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Abstract
High speed and area reduction of the Arithmetic-Logic Unit (ALU) have a fundamental role in modern processors,
especially in digital signal processor (DSP). In this paper, a new elastic fixed-point (Fx-P) ALU module is proposed to
perform multiple operations on real and complex numbers. The arithmetic part of the ALU executes operations such as
addition, subtraction, increment, decrement, and multiplication on real numbers. For complex operands, the proposed
ALU executes three operations comprising addition, subtraction, complex conjugate of complex numbers. The logical
part performs the basic operations including AND, OR, NAND, NOR, XOR, XNOR, NOT and BUFFER operations.
The proposed design is based on utilizing an enhanced design of a hybrid adder consists of a Han Carlson adder with a
carry-select adder (EHC-CSLA) and an improved design of the Vedic multiplier to achieve multiplication operation of
real numbers. A 16-bit and a 32-bit EHC-CSLA are designed first to perform real/complex addition-and- subtraction on
both data types. Then, an improved-Vedic multiplier (IVM) is designed to perform multiplication on two real operands.
The proposed EHC-CSLAs, numerous bit-sizes of the IVMs, and the elastic design of real/ complex ALU modules in
this work are coded in VHDL, simulated, and synthesized by Xilinx ISE14.7 tool on different FPGA families. The
performance results demonstrate appreciable reductions in delay and area usage in comparison to the most counterpart
multipliers and ALU designs.
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I. INTRODUCTION

ALU represents the fundamental building block of a digital-
signal processing (DSP), mobile, wristwatches, and other
[1, 2].Further, in modern-day processors, a concoction of
ALUs are utilized to build the graphical-processing unit (GP-
U) [3–6].The ALU is a multifunctional module that condi-
tionally carries out one operation from a set of arithmetic
or logical operations on one or two input operands based on
selected control signals [7–9]. It can carry out their operations
either on fixed-point (FX -P) or floating-point (FL-P) real num-
bers. Real FX -P ALU is widely used in DSP since it allots the

performance more significance than precision.
The elementary building block of the arithmetic part of the
ALU consists of multiplexers, and parallel adders (namely;
carry-ripple adder (CR-A)). The logic part of ALU comprises
logic gates, and multiplexers only. The speed of ALU is
mainly relied on the speed of the utilized adders and multipli-
ers [10, 11].Modern ALUs comprises a multiplier to perform
DSP algorithms and applications, like video

processing, Discrete-Fourier transform (DFT), impulse
response (FIR) filters, intelligent systems and others. Thus,
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an efficient design of the multiplier is a prime requirement in
terms of high-performance and cost-efficient for these appli-
cations [12–14] .
Numerous multiplication algorithms have been presented and
implemented in the last decades. One of these algorithms
is the utilization of Vedic-mathematics to minimize the mul-
tiplier execution time, area-usage, and the power consump-
tion [15]. A Urdhva-Tiryagbhyam Sutra (UT-SU) Vedic multi-
plier (VM) is one of the fast multipliers that can be employed
in ALU to perform multiplication on real FX -P or FL-P num-
bers, since it allows the partial-product to be generated in
parallel, eliminates unnecessary multiplication stages that in-
volve zeros, and scales to a higher bit level [16].
The speed of any multiplier is mostly determined by the mul-
tiplication algorithm employed, as well as the accumulation
of the sum and carry vectors to produce the eventual multipli-
cation result. Consequently, minimizing the delay and area
usage of the multiplier is one of the design goals in this work.
In addition to the importance of the real numbers in DSP al-
gorithms and applications, complex numbers have a crucial
role in DSP systems, mainly in applications, such as filtering,
modulation, and Fourier-transform [17]. Consequently, ALU
should have capabilities for handling both real and complex
numbers.

A FX -P complex number (A) is fundamentally a combi-
nation of a real part and an imaginary part, as: A = (A re+
iA im), where A reis the real part of A, Aimisan imaginary
part, and i =

√
−1.

