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A B S T R A C T   

In applications such as image processing and machine learning, imprecision can be tolerated because of the 
nature of the application itself or the limitation of human senses. By using the approximate computation in parts 
of imprecision-tolerant applications, where the output quality can be slightly degraded, significant power, delay, 
or area reductions can be achieved. In this paper, three approximate full adders with reasonable accuracy, low 
power, and low delay are proposed. The effects of die-to-die (D2D) process variation on the threshold voltage of 
approximate full adders have been evaluated, and a method has been proposed to reduce the effects of vari
ability. For evaluating the accuracy and the variability, these approximate full adders have been used and 
analyzed in the ripple carry adder structure and image Sharpening algorithm. In terms of power-delay-product 
(PDP), accuracy, and area for uniformly distributed inputs, one of the presented approximate full adders exhibits 
the best performance, and another one shows the best peak-signal-to-noise ratio (PSNR) for real images.   

1. Introduction 

Although recent semiconductor designs use low-power methods to 
optimize power consumption, portable devices must be high energy- 
efficient for computer-intensive multimedia processing due to limited 
capacity of batteries. Applications such as image and signal processing, 
multimedia, and computer vision are less sensitive to output quality 
because they either perform most of the computation on image, audio, 
and video or deal with inaccurate human senses. These applications are 
called imprecision-tolerant. In these applications, significant area and 
power reduction and performance improvement can be achieved by 
using approximate computing via slight output quality reduction [1]. 
For example, the k-means clustering algorithm can reduce energy by 
about 50X, while reducing the classification accuracy by 5% [2]. In 
recent years, various approaches using approximate computing at 
different design levels have been proposed. Some of these approaches 
include approximate accelerators [3], approximate computing units [4], 
approximate Instruction Set Architecture (ISA) [5] and tunable kernels 
[6]. 

In the binary computing system, the adder is an essential computing 
unit used to perform operations such as addition, subtraction, multi
plication, and division. Also, most of the imprecision-tolerant 

applications use computational units such as approximate adders and 
multipliers. The main component of the structure of approximate adders 
and multipliers is the approximate full adder. Therefore, providing 
approximate full adders with high energy efficiency and appropriate 
accuracy is a basic need to achieve high energy efficiency and output 
quality in imprecision-tolerant applications. For this reason, in this 
paper, approximate full adders have been considered [7]. 

As technology progresses, during the semiconductor manufacturing 
process, factors such as lithography and lens defects cause changes in 
transistor and interconnections parameters. These physical changes will 
modify the electrical characteristic of the transistor, such as current and 
threshold voltage. Using such transistor in a circuit causes changes in the 
power and delay of the circuit. In this case, variability becomes one of 
the challenges of designers, so that in technologies below 45 nm, the 
crucial factor for unreliability is variability [8,9]. Variability is assessed 
in different fields and for many applications such as in network-on-chips 
[10], many cores [11], neuromorphic computing [12], smart phones 
[13], analog design [14], high speed communications [15,16], and 
biomedical applications [17]. Thus, the importance of variability is 
undeniable and must be considered in all electronic devices and inte
grated circuits as a critical task. Imprecision-tolerant applications use 
approximate adders to reduce power and delay, but variability affects 
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the power and delay of these circuits. Therefore, the effects of variability 
on the approximate adders should be investigated and diminished. 

As a result, in modern technologies, variability is significant, but 
most of the works done in the field of approximate computing have not 
evaluated the effects of variability on the proposed methods. In this 
paper, the effects of the process variation on approximate full adders 
will be evaluated. Considering the results of [9,18] and the importance 
of threshold voltage (Vth) in variability, in this paper, the effect of Die- 
to-Die (D2D) Vth variation on the performance of approximate full ad
ders will be investigated. 

Our significant contributions in this paper are as follows:  

(1) Three new approximate full adders called AFA4, AFA5, and AFA6 
are proposed. AFA5 is better than the existing approximate full 
adders in terms of delay, area, and PDP. AFA4 and AFA6, 
compared to their existing counterparts, exhibit fewer errors.  

(2) For approximate full adders, the effects of variability on power, 
delay, and PDP are evaluated. For this purpose, the impact of D2D 
variability on the transistor threshold voltage in 32 nm technol
ogy has been assessed using Monte Carlo simulation in the 
HSPICE environment. 

(3) Also, a method is proposed to reduce the variability of approxi
mate full adders, which also reduces the power consumption. 

The rest of the paper is as follows: Section 2 describes previous work 
on approximate adders and full adders. The following section describes 
the proposed approximate full adders. Section 5 evaluates the perfor
mance, error, and variability effects of approximate adders and offers a 
method to reduce the impact of variability. In the next section, the 
simulation results on image processing applications will be presented. 
Finally, we conclude the paper. 

2. Previous work 

Paper [19] presented a precision adjustable approximate adder. A 
full adder and a half adder with maskable carry are proposed and used in 
the structure of a ripple carry adder (RCA). For setting the accuracy, an 
error correction circuit is designed, which is activated if needed. In [20], 
an approximate adder called LOA is presented which uses the Or2 gate 
for the approximate part to compute output Sum, and uses an And2 gate 
for the most significant approximate bit to calculate the carry output 
injected to the exact part. If we only use this adder structure for an 
approximate full adder, output Sum will be produced by Or2 and output 
Cout by And2. 

A method for finding an energy-efficient hybrid approximate adder 
for image and video processing applications is presented in [21]. The 
purpose is to perform multiplications without using traditional multi
pliers, and thus the primary operations in this work are done by shift- 
and-add by using parallel prefix adders. In [22], the probabilistic error 
analysis of approximate adders is considered, and in [23] an efficient 
method is presented for calculating statistical errors of the block-based 
approximate adder. A configurable approximate carry look-ahead 
adder is proposed in [24]. This adder operates in two precise and 
approximate modes and has been evaluated in 15 nm FinFet technology. 
An approximate discrete cosine transform (DCT) for image compression 
using approximate full adders is introduced in [25]. It eliminates the 
floating-point multipliers and uses the integer addition and shift instead. 

In [26] a method to extract parametrized error models for various 
approximate adders has been proposed. Based on this model, signal 
processing applications are optimized in terms of accuracy and effi
ciency. In [27] an approach for computing error parameters in linear 
time has been presented, as well as a model to extract low power 
approximate adders. In [28] an approximate full adder based on static 
CMOS technology has been proposed. Two 5:2 and 4:2 approximate 
compressors using truth table simplification have been proposed in [29] 
which can be used in approximate multipliers. Their implementation is 

done in 7 nm FinFET technology. An approximate multiplication algo
rithm based on Karatsuba multiplication method has been proposed in 
[30]. It has shown better results in terms of accuracy and delay 
compared to approximate Wallace Tree multiplier. 

