the
implementations of the compressors and Ternary adders, the
architecture of LUT slices in Xilinx’ FPGAs is reviewed,
which will be used in the implementation of the large size
multipliers proposed in this paper.

2.1 Compressor-based adder structure in
Xilinx’s FPGAs

Compressor-based adders are implemented using LUTs with
fast carry chains. In Xilinx’ Virtex-5, the fundamental logic
elements are the 6-LUT with a fast carry chain designed in
the same slice, as shown in Fig. 1 [3]. Two 5- and fewer
input functions with shared inputs, or one six-input function
can be mapped in one LUT. Based on this architecture, high-
order compressors can be efficiently built. For example, by
using the six-input LUTs, one (3; 2) compressor requires
one LUT and one (6; 3) compressor requires three LUTs.
Then, incorporated with the fast carry chain, the final result
of the adders can be obtained.

2.2 Ternary-adder structure in Xilinx’s FPGAs

Based on the LUT architectures in Xilinx Virtex 5 and newer
FPGAs, ternary adders can be efficiently built [14, 15]. Fig. 2
shows the logic diagram based on the use of the six-input
LUT and the carry chain in the FPGAs. The ternary adder
has three input operands and two incoming carries, and
generates one sum and two output carries. First, the three
input operands are added as a (3; 2) compressor, which
generates the sum (c-Sum) and the carry (Co1). Then, the
c-Sum is excluded with the two incoming carries, Cin1 and
Cin2, to produce the final sum. The carry of the
compressor, Co1, is directly fed to the next bit position.
The other output carry (Co2), produced from c-Sum, Cin1
and Cin2, is generated by a multiplexer based on the
relationship shown in Table 1, where the select-control
signal of the multiplexer is

S = c−Sum ⊕ Cin1

Fig. 1 Virtex-5 FPGA 6-input LUT architecture [3]

a Six-input LUT with the fast carry chain
b Six-input LUT

Table 1 Truth table for the multiplexer design

c-Sum Cin1 Cin2 S = (c−Sum ⊕ Cin 1) Co2

0 0 0 0 0 Cin1

0 0 1 0 0 Cin1

0 1 0 1 0 Cin2

0 1 1 1 1 Cin2

1 0 0 1 0 Cin2

1 0 1 1 1 Cin2

1 1 0 0 1 Cin1

1 1 1 0 1 Cin1

Fig. 2 Ternary adder in Xilinx FPGA [14]
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Therefore when the control signal, S is ‘0’, the Co2 is the
same as Cin1; otherwise, it is the same as Cin2.

3 Decomposition of asymmetric
multiplication

Since the hardwired multipliers in the DSP blocks are limited
in number and in size, the large size multiplication to be
implemented must be decomposed efficiently to optimise
the use of the embedded blocks. In this section, the
asymmetric multiplier decomposition is explained first
using symmetric embedded multipliers, and then using the
asymmetric embedded multipliers.

3.1 Decomposition of asymmetric multiplication
using symmetric embedded blocks

We assume that the asymmetric multiplier performs k × h-bit
unsigned multiplication with k . h, and the symmetric
embedded blocks are N × N-bit signed multipliers. Fig. 3
shows the decomposition for a 5n × 3n-bit multiplier,
where n ¼ (N 2 1), since one bit is for the sign.

In a general case, the k-bit operand is decomposed as
mk ¼ k/n segments, and the h-bit operand is decomposed as
mh ¼ h/n segments. Then, these two input operands,
denoted as X and Y, are expressed as

X =
∑k−1

j=0

xj2
j =

∑mk−1

i=0

Xi2
ni (1a)

Y =
∑h−1

j=0

yj2
j =

∑mh
−1

i=0

Yi2
ni (1b)

and the output of the multiplication is represented as

Z = XY =
∑mk−1

i=0

Xi2
ni

( ) ∑mh−1

j=0

Yj2
nj

( )

=
∑mh−1

j=0

∑mh−1−j

i=0

Yi+jXj2
n(i+2j)

( ))(

+
∑mh−1

j=0

∑mk−1−j

q=1

Xq+j

(
Yj2

n(q+2j)

))(
(2)

In (2), the number of required embedded multipliers is
mk × mh, and the number of grouped operands is
(mk + mh 2 1). Fig. 4 illustrates the structure of the partial
products for mk ¼ 5 and mh ¼ 3.