The addition and subtraction of two complex numbers (A
and B) can be accomplished as follows [18] :

A+B = (Are + iAim)+(Bre + iBim)

A+B = (Are +Bre)+ i(Aim +Bim)
(1)

and

A−B = (Are + iAim)− (Bre + iBim)

A−B = (Are −Bre)+ i(Aim −Bim)
(2)

A conjugate value of a complex number (A) is another
complex number A∗ that has the same real part as the orig-
inal complex number, and the imaginary part has the same
magnitude but opposite sign:

A∗ = (Are + iAim)
∗ = Are − iAim (3)

Numerous ALU architectures have been offered and real-
ized utilizing FPGA architecture:
R. Jaikumar et al. [19] had offered an 8-functions (4-bit) ALU
encompassed three arithmetic operations (Add, Sub, and Mul),

and five logical operations (two Not, And, OR, and XOR).
They had used 4-bit RC-A to perform addition and subtrac-
tion, and (4X4)-bit VM to perform multiplication. Although
they had used a VM, but their design had incurred high delay
and area due to the utilization of eight full adders (FA)s and
three half adders ((HA)s to design their VM. Accordingly, the
delay of their ALU is also high.
P. Nautiyal, et al. [20] had introduced ALU multi bit-sizes:
8, 16, 32, and 64 bits. Their ALU designs had include a re-
vised form of square-root CS-A which comprised of the CS-A
and carry-lookahead adder (CL-A). They had used Verilog
language to perform their designs. However, their designs
suffered from the delay propagation generated by the CL-AS.
Chetan B V et al. [21] had proposed an 8-bit ALU with four
basic arithmetic operations; namely: Add, Sub, Mul, and Div.
Their ALU comprised of 8-bit RC-A to perform addition and
subtraction, A (8X8)-bit VM based on the UT-SU algorithm
along with three (8-bit) RC-As, and 8-bit divider based on the
approach of Nikhilam-Sutra (N-SU) Vedic algorithm. Their
design had introduced high area occupation and high delay
due to the use of several RC-As.
G. M. Tang et al. [22] have designed a 16-bit bit-slice ALU for
32/64-bit Fast single flux-quantum (FSFQ) microprocessors.
Their design involves all the operations needed for MIPS32
instructions set. They had employed Ladner-Fischer (LF-A)
adders to perform the basic arithmetic operations.
T. B. Yadav et al. [23] have designed a 16-bit ALU architec-
ture using Vedic computations approach to perform the four
basic arithmetic operations (Add, Sub, Mul and Div) The de-
sign had generated relatively high delay due to the utilization
of RC-As in designing the ALU adder and multiplier.
S.B. Shirol et al. [24] had introduced an 8 and a 16-bit ALUs
utilizing a reversible- logic gates (RL-G) s. Their designs
implicated a hybrid-adder composed of carry-select adder
(CSL-A) and a Kogg-Stone adder (KS-A) to carry out the
addition and subtraction operations, and a VM to perform
multiplication. The authors had used a hybrid adder formed
of CS-A and RC-A to add the partial products of VM. Their
ALUs designs had better performance than the previous de-
signs due to the use of the hybrid adders. But the overall delay
of the multipliers and accordingly the ALUs had remained
relatively high due to the use of RC-As to reduce the partial
products of the multiplier.
J. L. V. Ramana Kumari et al. [25] have designed an 8-function
(4-bit) ALU by utilizing 8-bit hybrid-ring counter, rather
than using multiplexers. The hybrid (or programmable)-ring
counter is a mix of regular and twisted ring counters. Their
design performance has incurred high delay due to the utiliza-
tion of the ring counter.
M. A. Raza et al. [26] have offered and realized two ALUs.
The first one performed eight function on 8-bit data (two arith-
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metic and six logic operations) while the 2nd one performed
16-function for a 16-bit data (six arithmetic operations and ten
logic operations) with relatively good performance metrics. G.
Surekha et al. [27] have offered 9-function ALU performed
on different data sizes. The nine functions include (add, sub,
MUl, compare, AND, OR, NOT, XOR, and shift). They have
used CR-A and CL-A to perform addition and subtraction and
VM to perform multiplication. However, their designs have
introduced high delay and hardware occupation (area) due to
the use of CR-As and CL-As.

The main new contribution of this work is the design of an
elastic ALU to efficiently performs arithmetic operations on
real and complex numbers, through performing the following:
• Design an efficient adder to perform FX-P real/complex addi-
tion and subtraction utilizing an enhanced design of nonlinear
hybrid adder consists of CSL-A and a Han-Carlson adder
(HC-A). The adder is called here EHC-CSLA.
• Design an improved VM (called (IVM) through using the
EHC-CSLA to add the intermediate sum and carry vectors
yielded by the CS-A to obtain the final multiplication result.
This step is important since the ALU’s speed is mainly relied
on the multiplier speed.
• Employ the adjusted XOR-gate designed in [28] to design
the entire modules of the proposed ALU.

