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a b s t r a c t

An energy efficient adder design based on a hybrid carry computation is proposed. Addition takes place
by considering the carry as propagating forwards from the LSB and backwards from the MSB. The
incidence at a midpoint significantly accelerates the addition. This acceleration together with combining
low-cost ripple-carry and carry-chain circuits, yields energy efficiency compared to other adder
architectures. The optimal midpoint is analytically formulated and its closed-form expression is derived.
To avoid the quadratic RC delay growth in a long carry chain, it is optimally repeated. The adder is
enhanced in a tree-like structure for further acceleration. 32, 64 and 128-bit adders targeting 500 MHz
and 1 GHz clock frequencies were designed in 65 nm technology. They consumed 11–18% less energy
compared to adders generated by state-of-the-art EDA synthesis tool.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

With the explosion of mobile computers and other portable
devices, low-power and low-energy design became a must. Power
and energy go hand in hand; power reduction leads to lower
energy consumption over a fixed time span. Arithmetic circuits are
considerable contributors of power and energy in computation
intensive applications and require therefore a careful power-delay
design tradeoff [1; Ch. 26].

Addition is a fundamental arithmetic operation for which a
wide variety of algorithms and methods exist [2]. Many alter-
natives for adder architectures have been invented [1 Ch. 5–8]
with emphasis on their VLSI circuit implementation [3]. Carry-
lookahead (CLA) [1 Ch. 6], carry-skip [4], and carry-select [5] adder
architectures, among many others, present different area-delay-
power tradeoffs. Several works studied energy-efficient adders.
While in [6,7] basic full-adder cells were proposed, in [8,9] carry-
propagate adders were compared. It was noted in [9] that faster
arithmetic circuits can be more energy efficient, a direction taken
by our work.

This paper proposes a hybrid adder where addition takes place
by considering the carry as propagating forwards from the least
significant bit (LSB) and backwards from the most significant bit
(MSB). The incidence at a midpoint significantly accelerates the
addition. The acceleration together with combining low-cost

ripple-carry and carry-chain circuits, yields energy efficiency
compared to other adder architectures.

Early knowledge of the most significant carry (MSC) is very
useful for addition acceleration. Given a target clock cycle (delay
constraint), speeding-up MSC computation enables power and
energy reduction by transistors downsizing, usage of high thresh-
old voltage and voltage scaling. The authors in [10–12] proposed a
method to obtain the MSC based on its dependency only on the
most significant bits (MSBs). Though it yielded similar time
complexity as conventional CLA, the resulting delay was improved,
hence consuming less energy. In [13] a method for sign detection
in a Binary Signed-Digit (BSD) number system based on optimized
reverse tree structure was proposed. It focused on time-area (and
hence energy) efficient generation of the carry-out and was shown
to be advantageous compared to BSD CLA implementation. Com-
putation of MSC was also proposed for address generation of FFT
circuits [14,15]. All the methods in [10–15] did not use the
availability of MSC for accelerating the computation of the sum
bits of the adder, which this work does, enabling to tradeoff timing
for power reduction and energy efficiency.

The worst-case length of the MSC chain is n bits and it occurs
when the addend and augend are complementary of each other.
The above methods proposed to accelerate MSC computation by
considering the entire n bits. This paper considers the MSC with
less than n bits. It does so by a hybrid combination of LSB low-cost
ripple-carry and MSB carry-chain in a balanced manner, yielding
about 2� reduction of the worst-case delay. Such delay reduction
enables to save energy by using small and low-power transistors.

Hybrid adder architecture was also proposed in [19]. It
improved the area-delay curve by offering a wider range of
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power-delay optimization, obtained by concatenating several sub-
groups of various, independent, adder architectures. Sub-groups
optimal size was set by solving an appropriate ILP optimization.
Our approach is different. The LSB and MSB parts are working in
parallel, where the sums and MSC of the MSB part consider the
LSB part. Another advantage is the scalability, allowing repetition
of the hybrid LSB-MSB mix in wide adders, whereas in [19] the mix
is fixed, determined by the adder size, and non-repetitive.

The rest of the paper is organized as follows. Section 2
describes the basic structure of the hybrid adder and its under-
lying logic. Section 3 discusses its circuit implementation, yielding
the minimum worst-case delay. Section 4 proposes speeding-up
the addition by using the hybrid adder in a tree-like structure.
A complete VLSI design is described in Section 5 and compared
with carry-skip adders and adders synthesized by commercial EDA
tools. We conclude in Section 6.