By eliminating some transistors of a mirror full adder in [31,32], 3 
and 4 approximate full adders are presented, respectively. Due to the 
reduced switching capacitances, these approximate full adders have 
lower power and delay compared to the exact mirror full adder. Also, 
these approximate full adders have lower areas; however, they produce 
incorrect outputs in several cases. Three approximate XOR and XNOR 
based full adders are introduced in [33] using pass-transistors to 
implement the gates. Three inaccurate full adders using basic gates are 
proposed in [34], but used pass-transistors to implement basic gates. In 
the previous two works, in addition to inaccurate outputs for some in
puts, the problem of threshold drops due to pass-transistors is seen [35]. 

In [36], two approximate full adders made of XOR and MUX based on 
transmission gates logic are presented that do not have the threshold 
drop problem of pass-transistors but compared to other approximate full 
adders have more power consumption. In [37], an approximate half 
adder, an approximate full adder, and an approximate 4:2 compressor 
for the array multiplier are presented. In the approximate full adder, to 
create output Sum, an OR gate has been employed instead of one of the 
XOR gates. For the carry, AND and OR gates have been used. In [38], an 
approximate half adder and an approximate full adder using NAND2 
gates are presented. Based on the paper’s results, this approximate full 
adder is acceptable in terms of energy consumption; however, it ranks 
among worse designs in terms of error. In paper [39], authors introduce 
three approximate full adders and evaluate the impacts of variability on 
the approximate full adders but do not provide a solution to reduce the 
effects of variability. 

All approximate full adders presented in the articles mentioned 
above are different in terms of power consumption, delay, accuracy and 
area, and none of them considered the impacts of variability except the 
paper [39]. Our goal is to evaluate approximate full adders in terms of 
performance (power, delay and PDP), error and variability effects, and 
also propose a method to reduce the effects of variability. 

3. Proposed approximate full adders 

In an approximate full adder with three binary inputs, eight output 
combinations are possible. With the increase in the number of incorrect 
output states, the complexity of the design and power consumption 
decreases, and with the decrease in the number of incorrect output 
states, power, accuracy, and complexity of the design increases. Given 
the existing approximate full adders and the evaluations performed in 
this paper, there will be a good trade-off between accuracy, design 
complexity, and power consumption, when two of the eight possible 
outputs are incorrect. In this paper, all cases where an approximate full 
adder could have two incorrect output states out of 8 possible ones have 
been evaluated. To do this, an 8-bit RCA assuming Cin0  = 0 is 
considered and approximate full adders are used in its structure. 

By applying all possible input states to the RCA, the best approximate 
full adders have been explored in terms of error parameters. The result is 
two approximate full adders namely approximate full adder 4 (AFA4), 
and approximate full adder 6 (AFA6), which are better than the existing 
approximate full adders in terms of error parameters. The truth tables of 
these full adders are presented in Table 1. 

Based on Table 1, the approximate full adder AFA4 for two combi
nations of ABCin = 011 and ABCin = 101, exhibits errors at the outputs 
Sum and Cout. Logic equations of AFA4 outputs are shown in (1). Based 
on its truth table, the approximate full adder AFA6 for two combinations 
ABCin = 011 and ABCin = 101 exhibits errors at the output Sum, 
however, Cout only has errors for ABCin = 011. Therefore, for real ap
plications in terms of error, AFA6 outperforms AFA4 (explained in 
Section 6). Eq. (3) shows AFA6 outputs. As AFA4 and AFA6 are similar to 
AMA1 and TGA2 in terms of error numbers and conditions, hence, for 
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their implementation we will limit power, delay and PDP so that their 
values are less than the average values of AMA1.Therefore, we will only 
consider designs with the average power less than 4.24 μw, average 
delay less than 18.73 ps and average PDP less than 82.21 aj. Finally, 
among the designs that satisfy the constraints, we select the design 
which has the least power, delay, and PDP for AFA4 and AFA6. When 
fewer transistors are connected in series, node capacitors are charged 
and discharged faster reducing the delay. Thus in this paper, in all 
proposed approximate full adders transistors in series have been used as 
less as possible compared to CMA design. In addition, AFA designs have 
used less transistors compared to CMA causing switching activity and 
load capacitance to be reduced, which have led to dynamic power (and 
area) reduction [32]. 

Proposed Approximate full adders transistor-level schematics are 
shown in Fig. 1. To implement output Sum in the approximate full ad
ders AFA4 and AFA6, a structure similar to a mirror adder has been used 
(see Fig. 2-a). In AFA4, AND gates have been employed to produce Cout. 
This will shorten the carry chain in structures such as an RCA, signifi
cantly reducing the delay in an add operation. Thus, with few transis
tors, low-power approximate full adders AFA4 and AFA6 have been 
designed at the transistor level. Looking closer at the CMA truth table, in 
6 out of 8 possible states for the outputs, Sum equals Cout. Using this fact 
as well as LOA idea [20], the approximate full adder 5 (AFA5) has been 
proposed, where its Cout is similar to that of LOA, but uses the Nand2 
gate instead of Or2 to produce Sum. LOA uses one And2 and one Or2, 
whereas only one And2 (Nand2  + Not) has been used in AFA5 resulting 
in power consumption and delay reduction. AFA5 has the lowest power, 
delay, PDP, and area among approximate full adders. The approximate 
full adder AFA6 is the improved version of AFA4 in terms of Cout, in the 
way that by reducing the existing errors at output Cout, AFA6 out
performs AFA4 when carry chain is long. Also, AFA6 performs better for 
image processing real input applications. For the hardware imple
mentation of Sum in AFA6, which is similar to AFA4, CMA circuit 
(Fig. 2-a) has been used by removing some transistors from it. By 
simplifying the truth table, Cout in AFA6 equals A(B + Cin). For its 

implementation CMOS logic has been utilized. The logical equations of 
these proposed approximate full adders are as follows: 

AFA4 : Cout = AB, Sum = AB+AB+Cin (1)  

AFA5 : Cout = AB, Sum = AB (2)  

AFA6 : Cout = A
(
B+Cin

)
, Sum = AB+AB+Cin (3)  

As seen in Fig. 2, input capacitance of Cin in CMA includes 6 gate ca
pacitances, whereas for AFA4, AFA5 and AFA6 this amounts to 3, 0, and 
5, respectively (Fig. 1). Similarly, each of A and B inputs in CMA in
cludes 8 gate capacitances, whereas for AFA4, AFA5 and AFA6 this 
amounts to 4, 2, and 4, respectively. Therefore, in all proposed 
approximate full adders as the load capacitance has been reduced, the 
delay propagation and dynamic power have decreased. Thereby, for low 
power designs, one can keep delay constant at the same level as in CMA 
by reducing the supply voltage to such an extent the delay constraints 
remain satisfied, and in return achieve a significant reduction in dy
namic and static power. 