This work is organized as follows: Section II. offers an
enhanced design of a hybrid adder comprised of a CSL-A
and a HC-A called EHC-CSLA to perform real/complex addi-
tions and subtraction efficiently and makes down an improved
design of the VM (IVM) with different bit sizes to perform
multiplication of two real operands based on the use of the
proposed EHC-CSLA. Section III. proposes a real/complex
ALU with two different bit-size (16-bit and 32-bit). Section IV.
highlights the simulation results and performance appraisal
of the IVM and FX-P real/complex ALU. In section V. , the
conclusion of this work is presented.

II. PROPOSED EFFICIENT ADDER AND
MULTIPLIER

The key components of any ALU are the adder and multiplier.
Thus, an efficient adder and multiplier have designed first in
this article to be used in designing efficient and elastic ALU.

A. Enhanced Han- Carlson Carry-Select Adder (EHC-CSLA)
The article offers an efficient hybrid adder composed of an
enhanced design of the HC-A (which is a kind parallel prefix
adders) and CSL-A (EHC-CSLA). The proposed architecture
of the EHC-CSLA encompasses a set of diverse bit-sizes of
HC-A, binary-to-excess-1 convertors (BE1C) s, and MUXs.

Fig. 1. Proposed 32-bit EHC-CSLA.

The purpose of BE1C is to increment the result of each HC-A
by 1.
The proposed adder can be used as a parallel adder for the
ALU to perform the addition and subtraction and to generate
the product result of the multiplication operation. Fig. 1 illus-
trates the proposed architecture of the (32-bit) EHC-CSLA.

B. Improved-Vedic Multiplier (IVM)
Recently, Vedic Mathematics is attained high importance,
thus numerous studies have highlighted the use of these math-
ematics. Multiplication using VM relies on the UT-SU (or
vertical-cross) approach [29] .
The basic algorithm to multiply two (n-bit) operands (such as
A and B) using UT-SU comprises the following steps:
Step 1: Generate a set of four partial-products (PP) vectors.
Step 2: Reduce the PP vectors to two vectors by employing
a set of adders such as RC-As, Carry-save adders (CS-A),
CL-As, etc. These two vectors are called ”redundant product
vectors” (or simply: sum and carry).
Step 3: Generate the final product (result of the multiplica-
tion) from the two redundant product vectors of step 2 using
another adder.
Based on UT-SU, the conventional (2X2)-bit VM accepts two
(2-bit) input data (A ≡ A[1 : 0] and B ≡ B[1 : 0]) to provide
4-bit product result (namely Pr[3:0]) [24] . The architecture
of the (2X2)-bit VM embraces four AND gates and two half-
adders (HA)s [30] . Mathematically, the algorithm can be
illustrated as

Pr[0] = A[0]XB[0]
Cro1Pr[1] = A[1]XB[0]+A[0]XB[1]

Pr[3 : 2] = A[1]XB[1]+Cro1

(4)

where Pr[i]: is the ith -bit of the product result. A (4X4)-
bit IVM module is designed first in this work through employ-
ing four (2X2)-bit VM modules, a (4-bit) CSA, a (3-bit) EHC-
CSL-A to accomplish the addition in the second (middle)



302 | Ali, Almusali & AL-Assfor

Fig. 2. Proposed (4X4)-bit IVM.

stage of the multiplier, and a 2-bit increment by-1converter
(Ib-1C) to generate the bits in the third stage (most significant
bits (MSB)s ) of multiplication as illustrated in Fig. 2.

The (4X4)-bit IVM is then extended to design an (8X8)-
bit, which in turns utilized to design the (16X16)-bit, and the
(32X32)-bit IVMs as illustrated in Fig. 3 and Fig. 4. Fig. 4a
expounds a (32X32)-bit VM module. It encompasses four
(16X16)-bit IVM modules to generate four (32-bit) partial-
products (Pr) vectors. Next, a (32-bit) CS-A is used to minify
the s to two (32-bit) vectors; i.e. S [31:0] and C [31:0].
The CS-A is then followed by a 31-bit EHC-CSLA to add
these two vectors to produce the final product of the middle
stage (namely: Pr[47:17]. It consists of eight blocks of vari-
able bit sizes of HC-adders along with seven BE1C and a set
of MUXs to select the final product result according to the
input carry as demonstrated in Fig. 4b.
The two output carries (Co1 and Co2) of the CS-A and the
EHC-CSLA are OR-ed together to find the carry-in for a 16-bit
EHC-CSLA which is utilized for generating most significant
16-bits of the product (Pr).

