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CMOS Full-Adders for Energy-Efficient
Arithmetic Applications

Mariano Aguirre-Hernandez and Monico Linares-Aranda

Abstract—We present two high-speed and low-power full-adder cells de-
signed with an alternative internal logic structure and pass-transistor logic
styles that lead to have a reduced power-delay product (PDP). We car-
ried out a comparison against other full-adders reported as having a low
PDP, in terms of speed, power consumption and area. All the full-adders
were designed with a 0.18-p.m CMOS technology, and were tested using a
comprehensive testbench that allowed to measure the current taken from
the full-adder inputs, besides the current provided from the power-supply.
Post-layout simulations show that the proposed full-adders outperform its
counterparts exhibiting an average PDP advantage of 80%, with only 40%
of relative area.

Index Terms—Arithmetic, full-adder, high-speed, low-power.

I. INTRODUCTION

Energy-efficiency is one of the most required features for modern
electronic systems designed for high-performance and/or portable ap-
plications. In one hand, the ever increasing market segment of portable
electronic devices demands the availability of low-power building
blocks that enable the implementation of long-lasting battery-operated
systems. On the other hand, the general trend of increasing operating
frequencies and circuit complexity, in order to cope with the throughput
needed in modern high-performance processing applications, requires
the design of very high-speed circuits. The power-delay product (PDP)
metric relates the amount of energy spent during the realization of
a determined task, and stands as the more fair performance metric
when comparing optimizations of a module designed and tested using
different technologies, operating frequencies, and scenarios.

Addition is a fundamental arithmetic operation that is broadly used
in many VLSI systems, such as application-specific digital signal pro-
cessing (DSP) architectures and microprocessors. This module is the
core of many arithmetic operations such as addition/subtraction, multi-
plication, division and address generation. As stated above, the PDP ex-
hibited by the full-adder would affect the system’s overall performance
[1]. Thus, taking this fact into consideration, the design of a full-adder
having low-power consumption and low propagation delay results of
great interest for the implementation of modern digital systems.

In this paper, we report the design and performance comparison
of two full-adder cells implemented with an alternative internal logic
structure, based on the multiplexing of the Boolean functions XOR/
XNOR and AND/OR, to obtain balanced delays in SUM and CARRY
outputs, respectively, and pass-transistor powerless/groundless logic
styles, in order to reduce power consumption. The resultant full-adders
show to be more efficient on regards of power consumption and delay
when compared with other ones reported previously as good candidates
to build low-power arithmetic modules.

Manuscript received December 01, 2008; revised June 05, 2009 and
September 13, 2009. First published February 05, 2010; current version pub-
lished March 23, 2011. This work was supported in part by the Conacyt-Mexico
under Grant #51511-Y and scholarship #112784.

M. Aguirre-Hernandez is with Intel Corporation, Communications
Research Center-Mexico, Guadalajara, Jalisco 45600, Mexico (e-mail: mar-
iano.aguirre @intel.com).

M. Linares-Aranda is with the National Institute of Astrophysics, Op-
tics and Electronics, Sta. Ma. Tonantzintla, Puebla 72840, Mexico (e-mail:
mlinares @inaoep.mx).

Digital Object Identifier 10.1109/TVLSI.2009.2038166

full adder
Cj ’
J Block 2 So
B
Block 1 X I_
A ' | ]
Block 3 Co

Fig. 1. Full-adder cell formed by three main logical blocks.

This paper is organized as follows. Section II presents the internal
logic structure adopted as standard in previous papers for designing
a full-adder cell. Section III introduces the alternative internal logic
structure and the pass-transistor powerless/groundless logic styles used
to build the two proposed full-adders. Section IV explains the features
of the simulation environment used for the comparison carried out to
obtain the power and speed performance of the full-adders. Section V
reviews the results obtained from the simulations, and Section VI con-
cludes this work.

II. PREVIOUS FULL-ADDER OPTIMIZATIONS

Many papers have been published regarding the optimization of
low-power full-adders, trying different options for the logic style
(standard CMOS [2], differential cascode voltage switch (DCVS) [3],
complementary pass-transistor logic (CPL) [4], double pass-transistor
logic (DPL) [5], swing restored CPL (SR-CPL) [6], and hybrid styles
[7]1-19]), and the logic structure used to build the adder module [10],
[11].