According to Eqs. (1) and (2), AFA4 and AFA5 do not require carry 
from the previous stage to calculate Cout, and therefore, the critical path 
delay of the adders using these approximate full adders is lower. Table 1 
compares all of the above full adders in terms of precision for different 
inputs. The column CS is the full adder outputs, where the LSB is the sum 
(S), and the MSB is the carry (C). Whenever the approximate full adder 
output is incorrect, the corresponding output in the CS column is shown 
in red (☆). Outputs that are depicted in black are correct. 

In this paper, the exact mirror adder presented in [32] is used as the 
base design, referred to as CMA in the rest of the paper. Ten different 
approximate full adders; AMA1, AMA2, AMA3 [32], VAFA [37], NFAx 
[38], TGA2 [36], LOA [20], and AFA1, AFA2, AFA3 [39], will be eval
uated. In Fig. 2, precise and approximate full adders at the transistor or 
gate level evaluated in this paper have been presented. To better un
derstand circuits in this figure, all logical equations of Sum and Cout of 

Table 1 
Truth table and error parameters of precise and approximate full adders.  

Fig. 1. The proposed AFA4 (a), the proposed AFA5 (b), and the proposed AFA6 (c).  
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the approximate full adders are shown in Table 2. According to the re
sults shown in [39], approximate full adders AXAs and InXAs [33,34] 
have a threshold drop problem, significant error parameters, and high 
sensitivity to variability. Therefore, this paper ignored these full adders. 

In order to make a fair comparison, all approximate full adders in 
terms of delay, power, PDP, and error have been compared in the 
presence of variation in three different ways. First, the approximate full 
adders have been compared for all input combinations. Second, all of 
them have been used and analyzed in an 8-bit RCA. In the last way, all 
approximate full adders are evaluated in one image application for five 
256*256 images. 

For evaluating the error parameters of approximate adders, accord

ing to [34], the error rate (ER), the normalized mean error distance 
(NMED), and the mean relative error distance (MRED) are considered. 
The following equations describe each of these parameters, where n 
represents the total number of input combinations. 

ER =
Number ​ of ​ Erroneos ​ Outputs

n
(4)  

NMED =

1
n

∑n

i=1

⃒
⃒
⃒
⃒
⃒
ExactOutputi − ApproximateOutputi

⃒
⃒
⃒
⃒
⃒

ExactOutputMax
(5)  

Fig. 2. The existing full adders. a) CMA, b) AMA1, c) AMA2, d) AMA3, e) VAFA, f) NFAx, g) LOA, h) TGA2, i) AFA1, j) AFA2, and k) AFA3.  
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MRED =
1
n

∑n

i=1

|ExactOutputi − ApproximateOutputi|
ExactOutputi

(6)  

In the last three rows of Table 1, the values of the error parameters for 
approximate full adders are presented. To calculate ER in Eq. (4), all 
input combinations are applied and those that result in erroneous out
puts are calculated, and finally the total number of errors are divided by 
n. For example, in Table 1 for AMA1 out of 8 possible input combina
tions, two of them produce errors at the output and thus ER = 2

8 = 0.25. 
To calculate NMED in Eq. (5) for every erroneous output, first the sum of 
absolute values of error distances is calculated, and then divided by the 
total number of inputs. Finally, the obtained value is divided by the 
greatest precise value that the circuit produces. For example for AMA1, 
from 8 possible inputs combinations, two combinations cause errors at 
the output. The sum of absolute values of error distances equals two 
which is then divided by 8. Knowing that in a precise full adder the 
maximum output value is 3, therefore NMED = 0.25

3 = 0.083. MRED in 
Eq. (6) is calculated similarly. To calculate MRED for AMA2, AMA3, 
NFAx, AFA1, and AFA5, there are errors for inputs A  = B = Cin  = 0, and 
according to Eq. 6, RED is infinite, but in this case, RED is assumed to be 
1. According to Table 1, VAFA has the lowest error rate, followed by 
AFA4 and AFA6, respectively. 

3.1. Full adder performance evaluation 

In this section, one exact mirror full adder and 13 approximate full 
adders will be compared in terms of power, delay, PDP, and area, using 
HSPICE simulator in 32 nm PTM technology [40]. The area is reported 
by the number of transistors in the full adder. To obtain power, delay, 

and PDP, all possible scenarios are applied to the full adder’s inputs, and 
their mean and maximum values are presented in Table 3. For example, 
the first scenario is the input change from ABCin  = 000 to ABCin  = 001; 
the second scenario is the input switch from ABCin  = 000 to ABCin  =
010, and so on to the last scenario, where the input changes from ABCin 
= 111 to ABCin  = 110. In this paper the base inverter has the following 
sizes: Wn  = 64 nm, Wp  = 128 nm and Lp  = Ln  = 32 nm. The other 
gates and more complex designs sizes are an integer factor of the base 
size. For instance, in the Nand2 gate we have Wn  = 128 nm, Wp  = 128 
nm and Lp  = Ln  = 32 nm. For the load capacitance 4 inverters at the 
output of all approximate full adders have been considered, which 
means each full adder drives 4 base inverters. Also, all full adders’ inputs 
are changed every 250 ps. 

To report the delay, the largest delay between the Sum and Cout is 
considered. In Table 3, the values in green (or †) indicate the best value, 
the values in blue (or ‡) show the second-best amount, and the values in 
red (or §) indicate the worst amount (the same applies to all subsequent 
tables). According to Table 3, the lowest average and maximum power 
belongs to AFA1, the lowest average and maximum delay belongs to 
AFA5. For the lowest average PDP, AFA1 is the best, and AFA5 is the 
second-best, however the values are very close. The lowest maximum of 
PDP is for AFA5. In terms of area, AFA5 with six transistors has the least 
area. The highest amounts of power, delay, PDP, and area belong to 
VAFA as it uses the XOR2 gate in CMOS logic. According to Table 3, 
AFA4 reduces the average power, average delay, average PDP, and area 
compared to CMA by 34.59%, 25.50%, 49.72%, and 39.29%, respec
tively. AFA5 also reduces the average power, average delay, average 
PDP, and area compared to CMA by 64.64%, 51.43%, 83.03%, and 
78.57%, respectively. 

According to Table 1, the approximate full adders VAFA, AFA4, and 
AFA6 are similar for ER and NMED, but for MRED, VAFA is better than 
the others. Nevertheless, according to Table 3, VAFA is the worst 
performer in terms of power, delay, PDP, and area, and may not be the 
right choice for imprecision-tolerant applications. Based on Tables 1 and 
3, AFA4 is the best choice in terms of power, delay, PDP, and accuracy. 
In later sections, these approximate full adders are used in larger 
structures such as RCA or image processing algorithms to make the 
above conclusions trustworthy. 

3.2. Evaluation of variability effects on approximate full adders 

In this section, we will evaluate the approximate full adders in terms 
of variability. According to [18], Vth is the most critical parameter in the 
variability for new technologies, and the impacts of D2D variability are 
approximately 2 to 3 times greater than WID variability [39]. For this 
reason, in this paper, the effects of Vth D2D variability on approximate 
full adders have been evaluated. All simulations are performed using 32 
nm PTM technology using HSPICE, and 1024-point Monte Carlo simu
lations are used to assess the variability effects. 

