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Abstract – We present a new architecture for signed
multiplication which maintains the pure form of an ar-
ray multiplier, exhibiting a much lower overhead than the
Booth architecture. This architecture is extended for radix-
���

encoding, which leads to a reduction of the number of
partial lines, enabling a significant improvement in perfor-
mance and power consumption. We have implemented a
pipelined version of the radix-4 architecture in order to re-
duce both the critical path and useless signal transitions
that are propagated through the array. The performance of
our pipelined architecture is compared with the pipelined
Modified Booth. The results we present show that the pro-
posed architecture with radix-4 compares favorably in per-
formance and power with the Modified Booth multiplier in
the pipelined and non-pipelined approaches.

1 Introduction

Multiplier modules are common to many DSP applica-
tions. The fastest types of multipliers are parallel multipli-
ers. Among these, the Wallace multiplier [1] are among the
fastest. However, they suffer from a bad regularity. Hence,
when regularity, high-performance and low power are pri-
mary concerns, Booth multipliers tend to be the primary
choice [2], [3], [4], [5], [6], [7], [8]. Booth multipliers al-
low the operation on signed operands in 2’s-complement.
They derive from array multipliers where, for each bit in a
partial product line, an encoding scheme is used to deter-
mine if this bit is positive, negative or zero. The Modified
Booth algorithm achieves a major performance improve-
ment through radix-4 encoding. This is particularly true
for operands using 16 bits or more [9]

In this paper, we propose a new approach to handle
operands in 2’s-complement. We use exactly the same
structure as an array multiplier, with the same unsigned bit
products for all the bits except those that involve a sign bit.
The proposed architecture is more efficient than the orig-
inal Booth architecture because only one bit is examined
for each bit product and no encoding is necessary. The
regularity of the proposed architecture makes it naturally
applicable for generic radix-

���
operations. We simply re-

place each bit product by � -bit modules that compute the
partial products between � bits.

We compare the radix-4 Modified Booth architecture to
our architecture with ���

�
. The results show that our

architecture is significantly more efficient, with no delay
penalties and 54% less power consumption. This power
reduction is mainly due to the lower logic depth which has
a big impact in the amount of glitching in the circuit. In
order to reduce the amount of glitching along the array we
have implemented pipelined architectures for both Modi-
fied Booth and our architecture with ���

�
. The results

show that although the power reduces more for the Mod-
ified Booth, the proposed multiplier is still more efficient,
with almost 23% less power and almost 16% lower delay.

This paper is organized as follows. The next section
makes an overview of relevant work related to our own. In
Section 3 we present the proposed architecture to handle
signed operands. Section 4 describes how this architec-
ture can be directly extended for radix-

� �
operation and

the architectures with the pipelined strategy. Performance
comparisons between the proposed array multiplier with
� =2 and the Modified Booth, are presented in Section 5.
Finally, in Section 6 we conclude this paper, discussing the
main contributions and future work.

2 Related Work

A substantial amount of research work has been put
into developing efficient architectures for multipliers given
their widespread use and complexity. Early multi-
plier schemes such as bi-section, Baugh-Wooley and
Hwang [10] propose the implementation of a 2’s comple-
ment architecture, using repetitive modules with uniform
interconnection patterns. In these works, partial products
with negative sign are moved to the last steps. Thus, two
types of arrays are used for the sum of the partial products.
While in the first type the array presents a regular structure,
the second one does not permit an efficient VLSI realiza-
tion due to the irregular tree-array form used. Furthermore,
it is difficult to improve the multiplier’s performance or to
reduce its power consumption.

More regular and suitable multiplier designs based on
the Booth recoding technique have been proposed [2], [3],
[7]. In the Modified Booth algorithm approximately half
of the partial products that need to be added is used. To
speed-up the summation of the partial products in Mod-
ified Booth multiplier, some other techniques such as
Carry-save adder arrays, Wallace trees [11] and Dadda par-
allel counters [12] have been applied. However, it is ob-



served that when the multiplier operands are wide enough
these techniques may not be adequate for effective re-
duction of the multiplier latency [4]. When arithmetic
throughput is more important than latency, pipelined mul-
tipliers are useful [13] because the introduction of registers
along the array reduces the unnecessary activity. In [14],
it is observed that latches are inserted in a radix-4 Booth
multiplier to reduce the switching activity. According to
the authors 40% of power savings is achieved with a power
supply of 3V. In [15], the influence of transition activity
due to combinational logic, flip-flops and the clock line
is analyzed in array multipliers and an optimal level of
pipelining is hinted.