2. Carry propagation line

Shown in Fig. 1, the idea of hybrid addition is to divide the carry
computation into two parts working independently in parallel,
thus shortening the critical path. The carry is propagating from bit
0 and from a midpoint bit. The incidence of the paths at the
midpoint is used to validate the midpoint-to-MSB sum bits.

Small area and power efficiency is achieved by using the hybrid
architecture in Fig. 1. While the LSB-to-midpoint part is imple-
mented by an ordinary low-cost ripple-carry, the MSB-to-
midpoint is implemented by a carry-chain. This mix is shown to
speed-up computation with a small circuitry overhead, thus
yielding energy efficiency. Pure ripple carry would result in
smaller area but long carry propagation delay, whereas pure
carry-chain would speed up carry propagation on the expense of
area growth due to the extra chain circuitry.

The above idea is subsequently elaborated. Consider the addi-
tion of two n-bit numbers A¼ ðan�1;…; a0Þ and B¼ ðbn�1;…;b0Þ.
Let pi ¼ ai � bi and gi ¼ ai Ubi, 0r irn�1, be their propagate and
generate signals, respectively. Propagate and generate signals
spanned across several bits are recursively defined by Pi9piPi�1

and Gi9piGi�1þpigi, where sr irt is the bit range of interest.
The initialization of Ps�1 and Gs�1 is subsequently discussed.

A basic chain cell is first proposed. It is then combined in the
MSB part of a chain comprising nf LSBs and nr MSBs, n¼ nf þnr . Let
Pj assert that the MSC is propagating along j�nf þ1 bits. Defining
Pnf �191, there exists Pj9pjPj�1 ¼∏j

i ¼ nf
pi, nf r jrn�1. The

basic bit of the chain is shown in Fig. 2. It has propagation and
generation tracks, implemented with CMOS pass-gate switches
(the transistor schematic is shown in Fig. 11).

The MSB part comprises a carry-chain formed by connecting nr
cells as shown in Fig. 3, similar to Manchester carry-chain [1]. The
role of the upper track is to propagate Pj. In case of pj¼1 the pass-
gates are closed and Pj�1 is transferred. The role of the lower track
is to pass the carry in case it was killed or generated at a former
bit. The cumulative generate signal is Gj9pjGj�1þpjgj, where
Gnf �19X (do not care). The selection of ðcoutÞn�1 is made as in a

carry-skip adder with a 2:1 MUX controlled by Pn�1. If Pn�1 ¼ 0 it
happens that a carry was killed or generated somewhere between
bit nf and bit n�1, so ðcoutÞn�1 is selected from the generation
track. If Pn�1 ¼ 1, then ðcoutÞn�1 ¼ ðcoutÞnf �1.

Though the carry-out is quickly computed and available for
further use, we would like the internal sums to be valid no later
than the carry-out. To this end we use the signals ðcoutÞnf �1 and
Pj�1 of the upper track in Fig. 4. If Pj�1 ¼ 0, ðcoutÞj�19 ðcinÞj has
been properly computed, regardless of ðcoutÞnf �1, and consequently
bit j properly produced its sum. For Pj�1 ¼ 1 the value of ðcoutÞnf �1
is the proper ðcinÞj value. Buffering may be required to drive the
high load incurred by the nr bits.

The architecture of a complete n-bit hybrid adder is illustrated
in Fig. 1. The nf LSBs compute ordinary ripple-carry, while the nr
MSBs compute the carry by using carry-chain, and include the
circuit of Fig. 4.

ðcoutÞn�1 in Fig. 1 is either the outcome of the first nf LSBs or the
outcome of the last nr MSBs. It is reminiscent of a 2-block carry-
skip adder. In ordinary carry-skip adder the optimal block sizes are
determined by bit counting arguments [1], whereas the proposed
hybrid adder determines the size of the blocks by accurately
modeling and equating the propagation delay of the underlying
blocks. The implied delay equations are then solved to find the
optimal combination of the two circuit types, shown experimen-
tally to consume less energy compared to other adders.

3. Finding the optimal midpoint

In the sequel the midpoint nf is determined to yield minimum
worst-case critical path delay. We first consider a small adder. A
wider, more complex adder will also be discussed. It requires a
long carry-chain in its MSB part, and buffers must therefore be
inserted to avoid the quadratic delay growth occurring in pass-
gate chain. The critical path in Fig. 1 passes either in the LSB or the
MSB part, which are independent of each other. The final MUX
which selects cout from either of the two is common to both and
therefore does not affect the optimal midpoint.

Fig. 1. The architecture of a complete n-bit hybrid adder.

Fig. 2. A basic chain bit.
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