As a matter of fact, based on HSPICE manual the relation between the 
relative error and the number of Monte Carlo iterations is as follows 
[41]: 

RelativeError =
1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
NumberofMonteCarloIterations

√ (7)  

Based on Eq. 7 and NumOfMC = 1024, the relative error is about 3% 
which is relatively small. According to this manual, if the circuit oper
ates correctly for all 1024 iterations, there is a 99% probability that over 
96% of all possible component values also operate correctly. Based on 
simulations, when 10000 Monte Carlo iterations are performed, Mean, 
Standard Deviation, and Cv values have between 10− 4 to 10− 3 difference 
with 1024 Monte Carlo iterations. Hence, the accuracy of results is 
almost the same in both cases; however, the simulation time of 10000 
Monte Carlo iterations is 10X longer. 

Variability of Vth relative to its nominal value is considered 20% 

Table 2 
The logical equations of previous approximate full adders.   

Cout Sum 

AMA1 ACin + B (A ⊙ B)Cin  
AMA2 (A + B) Cin  + AB (A + B)Cin + AB  
AMA3 ACin + B ACin + B  
VAFA (A + B) Cin (A + B)⊕Cin  
NFAx AB.Cin  AB.Cin  
TGA2 A + B (A ⊙ B)Cin  
LOA AB A + B 
AFA1 A(B + Cin) A(B + Cin)
AFA2 (A + B) Cin  + AB A + B 
AFA3 A(B + Cin) A + B  

Table 3 
Area and average and maximum power, delay and PDP of approximate full 
adders.   

Power (μw)  Delay (ps) PDP (aj) Area 
Full 

Adders 
Avg Max Avg Max Avg Max # of 

Tran 

CMA 6.04 10.63 24.81 40 151.69 287.72 28 
AMA1 4.24 6.8 18.73 33.59 82.21 189.88 20 
AMA2 3.77 4.89 21.55 28.37 80.98 118.31 14 
AMA3 3.36 4.31 20.76 25.46 69.52 100.62 11 
VAFA 6.89§  11.15§  27.58§  43.41§  205.8§  454.06§  24§  

NFAx 3.25 4.89 14.66 19.35 47.16 76.45 14 
TGA2 4.59 7.65 19.48 39.6 100.1 286.11 22 
LOA 2.77 5.02 13.69 17.12‡ 38.46 78.74 12 

AFA1 2.01† 2.58† 12.59‡ 19.15 25.66† 47.76‡ 8‡

AFA2 3.78 6.55 15.57 21.52 59.3 117.3 18 
AFA3 2.76 4.99 13.75 19.15 38.45 73.13 14 
AFA4 3.95 6.18 18.48 30.72 76.26 166.20 17 
AFA5 2.14‡ 2.8‡ 12.05† 14.82† 25.74‡ 40.31† 6†

AFA6 4.15 6.99 18.03 34.73 77.85 210.67 19  
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based on a Gaussian distribution [18]. For each of the scenarios, a 1024- 
point Monte Carlo simulation is executed, and the amount of variation is 
calculated (we will explain how we measure variability later in the same 
section). The average variation impacts of these scenarios will be 
considered. To assess variation impacts, we use some mathematical 
equations [9]. For this purpose, by using Monte Carlo simulation for the 
Vth parameter, power, delay, and PDP are measured. Based on Eqs. (9)– 
(11), the Mean μ(x), the variance Var(x), and the Standard Deviation 
σ(x) of each of power, delay and PDP, based on simulation results are 
determined, and then using Eq. 8, variation coefficient Cv is obtained. 
First 1024 Monte Carlo iterations are done for input scenarios. For 
example, for scenario one, 1024 values are achieved for each of the 
power, delay, and PDP. To calculate the power variation in this scenario, 
first the Mean value (Eq. 9), and the Standard Deviation (Eq. 11) are 
calculated, then using Eq. 8, Cv is obtained. The same procedure is used 
for delay and PDP. Once this is done for all input scenarios, the average 
of power Cv, delay Cv, and PDP Cv are calculated. For two designs with 
identical Mean values, a smaller variation coefficient shows a lower 
variation impact on the full adder, meaning that it is robust against 
variability. 

Cv =
σ(x)
μ(x) (8)  

μ
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⎜
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(9)  
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⎟
⎟
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n − 1
(10)  

σ
(
x
)
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Var(x)

√
(11) 

Table 4 presents the evaluation results of the Vth parameter D2D 
variation on the power, delay, and PDP of the approximate full adders. 
As seen in this table, the variability increases the average power, delay, 
and PDP of the full adders. The least effects of power, delay, and PDP 
variability are 27.14%, 18.72%, and 28.24% for AMA2, AFA5, and 
AFA4, respectively. The highest power and PDP variability impacts 
belong to TGA2 with 56.67% and 47.90%, respectively, whereas the 
most delay variability effects belong to VAFA with 24.87%. One of the 
reasons TGA2 is more vulnerable to variability is related to its transistor- 
level design, as transmission gates are used in its structure. 

4. Evaluation of approximate RCA 

In this section, we intend to use the approximate full adders in the 
RCA structure, discussed in the preceding section. The performance, 
error, and variability effects are evaluated, and a method to reduce the 
variability effects will be proposed. For this purpose, an 8-bit RCA has 
been designed and approximate full adders in the first to fourth bits have 
been used. Four scenarios for implementing the RCA have been 
considered, where NAB is defined as the number of approximate bits. In 
the first one, namely NAB1, an approximate full adder is employed only 
for the least significant bit. In the second one, namely NAB2, approxi
mate full adders are employed for the two least significant bits. Simi
larly, in the fourth scenario, namely NAB4, approximate full adders are 
used for the four least significant bits. 

4.1. Approximate RCA performance evaluation 

To evaluate the performance (power, delay, and PDP) of an 
approximate 8-bit RCA, the HSPICE simulator and 32 nm technology are 
used. For example, in the approximate RCA with NAB1, all 131072 input 
scenarios, where two unsigned 8-bit numbers are added, have been 
simulated and the average and maximum values of the power, delay, 
and PDP parameters are obtained. The results for NAB4 are presented in 
Table 5. In terms of performance (power, delay, PDP, and area) in the 
approximate 8-bit RCA with NAB4, AFA5 is always the best, and LOA is 

Table 4 
Average Vth D2D variation impacts on full adders’ power, delay and PDP.   