In our work, the improvement in delay and power has
the same principal source as for the Booth architecture,
the reduction of the partial product terms, while keeping
the regularity of an array multiplier. The use of our pro-
posed array multiplier in a pipelined implementation in or-
der to verify the trade-off between higher performance and
power reduction is also investigated.

3 Parallel 2’s Complement Architecture

In this section we describe how we derive the proposed
architecture for a signed array multiplier.

3.1 2’s Complement Binary Multiplication

2’s complement is the most used encoding for signed
operands. The most significant bit, ������� , is the sign bit.
If the number

�
is positive, its representation is the same

as for an unsigned number, simply
�

. If the number is
negative, it is represented as

� �	� � .
Conversely, the value of the operand can be computed

as follows:

�
�


 � � ������� ��� � � � � ������� ��� (1)

We make the following observation that enables us to
simplify our architecture. Let us define

���
��� ���������� � � � � ,

an unsigned value. For positive numbers, � ����� �� ,
hence the value represented by

�
is
� �

. For negative
numbers, ������� � � , hence this value is

� � � �
�

� ����� � � � � � �
�
� � � � ����� . Then Equation 1 be-

comes:

�
�


 � � � �!����� �"�#� � � ����� � �!����� �$� (2)

or simply
�
�
�%� � �!����� � ����� .

What Equation 2 tells us is that the multiplication of two
operands in 2’s complement can be performed as an un-
signed multiplication for &(' � �*) � of the bit products. Let

us consider the 4 possible scenarios for
��+-,

:

�/.  �0,	. !1 � � +-, ��/.  �0,	2 !1 �#��+-,3� � �#� � ������/2  �0,	. !1 � � +-, � � � �����45���/6 4 � �����87 4�/2  �0,	2 !1 �#��+-,3� � �#� � �����9� � �����45��� 6 4 � �����87 4
(3)

which can be reduced to

�:+;,
�
� � +;, � � 6 ����� � � � ����� � ������� �����<4=��� 6 4 � �����87 4

(4)
The form of Equation 4 highlights:> from the first term, that the ' � � least significant

bits of
�

and
,

can be treated exactly as an unsigned
array multiplier;> from the second term, that the last row of the multi-
plier is either non-existent (

,?.  ) or a subtracter of�%�
shifted by ' � � bits (

,@2  );> from the third term, that, at each partial product line,
the most significant bit is either 0 (

�$.  ) or -1 (
�/2

 ).
We illustrate the operation of an array multiplication of 4-
bits wide operands in 2’s complement in Figure 1.
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Figure 1. Example of a ACBED bit wide signed multiplication.

Therefore, we can construct an array multiplier that han-
dles signed operands simply by using slightly different el-
ements at the left and bottom of the array. We present this
architecture in Figure 2 for 4-bit operands. Note that to
keep the figure simple we are using ' �GF and for such
simple cases the signed elements make for a significant
fraction of the array. This is because for ' �$F we have
a total of 16 bit products of which 9 are unsigned and 7
signed. However, this ratio, &(' � �*) � vs.

� ' � � , in-
creases with ' . In the case of a 16-bit multiplier, we have
225 unsigned bit products and 31 signed.
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Figure 2. Example of a ACB D bit wide signed array multiplier.