3.2 Decomposition of asymmetric multiplication
using asymmetric embedded blocks

For the implementation of asymmetric multiplication using
asymmetric embedded blocks, let us assume that the
embedded blocks are V × N-bit signed multipliers, with
V . N. In this case, the k × h-bit multiplier can be
decomposed in two ways. The first way consists of
segmenting the k-bit operand based on v ¼ (V 2 1) bits,
and the h-bit operand based on n ¼ (N 2 1) bits. Thus, the
number of segments in the k- and h-bit operands is

mk = mv
k = ⌈k/v⌉ (3a)

and

mh = mn
h = ⌈h/n⌉ (3b)

The second way is to segment the k-bit operand by n bits, and
h-bit operand by v bits. Thus, the numbers of segments in the
k-bit operand and h-bit operand are

mk = mn
k = ⌈k/n⌉ (4a)

and

mh = mv
h = ⌈h/v⌉ (4b)

Since the number of embedded multipliers required by the
large size multiplication is mk × mh, and the number of
grouped operands to be added is (mk + mh 2 1), to reduce
the resource utilisation the decomposition is determinedFig. 3 5n × 3n-bit multiplication

Fig. 4 Structure of the partial products for a 5n × 3n-bit multiplier
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based on the evaluation of the following equations

mk × mh = min (mv
k × mn

h, mn
k × mv

h) (5a)

and

mk + mh = min (mv
k + mn

h, mn
k + mv

h) (5b)

The structure of the asymmetric multiplier implemented using
asymmetric embedded blocks is similar to that of the
multiplier implemented using symmetric embedded blocks.
The difference is that one of the input operands is
decomposed, based on v bits instead of n bits.

4 Compressor-based approach for
asymmetric unsigned multiplication

In this section, compressor techniques are used to optimise
the designs of asymmetric large size unsigned multipliers.
The compressor-based multiplication focuses on vertically
adding the partial products of the multiplier. Compressors
with different orders are employed to minimise resource
utilisation and to speed up performance. In the following,
the design approach is first explained using an example, an
unsigned 5n × 3n-bit multiplier, and then extended to a
general case.

4.1 Design example

As shown in Fig. 4, a 5n × 3n-bit multiplier has seven
grouped partial products. By vertically adding these partial
products as illustrated in Fig. 5, the seven operands are
compressed to three by using (3; 2), (5; 3) and (6; 3)

compressors. To obtain the final product, a second
compression level using (3; 2) compressors is performed,
then followed by a (k + h 2 n)-bit ripple adder
implemented with fast carry chains. Since one (3; 2), or (5;
3) or (6; 3) compressor can be implemented in one LUT
level, the total delay of the 5n × 3n-bit multiplier is the
delay of two LUT levels, the delay of one (k + h 2 n)-bit
ripple adder and the delay of the interconnection.

4.2 Compressor-based asymmetric multipliers

To easily present the mapping of the asymmetric multipliers,
we first focus on the use of symmetric embedded signed
multipliers with N bits in each of the primary operands.
In a general case, the k × h-bit multiplier is decomposed as
mk ¼ k/n and mh ¼ h/n, where mk and mh are the number
of segments in each of corresponding input operands, and
n is equal to N 2 1 bits. Now, let us define RN to be the
number of grouped partial products in rows, and CN to be
the number of overlapped operands in vertical slices.
Then in the first compression level, RN and CNmax, the
maximum number of overlapped operands in the vertical
slices, are

RN = mk + mh − 1 (6)

and

CN max = RN if mk = mh

CN max = 2 × mh if mk = mh

{
(7)

For instance, with mk ¼ 5 and mh ¼ 3, the number of
operands in rows, RN is seven and the maximum number of

Fig. 5 Compression of a 5n × 3n-bit multiplier
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overlapped operands in vertical slices, CNmax is 6. This is the
case shown in Fig. 5. Since the maximum number of
overlapped bits in the vertical slices is only dictated by mh,
the highest ratio of the compressors is therefore dependant
only on the number of segments in the smaller input
operand. To perform the addition of the partial products, the
compression technique should lead to efficient utilisation of
the LUTs based on their structure. Accordingly, the
mapping algorithm described below was developed to
minimise total area and to achieve high performance.