Power (μw)  Delay (ps) PDP (aj) 

Full Adders Mean S.D C.V(%) Mean S.D C.V(%) Mean S.D C.V(%) 

CMA 6.56 1.94 29.56 27.5 7.15 26 177.94 47.64 26.77 
AMA1 4.68 1.64 35.01 20.43 4.68 22.89 96.15 27.43 28.53 
AMA2 4.07 1.11 27.14† 23.72 5.83 24.59 94.66 28.04 29.62 

AMA3 3.64 1.01 27.88‡ 22.63 5.18 22.89 80.66 23.37 28.98 

VAFA 7.53 2.56 33.96 30.65 7.62 24.87§  243.5 99.41 40.83 

NFAx 3.62 1.36 37.52 15.73 3.05 19.36‡ 55.09 16.96 30.78 

TGA2 5.3 3 56.67§  21.23 4.99 23.48 120.34 57.64 47.9§  

LOA 3.1 1.25 40.33 14.79 3.05 20.59 45.34 14.78 32.59 
AFA1 2.24 0.79 35.46 13.54 2.7 19.96 30.18 9.84 32.61 
AFA2 4.17 1.5 35.89 17.01 3.89 22.88 69.78 22.1 31.67 
AFA3 3.13 1.37 43.66 14.9 3.14 21.07 45.93 16.48 35.89 
AFA4 4.36 1.46 33.54 20.30 4.77 23.55 89.50 25.30 28.24†

AFA5 2.35 0.78 33.02 12.86 2.41 18.72† 29.69 8.53 28.72 

AFA6 4.58 1.54 33.64 19.80 4.74 23.91 91.90 26.10 28.41‡

Table 5 
Area and average and maximum power, delay and PDP of approximate adders 
for NAB4.   

Power (μw)  Delay (ps) PDP (aj) Area 
Adders Avg Max Avg Max Avg Max # of Tran 

CMA 20.95 24.8 127.33 296.9 2.65 5.23 224 
AMA1 15.39 20.31 94.57 169.6 1.48 2.87 192 
AMA2 15.66 18.34 110.39§  192.6 1.71 2.73 168 

AMA3 13.47 17.72 93.36 170.7 1.27 2.3 156 
VAFA 17.32§  25.01§  97.86 246.6§  1.77§  4.67§  208§  

NFAx 12.66 17.72 87.49 173.7 1.17 2.56 168 
TGA2 13.27 17.56 87.36 163.4 1.19 2.28 200 
LOA 11.41‡ 15.69‡ 86.59‡ 161.2‡ 1.01‡ 1.89‡ 142‡

AFA1 12.83 16.33 93.45 179.4 1.21 2.21 144 
AFA2 16.21 19.46 106.75 185.9 1.72 2.78 184 
AFA3 14.27 17.7 93.35 179.5 1.34 2.45 168 
AFA4 13.35 18.57 87.45 162.50 1.19 2.60 180 
AFA5 10.51† 14.22† 86.56† 161.2† 0.93† 1.71† 130†

AFA6 16.39 20.50 96.49 192.30 1.60 3.15 188  
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the second-best. The worst performance belongs to VAFA, except for the 
average delay, which is the worst for AMA2. The same trend is true for 
NAB1 to NAB3. In terms of delay, AFA4 for different NABs usually oc
cupies the first to third position due to the use of the And2 gate for 
computing the next stage carry, reducing thereby the carry chain length. 

According to the average results in Table 5, in comparison to CMA, 
the AFA family has reduced power by 21% to 49%, delay by 16% to 
32%, and PDP by 35% to 65%. The AMA family has reduced power by 
25% to 35%, delay by 13% to 26%, and PDP by 35% to 51%. For 
example, AFA4 has reduced power, delay, and PDP by 36.28%, 31.32%, 
and 55.01%, and TGA2 has reduced power, delay, and PDP by 36.66%, 
31.39%, and 55.18%, respectively. 

4.2. Approximate RCA error evaluation 

To evaluate the approximate RCA errors (ER, NMED, and MRED), in 
the MATLAB environment, all possible input states for the addition of 
two unsigned 8-bit numbers have been considered. Figs. 3–5 show the 
error parameters. According to Table 1, AFA4 and AFA6 are accurate 
when Cin = 0. Also, for the addition of two unsigned numbers, Cin0 is 
equal to zero, and in NAB1, only the least significant bit of the adder is 
approximate, and the other 7 bits are accurate. As a result, in AFA4 and 
AFA6 for NAB1, all 8 bits of the adder perform precisely, and therefore 
in Figs. 3–5, the error parameters in NAB1 for these adders are equal to 
zero. 

According to Fig. 3, AFA4 and AFA6 are quite similar and have the 
lowest error rates for different NABs. The highest error rate also belongs 
to NFAx. As shown in Fig. 4 (Fig. 5), the lowest NMED (MRED) error for 
NAB = 1,2 is jointly owned by AFA4 and AFA6, and for NAB = 3,4, the 
lowest NMED (MRED) belongs to AFA4, and AFA6 is in the second po
sition. The highest NMED belongs to NFAx. According to Fig. 5, the least 
MRED for NAB = 1,2 jointly belongs to AFA4 and AFA6, whereas for 
NAB = 3,4 it belongs to AFA4, and AFA6 comes in second position. The 
highest MRED for NAB = 1 belongs to AMA3, and for NAB = 2,3,4 it 
belongs to NFAx. Although AFA5 performs better than LOA in terms of 
power, delay, PDP, and area, LOA is far better in terms of error 
parameters. 

In order to better compare the approximate adders, the performance 
and the error parameters are considered together. For this purpose, we 
define two criteria PDP × Area × NMED(PAN) and PDP × Area ×

MRED(PAM) for approximate adders. The PAN (PAM) is the product of 
three parameters of average PDP, area, and NMED (MRED), respec
tively. In designing approximate circuits, we always attempt to reduce 

PDP, area, and error. Therefore, the smaller PAN and PAM represent 
better design in terms of performance and error. Table 6 shows the 
values of the PAN and PAM for different approximation adders for 
different NABs. 

According to Table 6, AFA4 is always the best for the PAN criterion, 
and the second place for NAB  = 1,2,3 belongs to AFA6, and for NAB  = 4 
it belongs to LOA. The worst PAN for NAB = 1 is for AMA1, for NAB = 2 
is for NFAx, and for NAB = 3,4 is for AFA2. AFA4 has reduced PAN by 
13.15% and 24.23% compared to AFA6 for NAB  = 2,3 and decreased by 
9.25% for NAB  = 4 compared to LOA, respectively. Given that AFA4 and 
AFA6 are accurate for the addition of two unsigned numbers for NAB1, 
the PAN and PAM values corresponding to these states are zero. As for 
the PAM criterion, the above conclusions are almost the same. 

4.3. Approximate RCA variation evaluation 

To evaluate the D2D process variation of the Vth parameter of an 
approximate 8-bit RCA, the HSPICE simulator with 32 nm technology 
has been used and 1024-point Monte Carlo simulation has been run. To 
assess the effects of the Vth parameter variation on different adders, all 
possible input scenarios are applied, and their impacts on power, delay, 
and PDP using Eqs. (8)–(11) are calculated. Finally, the average varia
tion of all input scenarios is considered as the final value. On the left- 
hand side of Figs. 6–8 (Nominal section), Cv values of power, delay, 
and PDP are presented for different adders. 