3.2 Comparison with the Booth Architecture

A 2’s complement multiplication algorithm which ver-
ify the detection of the beginning, the interior and the end-
ing of a string of ones was proposed in [16]. In the orig-
inal Booth algorithm 2 bits are operated at a time in an
overlapped scanning form. Thus, in a multiplier term the
allowed digit set is (-1, 0, 1) which composes a radix-2
representation. This digit set is used to adjust the multi-
plicand terms. An encoding of the multiplicand is used
to simplify this partial product. In our algorithm only the
most significant bit from the multiplier and multiplicand
terms is tested for the signed operation. Thus, most of the
structure in the partial product terms are in the same form
as in the conventional array multiplier and no encoding is
necessary.

4 Higher Radices Architectures

In addition to the high level of regularity presented by
the architecture developed in the previous section, its flex-
ibility allows us to easily extend it to operands using any
radix we choose.

4.1 2’s Complement Radix-
� �

Multiplication

We demonstrate that all the observations made in Sec-
tion 3.1 apply to any radix we choose. Consider now� �
� � �

� �������� � � � ��� � , where � � is a � -bit digit. For pos-
itive numbers, the value represented by

�
is
���

as be-
fore. For negative numbers, this value is

� � � �
�& � �

� ��� � ��� � � �#� ) � � � �
�%� � � �

� ��� � ��� � , since� �
� ��� � ��� � � � � is the 2’s complement of � �

� ��� � ��� � .
Then we have: � � � ������� �"�#� � � �

� ��� � ��� � � ������� �$� (5)

or simply � � � ������� � �
� ��� � ��� � (6)

Using analogous observations as made for the binary
case, from Equation 6 we can write:�/+-,

�
� � +-, � � � � 6 ����� 6 � � ��� � ��� �
� �!�����0� �

� ���
�
� ���<4=��� 6 4 � ��� � 7 4 (7)

We illustrate this operation through an example in Fig-
ure 3.
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Figure 3. Example of a 2’s complement 8-bit wide radix-4
multiplication.

4.2 2’s Complement Radix-
� �

Multiplier Architecture

Similarly to the binary, we have that for the ' �
� least

significant bits of the operands unsigned multiplication can
be used. The partial product modules at the left and bottom
of the array need to be different to handle the sign of the
operands.

We have constructed three types of modules. Type I
are the unsigned modules used in the previous section.
Type II modules handle the � -bit partial product of
an unsigned value with a 2’s complement value. Finally,
Type III modules that operate on two signed values.
Only one Type III module is required for any type
of multiplier, whereas

� �
�
� � Type II modules and& � � � �*) � Type I modules are needed.

The general architecture for 2’s complement radix-
� �

multiplier is shown in Figure 4. We present a concrete
example for ' �

�
bit wide operands using radix-4 ( � �

�
) in Figure 5.
The regularity of our architecture makes it suitable for

the application of other power reducing techniques. We
have constructed a pipelined version in order to reduce the
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Figure 4. General structure for a 2’s complement radix- ���
multiplier.

critical path and useless signal transitions that are propa-
gated through the array. The dotted lines in Figure 5 shows
the pipelined version of the radix-4 array multiplier for 8-
bit operands. As can be observed, we have taken advan-
tage of the layered structure of the array and introduced on
the circuit two layers of registers along the array. Thus, 3
clock cycles are necessary to perform the computation. As
presented in next section, the introduction of the registers
reduces the delay and the power consumption, however the
area is significantly increased.

Note that the results obtained with this pipelined imple-
mentation can be extrapolated to a serial implementation,
where almost no glitching is produced.
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Figure 5. Example of a 8-bit wide 2’s complement radix-4
array multiplier.

4.3 Modified Booth Multiplier

The radix-4 Booth’s algorithm (also called Modified
Booth) has been presented in [17]. In this architecture it
is possible to reduce the number of partial products by en-
coding the two’s complement multiplier. In the circuit the
control signals (0,+X,+2X,-X and -2X) are generated from

the multiplier operand for each group of 3-b as shown in
the example of Fig. 6 for 8-bit operands. A multiplexer
produces the partial product according to the encoded con-
trol signal.

