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ABSTRACT—Adders are the key element of the arithmetic unit, especially fast parallel adder.
Redundant Binary Signed Digit (RBSD) adders are designed to perform high-speed arithmetic operations.
Generally, in a high radix modified Booth encoding algorithm the partial products are reduced in
implication process. Due to its high modularity and carry-free addition, a redundant binary (RB)
representation can be used when designing high performance multipliers. The conventional RB multiplier
requires an additional RB partial product (RBPP) row, because an error-correcting word (ECW) is generated
by both the radix-4 Modified Booth encoding (MBE) and the RB encoding. This incurs in an additional
hybrid adder stage for the MBE multiplier. In this paper, a new RB modified partial product generator
(RBMPPG) is proposed. And existed design partial product addition can be done by using RBPPA. In
modified design partial products addition is done by hybrid adder. Propagation delay path between input and
output is less in modified design than existed design. Simulation results show that the modified hybrid
RBMPPG based designs significantly improve the memory and speed when the word length of each
operand in the multiplier is at least 32 bits.

KEYWORDS—Redundant binary, modified Booth encoding, RB partial product generator, RB multiplier,
hybrid adder.

I. INTRODUCTION
Multiplication plays important roles in various
digital systems such as computers, process
controllers, signal processors, and so on. Designing
fast multipliers has long been a great theoretical and

paper, they propose a high speed multiplication
algorithm internally wusing redundant binary
representation [1].Multiplier can be implemented as
either combinational or pipelined multiplier in terms

ractical interest for computer scientists and L. L
P P of hardware. Combinational multiplier

engineers. Various multiplication algorithms have
been proposed and practically used [1]. Especially,
with recent advances of technology of integrated
circuits, many researchers have tried to develop
high-speed multiplication algorithms which are
suitable for VLSI implementation (e.g., [1]). In this

implementation increases both hardware resources
and critical path in two stages. At stagel, N*N
number of inputs produced N number of PPRs. At
stage2, number of adders increases for the design so
combinational method is  not efficient for large
multiplier design. Pipelined multiplier overcomes
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the above disadvantages with recoding structure.
Targeting the optimized design of pipelined
multiplier unit, partial product reduction techniques
and addition approaches are discussed in section2.
PPRs generation and addition processes involved to
design different multipliers with constraints are
discussed below.In n bit binary integer
multiplication, n partial products are first generated
and then added up pair wise by means of a binary
tree of redundant binary adders. Since parallel
addition of two n-digit redundant binary numbers
can be performed in a constant time independent of
n without carry propagation, n bit multiplication can
be performed in a time proportional to log2 n. The
computation time is almost the same as that by a
multiplier with a Wallace tree, in which three partial
products will be converted into two, in contrast to
our two-to-one conversion, and is much shorter than
that by an array multiplier for longer operands. The
number of computation elements of an n bit
multiplier based on the algorithm is proportional to
n2. It is almost the same as those of conventional
ones. Furthermore, since the multiplier has a regular
cellular array
multiplier, it is suitable for VLSI implementation.

structure similar to an array
Thus, the multiplier is excellent in both computation
speed and regularity in layout. It
implemented on a VLSI chip with an area
proportional to n2 log2 n. The algorithm can be
directly applied to both wunsigned and 2's
complement binary integer multiplication.

Paper [3] describes a 16-bit X 16-bit multiplier for 2
two’s complement binary numbers based on a new
algorithms. This multiplier has been fabricated on

can be

an LSI chip using a standard n-E/D MOS process
technology with a 2.7-pm design rule. This
multiplier is characterized by use of a binary tree of
redundant binary adders. In the new algorithm, n-bit
multiplication is performed in a time proportional to
Iogz n and the physical design of tree multiplier is
constructed of a regular cellular array. This new
algorithm has been proposed by ‘rakagi et a~ The
16-bit x 16-bit multiplier chip size is 5.8x 6.3 mm
using the new layout for a binary adder tree. The

www.ljiemr.org

chip contains about 10 600 transistors, and the
longest logic path 46 gates. The
multiplication time was measured as 120ns. We
estimate that a 32-bit X 32-bit multiplication time is
about 140 ns. Redundant binary representation [4]
was adopted to remove carry propagation. Each of
the redundant binary digits, [-1, 0, 11, has been
encoded into two binary bits. This has made it
possible to perform multiplication faster than the