In Figs. 6–8, the results are divided into Nominal and PV Aware. 
Nominal variability implies the effects of process variation without the 
presence of any method of reducing the impacts of variability. PV Aware 
shows the effects of variability after applying methods to reduce the 
impacts of variability, explained below. 

According to Figs. 6–8 in the Nominal mode, with increasing NAB, 
the power, delay, and PDP variations of the approximate adders in
crease. Based on Fig. 6, the lowest power variations belong to AMA2, 
AFA2, and AFA1 by about 60.1%, 61.4% and 64%, respectively. The 
highest power variations belong to TGA2 and NFAx, by 80.5% and 
71.7%, respectively. According to Fig. 7 in the Nominal mode, the delay 
variations of the various approximate adders are very close, with the 
least delay variation being for VAFA at 25.95% and the highest being for 
AFA6 at 27.10%. According to Fig. 8 in this mode, the least PDP vari
ations belong to AMA2, AFA2 and AFA1, by about 45.46%, 46.45% and 
48.75%, respectively. The most PDP variations belong to TGA2 and 
NFAx by 61.3% and 54.55%, respectively. The percentages reported 
here are the average variations of NAB1 to NAB4. 

Fig. 3. ER of different 8-bit approximate adders for various NAB values.  
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Fig. 4. NMED of different 8-bit approximate adders for various NAB values.  

Fig. 5. MRED of different 8-bit approximate adders for various NAB values.  

Table 6 
PAN and PAM criteria of different 8-bit adders for various NAB values.   

PAN (10− 16)  PAM (10− 16)  
Adders NAB1 NAB2 NAB3 NAB4 NAB1 NAB2 NAB3 NAB4 

AMA1 4.98§  7.28 9.81 13.61 13.99§  20.51 27.74 38.66 

AMA2 2.58 6.47 12.15 20.42 7.3 18.44 35.1 60.31 
AMA3 4.67 8.1 12.3 17.41 13.16 22.87 34.96 50.1 
VAFA 2.67 6.96 13.55 27.07 7.36 18.96 36.27 70.41 
NFAx 4.79 10.09§  15.34 22.37 13.37 28.4§  43.78 65.54 

TGA2 4.67 5.77 7.86 10.46 13.11 16.27 22.3 29.84 
LOA 2.21 4.03 6.28 8.11‡ 6.08 11.02 16.94 21.42‡

AFA1 2.29 5.98 10.27 14.81 6.48 16.96 29.41 43.2 
AFA2 2.63 7.85 16.51§  29.98§  7.25 21.5 44.69§  79.45§  

AFA3 2.41 5.7 10.05 15.54 6.63 15.6 27.15 41.06 
AFA4 0† 1.85† 4.41† 7.36† 0† 5.07† 11.96† 19.59†

AFA5 2.1 5.96 9.23 11.25 5.93 16.82 26.32 32.66 
AFA6 0‡ 2.13‡ 5.82‡ 11.31 0‡ 5.84‡ 15.81‡ 30.15  
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4.4. Reducing the effects of approximate adder variability with PV Aware 
method 

In [9], two separate methods for reducing the effects of variability in 
32 nm technology have been presented. The first one is called Variation- 
aware dual-Vth (VADVT), and the second one is named Variation-aware 
dual-Vdd (VADVD). Based on the simulations performed in HSPICE, 
when approximate full adders with a low threshold voltage (VthL) are 
used in the imprecision parts (NAB) of approximate adders, a small in
crease in power, a decrease in delay, and a slight decrease in PDP are 
resulted. VthL state reduces the power and PDP variations significantly 
and increases the delay variation slightly. When using the approximate 
full adders with a low supply voltage (VddL) in the imprecision parts 
(NAB) of the approximate adders, it significantly reduces power and PDP 
and increases delay a little. VddL state reduces power and PDP varia
tions while increasing delay variation. The variation increase or 
decrease in the VddL state in the approximate adder is much less than in 
the VthL state, however the power, delay, and PDP increase or decrease 
is much higher. 

The proposed PV Aware method in this paper is a combination of the 

above two methods to reduce power and its variation in the approximate 
adders. In terms of delay, we are also looking to keep it constant or in
crease the delay slightly. For this purpose, in the approximate part of an 
approximate adder, approximate full adders are used whose threshold 
voltage and supply voltage are lower than those of the exact full adders. 

In the dual-Vdd method, we have two voltage domains. A gate in the 
VddH domain can directly drive a gate in the VddL domain, in which 
case the latter gate can switch faster. However, a gate in the VddL 
domain can drive a gate in the VddH domain only when the difference 
VddH-VddL is less than the transistors threshold voltage. Otherwise, 
there will be a contention current between PMOS and NMOS transistors. 
For solving this problem, there are two methods: (1) using a high-Vth 
PMOS transistor, (2) using a level converter [9]. To alleviate this 
problem in our proposed approach, a constraint is added, which chooses 
among the extracted supply and threshold voltages, those that have the 
difference VddH-VddL less than the threshold voltage. In this way, 
neither a level converter is needed to be used nor high-Vth PMOS 
transistors. 

To determine VthL and VddL values, the Pareto diagram between the 
PDP and the PDP variation values has been used. The step length for 

Fig. 6. D2D power variation impacts on Vth for approximate adders for various NAB values (Nominal and PV Aware).  

Fig. 7. D2D delay variation impacts on Vth for approximate adders for various NAB values (Nominal and PV Aware).  
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VthL is 0.001v and for VddL 0.01v. Also, the limitation of not using a 
level converter is being considered. The values of VddH and VthH are 
0.9v and 0.16v, respectively (typical values for 32 nm technology). 
Table 7 shows the extracted values of VthL and VddL for each adder for 
NAB4, which are the best trade-off between performance and vari
ability. Having too many supply voltage levels and technologies with 
many threshold voltages is not practical, and therefore in our proposed 
method only two supply and two threshold voltages have been consid
ered. According to results we have obtained in Table 7, these two levels 
are: VddH  = 0.9v, VddL  = 0.8v, VthH  = 0.16v and VthL  = 0.15v. In 
Table 7, the relative performance of 8-bit approximate adders with 
NAB4 for PV Aware compared to the Nominal method is presented. 
According to this table, the PV Aware method reduces power and PDP 
and increases delay. For example, the use of PV Aware in AFA4 reduces 
power and PDP by 5% and 4%, respectively, and increases delay by 1% 
compared to the Nominal method. 