The internal logic structure shown in Fig. 1 [12] has been adopted as
the standard configuration in most of the enhancements developed for
the 1-bit full-adder module. In this configuration, the adder module is
formed by three main logical blocks: a XOR-XNOR gate to obtain A & B
and A & B (Block 1), and XOR blocks or multiplexers to obtain the
SUM (So) and CARRY (Co) outputs (Blocks 2 and 3).

A deep comparative study to determine the best implementation for
Block 1 was presented in [13], and an important conclusion was pointed
out in that work: the major problem regarding the propagation delay for
a full-adder built with the logic structure shown in Fig. 1, is that it is
necessary to obtain an intermediate A & B signal and its complement,
which are then used to drive other blocks to generate the final outputs.
Thus, the overall propagation delay and, in most of the cases, the power
consumption of the full-adder depend on the delay and voltage swing
of the A & B signal and its complement generated within the cell. So,
to increase the operational speed of the full-adder, it is necessary to
develop a new logic structure that does not require the generation of
intermediate signals to control the selection or transmission of other
signals located on the critical path.

III. ALTERNATIVE LOGIC STRUCTURE FOR A FULL-ADDER

Examining the full-adder’s true-table in Table I, it can be seen that
the So output is equal to the A & B value when C' = 0, and it is equal
to A @ B when C = 1. Thus, a multiplexer can be used to obtain the
respective value taking the C' input as the selection signal. Following
the same criteria, the Co output is equal to the A e B value when C' =
0, and it is equal to A 4+ B value when C' = 1. Again, C' can be
used to select the respective value for the required condition, driving a
multiplexer. Hence, an alternative logic scheme to design a full-adder
cell can be formed by a logic block to obtain the A @ B and A B
signals, another block to obtain the A ¢ B and A + B signals, and two
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Fig. 2. Alternative logic scheme for designing full-adder cells.

TABLE I
TRUE-TABLE FOR A 1-BIT FULL-ADDER: A, B, AND C ARE INPUTS;
S0 AND CO ARE OUTPUTS

C|B|A|]So|Co
0J]0]J]0JO0]O
0|01 110
0O|l1]0)J1]0
0| 1 1 0| 1
1100} 1]0
1101 0| 1
1 1 0 0 1
1 1 1 1 1

multiplexers being driven by the C' input to generate the So and Co
outputs, as shown in Fig. 2 [13].

The features and advantages of this logic structure are as follows.

* There are not signals generated internally that control the selection
of the output multiplexers. Instead, the C' input signal, exhibiting
a full voltage swing and no extra delay, is used to drive the multi-
plexers, reducing so the overall propagation delays.

e The capacitive load for the C' input has been reduced, as it is
connected only to some transistor gates and no longer to some
drain or source terminals, where the diffusion capacitance is be-
coming very large for sub-micrometer technologies. Thus, the
overall delay for larger modules where the C' signal falls on the
critical path can be reduced.

* The propagation delay for the So and Co outputs can be tuned
up individually by adjusting the XOR/XNOR and the AND/OR gates;
this feature is advantageous for applications where the skew be-
tween arriving signals is critical for a proper operation (e.g., wave-
pipelining), and for having well balanced propagation delays at the
outputs to reduce the chance of glitches in cascaded applications.

* The inclusion of buffers at the full-adder outputs can be imple-
mented by interchanging the XOR/XNOR signals, and the AND/OR
gates to NAND/NOR gates at the input of the multiplexers, improving
in this way the performance for load-sensitive applications.

Based on the results obtained in [13], two new full-adders have been

designed using the logic styles DPL and SR-CPL, and the new logic
structure presented in Fig. 2. Fig. 3 presents a full-adder designed using
a DPL logic style to build the XOR/XNOR gates, and a pass-transistor
based multiplexer to obtain the So output. In Fig. 4, the SR-CPL logic
style was used to build these XOR/XNOR gates. In both cases, the AND/OR
gates have been built using a powerless and groundless pass-transistor
configuration, respectively, and a pass-transistor based multiplexer to
get the Co output.