4.3 Mapping algorithm

Processing the partial products of the segmented
multiplication is performed in multiple levels implemented
by LUTs. The outputs of the compressors at the current
level generate a new set of operands for the next level.
These in turn are compressed further. The mapping
procedure is stated as follows:

1. In level L, select the ith column with the number of
overlapped bits of the operands, CN(i).
2. Based on the architecture of the FPGA used, determine the
type and number of compressors. For Xilinx Virtex-5, the
maximum number of LUT inputs is Imax ¼ 6. Therefore
compressors with the inputs less than or equal to 6 are
used. Since conventional compressors such as (4;2) and
(5;2) compressors in Xilinx LUT specific architecture
require more LUT levels and lead to longer delay, they are
not considered in this algorithm. Instead, single-column
parallel compressors, such as (3;2), (4;3), (5;3) and (6;3)
compressors, are considered. Moreover, because the (4;3)
compressor has smaller compression ratio, it is replaced by
a (3;2) compressor with one bit propagated down directly to
the next level, which is denoted as (3;2 + 1) compressor.
3. Organise the compressors for each of the columns to
maximise efficiency. If the number of bits in the ith column
is CN(i) ¼ 3, 4, 5 or 6, the compressor used is (3;2),
(3;2 + 1), (5;3) or (6;3), respectively. If CN(i) is greater
than Imax ¼ 6, parallel compressors are considered in one
column. Since in Xilinx Virtex-5 there is only one output
for 6-input functions but two outputs for 3- or 5-input
functions, (5;3) and (3;2) compressors are considered first,
whereas the (6;3) compressor is used only when the number

of operands for the next level can be reduced. For example,
the compression for eight operands is (5;3) and (3;2)
instead of (6;3 + 2), whereas the compression for 11
operands is (6;3) and (5;3) instead of (5;3) and (5;3 + 1).
Table 2 shows the compressor mapping for overlapped
operands from 1 to 11 based on Imax ¼ 6.
4. Repeat step (iii) for the next level compression until only
two horizontal operands are left.
5. Perform a two-operand ripple addition to achieve the final
result using the fast carry chains.

If asymmetric embedded multipliers are used as basic
blocks, such as using V × N-bit embedded signed
multipliers for the decomposition, the same strategies can
be used to compress the multiple grouped partial products.
Because n = v, where n ¼ (N 2 1) and v ¼ (V 2 1), there
are more columns with different number of operands.
However, the maximum number of operands in rows is still
equal to (mk + mh 2 1), and the maximum number of
overlapped operands in the columns is still equal to 2 × mh.
For example, for a 5v × 3n-bit multiplier with v ¼ 24 and
n ¼ 17, the number of operands in rows is 7, but the
maximum number of operands in the columns is still 6.
Fig. 6 shows the first compression level for the 5v × 3n-bit
multiplier. After the first compression level, three operands
are generated for the next level. These are further

Table 2 Compressing the overlapped operands

CN(i) Compressor Move

down ops

No. of ops

at next level

1 – 1 1

2 – 2 2

3 (3; 2) 0 2

4 (3; 2 + 1) 1 3

5 (5; 3) 0 3

6 (6; 3) 0 3

7 (6; 3 + 1) 1 4

8 (5; 3) (3; 2) 0 3 + 2

9 (6; 3) (3; 2) 0 3 + 2

10 (5; 3) (5; 3) 0 3 + 3

11 (6; 3) (5; 3) 0 3 + 3

Fig. 6 Compression of a 5v × 3n-bit multiplier
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compressed to two operands at the second level. Then, a
(k + h 2 n)-bit ripple adder with fast carry chains is
employed to obtain the final product.

The mapping algorithm for the compressor-based
multipliers is summarised as shown in Fig. 7.