According to Figs. 6–8 in the PV Aware method, with increasing 
NAB, the amount of power and PDP variations of the approximate ad
ders decrease, whereas the delay variation increases. The delay variation 
is negligible compared to reduced power and PDP variations. According 
to Fig. 6 in the PV Aware method, the lowest power variations belong to 
AFA2, AMA2 and VAFA by 48.54%, 48.9% and 49.81%, respectively. 
The highest power variations are in AFA5 and TGA2 by 57.08% and 
55.65%, respectively. According to Fig. 7 in the PV Aware method, the 
delay variations of various approximate adders except VAFA and NFAx 

are very close, with the least delay variations being for AFA5, LOA, 
AFA4 and AMA3 with 26.7%, 26.75%, 26.84% and 26.95%, respec
tively. The highest delay variation is for NFAx with 32.71%. According 
to Fig. 8 in the PV Aware method, the least variations of PDP belong to 
AFA4, AFA2, AFA3 and AMA2 by about 38.68%, 39.17%, 39.61% and 
39.86%, respectively. The highest variations of PDP belong to TGA2 and 
NFAx by about 43.1% and 42.95%, respectively. The percentages re
ported here are the average variation of NAB1 to NAB4. According to the 
results of Table 7 and Figs. 6–8, the PV Aware method has reduced 
power, PDP, power variation, and PDP variation compared to the 
Nominal method and increased delay and delay variation very slightly. 

5. Imprecision-tolerant real application simulation results 

Image Sharpening application has been used to evaluate the 
approximate full adders. To produce a sharp image, Eq. (12) in Image 
Sharpening application has been employed. In this equation I and O are 
input and output images, respectively and Mask is a 5*5 matrix as in Eq. 
(13). Image Sharpening algorithm consists of multipliers, adders, di
viders, and subtractors, where most of the runtime belongs to multi
plication and addition. To produce an output pixel in this algorithm, 26 
multiplications, 25 additions, 1 division and 1 subtraction are needed 
[29,30]. Therefore, as there is a great number of multiplications and 
additions in this algorithm, approximate full adders have been used in 
the structure of multipliers and adders. As the maximum values for an 
image pixel and in the Mask Matrix are 255 and 41, respectively, an 8*6 
approximate array multiplier as well as a 14-bit RCA approximate adder 
have been used to implement this application. All approximate full ad
ders discussed in this paper have been employed to implement multiple 
approximate multipliers and adders, which are used in Image Sharp
ening application. Five 256*256 images are applied as input to this 
application. These images include Lena, Cameraman, Baboon, House 
and Rice shown in Fig. 9. 
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Fig. 8. D2D PDP variation impacts on Vth for approximate adders for various NAB values (Nominal and PV Aware).  

Table 7 
Average power, delay, and PDP of approximate adders in PV Aware method 
relative to Nominal method for NAB4.   

Voltage (V) Relative 

Adders VddL VthL Power Delay PDP 

AMA1 0.80 0.149 0.93 1.03 0.96 
AMA2 0.81 0.150 0.94 1.05 0.99 
AMA3 0.80 0.149 0.95 1.02 0.97 
VAFA 0.78 0.152 0.87 1.09 0.96 
NFAx 0.80 0.151 0.95 1.04 0.99 
TGA2 0.81 0.149 0.97 1.01 0.98 
LOA 0.80 0.149 0.97 1.01 0.98 
AFA1 0.81 0.149 0.96 1.02 0.98 
AFA2 0.80 0.150 0.94 1.06 0.99 
AFA3 0.80 0.149 0.94 1.02 0.96 
AFA4 0.80 0.150 0.95 1.01 0.96 
AFA5 0.82 0.147 0.99 1.01 0.99 
AFA6 0.80 0.149 0.94 1.03 0.96  
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5.1. Adders performance and variability evaluation with image processing 
application 

First the Sharpening image processing application has been imple
mented in HSPICE and to evaluate the performance and variability of 
this algorithm, a special configuration (Config1) has been considered. In 
this configuration for the multiplier structure, except for P0 output 
which is produced by a two-input AND gate, P1 to P6 outputs are pro
duced by approximate full adders, and P7 to P13 outputs by exact full 
adders. For the adder, a 14-bit approximate adder has been used, where 
the 7-bit LSBs are approximate. Five 256*256 images have been applied 
as the application input. Also a python-based tool has been developed 
which takes input images and Mask coefficients matrix, and transforms 
them to correct input HSPICE pulses. For every output pixel, input pixels 
and Vth variations are applied to HSPICE by considering Monte Carlo 
simulations. Finally, based on the results the tool extracts power, delay, 
PDP and variation effects for the Nominal and PV Aware modes for each 
image. At the end for an entire image the average power, the maximum 
delay and average PDP are obtained. In Table 8 for the configuration 1 
and 5 different images, we have normalized the values of the average 
power, maximum delay and average PDP, related to CMA. In this table, 
the values of performance were presented first with the Nominal mode 
and second with the PV Aware mode. 

Based on Table 8, the highest power reduction is obtained first for 
LOA and then for AFA5. In terms of PDP and delay, the highest reduction 
belongs first to AFA5 and then to LOA, although with PV Aware mode 
AFA4 comes second and LOA third in delay reduction. The reason in 
Table 8 the best performance belongs to AFA5 and LOA is in these 
structure the carry out does not depend on carry in. The carry out is 
generated by an AND gate of inputs A and B, which do not have any 
dependency on Cin, and thus in array multipliers and RCA adders the 
carry chain is significantly reduced. On the other hand, to produce Sum, 
OR2 and NAND2 gates have been simply used which compared to other 
approximate full adders consume less power. 

To evaluate the effects of D2D Vth process variation on this appli
cation, 1024-point Monte Carlo simulation in 32 nm technology has 
been performed. The variation of Vth relative to its nominal value is 20% 
based on a Gaussian distribution. The average variation of all input 
scenarios is considered as the final variation. Fig. 10 illustrates the im
pacts of variability on power, delay and PDP for Sharpening application 
for the Nominal and PV Aware modes. To obtain results for Fig. 10, using 
the python code, image pixels are given to HSPICE simulator and a 
Monte Carlo simulation is performed, and based on Eqs. (8)–(11) 
sensitivity to variations are calculated. 

According to Fig. 10 for Sharpening, the lowest power Cv in the 
Nominal mode belongs to AMA1 and AMA2 by 48.89% and 49.98%, 
respectively, and the highest is for VAFA with 58.78%. The lowest power 
Cv in the PV Aware mode relates to AFA6 and AMA2 by 41.16% and 
41.38%, respectively. The lowest delay Cv in the Nominal mode belongs 
to AMA2 and AFA5 by 26.06% and 26.10%, respectively, and the 
highest is for TGA2 with 29.73%. The lowest delay Cv in the PV Aware 
mode relates to AMA2 and AFA6 by 27.07% and 27.53%, respectively, 
and the highest is for TGA2 with 31.82%. The lowest PDP Cv in the 
Nominal mode belongs to AFA5 and AFA1 by 28.80% and 31.76%, 
respectively, and the highest is for VAFA with 43.76%. The lowest delay 
Cv in the PV Aware mode relates to AFA4 and AMA1 by 23.64% and 
24.00%, respectively, and the highest is for VAFA with 33.99%. Based 
on Fig. 10, PV Aware method causes the delay variation to increase by 
1.7%, and the PDP variation to decrease by 6.4% on average. 

