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Abstract
Adders are key components in digital design, performing not 
only addition operations, but also many other functions such as 
subtraction, multiplication and division. Adders of various bit-
widths are frequently required in Very Large-Scale Integrated 
circuits (VLSI) from processors to Application Specific Integrated 
Circuits (ASICs). Recently reported logic style comparisons based 
on full-adder circuits claimed Complementary Pass transistor 
Logic (CPL) to be much more power-efficient than complementary 
CMOS. However, new comparisons performed on more efficient 
CMOS circuit realizations and a wider range of different logic cells, 
as well as the use of realistic circuit arrangements demonstrate 
CMOS to be superior to CPL in most cases with respect to speed, 
area, power dissipation, and power-delay products. Even Adder 
designed using Bi-CMOS technology can have more power 
as well as speed than that using CMOS technology. The most 
important and widely accepted matrics for measuring the quality 
of adder designs propagation delay, power dissipation and area. 
By improving the arithmetic circuits, the overall performance can 
be significantly improved. This paper describes the comparative 
performance of 1-bit full adder & three 4-bit adders designed using 
TANNER EDA, using different CMOS logic design styles. The 
CMOS Adder with best performance has also been realized using 
Bi-CMOS technology to get even better power-delay product. 
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I. Introduction
The increasing demand for low-power Very Large Scale Integration 
(VLSI) can be addressed at different design levels, such as the 
architectural, circuit, layout, and the process technology level 
[1]. At the circuit design level, considerable potential for power 
savings exists by means of proper choice of a logic style for 
implementing combinational circuits. This is because all the 
important parameters governing power dissipation—switching 
capacitance, transition activity, and short-circuit currents—are 
strongly influenced by the chosen logic style. Depending on 
the application, the kind of circuit to be implemented, and the 
design technique used, different performance aspects become 
important. In the past, the parameters like high speed, small area 
and low cost were the major areas of concern, whereas power 
considerations are now gaining the attention of the scientific 
community associated with VLSI design. In recent years, the 
growth of personal computing devices (portable computers and 
real time audio and video based multimedia applications) and 
wireless communication systems has made power dissipation a 
most critical design parameter [1]. In the absence of low-power 
design techniques such applications generally suffer from very 
short battery life, while packaging and cooling them would be 
very difficult and this is leading to an unavoidable increase in the 
cost of the product. In addition, reliability is strongly affected by 
power consumption. Usually, high power dissipation implies high 
temperature operation, which, in turn, has a tendency to induce 
several failure mechanisms in the system.
Power dissipation is the most critical parameter for portability 

& mobility and it is classified in to dynamic and static power 
dissipation. Dynamic power dissipation occurs when the circuit 
is operational, while static power dissipation becomes an issue 
when the circuit is inactive or is in a power-down mode. There 
are three major sources of power dissipation in digital CMOS 
circuits, which are summarized in equation (1) [2]:

 	 (1)
The first term represents the switching component of power, where 
CL  is the load capacitance, f clk  is the clock frequency and α is 
the probability that a power consuming transition occurs (the 
activity factor). The second term is due to the direct-path short 
circuit current, I SC , which arises when both the NMOS and PMOS 
transistors are simultaneously active, conducting current directly 
from supply to ground. Finally, leakage current I leakage which can 
arise from substrate injection and sub-threshold effect is primarily 
determined by fabrication technology considerations.
The switching power dissipation in CMOS digital integrated 
circuits is a strong function of the power supply voltage. Therefore, 
reduction of VDD emerges as a very effective means of limiting 
the power consumption. However, the saving in power dissipation 
comes at a significant cost in terms of increased circuit delay. 
Since the exact analysis of propagation delay is quite complex, a 
simple first order derivation [3] can be used to show the relation 
between power supply and delay time

				    (2)
 K- Transistor’s aspect ratio (W /L)
VTH-Transistor threshold voltage
α - Velocity saturation index which varies between 1 and 2 Unfort-
unately, reducing the supply voltage reduces power, but when the 
supply voltage is near to threshold voltage, from equation (2), the 
delay increases drastically [4].
Section II, gives a short introduction to the most important existing 
static logic styles and compares them qualitatively. Section III, 
gives the three important adder architectures, designed in this 
paper. Results of quantitative comparisons based on simulations of 
different adder architectures by using different logic design styles 
as well as the comparison of best CMOS adder with Bi-CMOS 
adder are given in Section IV. Some conclusions and references 
are finally drawn in Section V and VI, respectively.

II. Logic Design Styles
Bisdounis et al. has proposed a large number of CMOS logic 
design styles [5]. But for arithmetic applications, following three 
different logic styles are used for a full adder design to achieve 
best performance results [6].