5 Delay-Table-based approach for
asymmetric large size multiplication

For the design of a signed multiplier, all grouped partial
products have to be sign-extended to the sign bit position of
the final result. Therefore there are no benefits to use the
compressor-based approach. In this section, we present the
Delay-Table algorithm to optimise the additions for the
grouped partial products of large size asymmetric
multipliers. This approach can also be used for the
realisation of the unsigned multiplication.

5.1 Delay-Table generation

In our earlier work [7, 8], the Delay-Table approach was used
to realise k × k-bit symmetric large size multipliers. This
original Delay Table for a symmetric multiplier was based
on a triangle architecture using symmetric embedded
multipliers only. For the implementation of large size
asymmetric multipliers, the Delay-Table approach can still
be used to optimise the additions required by the
multiplication. Suppose the additions are based on 2-
operand adders. The structure of the adder is shown in Fig. 8.

To easily create the Delay Table for the asymmetric
multiplication, a simple code is given below based on the
following parameter definitions:

Offset: the bit size from 0 to the least significant bit (not
including the least significant bit).
Size: the bit size from 0 to the most significant bit (real size of
the operand + its offset)
Arrival time: the time that the operand can be used (0 for the
operands at the first level of the additions, and the
accumulated delay at the previous level for other levels of
additions).

Accumulated delay: the total delay of an operand, which is

Accumulated delay for (operand [i] + operand [j])

= max (size[i], size[j]) − max (offset + [i], offset[j])

+ max (arrive[i], arrive[j])

(8)

The following is the pseudocode for Delay-table generation in
each addition level.

1. Input the number of operands to be added at the current
level;
2. Input the size, offset and arrival time for each of the
operands;
3. Set the accumulated delay to infinite for the adder
(op[i] + op[ j]) with i , ¼j;
4. Calculate the accumulated delay for other adders with
i . j using (8);
5. Print the result of the calculation, which is the Delay
Table.

The pseudocode was implemented in C++. As an
example, the Delay Table for the first addition level for a
5v × 3n-bit signed multiplier was generated based on the
grouped partial products shown in Fig. 9. After running the
program, the Delay Table in the first level is listed in
Table 3 with v ¼ 24 and n ¼ 17, which is the case in
Xilinx Virtex-5 FPGAs. Note that, for the signed
multiplication, the most significant segment of each of the
operands, X4 or Y2 in Fig. 9 for example, are signed
numbers with sizes (v + 1) ¼ 25 or (n + 1) ¼ 18 bits,
respectively.

5.2 Design rules for Delay-Table-based
addition optimisation

To optimise the organisation of the additions for the
asymmetric multiplication, the design rules are focused on
minimising the critical path delay at each addition level
based on the Delay Table. Three scenarios are considered in
the optimisation using two-operand adders.

Scenario A: Number of operands is equal to (2i + 1) for i . 0
Since in this case the number of operands is odd, one of the
operands cannot be used at the current level. The following
design rules are executed:

i. From the top to bottom rows, select the operand that causes
the largest adder size when it is added to other operands.
Remove this operand (i.e. the corresponding row and
column) from the current level delay table.Fig. 8 Structure of the additions required by signed multiplication

Fig. 9 Grouped partial products of a 5v × 3n-bit signed multiplier

Fig. 7 Summary of the mapping algorithm for the compressor-
based multipliers
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ii. Select two operands with the smallest accumulated delay
in the Delay Table. This will determine one of the addition
elements at this level.
iii. Remove the corresponding rows and columns from the
delay Table.
iv. Examine iteratively the updated delay Table and repeat
Steps ii and iii until all operands are covered.

Scenario B: Number of operands is equal to 2(2i + 1)
for i .0
In this case, the number of operands is even at the current level
and odd at the next level. Thus, all operands have to be
organised at the current level and one of the results of these
adders will not be used at the next level. Therefore one adder
could have the largest size, and consequently the largest
delay and the other combinations should have minimum
delay at the current to produce the smallest critical path delay.

i. For all operands, organise only (the total number of
operands-2) operands with the smallest critical path delay.
ii. Organise the rest two operands even though it has a larger
delay since it will not be used at the next level.