5.2. Approximate adder error evaluation with image processing 
application 

In image processing algorithms, such as Sharpening, some of the 
most important parameters used to compare different methods are 
PSNR, MSE and MSSIM [42], are explained as follows: 

Mean Square Error (MSE): 

MSE =
1

n× m

∑m

i=1

∑n

j=1

(
Pi,j − P̂i,j

)2
(14)  

Peak Signal to Noise Ratio (PSNR): 

PSNR = 10Log
2552

MSE
(15)  

Mean Structural SIMilarity Index (MSSIM): 

MSSIM =
1

n× m

∑m

i=1

∑n

j=1
SSIM

(

Pi,j, P̂i,j

)

(16)  

In the above equations, Pi,j expresses the exact pixel value in the ith row 
and jth column of the produced exact image; whereas P̂i,j expresses the 
approximate pixel value in the ith row and jth column of the produced 
approximate image. m and n are the size of row and column of the 
image, respectively. Detailed description of the above parameters (Eqs. 
(14)–(16)) has been given in [42]. 

In order to compare approximate full adders’ error with each other, 
Sharpening application is implemented in MATLAB and to evaluate the 

Fig. 9. Input images for Sharpening application.  

Table 8 
Average Power and PDP and Maximum Delay of five different images in 
Sharpening application for Config1.   

Relative to CMA 

Sharpening Nominal PV Aware  

Power Delay PDP Power Delay PDP 

AMA1 0.845 0.849 0.823 0.822 0.892 0.794§  

AMA2 0.771 0.904§  0.756 0.718 0.989§  0.714 

AMA3 0.741 0.831 0.726 0.685 0.906 0.715 
VAFA 0.864§  0.836 0.843§  0.762 0.953 0.742 

NFAx 0.748 0.877 0.697 0.719 0.931 0.676 
TGA2 0.836 0.813 0.827 0.761 0.843 0.783 
LOA 0.676† 0.711‡ 0.662‡ 0.629† 0.720 0.627‡

AFA1 0.694 0.804 0.676 0.652 0.867 0.647 
AFA2 0.777 0.903 0.732 0.737 0.976 0.701 
AFA3 0.760 0.870 0.696 0.746 0.935 0.680 
AFA4 0.830 0.715 0.793 0.803 0.717‡ 0.764 

AFA5 0.682‡ 0.679† 0.636† 0.640‡ 0.689† 0.607†

AFA6 0.850 0.808 0.816 0.825§  0.860 0.782  
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precision of this algorithm, two different configurations have been 
considered. In the first configuration (Config1) for the multiplier 
structure, except for P0 output which is produced by a two-input AND 
gate, P1 to P6 outputs are produced by approximate full adders, and P7 
to P13 outputs by exact full adders. For the adder, we have used a 14-bit 
approximate adder, where the 7-bit LSBs are approximate. In the second 
configuration (Config2) for the multiplier structure, except for P0 which 
is produced by a two-input AND gate, P1 to P5 are produced by 
approximate full adders, and P6 to P13 by exact full adders. For the 
adder, we have used a 14-bit approximate adder, where the 6-bit LSBs 
are approximate. For input, we also give five images of 256*256 for this 
application, and we present the average value of PSNR and MSSIM for 
config1 and config2 in Table 9. 

According to results shown in Table 9, for both configurations 1 and 
2, AFA6 has the largest PNSR and MSSIM values, where AMA1 comes 
next. Also, the least PSNR belongs to AMA3. In terms of MSSIM, in the 
first and the second configurations NFAx and AMA3 are the worst, 
respectively. Based on Table 9, the approximate full adders LOA and 
AFA5 occupy the third and fourth places in terms of PSNR and MSSIM 
parameters. These full adders have simple structures with lower delay 
and power compared to other full adders and have shown better effi
ciency in the above application. 

6. Conclusion 

In this paper, three new approximate full adders (AFA4, AFA5, 
AFA6) have been proposed, and the effects of D2D Vth process variation 
on all approximate full adders have been evaluated. A variation-aware 
approach has been proposed which allows to best fit an approximate 
full adder by slightly increasing the delay, and reducing power and 
sensitivity to variations. According to the simulation results, when using 
approximate full adders in the RCA structure, AFA4 has the best per
formance in terms of PAN, whereas AFA6 is ranked second. For different 
NABs, AFA4 reduces PAN by about 73% to 82% compared to the worst 
approximate full adder. The lowest power, delay, and PDP in the 
approximate adders belong to AFA5 and for NAB4 compared to the 
worst approximate adder it reduces power, delay, and PDP by 49.27%, 
21.27%, and 57.55%, respectively. In Sharpening application for five 
different images, the average PSNR for different configurations is the 
highest for AFA6, and the lowest for AMA3. In an approximate full adder 
design, which is obtained by introducing some errors to its truth table, 
when MRED parameter is important for the designer, there must not be 
any error at the output for small inputs such as ABCin = 000,001; 

otherwise the error value compared to that of a precise output becomes 
significant. For instance, for the same reason AMA3 and NFAx are not 
efficient in terms of PSNR for image processing applications. Also, it is 
recommended that for variation effects, transmission gates and XOR or 
XNOR gates not be used when possible, as they are sensitive to vari
ability. For example, VAFA and TGA2 are the most sensitive to vari
ability. Consequently, the trade-off between performance, accuracy, and 
variability is the best for AFA4 and AFA6 compared to the existing 
approximate full adders. 
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Fig. 10. Sharpening Power, Delay and PDP variations in the Nominal, PV Aware modes for Config1.  

Table 9 
Average PSNR and MSSIM of five different images in Sharpening application for 
Config1 and Config2.   

Config1 Config2 

Sharpening PSNR(dB) MSSIM PSNR(dB) MSSIM 

AMA1 31.84‡ 0.9573‡ 36.34‡ 0.9842‡

AMA2 25.59 0.8525 28.03 0.9200 
AMA3 21.97§  0.7400 24.34§  0.8366§  

VAFA 23.42 0.8289 25.40 0.8822 
NFAx 22.09 0.7355§  24.75 0.8473 

TGA2 22.26 0.7479 25.39 0.8647 
LOA 31.83 0.9547 33.11 0.9666 
AFA1 25.60 0.8526 28.03 0.9200 
AFA2 24.83 0.8536 27.76 0.9153 
AFA3 25.79 0.8825 28.44 0.9268 
AFA4 27.72 0.9160 31.17 0.9558 
AFA5 29.83 0.9371 31.46 0.9611 
AFA6 33.21† 0.9687† 36.81† 0.9847†
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