IV. SIMULATION ENVIRONMENT

Fig. 5 shows the test bed used for the performance analysis of the
full-adders. This simulation environment has been used for comparing
the full-adders analyzed in [9], [14], with the addition of the inverters
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Fig. 3. Full-adder designed with the proposed logic structure and a DPL logic

style (Oursl).
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Fig. 4. Full-adder designed with the proposed logic structure and a SR-CPL
logic style (Ours2).

at the outputs. The size of the input buffers lets to experience some
degradation in the input signals, and the size of the output buffers equals
the load of four small inverters for this technology. This test bed is
presented as a generalization of static CMOS gates driving and been
driven for the full-adder cell under test. The main advantage of using
this simulation environment is that the following power components
are taken into account, in addition to the dynamic one.

* The short-circuit consumption of the inverters connected to the
device under test (DUT) inputs. This power consumption varies
according to the capacitive load that the DUT offers at the inputs.
Furthermore, the energy required to charge and discharge the DUT
internal nodes when the module has no direct power supply con-
nections (as for the case of pass-transistor logic styles), comes
through these inverters connected at the DUT inputs.

* The short-circuit consumption of the DUT by itself, as it is re-
ceiving signals with finite slopes coming from the buffers con-
nected at the inputs, instead of ideal ones coming from voltage
sources.
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TABLE II
SIMULATION RESULTS OF FULL ADDERS COMPARED (POWER IN [LW, DELAY IN PS, PDP IN I WeNS, AREA IN ,II,M2 s FREQUENCY IN GHZ AND "/’DD IN V)
scheme avgpwr | pwrsupply | dynamic | static | short-circuit | % add/top | delay | PDP | area | F max | Vdd min
newldT [0 4877 4577 2563 | 27 198.7 64.2 372 | 1093 | 257 | 0.25 1.2
fa | 293.8 101.2 1458 | 27 145.3
hpsc top | 4561 4561 st44 | 00 141.7 63.9 425 | 1238 | 412 | 0.25 1.2
fa | 2913 169.0 186.7 | 00 104.7
hybrid top | 391.7 391.7 3211 | 0.0 706 00 257 | 685 | 459 | 080 07
fa | 2387 124.2 2041 | 0.0 346
hybrid_cmos [P | 8701 3701 2801 0.0 90.0 60.9 325 | 733 | 427 | 0.80 0.8
fa | 2255 176.8 1775 | 00 48.0
ol top | 266.1 266.1 1836 | 02 82.3 o4 o84 | a1 | 378 | 150 06
fa | 1453 135.7 1037 | 02 14
Ours1 top | 184.8 184.8 1092 ] 00 756 29.8 289 | 159 | 246 | 1.25 06
fa | 551 34.7 53.8 0.0 13
Ours2 top | 1904 1904 1166 | 00 738 31.8 278 | 168 | 243 | 1.25 06
fa | 606 48.4 545 0.0 6.1
InA A 10
So
InB B 1

cor oo
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Fig. 5. Test bed used for simulating the full-adders under comparison.
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e The short-circuit and static consumption of the inverters con-
nected to the outputs of the DUT, which are due to the finite slopes
and degraded voltage swing of the full-adder output signals.

The importance of including the effects and power consumption of
the buffers connected at the inputs and outputs of the DUT, comes from
the fact that the DUT is always going to be used in combination with
other devices to build a larger system, and these static inverters are a
good generalization for any operating scenario to be considered.

For the stimulus vectors, we used the test inputs patterns recom-
mended in [1], as they exercise all the input combinations necessary
to determine the worst case propagation delay and power consumption
values.

V. SIMULATION RESULTS

We compared the performance of 7 full-adders, named: new14T
[15], hpsc [7], hybrid [8], hybrid_cmos [9], cpl [10], Ours1 and Ours2.
The schematics and layouts were designed using a TSMC 0.18-pm
CMOS technology, and simulated using the BSIM3v3 model (level 49)
and the post-layout extracted netlists containing R and C' parasitics.
Simulations were carried out using Nanosim [16] to determine the
power consumption features of the designed full-adders, and Hspice
[17] to measure the propagation delay for the output signals. In order
to have a fair comparison, we took the transistors sizes for each
full-adder that were reported in the correspondent paper, and made all
the layouts with a homogeneous arrangement.