Scenario C: number of operands is equal to (4i) for i .0
In this scenario, all operands at this level and subsequent
levels are even. Since all operands have to be used at the
current level and all results of these adders will be used at
the next level, the adders should be organised with the
smallest critical path delay at each level. The design rule in
this case is:

i. Organise all operands at the current level with the smallest
critical path delay.

5.3 Examples

To illustrate the design process for an asymmetric multiplier
using the optimisation design rules, a 5v × 3n-bit signed
multiplier is presented using 25 × 18-bit embedded signed
multiplier blocks. The grouped partial products are given in

Fig. 9 and the Delay Table is shown in Table 4, which was
generated at Table 3.

Since there are seven grouped partial products, P10–P16

(scenario A) the operand with the largest adder size, P14 in this
case, is removed from this level, which is highlighted in bold.
Then, the operands can be organised in three ways

S1:(P10 + P16)41, (P11 + P15)82 and (P12 + P13)123

or S2:(P11 + P16)41, (P12 + P15)82 and (P10 + P13)113

or S3:(P12 + P16)41, (P13 + P15)82 and (P10 + P11)65

The optimisation solution is S3 with the smallest critical path
delay, which is the delay of the 82-bit adder. Therefore the
adders at the first level are organised as: P12 + P16, P13 + P15

and P10 + P11, which are highlighted in Table 4.
After the first level addition, the operands to be added at

the second level are: P20 ¼ P14, P21 ¼ P12 + P16,
P22 ¼ P13 + P15 and P23 ¼ P10 + P11. Then, following the
same procedure, the delay Table for the additions at the
second level is shown in Table 5, and the addition
organisation is highlighted in the same table.

Therefore the final solution of this 5v × 3n-bit multiplier is

[(P21 + P23)185 + (P22 + P20)205]205+147

= {[(P12 + P16)41 + (P11 + P10)65]65+120

+ [(P13 + P15)82 + (P14)0]82+123}205+147

Table 4 First level addition organization of a 5v × 3n-bit signed multiplier

L ¼ 1 P10 P11 P12 P13 P14 P15 P16

P10 X – – – – – –

P11 65 X – – – – –

P12 89 106 X – – – –

P13 113 123 123 X – – –

P14 123 123 123 123 X – –

P15 82 82 82 82 99 X –

P16 41 41 41 51 75 58 X

Table 3 First level delay table of a 5v × 3n-bit signed multiplier

P1[0] P1[1] P1[2] P1[3] P1[4] P1[5] P1[6]

P1[0]: 1000 1000 1000 1000 1000 1000 1000

P1[1]: 65 1000 1000 1000 1000 1000 1000

P1[2]: 89 106 1000 1000 1000 1000 1000

P1[3]: 113 123 123 1000 1000 1000 1000

P1[4]: 123 123 123 123 1000 1000 1000

P1[5]: 82 82 82 82 99 1000 1000

P1[6]: 41 41 41 51 75 58 1000

Note: 1000 in this table is treated as infinity.

Table 5 Second level addition organisation of a 5v × 3n-bit

signed multiplier

L ¼ 2 P20 P21 P22 P23

P20 X – – –

P21 164 X – –

P22 205 212 X –

P23 188 185 212 X
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and the critical path delay is equivalent to a 205 + 147 ¼ 352
bit adder delay.

To design asymmetric large size multipliers using
N × N-bit symmetric embedded multiplier blocks, the same
procedures and design rules can be followed, but both input
operands should be decomposed based on the same size of
n ¼ N 2 1 bits.

The Delay-Table algorithm for the asymmetric multipliers
is summarised as shown in Fig. 10.

6 Ternary-adder-based large size asymmetric
multipliers

Since ternary adders can be implemented in Xilinx Virtex 5
and other newer FPGAs that have six-input LUTs with dual
outputs [12], they are considered also in this paper to sum

the partial products. To reduce the size of the adders,
concatenation is applied to the bits that have no overlap
with other operands.