MD  1 0 1 1 0 1 1 1    (-73)
MR  0 1 0 1 1 0 1 0(0) (+90)

1 0 1 1 0 1 1 1 0  (2*MD)
0 0 1 0 0 1 0 0 1  (-MD)
0 1 0 0 1 0 0 1 0  (-2*MD)

1 0 0 0 0 0 0 0 0 0 0 0  (PP)
0 1 0 0 1 0 0 1 01 0 1

  0 0 0 1 0 0 1 0 0 1 0 (shift)

0 0 1 0 0 1 0 0 1

0 0 0 0 1 1 0 1 1 0 1 1 0 (shift)

0 1 1

1 0 1 1 0 1 1 1 0   

1 1 1 1 0 0 0 1 0 0 1 0 1 1 0 (shift)

0 1 0

1 1 0 1 1 0 1 1 1

1 1 1 1 0 0 1 1 0 0 1 0 1 0 1 1 0 (shift)(-6570)

Figure 6. Example of a 8-bit wide Modified Booth multiplica-
tion.

Common to both architectures is that at each step of
the algorithm two bits are processed. However, the ba-
sic Booth cells are not simple adders as in the proposed
array multiplier, but must perform addition-subtraction-no
operation and controlled left-shift of the bits on the mul-
tiplicand. Besides taking more area, this complexity also
makes it more difficult to increase the radix value in the
Booth architecture.

Note that the partial product terms are sign extended up.
To make the array more regular a sign extension technique
is used where it is used two extra bits in the partial product.

4.3.1 Modified Booth Architecture

One of the main problems in the Modified Booth multi-
plier is the generation of the 2’s complement for the multi-
plicand term. This is calculated for each operand as shown
in the example of Figure 7. For 8-bit operands, 4 operand
circuits are necessary in order to calculate the partial prod-
uct terms. These circuits are composed of an encoder and a
multiplexer which produces the multiplicand term accord-
ing to the 3-bit in the multiplier term (MR). The partial
product terms are shifted by the adders which are also used
to produce the final result.

We have implemented a pipelined Modified Booth by in-
troducing registers along the layers of the array as shown
in the dotted lines in Figure 7. As can be observed, we
have added two layers of registers along the array as in the
binary array multplier with � =2. Again, 3 clock cycles
are required to compute the final result. Moreover, com-
mon to both architectures is that the registers are inserted
at the output of the adders which are responsible for adding
the partial product terms. However, as can be observed in
Figure 7, in the Booth multiplier it is also necessary to in-
troduce registers in the output of the encoders in order to
perform the correct operation at each clock cycle.
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Figure 7. Example of a 8-bit wide Modified Booth architecture.

5 Performance Comparisons

In this section, we present results for ' �G��� -bit array
architectures. Radix-4 Booth and the proposed architec-
ture using radix-4 ( � =2) are compared. Area and delay
results were obtained in the SIS environment [18]. Area
results are presented in terms of the number of literals.
Delay results were obtained using the general delay model
from the mcnc library. Power results were obtained with
the SLS tool [19] using the general delay model. For the
power simulation we have applied a random pattern sig-
nal and a real trace input signal which represent two sinu-
soidal signals with 90 degree phase difference, both with
10,000 input vectors.

5.1 2’s Complement Array Multipliers

In the Booth multiplier, 2 bits of multiplication are per-
formed at once and thus the multiplier requires half the
stages. In our proposed multiplier, the number of stages
can be reduced by more than half while keeping the same
regularity as in the pure array multiplier circuit. Table 1
presents area, delay and power results for radix-4 Booth
multiplier and the proposed � =2 binary array multiplier.

Table 1. Area, delay and power for 16-bit 2’s complement
parallel multipliers.

Area % Delay % Power %

Array 4912 – 231.1ns – 89mW –
Booth 3912 -20.2 233.7ns +1.1 137mW +54

As can be shown in Table 1, the � =2 array multiplier
presents larger area. This due to the fact that the partial
product lines operate on groups of � �

�
bits and the basic

multiplier elements are slightly more complex. From the
same table, we can also see that the � =2 binary and Booth
architectures present almost the same delay values. This is
justified by the simpler structure presented by the proposed

architecture, which leads to a lower logic depth. The re-
coding and partial product selector logic used at each level
of the Booth algorithm produces a larger number of inter-
connections and longer delay per row.