A. Conventional Static CMOS Logic-CSL
The recent VLSI arithmetic applications [6], i.e 4-bit RCA, uses 
conventional static CMOS logic. The schematic diagram of a 
conventional static CMOS full adder cell is illustrated in fig. 1.
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Fig. 1: Conventional Static CMOS Logic (CSL) Logic Full 
Adder

The signals noted with ‘-’ are the complementary signals. The 
p-MOSFET network of each stage is the dual network of the 
n-MOSFET. Advantages of the CMOS logic style are its robustness 
against voltage scaling and transistor sizing (high noise margins) 
and thus reliable operation at low voltages and arbitrary (even 
minimal) transistor sizes (ratio less logic).

B. Complementary Pass-Transistor Logic-CPL
The basic difference of pass-transistor logic compared to the 
CMOS logic style is that the source side of the logic transistor 
networks is connected to some input signals instead of the power 
lines. The advantage is that one pass-transistor network (either 
NMOS or PMOS) is sufficient to perform the logic operation, 
which results in a smaller number of transistors and smaller input 
loads, especially when NMOS networks are used.
CPL [7], uses only an n-MOSFET network for the implementation 
of logic functions, thus resulting in low input capacitance and 
high-speed operation [8]. The schematic diagram of the CPL full 
adder circuit is shown in fig. 2. Because the high voltage level 
of the pass-transistor outputs is lower than the supply voltage 
level by the threshold voltage of the pass transistors, the signals 
have to be amplified by using CMOS inverters at the outputs [9]. 
The advantages [10], of pass logic transistors include - Smaller 
number of transistors and smaller input loads, along with MUX 
and especially XOR circuits being implemented efficiently. 
The disadvantage [10], of pass transistor logic is that threshold 
voltage drops through the NMOS transistors makes it necessary 
to maintain output voltage level; hence inverter is used at output 
which increases the number of transistors.

Fig. 2: Complementary Pass-Transistor (CPL) Logic Full Adder

C. Double Pass-Transistor Logic- DPL
DPL [11-13], is a modified version of CPL. The circuit diagram 
of the DPL full adder is given in fig. 3. In DPL circuit full-swing 
operation is achieved by simply adding p-MOSFET transistors in 

parallel with the n-MOSFET transistors. Hence, the problems of 
noise margin and speed degradation at reduced supply voltages, 
which are caused in CPL circuits due to the reduced high voltage 
level, are avoided.

Fig. 3: Double Pass-transistor (DPL) Logic Full Adder

The basic difference of pass-transistor logic compared to the CMOS 
logic style is that the source side of the logic transistor networks 
is connected to some input signals instead of the power lines. The 
advantage is that one pass-transistor network (either NMOS or 
PMOS) is sufficient to perform the logic operation, which results in 
a smaller number of transistors and smaller input loads, especially 
when NMOS networks are used. However, the threshold voltage 
drop  through the NMOS transistors while 
passing  logic “1” makes swing (or level) restoration at the gate 
outputs necessary in order to avoid static currents at the subsequent 
output inverters or logic gates.

III. Adder Architectures
The wide-bit addition is vital in many applications such as ALUs, 
Multiply-and Accumulates (MAC) units in DSPs, and Address-
Generation Units (AGUs). It is also important for the performance 
of Direct Digital Frequency Synthesizers (DDFSs) where it is used 
as a phase accumulator. Numerous adder implementations exist 
whereas some are good for low power dissipation and some takes 
least propagation delay. In this section, three different 4-bit adder 
architectures are designed. The presented adders of this section 
can be found in the comparison by Nagendra et. al., [14].

A. Ripple Carry Adder (RCA)
This is the simplest adder circuit. A 4-bit ripple carry adder consists 
of 4 full adders with the carry signal propagating from one full-
adder stage to the next from LSB to MSB. A 4-bit ripple carry 
adder structures is shown in fig. 4. 

Fig. 4: Ripple Carry Adder (RCA)

The ripple-carry adder is a good baseline design for comparison 
with other adders. It has many advantages which include low 
power [15], low area and a simple layout. The drawback of the 
ripple carry adder, though, is its slow speed. The delay of the adder 
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is linearly dependent on the bit-width (N) of the adder. The critical 
path of the ripple carry adder consists of the carry chain from the 
first full adder to the last. Therefore, during circuit-level design, 
the carry signal is frequently assigned to the transistor closest to 
the gate output for the carry computation.