Table II shows the simulation results for full-adders performance
comparison, regarding power consumption, propagation delay, and
PDP. All the full-adders were supplied with 1.8 V and the maximum
frequency for the inputs was 200 MHz. This table reports the results
for the whole test bed (top) and for the full-adder alone (add). It is
worth to observe that in some cases, the power consumed from the
power-supply (pwr supply) for the full-adder is smaller than the total
average power (avg power). This is because of, for some logic styles
(e.g., pass-transistor style), some current is taken from the inputs of

| 156 um |

Fig. 6. Layout of the proposed full-adder Oursl.

the full-adder and is used to charge the internal nodes. As mentioned
above, it is the importance of considering the power consumption of
the input buffers in the top test-bed.

From the results in Table II, we can state the following.

* Only two full-adders exhibit static-dissipation. These are the
new 14T and cpl adders, which are implemented with logic styles
that have an incomplete voltage swing in some internal nodes,
causing this consumption component.

* The power consumption improvements of the full-adders taken in
descending order correlate with the optimizations reported in the
correspondent papers. Considering the power consumption of the
whole testbench, our proposals show savings up to 60%, and con-
sidering the consumption of the standalone full-adder the savings
are up to 80%. These savings can be justified by the joint reduc-
tion of dynamic and short-circuit power components.

¢ The short-circuit consumption optimization is related to the pow-
erless/groundless configuration of the constituent AND/OR gates,
and the dynamic consumption optimization comes from the fact
of reduced capacitances in the internal nodes for pass-transistor
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Fig. 7. Layout of the proposed full-adder Ours2.

logic styles, and for the well balanced propagation delays inside
the full-adder, which results in less glitches at the outputs.

With regards of the speed, it can be seen the advantage of the logic
structure introduced here, since both realizations designed using
this scheme (Ours1 and Ours2) exhibit the smallest propagation
delay, only matched by the cpl full-adder. It shows a propagation
delay improvement around 25% compared with the new14T and
hpsc full-adders.

The power-delay product (PDP) column confirms the energy-effi-
ciency for the full-adders builtusing the new internal logic structure.
They present the lowest PDP metric, up to 85% of saving, due to the
combined reduction of power consumption and propagation delay.
In addition, we carried out separated simulations to determine
the lowest power supply voltage that each full-adder can tolerate,
while keeping its correct functionality. As shown in column “Vdd
min”, the proposed full-adders can operate properly with voltage
supplies as low as 0.6 V. Since these realizations have neither
static consumption, nor internal direct paths from Vdd to Gnd
(except for the inverters at the inputs, which could be avoided if
the inputs come from FF’s with complementary outputs), they are
good candidates for battery-operated applications where low con-
sumption modules with standby modes are required.

The importance of the simulation setup and the inclusion of the
power consumption components for the surrounding circuitry are
evident, as some realizations reported previously as low-power
cells have been shown to perform worse than other ones when
considering the power consumption of the whole test-bed.

On regards of the implementation area obtained from the layouts,
it can be seen that the proposed full-adders require the smallest
area (up to 40% of relative area), which can also be considered
as one of the factors for presenting lower delay and power
consumption, as it implies smaller parasitic capacitances being
driven inside the full-adder. The reason for the smaller area,
compared to other full-adders that have less transistors, is that
the size of the transistors in the proposed full-adders is minimal
and not larger than 2 pm (except for the symmetrical response
inverters at the inputs), while for other full-adders the transistor

sizes are in the range of 4 to 6 um. Figs. 6 and 7 show the
layouts of the proposed full-adders, with the correspondent
side by side dimensions.

* Finally, we determined the maximum frequency that each full-
adder can operate, while being supplied with 1.8 V. The proposed
full-adders reach up to 1.25 GHz, only surpassed by cpl cell, at
the expense of major power consumption and area. The reason
for running the power-delay performance simulations at 200 MHz
was due to the full adders that work only up to 250 MHz.

VI. CONCLUSION

An alternative internal logic structure for designing full-adder cells
was introduced. In order to demonstrate its advantages, two full-adders
were built in combination with pass-transistor powerless/groundless
logic styles. They were designed with a TSMC 0.18-pm CMOS tech-
nology, and were simulated and compared against other energy-effi-
cient full-adders reported recently.

Hspice and Nanosim simulations showed power savings up to 80%,
and speed improvements up to 25%, for a joint optimization of 85%
for the PDP. The area utilization for the proposed full-adders is only
40% of the largest full-adder compared, and the power-supply voltage
for the proposed full-adders can be lowered down to 0.6 V, maintaining
proper functionality.