As observed in [20], the major sources of power dissipa-
tion in multipliers are spurious transitions and logic races
that flow through the array. Thus, the larger number of
interconnections present in the Booth multiplier is respon-
sible for the generation of a significant amount of glitching
in the circuit which justifies such a large gain in power for
our approach, as observed in Table 1. To confirm this ob-
servation, we have performed a power estimation of these
two architectures using a zero-delay model and the values
obtained were about the same.

Additionally, although the radix-4 Booth multiplier
presents quite a rectangular architecture, the regular struc-
ture presented by the � =2 multiplier makes it consume
significantly less power for sinusoidal pattern signals as
can be observed in Table 1.

5.2 Pipelined Array Multipliers

Table 2 presents results for the Booth multiplier and the
proposed � =2 binary array multiplier in the pipelined ver-
sion.

Table 2. Area, delay and power for 16-bit pipelined parallel
multipliers.

Area % Delay % Power %

Array 6631 – 111.5ns – 58.6mW –
Booth 5676 -14.4 128.5ns +15.2 69.6mW +18.7

The introduction of registers along the layers of the ar-
rays increase the area of both architectures when compared
to the non-pipelined architectures. Moreover, the pipelined
� =2 array multiplier presents the highest area value due
to the higher complexity presented by the modules which
process the product terms.

Figures 5 and 7 show that while in the binary array mul-
tiplier the critical path is given by a � =2 multiplier mod-
ule and 2 full adders, in the Modified Booth the encoder, an
operand circuit composed by a multiplexer and a full adder
are present in the critical path. These circuits produce a
large number of interconnections and longer delay per row.
Thus, although the pipelined radix-

� �
binary multiplier is

larger, this architecture presents less delay values than the
Modified Booth. Additionally, it should be observed that
in the Modified Booth the first line to be added can be com-
posed of two negative numbers, so that one of them needs
to be complemented by a specific circuit. This circuit is
composed of an additional line of half adders that is local-
ized in the circuit for the generation of operand 1 shown



in the Figure 7. This additional line also contributes for
the higher delay value in the Modified Booth. This is on
top of the observation made before that our architecture
presents less logic depth due to the more balanced paths to
the basic blocks in the critical path. This fact contributes
for improvement in power reduction because of the less
generation of useless transitions as shown in Table 2 for a
sinusoidal input pattern.

Table 2 shows that although our architecture consumes
less power, it should be observed that the Modified Booth
reduces more power when compared to non-pipelined ver-
sion. This occurs because in the pipelined approach glitch-
ing is reduced significantly, and this reduction will have a
greater impact in the case where the glitching was higher.
However, the less logic depth and delay values presented
by our architecture still makes it significantly more effi-
cient, for a sinusoidal signal as shown in Table 2. For a
random pattern at the inputs of the multipliers, where sig-
nal correlation is not present, power savings up to 20% are
achievable in the � =2 multiplier as shown in Table 3.

Table 3. Power for random pattern signal.

Architectures Power %

Array 100.4mW –
Booth 123.2mW +22.7

6 Conclusions

We have presented an array architecture multiplier that
operates on 2’s complement numbers using radix-

� �
en-

coding. The structure of this array maintains the same level
of regularity as the normal array multiplier, yet since each
partial product handles � bits at a time, the number of
levels in the array is reduced by a factor of � . We have
presented results that show significant improvement in de-
lay and power. The radix-

� �
array multiplier has been

used before in a similar manner in the well-known Booth
architecture. However, the Booth multiplier implies some
overhead in terms of coding to handle the sign bit. The re-
sults demonstrate that because of our simpler architecture,
2’s complement multiplication can be performed with just
half the power of a radix-4 Booth multiplier.

The regularity of our architecture make it suitable for
applying other reducing power techniques. In this work we
were able to test the use of pipelining approach in order to
reduce the critical path and useless signal transitions that
are propagated through the array. As we observed, our
multiplier is more efficient than the Modified Booth due to
the lower logic depth that reduces the amount of glitching
along the circuit.
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