includes

combination of Booth algorithm and Wallace tree,
and division faster than SRT.A new redundant
binary (RB) architecture for the high speed
multiplier is presented in [S]. In this architecture, a
pair of partial products is converted to one RB
number by inverting one of the pair without
additional circuit and latency. Generated RB partial
products are added by the Wallace tree of improved
RB adders (RBAs) which have a latency of 0.9ns,
and converted to a normal binary (NB) number by a
simply structured RB-to-NB converter in which the
carry propagation circuit is constructed only with
simple selector circuits.The existing RBMPPG [1]
generates fewer partial product rows than a
conventional RB MBE multiplier. Simulation
results show that the proposed RBMPPG based
designs significantly improve the area and power
consumption when the word length of each operand
in the multiplier is at least 32 bits; these reductions
over previous NB multiplier designs incur in a
modest delay increase (approximately 5%). The
power-delay product can be reduced by up to 59%
using the proposed RB multipliers when compared
with existing RB multipliers. In modified design
partial products generation is same as existed one
but addition is done by using hybrid adder which
enhances the delay and memory.
II. MODIFIED DESIGNARCHITECTURE

Two important steps needed for modified
multiplier design.

1. First step to generate partial product rows

(PPRs).

2. Second step to add PPRs.

Figure 1 shows the algorithm for modified
design.
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Figure 1: Existing multiplier block diagram
The above figure 1 shows the
architecture of existed system. The multiplier
consists of RBMPPG-2, three RBPP accumulation
stages, and one RB-NB converter. Eight RBBE-2
blocks generate the RBPP; they are summed up by
the RBPP reduction tree that has three RBPP
accumulation stages. Each RBPP accumulation
block contains RB full adders (RBFAs) and half
adders (RBHAs). The 64-bit RB-NB converter
converts the final accumulation results into the NB
representation, which wuses a hybrid parallel
prefix/carry select adder (as one of the most
efficient fast parallel adder designs). But this
existed system does not produce effective results so

a new system which is discussed in below section.
The aim of this study is implementation of
modified partial product generator for RB

multipliers.

Multiplicand A Mulliflich

RBBE

}

RBPA

|

64 Bit RB-NB
Converter

}

Product

Figure 2: Multiplier (existing &modified) flow
chart
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A RB multiplier consists of a RB partial product
(RBPP) generator, a RBPP reduction tree and a RB-
NB converter. A Radix-4 Booth encoding or a
modified Booth encoding (MBE) is usually used in
the partial product generator of parallel multipliers
to reduce the number of partial product rows by half
[1,2]. A RBPP row can be obtained from two
adjacent NB partial product rows by inverting one
of the pair rows.

RADIX -4 BOOTH ENCODING

Booth encoding has been proposed to facilitate the
multiplication of two's gomplement binary numbers
[18]. It was revised as modified Booth encoding
(MBE) or radix-4 Booth encoding [19].The MBE
scheme explained in the table, where A = an.; a N2
.....apa aostands for the multiplicand, and B =b
N1 DNz ....b 2 by b ¢ stands the multiplier bits
.The multiplier bits are grouped in set of three
adjacent bits. The two side bits are overlapped with
neighboring groups except the first multiplier bits
group in which it is {bl, b0, 0}. Each group is
decoded by selecting the partial product shown in
Table I, where 2A indicates twice the multiplicand,
which can be obtained by left shifting. Negation
operation is achieved by inverting each bit of A and
adding ‘1’ (defined as correction bit) to the LSB
[11-14].

IABLE |
IABLE ]
MBE SCHEM!
b2is1, b2i, b2i-1 Operation
000 0
001 +A
010 +A
011 +2A
100 -2A
101 -A
110 -A
111 0
PRODUCT GENERATOR

As two bits are used to represent one RB dig it, then
a RBPP is generated from t wo NB partial products
[1-6]. The addition of two N-bit NB partial products
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X and Y using two’s complement representation
can be expressed as follows
X4+Y=X-Y-1=(X,Y ) -1

Where Y is the inverse of Y.The RBPP is generated
by inverting one of the two NB partial products and
adding -1 to the LSB.. Each RB dig it X jbelongs to
the set{-1,0,1};this is coded by two bits (X i, X ;")
.RB numbers can be coded in several ways.Table 11
shows one specific RB encoding

TABLEI
RB ENCODINGUSED IN THIS WORK [6]
X{ X; RB digit (X;)
0 0 0
0 1 1
1 0 1
1 1 0

Both MBE and RB coding schemes introduce errors
and two correction terms are required: 1) when the
NB number is converted to a RB format, -1 must be
added to the LSB of the RB number; 2) when the
multiplicand is multiplied by -1 or - 2 during the
Booth encoding, the number is inverted and +1
must be added to the LSB of the partial product. A
single ECW can compensate errors from both the
RB encoding and the radix-4 Booth recoding.
MODIFIED RB PARTIAL
PRODUCT GENERTOR