III. REAL/COMPLEX ALU DESIGN

A novel design of elastic FX-P Real/Complex ALU block
is proposed in this article to supports two modes of arith-
metic operations; namely arithmetic operations for real-input
operands and complex-input operands in addition to the logi-
cal operations on real numbers.
Fig. 5 and Table I expose the block scheme of the proposed
ALU and the diverse arithmetic and logic operations that can
be executed, respectively. As listed in Table I, the proposed
ALU adepts of performing eleven arithmetic operations (eight
of them for real-operands and the rest for complex operands),
in addition to eight logic operations.

(a) Architecture of (16X16)-bit IVM.

(b) Internal organization of 15-bit EHC-CSLA.

Fig. 3. The Proposed (16X16)-bit IVM utilizing an
EHC-CSLA.

The arithmetic unit speed is of enormous importance and
highly relied on the speed of the utilized multiplier. The pro-
posed architecture of the elastic Real/Complex ALU embraces
of an n-bit EHC-CSLA (as a parallel- adder) to carry out the
real/complex arithmetic operations, an n-bit IVM to perform
real-number multiplications, a set of logic-gates to perform
the logic operations in logic unit, a demultiplexer (DEMUX)
to distinguish between the real and imaginary parts of com-
plex operands, and a set of multiplexers (MUX) to select the
required operation to be executed.
The ALU utilizes six control signals as follows: The signals
S4-S0 are utilized to select and implement the numerous arith-
metic and logic functions, and the Real/Complex signal or
(simply R/C) which is employed to select the real or the com-
plex arithmetic operations within the arithmetic unit.

To make the EHC-CSLA elastic in performing addition
and subtraction on real and complex operands, the adder archi-
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TABLE I.
ARITHMETIC – LOGIC UNIT FUNCTIONS

Control inputs Output
Z FunctionR/C S4 S3 S2 S1 S0

0 0 0 0 0 0 A+B Addition

Real-
Numbers

0 0 0 0 0 1 A-B Subtraction
0 0 0 0 1 0 A-1 Decrement A
0 0 0 0 1 1 A+1 Increment A

0 0 0 1 0 0 A-B-1
Subraction
with borrow

0 0 0 1 0 1 A+B+1
Addition
with carry

0 0 0 1 1 0 2A Doubling A
0 0 1 X X X A*B Multiplication
1 0 0 X 0 0 A+B Addition Complex

Numbers1 0 0 X 0 1 A-B Subtraction

1 0 0 X 1 0
Complex
conjugate
(A)

0 1 X 0 0 0 A.B AND

Logical
operations
on Real
Numbers

0 1 X 0 0 1 A+B OR
0 1 X 0 1 0 A.B NAND
0 1 X 0 1 1 A+B NOR
0 1 X 1 0 0 A⊕B XOR
0 1 X 1 0 1 A⊙B XNOR
0 1 X 1 1 0 A NOT
0 1 X 1 1 1 A BUFFER

tecture in Fig. 1 has amended by inserting three multiplexers
controlled by the signal R/C at the center of the adder as re-
vealed in Fig. 6.
The R/C signal is used for adapting this adder to perform addi-
tion or subtraction according to the type of operands received.
If R/C = 0 the adder will perform addition or subtraction on
real input-operands, else the adder performs addition or sub-
traction on complex input-operands.

The two n-bit FX-P input-operands of the EHC- CSLA
module are either real numbers or complex numbers, as mani-
fested in Fig. 7.

The proposed ALU has been designed for two data-sizes;
namely: 16-bit and 32-bit. Fig. 8 demonstrates the archi-
tecture of 32-bit elastic ALU. To extremely improving the
area utilization and the speed of the elastic ALU, the adjusted
XOR-gate in [28] has utilized in designing the ALU.

IV. RESULTS AND COMPARISON

A. Simulation and synthesis
The proposed EHC-CSLA, IVMs, and elastic Real/Complex
ALU modules are coded in VHDL and their performances in
terms of the FPGA area occupation and the delay (speed=1/delay)
are estimated in Xilinx tool using the following seven FPGA
families: Spartan 3E, Spartan-6, Artix-7, Virtex-(5-to-7), and
Zynq, as demonstrated in Table II, Table III and Table IV.

To best of our knowledge, there has no such ALU design
for elastic data types coming to light in the literature. Fig. 9
displays the synthesized register-transfer-level (RTL) scheme
of the 32-bit ALU. It can be discerned that the 32-bit ALU
architecture has exploited three main modules; namely: 32-
bit arithmetic-unit, 32-bit Logic unit, and 64-bit (2:1) MUX.
Moreover, Fig. 10 demonstrates a deeper view for the internal
design of the proposed ALU.
It incorporates the following modules: A (32×32)-bit IVM, a
32-bit EHC-CSLA, a 32-bit of ((3:1) (6:1) and (8:1)) MUXs,
a 32-bit (1:2) DEMUX, numerous (2:1) MUXs, in addition
to a set of logical gates (AND, OR, adjusted-XOR, NOT) for
the logical unit.