The ternary adders used for the asymmetric multipliers are
organised based on the following steps:

1. Create the partial products with a diamond structure for the
asymmetric multiplier.
2. Combine the top three and bottom three operands in two
ternary adders, respectively; then remove these six operands.
3. Repeat Step 2 for other operands, until there are one or two
remainder operands.
4. Use the results of the ternary adders and the remainder
operands to form a new set of operands; repeat Steps 2 and
3 to organise the adders for the next level addition, until
there are three or two operands left in the set.

Fig. 10 Summary of the Delay-Table algorithm for asymmetric multipliers

Fig. 11 Implementation results using symmetric embedded multipliers

a Delay
b Number of LUTs used
c Number of embedded blocks used
d Power consumption
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5. Add the three operands using a ternary adder, or add the
two operands using a two-operand ripple adder to receive
the final result.

As an example, a 5v × 3n-bit multiplier has seven
operands of the partial products, which is shown in Fig. 9.
To achieve the final result, three ternary adders are required
and organised as follows

S1 = P10 + P11 + P12

S2 = P16 + P15 + P14

Result = S2 + P13 + S1

7 Implementations for asymmetric large
size multipliers

In this section, the implementation results for asymmetric
large size unsigned and signed multipliers are presented
targeting Xilinx FPGAs. The unsigned multipliers were
implemented using the proposed approaches: compressor-
based approach, Delay-Table approach and Ternary-adder-
based approach. The signed multipliers were implemented
using only the Delay-Table and Ternary-adder-based
approaches since the compressor-based method is not
efficient to realise signed multipliers after the sign-
extension. All results are presented in terms of the
following metrics: delay, number of LUTs used number of
embedded multipliers required and power consumptions.
The proposed architectures are compared also with two
other approaches: one generated by commercial tools,
which we refer to as vendor synthesis tool (VST) method,
and one based on the OI method [9]. A Xilinx Virtex-5

FPGA was targeted, and the tool, Xilinx’ ISE-13.1, was
used. In this case, the symmetric and asymmetric embedded
multiplier blocks are 18 × 18-bit and 25 × 18-bit
multipliers. The asymmetric multipliers to be implemented
have the size of one input operand set to three segments,
and the other configured differently from 4 to 8 segments.
Thus, based on the sizes of the embedded blocks, the bit
width of the smaller operand of the asymmetric multiplier is
51 bits, and the range of input sizes for the larger operand
is from 68 to 136 bits for the use of 18 × 18-bit embedded
signed multipliers. When using the 25 × 18-bit embedded
multipliers, the smaller size operand is also 51 bits, and the
range of input sizes for the larger operand is from 96 to 192
bits. All results were extracted after place-and-route using
ISE 13.1, and the power consumption was estimated by
Xpower analyser in a vector-less mode with the clock
frequency set to 50 MHz for all cases.

7.1 Implementation of the unsigned multipliers

Fig. 11 shows the implementation results for the asymmetric
large size unsigned multipliers using 18 × 18-bit embedded
multipliers. In this case, the compressor-based approach, the
Delay-Table approach and the Ternary-adder-based
approach have outperformed the VST technique by an
average of 26.9, 21.1 and 20.4%, respectively, as shown
in Fig. 11a. Compared with the OI approach, the
improvements in delay are 4.6% for DT approach, 11.6%
for compressor approach, and 3.8% for the Ternary-adder
approach. When considering the resources utilised, the VST
approach requires the smallest usage in terms of number of
LUTs; however, it needs 10% more number of embedded
blocks compared with other four approaches, which are

Fig. 12 Implementation results using asymmetric embedded multipliers

a Delay
b Number of LUTs used
c Number of embedded blocks used
d Power consumption
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shown in Figs. 11b and c. When comparing with the OI
approach, the LUT savings are 9.3% for DT approach,
13.6% for compressor approach and 14.3% for the Ternary-
adder approach. These four approaches require exactly same
number of embedded blocks. As for the power
consumption, the results indicate, as shown in Fig. 11d, that
the VST approach outperforms the compressor-based
approach, which has the largest power consumption.
The DT approach and the OI approach have almost
same power dissipation, and the Ternary-adder-based
approach requires 4.3% more power compared with the OI
approach.