REFERENCES

[11 A. M. Shams and M. Bayoumi, ‘“Performance evaluation of 1-bit
CMOS adder cells,” in Proc. IEEE ISCAS, Orlando, FL, May 1999,
vol. 1, pp. 27-30.

[2] N. Weste and K. Eshraghian, Principles of CMOS VLSI Design, A
System Perspective. Reading, MA: Addison-Wesley, 1988, ch. 5.

[3] K. M. Chu and D. Pulfrey, “A comparison of CMOS circuit techniques:

Differential cascode voltage switch logic versus conventional logic,”

IEEE J. Solid-State Circuits, vol. SC-22, no. 4, pp. 528-532, Aug.

1987.

K. Yano, K. Yano, T. Yamanaka, T. Nishida, M. Saito, K. Shimohi-

gashi, and A. Shimizu, “A 3.8 ns CMOS 16 X 16-b multiplier using

complementary pass-transistor logic,” IEEE J. Solid-State Circuits, vol.

25, no. 2, pp. 388-395, Apr. 1990.

M. Suzuki, M. Suzuki, N. Ohkubo, T. Shinbo, T. Yamanaka, A.

Shimizu, K. Sasaki, and Y. Nakagome, “A 1.5 ns 32-b CMOS ALU

in double pass-transistor logic,” IEEE J. Solid-State Circuits, vol. 28,

no. 11, pp. 1145-1150, Nov. 1993.

[6] R. Zimmerman and W. Fichtner, “Low-power logic styles: CMOS

versus pass-transistor logic,” IEEE J. Solid-State Circuits, vol. 32, no.

7, pp. 1079-1090, Jul. 1997.

M. Zhang, J. Gu, and C. H. Chang, “A novel hybrid pass logic with

static CMOS output drive full-adder cell,” in Proc. IEEE Int. Symp.

Circuits Syst., May 2003, pp. 317-320.

C. Chang, J. Gu, and M. Zhang, “A review of 0.18-pm full adder perfor-

mances for tree structured arithmetic circuits,” IEEE Trans. Very Large

Scale Integr. (VLSI) Syst., vol. 13, no. 6, pp. 686—695, Jun. 2005.

S. Goel, A. Kumar, and M. Bayoumi, “Design of robust, energy-effi-

cient full adders for deep-submicrometer design using hybrid-CMOS

logic style,” IEEE Trans. Very Large Scale Integr. (VLSI) Syst., vol. 14,

no. 12, pp. 1309-1320, Dec. 2006.

[10] S. Agarwal, V. K. Pavankumar, and R. Yokesh, “Energy-efficient high
performance circuits for arithmetic units,” in Proc. 2nd Int. Conf. VLSI
Des., Jan. 2008, pp. 371-376.

[11] D. Patel, P. G. Parate, P. S. Patil, and S. Subbaraman, “ASIC imple-
mentation of 1-bit full adder,” in Proc. Ist Int. Conf. Emerging Trends
Eng. Technol., Jul. 2008, pp. 463—467.

[12] N. Zhuang and H. Wu, “A new design of the CMOS full adder,” IEEE
J. Solid-State Circuits, vol. 27, no. 5, pp. 840-844, May 1992.

[13] M. Aguirre and M. Linares, “An alternative logic approach to imple-
ment high-speed low-power full adder cells,” in Proc. SBCCI, Floria-
nopolis, Brazil, Sep. 2005, pp. 166-171.

[14] A.M. Shams, T. K. Darwish, and M. Bayoumi, “Performance analysis
of low-powerl-bit CMOS full adder cells,” IEEE Trans. Very Large
Scale Integr. (VLSI) Syst., vol. 10, no. 1, pp. 20-29, Feb. 2002.

[15] D. Radhakrishnan, “Low-voltage low-power CMOS full adder,” IEE
Proc. Circuits Devices Syst., vol. 148, no. 1, pp. 19-24, Feb. 2001.

[16] Synopsys, SanJose, CA, “Nanosim user guide,” A-2008.03, Mar. 2008.

[17] Synopsys, SanJose, CA, “HSPICE user guide,” A-2007.12, Dec. 2007.

[4

=

[5

[t}

[7

—

[8

[t}

[9

—