The proposed ALU is simulated to functionally proving its
capability in execution multi operations on real and complex
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(a) (Architecture of (32X32)-bit IVM.

(b) Internal organization of 31-bit EHC-CSLA.

Fig. 4. The Proposed (32X32)-bit IVM utilizing an
EHC-CSLA

operands. Fig. 11a and Fig. 11b states the 32-bit elastic ALU
simulation result for execute nineteen arithmetic and logic
functions (set R/C = 0) for real operands and (set R/C = 1) for
complex operands. It can be seen that hexadecimal numbers

Fig. 5. The Block scheme of an n-bit Real/Complex ALU.

TABLE II.
EHC-CSLA AREA AND DELAY RESULTS

Parameter FPGA Family

Proposed

EHC-CSLA
16-bit 32-bit

No. of FPGA LUT

Spartan-3E 56 98
Spartan-6 41 65
Artix-7 34 56
Virtex-5 34 56
Virtex-6 34 56
Virtex-7 34 56
Zynq 34 56

Delay (ns)

Spartan-3E 5.340 9.383
Spartan-6 4.871 7.561
Artix-7 2.561 3.276
Virtex-5 3.85 4.677
Virtex-6 2.589 3.458
Virtex-7 2.127 3.274
Zynq 2.127 3.274

TABLE III.
IVM RESULTS: AREA AND DELAY

Metric FPGA
Family

IVM (bit)
4X4 8X8 16X16 32X32

No. of
FPGA
LUT

Spartan-3E 23 125 576 2326
Spartan-6 21 113 502 2079
Artix-7 21 113 502 1581
Virtex-5 21 115 510 1610
Virtex-6 21 113 502 1579
Virtex-7 21 113 502 1579

Zynq 21 113 502 1579

Delay
(ns)

Spartan-3E 10.409 18.220 30.613 44.006
Spartan-6 7.181 11.755 18.676 27.212
Artix-7 3.200 5.92 9.011 13.391
Virtex-5 6.056 8.762 12.577 18.373
Virtex-6 2.41 4.21 8.86 12.839
Virtex-7 2.339 4.075 7.756 12.470

Zynq 2.339 4.075 7.756 12.470

were utilized in the simulation to verify the ALU operation.

B. Comparison with Recent Counterpart Works
Table V exhibits a comparison of the proposed IVM module
with the counterparts in the literature based on delay and area
for diverse bit-width. It can be perceived that the proposed
IVM attains the foremost speed up and the lowest area usage
compared with other designs in literature. As an example, the
proposed IVM reaches highest speedup of 30.37% and lowest
area usage of 34.21 % than the (8×8)-bit VM introduced
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Fig. 6. Elastic Real/Complex EHC-CSLA Design

Fig. 7. 32-bit FX-P Real and complex formats.

in [14] for the same FPGA family (Spartan 3E). Also, the
(16X16)-bit IVM has gained a speed up reaches the double
(50.06%) compared with (16X16)-bit VM in [13] but the area
of IVM is larger than their design for the same FPGA family
(Vertix-7).

Table VI evinces that the proposed elastic FX-P Real/
Complex 16-bit and the 32-bit ALU blocks are speedier (i.e.
achieved less delay) and consumes lesser area resources than
all the ALU blocks in the literature.

V. CONCLUSION

This work introduces a novel design of elastic FX-P Real/
Complex ALU. The proposed design is based on utilizing an
enhanced design of a hybrid adder consists of a Han-Carlson
adder with a carry-select adder (EHC-CSLA) to perform multi-
arithmetic operations on real or complex operands, in addi-

tion to logical operations. Further, the arithmetic unit of the
proposed ALU involves an improved design of the Vedic mul-
tiplier to achieve multiplication operation of real numbers.
The proposed ALU has been designed for two data-sizes;
namely: 16-bit and 32-bit. The performance-metric results
demonstrate noticeable reduction in delay and area resources
in comparison to the most present ALU and Vedic-multiplier
designs. The proposed IVM achieves reduction in delay and
FPGA area occupation by 30.37% and 34.21 % respectively
for (8X8)-bit IVM design, and reduction in delay of 50.06
% for (16X16)-bit IVM and the 32-bit proposed ALU design
have attained lowest delay and area in comparison to all ALU
designs in the literature.
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Fig. 8. Elastic FX-P Real/Complex 32-bit ALU.
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