When using 25 × 18-bit embedded signed multipliers, the
results are shown in Fig. 12. Compared with the VST
approach, the proposed three approaches achieve delay
reductions of 22.2, 32.7 and 22.4% for DT, compressor and
Ternary-adder based approaches, respectively, as shown
in Fig. 12a. Compared with the OI approach, the
improvements in delay are 2.3% for DT approach, 15.6%
for compressor approach, and 2.8% for Ternary-adder
approach. For the results of resources used, shown of
Figs. 12b and c, the VST approach also requires the
smallest usage in terms of number of LUTs, but 36.9%
more embedded blocks compared with the other four
approaches. Compared with the OI approach, the LUT
savings are 4.0% for DT approach, 5.9% for compressor
approach and 15.9% for Ternary-adder approach. Again,
these four approaches require exactly same number of
embedded blocks. The power consumption, as shown in
Fig. 12d, is almost same for all except the compressor-
based approach, which has the largest power consumption.

7.2 Implementation of the signed multipliers

Fig. 13 illustrates the result of asymmetric signed multipliers.
Fig. 13a shows the delay for the asymmetric signed
multipliers using 18 × 18-bit embedded multipliers. Among
these four approaches, the proposed Delay-Table and
Ternary-adder approaches have smaller delay compared
with others. The average delay reduction is 25.8% for DT
approach and 27.8% for Ternary-adder approach compared
with the VST scheme. Compared with the OI approach, our
proposed approaches also have 2.3 and 4.9% delay
reduction for DT and Ternary-adder approaches, respectively.

Fig. 13b provides results in terms of the number of LUTs
used. The VST approach requires the smallest number of
LUTs. However, the use of embedded multipliers in the
VST approach is the worst as shown in Fig. 13c, while the
other three approaches use exactly the same number of
embedded blocks. The average saving is 10.6% compared
with the VST approach.

For the power consumption results shown in Fig. 13d, the
VST approach consistently outperforms other approaches.
However, the Ternary-adder consumes 2.2% more power
than the DT and the OI approaches.

Fig. 14 presents the results for the implementation of the
asymmetric signed multipliers using 25 × 18-bit embedded
multiplier blocks. In this case, our proposed approaches and
the OI approach are much faster than the VST approach, as
shown in Fig. 14a. The average improvements are 25.4 and
27.1% for the DT and Ternary-adder approaches,
respectively, compared with the VST. In Figs. 14b and c,
the requirement for the resource usage to realise the

Fig. 13 Results of the signed multiplication using Xilinx 18 × 18-bit embedded multiplier blocks

a Delay
b Number of LUTs used
c Number of embedded blocks used
d Power consumption
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multipliers is depicted. Compared with the VST multipliers,
our proposed DT and Ternary-adder approaches use 19.3
and 2.3% more LUTs, respectively, but save 36.6%
embedded DSP blocks. Fig. 14d shows again that the VST
approach has the lowest power dissipation among all four
approaches. It is 7.3% lower than that of the DT approach
and 8.9% lower than that of the OI approach. The DT
approach uses 1.5% less power compared with the OI
approach, and the Ternary-adder-based multiplier consumes
3.4% more power than the OI approach.

8 Conclusions

In this paper, three optimised design approaches are presented
for the implementation of asymmetric large size unsigned and
signed multipliers using symmetric and asymmetric
embedded multipliers in Xilinx’ FPGAs. The compressor-
based approach vertically sums the overlapped partial
products and efficiently reduces the levels of the additions.
The Delay-Table-based approach optimises the addition
organisations by minimising critical path delay at each level
of the additions required by the multiplication. The
Ternary-adder-based approach sums three operands together
at once using six-input LUTs with double outputs and the
fast carry chains in FPGAs. The implementations of these
approaches have resulted in improvements in terms of delay
reduction and the savings of the use of embedded blocks.
The shortcomings are the requirements of the LUT usage
and the power dissipation compared with the VST

approach. However, the savings in the use of embedded
blocks far outweigh the increase in the use of LUTs.
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