A new RB modified partial product generator based
on MBE (RBM PPG-2) is presented in this section;
in this design, ECW is eliminated by incorporating
it into both the two MSBs of the first partial product
row (PP") and the two LSBs of the last partial
product row (PP )

popisiady 2211 10, 9 B 7 & 5 4 F Z 1.0
PR P Py P Ps Ps P P Pn P Py
P Py Pe B Bi Pa Pa Pa B

P P Pu P Pi P Pu Pu Pz Pn Px qu'n.I"

PP Py P Py Py Py Py P::,.l’.‘;...........,
ECW,—p4 En 0 Fy§  ECW,
H H

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

(a)

Fig.2(a)The first new RBM PPG-2 architecture for
an 8-bit MB multiplier.
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It is differ from conventional type by its error
correcting vector. In this type error correcting
vectors ECW1 is generated by PP1 and ECW 2 is
generated by PP2.

ECW1=0 E12 OF 10

ECW2=0 E 22 0 F 20

To eliminate a RBPP accumu lation, ECW , needs
to be incorporated into PP1 and PP2.
Fyo={-1, bs by
b3=000,001,010,011,111} F5={0
, b sbsb3=100,101,110}

Bopl5141B3: 12211 10 9 87 6 5 43 2 10
PE P P B: Pe Bs Pu Py Pa Pa P
PR Po Pic Ps P P> Pi P Bo

PP, P P Pn Px Ps Pu P Pn Px Pn 0 Epd Fy
PF, Po P P Pu Pa Pa P 7’! Gy Gaiz

Fig 2(b) Revised RBM PPG by replacing E;; AND

Fao
b opl51413 12 11 10 9 8 7 6 5 4 3 2 1 0
PR Oy OV By Pu By P Py Py Py D
L
PE, Pa Pu|Ps Pa By Pa Py B
PP, Pis Pu Pn Ps P Pu|Py Pn Py Py 0 B0 Fy
PP, I'—. Pu Py Pu Pn /'::\‘:"1 ‘:)‘” Grin Gra

(c)

Fig2(c) Final proposed RBMPPG by totally
eliminating ECW,
Q 19" ,Q 155,Q 21,Q00 are used to represent the

modified part ial products .By setting PP2" to all
ones and adding +1 to the LSB of the partial
product ,F,( can then be determined only

by bs

Fao = {-1, bs
=()}
F 2= {0, bs
-1}

As -1 can be coded as 111 in RB format, E ,, and
Fyo can be represented by E 2 ,q 22 ,q 2¢1) as
follows
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’

This is further explained by the truth table of Ej,
JFaoand Eo, o2y, Q2 1y -

[ABLE 11
I'RUTH TABLE OF Ez, Go¢_ay Tae_1yAND P31, D5p-
bbb ExFo  E3q322-1) P21 P20
000 01 1123 0 0
001 00 000 a, ao
010 01 1L a, Qg
011 00 000 a, 0
100 11 011 [y 1
101 10 100 a To
110 11 011 a [
1711 00 000 0 0

The relationships between Q 10", Q 15%, Q 217, Qa0
and Pyo", P»;", Py~ are summarized in table.

I'HE TRUTH TABLE OF Q75, Qs Q51, Q5%

piopiaPziPzo Q010705 Q5015051 Q% Q01502102
(E2+0) (E2=1) (E2 1)

0100 0100 0101 0011
0101 0101 0110 0100
0110 0110 Or1rl 0101
0111 0111 1000 0110
1000 1000 1001 011l
1001 1001 1010 1000
1010 1010 1011 1001
1011 1011 1100 1010

Logic functions of Qpo", Qis*, Q21'and Qo can be

expressed as follows

Q% = (b; @ b + b,bgbs) - i + by bs - (P + P31 +p:
pio) + bybebs - (Plspzipio @ pio)

Qs = (by @ bg + bybghs) - pis + by bs - (P51 +p30 D b
+bybebs - (P51p20 D Pl) ‘

Q51 = (b7 @ bs + by bgbs) « pay + by bs - p3; D pay
+[’77’:[’5 P21 D 2o

Q30 = (b7 @ bs + bybgbs) - p3o + by bs - 3o
+b,bgbs + P3g

Therefore, the ECW N/4 is

removed by the

transformation of 4 partial product variables and

one partial product row is saved in RB

multipliers with any power-of-two word-length.

extra
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MULTIPLICAND A MULTIPLIERB

1

|R.BBE-1 RBBE-1 | REBE-2 | RBBE-l REBE-2 RBEE-2 REEE-2 | REBE-2
P 1 1 147 1 3§ 1T 1 11 11
STAGE-1 STAGE-1 STAGE-1 STAGE-L
HYERID ADDER HYERID ADDER HYERID ADDER HYERID ADDER
STAGE-2 STAGE D
HYBRID ADDER HYBRID ADDER

1 H

STAGE-3
HYERID ADDER

l

64 BIT REDUNDANT
BINARY AND NORMAL
BINARY CONVERTER

!