B. Static Manchester Carry Adder (MCA)
The Manchester Carry Adder (MCA) is closely related to the RCA. 
For each bit there is a Manchester carry cell which produces the 
output carry either by propagating the input carry bit through a pass 
transistor (or transmission gate) or by pulling the output node up or 
down depending on the value of the generate (and kill) signal(s). 
Consider a full adder with inputs ai, bi and ci. Then the generate, 
propagate and carry-kill expressions are shown in equation (3)
[16].  Static Manchester carry adder is shown in fig. 5.
gi = ai and bi
pi = ai xor bi
ki = (not ai) and (not bi)				    (3)

Fig. 5: Static Manchester Carry Adder (MCA)

C. Carry Select Adder (CSA)
The carry-select adder employs an intelligent technique to reduce 
the carry propagation delay. One for an input carry of logical zero 
and one for an input carry of logical one [17]. When the incoming 
carry arrives it selects which of the two carry vectors to use, see 
fig. 6. After that, all the sum bits are computed.

Fig. 6: Carry Select Adder (CSA)

The speed of the carry-select adder is achieved at the cost of 
doubling the area, because we now require two adders per bit: 
one adder to calculate the sum with a carry-in of 0, and another 
adder to calculate the sum with a carry-in of 1. In addition, we 
need a multiplexer for every bit to choose the result based on the 
actual carry value. As a consequence of this duplication of logic, 
this design also consumes more power.

IV. Performance Parameters and Simulation Set-Up
The above mentioned design styles for 1-bit full adder and 4-bit 
adders are compared based on the performance parameters like 
propagation delay, number of transistors and power dissipation.. 
To achieve better performance for one-bit full adder and 4-bit 
adder design, the circuits are designed using CMOS process by 
MOSIS in 0.60µm technology. The channel width of the transistors 

is 1.7 µm for the NMOS and 4.6 µm for the PMOS. The output 
capacitance CL  is considered 10fF in all cases whereas the 
operating frequency is 10 GHz. All the circuits have been designed 
using TANNER EDA [18].  The power estimation is a difficult 
task because of its dependency on various parameters and has 
received a lot of attention [19]. Direct Simulation method [20] is 
used in order to analyse the results. The comparative results for 
1-bit adder for different logic design styles are given in Table 1. 
The comparison of propagation delay and DC power dissipation 
is also shown in fig. 7.
Table  1: Performance Parameters of 1-Bit Adder

It can be seen that Complementary Pass Transistor (CPL) logic 
design style exhibit better characteristics (power dissipation and 
area) as compared to other design styles.

Fig. 7: DC Power Dissipation v/s Propagation Delay

Table 2: Performance Parameters of 4-Bit Adder

So, CPL logic style can be used where portability and mobility is 
the prime aim. Where, DPL is the fastest among the three. But, 
the CPL logic design style has propagation delay comparable 
to DPL logic design style, so CPL can be considered best logic 
design style with respect to all parameters for one-bit full adder. 
Similarly, the performance parameters for 4-bit adder architectures 
using three different logic design styles are shown in Table 2. The 
relationships between various performance parameters of 4-bit 
adder architectures are shown in fig. 8, fig. 9 and fig. 10.
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Fig. 8: DC Power Dissipation vs Propagation Delay

Fig. 9: DC Power Dissipation vs No. of Transistors

Fig. 10: Propagation Delay vs No. of Transistors

Now for 4-bit operand size, ripple carry adder architecture has 
the least power-delay product (PDP) for fully static CMOS logic 
design style as shown in table II.  To get even better power delay 
product, the 4-bit ripple carry adder using complementary static 
logic was also designed using Bi-CMOS technology. The results 
are shown in Table 3.

Table 3:

Sr. 
no

Design 
Tecnique

Adder 
Type

DC Power  
Dissipa-
tion(nw)

Worst Case 
Propagation 
Delay(ns)

Power-
Delay 
Product

1. CSL RCA 2.31 0.685 1.58235

2. BiCMOS RCA 2.52 0.412 1.03824

V. Discussion and Conclusion
It has been observed from the simulation results that performance 
of adder architectures varies with operand size. For 1-bit adder 
by using different logic design styles, it has been found that CPL 
is the best logic design style but from table 2, for 4-bit operand 
size, ripple carry adder architecture has the least Power-Delay 
Product (PDP) for fully static CMOS logic design style followed 
by static Manchester carry adder by using complementary pass 
transistor logic design style.  Also Manchester carry adder by using 
complementary pass transistor logic design style has comparable 
results to Ripple carry adder by using fully static logic design 
style. From the above results, it is observed that ripple carry adder 
architecture designed using fully static logic design style is most 
suitable for low-energy applications whereas Manchester carry 
adder architecture designed using complementary pass transistor 
logic design style is most suitable for high speed and small area 
applications. Also the realization of Ripple carry adder using Bi-
CMOS gives even better Power Delay Product than that using 
CMOS technology.
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