PRODUCT

Figure 3: Modified design block diagram

From above figure (2) we can observe the
block diagram of proposed system. A proposed
multiplier is a combinational logic circuit used in
digital systems to perform the multiplication of two
binary numbers. These are most commonly used in
various applications especially in the field of digital
signal processing to perform the various algorithms.
A redundant binary representation which is one of
the signed digit representations proposed by
Avizienis is internally used by this multiplier. n-bit
multiplier based on the new algorithm as shown in
Fig, 4.1. N partial products are added up pair wise
in a log2 n level binary adder tree. Addition of two
n-digit redundant binary numbers is performed in
parallel in a constant time. In a time proportional to
log2 n the summation of the partial products is
performed. As conversion of the number into a
two’s complement binary number is required so that
the sum is represented in a redundant binary
number. A carry look ahead adder with a time
proportional to log2n is used for this conversion. As
a result, n-bit multiplication is carried out in a time
proportional to log2 n.
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HYBRID_MUL
a(31:0) £(63:0)
b(31:0)

A 4

HYBRID_MUL

Figure 4: Modified RTL schematic

RBPA

In the second stage, a 4-stage RBA summing tree is
used to sum 16 RB partial products. Each RBA b
lock contains 64 RB full adder (RBFA) cells and a
varying number of RB half adder (RBHA) cells
depending on where it is located. The proposed
RBMPPG-2 can be applied to any bit RB
multipliers with a reduction of a RBPP
accumulation stage compared with conventional
designs. Although the delay of RMPPG-2 increases
by 1-stage of TG delay, the delay of one RBPP
accumulation stage is significantly larger than a 1-
stage TG delay. Therefore, the delay of the entire
multiplier is reduced. The improved complexity,
delay and power consumption are very attractive for
the proposed design. The multiplier consists of the
proposed RBMPPG-2, three RBPP accumulation
stages, and one RB-NB converter. Eight RBBE-2 b
locks generate the RBPP they are summed up by the
RBPP that has three RBPP
accumulation stages. Each RBPP accumulation
block contains RB full adders (RBFAs) and half
adders (RBHAS).

RB -NB CONVERTER

The 64-bit RB-NB converter converts the final
accumulation results into the NB representation,

reduction tree

which uses a hybrid parallel prefix/carry select
adder.

III. PERFORMANCE ANALYSIS AND FUNCTIONAL
VERIFICATION
Finally we verify the results for 2 different types
of multiplier designs which are having same partial
product generation method but partial product rows

www.ljiemr.org

are added by using RBPPA in existing design and
hybrid adder used in modified design.

1 RBBE based multiplier with hybrid adder

2 RBBE based multiplier with RBPPA

Above modified design is coded in verilog HDL

synthesized, simulated and implemented using
XILINX 14.7 software with FPGA technology
SPARTAN 3E. Modified design RTL schematic,
functional verification and FPGA design testing
output with the help of Isim simulator.

Figure 5: Modified design stimulus
Power consumption analysis modified design is
compared with the existed design [11]. Table 2
shows the comparison of results with help of

equation shown in below as
Py = foiCloaaVad (2)

Where oct=switching levels of design,
fax = clock frequency,
Cioad = load capacitance of the design,
Vai' = supply voltage.
Comparison of delay and memory results of 2
designs shown in below figures and tables.

TABLE IV: DELAY AND MEMORY

ANALYSIS
Total | Logic | Route | Memory
delay | delay | delay
Existing | 127.36 | 60.60 | 49.75 | 4667688K
system 3 nsec | 8 nsec | 5nsec B
Propose | 43.834 | 3.971 | 39.86 | 4619840K
d system | nsec nsec | 3 nsec B
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Delay (in ns)

Hybrid multiplier {Proposed]  Fed undant birary multiplier £x ting)

Figure 6: Delay report for 2 designs

Iv. CONCLUSION

In this paper, performance of 32-bit RBBE based
multiplier with hybrid adder is presented. The
design is implemented with the help of SPARTAN
3E FPGA technology. Different algorithms are
studied for reduce the partial product rows like
RADIX-4 modified booth encoding, RBBE booth
encoding etc. Finally modified design using RBBE
MBE to generate PPRs. Addition between the PPRs
is done with the help of hybrid adder instead of
different adders like Carry Save Adder, Carry Skip
Adder and etc. Modified design has 66% less delay
compared with existed design.
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