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Abstract—Approximate computing is an efficient approach for
error-tolerant applications because it can trade off accuracy for
power. Addition is a key fundamental function for these
applications. In this paper, we proposed a low-power yet high-
speed accuracy-configurable adder that also maintains a small
design area. The proposed adder is based on the conventional
carry look-ahead adder, and its configurability of accuracy is
realized by masking the carry propagation at runtime. Compared
with the conventional carry look-ahead adder, with only 14.5%
area overhead, the proposed 16-bit adder reduced power
consumption by 42.7%, and critical path delay by 56.9% most
according to the accuracy configuration settings, respectivefy.
Furthermore, compared with other previously studied adders, the
experimental results demonstrate that the proposed adder
achieved the original purpose of optimizing both power and speed
simultaneously without reducing the accuracy.
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INTRODUCTION

Applications that have recently emerged (such as image
recognition and synthesis, digital signal processing, which is
computationally demanding, and wearable devices, which
require battery power) have created challenges relative to power
consumption. Addition is a fundamental arithmetic function for
these applications [1] [2]. Most of these applications have an
inherent tolerance for insignificant inaccuracies. By exploiting
the inherent tolerance feature, approximate computing can be
adopted for a tradeoff between accuracy and power. At present,
this tradeoff plays a significant role in such application domains
[3]. As computation quality requirements of an application may
vary significantly at runtime, it is preferable to design quality-
configurable systems that are able to tradeoff computation
quality and computational effort according to application
requirements [4] [5]. The previous proposals for configurability
suffer the cost of the increase in power [5] or in delay [12]. In
order to benefit such application, a low-power and high-speed
adder for configurable approximation is strongly required.

In this paper, we propose a configurable approximate adder,
which consumes lesser power than [5] does with a comparable
delay and area. In addition, the delay observed with the proposed
adder is much smaller than that of [12] with a comparable power
consumption. Our primary contribution is that, to achieve
accuracy configurability the proposed adder achieved the
optimization of power and delay simultaneously and with no
bias toward either. We implemented the proposed adder, the
conventional carry look-ahead adder (CLA), and the ripple
carry adder (RCA) in Verilog HDL using a 45-nm library. Then
we evaluated the power consumption, critical path delay,

and design area for each of these implementations. Compared
with the conventional CLA, with 1.95% mean relative error
distance (MRED), the proposed adder reduced power
consumption and critical path delay by 42.7% and 56.9%,
respectively. We provided a crosswise comparison to
demonstrate the superiority of the proposed adder. Moreover,
we implemented two previously studied configurable adders to
evaluate power consumption, critical path delay, design area,
and accuracy. We also evaluated the quality of these accuracy-
configurable adders in a real image processing application.

RELATED WORK

Gupta et al. [6] discussed how to simplify the complexity of
a conventional mirror adder cell at the transistor level. Mahdiani
et al. [7] proposed a lower-part-OR adder, which utilizes OR
gates for addition of the lower bits and precise adders for
addition of the upper bits. Venkatesan et al. [8] proposed to
construct an equivalent untimed circuit that represents the
behavior of an approximate circuit. The above static
approximate designs [6-8] with fixed accuracy may fail to meet
the quality requirements of applications or result in wastage of
power when high quality is not required.

Kahng et al. [4] proposed an accuracy-configurable adder
(ACA), which is based on a pipeline structure. The correction
scheme of the ACA proceeds from stage 1 to stage 4, if the most
significant bits of the results are required to be correct, all the
four stages should be performed. Motivated by the above, Ye et
al. [5] proposed an accuracy gracefully-degrading adder (GDA)
which allows the accurate and approximate sums of its sub
adders to be selected at any time. Similar to [5], our adder
proposed in this paper does not consider a pipeline structure
either. To generate outputs with different levels of computation
accuracy and to obtain the configurability of accuracy, some
multiplexers and additional logic blocks are required in [5].
However, the additional logic blocks require more area.
Furthermore, these blocks will cause power wastage when their
outputs are not used to generate a sum. This problem was
addressed by [12] based on a low-power configurable adder that
generates an approximate sum by using OR gates. Similar to
[12], the proposed adder also uses OR gates to generate an
approximate sum, but [12] focuses on only power consumption
and its delay is large. Thus, it may fail to meet the speed
requirement of an application.

I1. PROPOSED ACCURACY-CONFIGURABLE ADDER

Typically, a CLA consists of three parts: (1) half adders for
carry generation (G) and propagation (P) signals preparation,
(2) carry look-ahead units for carry generation, and (3) XOR
gates for sum generation. We focus on the half adders for G and
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P signals preparation in part 1. Consider an n-bit CLA; each part
of it can be obtained as follows:

Pi = Ai®Bi, Gi=Ai-B;, 1)
Ci =Gi+ Pi- Ci-q, )
Si=Pi®Cy_ . ©)

1

where i is denoted the bit position from the least significant bit.
Note that owing to reuse of the circuit of Ai XOR B; for S;
generation, here P; is defined as Aj XOR B; instead of A; OR B;.
Because Cois equal to Go, if Gois 0, Cowill be 0. From (2), we
find that C; is equal to G; when Cy is 0. In other words, if Go and
Gy are equal to 0, Coand C; will be 0. By expanding the above
to i, Ciwill be 0 when Gg, Gy, ..., Gjare all 0. This means that
the carry propagation from Co to C; is masked. From (3), we can
obtain that S;is equal to Piwhen Ci.1is 0.

From the perspective of approximate computing, if G is
controllable and can be controlled to be 0, the carry propagation
will be masked and S (=P) can be considered as an approximate
sum. In other words, we can obtain the selectivity of S between
the accurate and approximate sum if we can control G to be A
AND B or 0. Evidently, we can achieve selectivity by adding a
select signal. Figure 1(a) is a conventional half adder and Fig.
1(b) is a half adder to which the select signal has been added.
Compared with the conventional half adder, we add a signal
named “M_X” as the select signal and use a 3-input AND gate
to replace the 2-input one. When M_X = 1, the function of Gis
the same as that of a conventional half adder; when M_X =0, G
is equal to 0.

Consider the condition when the inputs A; and B; are both 1,
when M_X; = 1, the accurate sum S; and carry C; will be 0 and 1
({Ci, Si} ={1,0}); when M_Xo , M_Xj, ..., M Xjare all 0, S
is equal to P; (= Aj XOR B; = 0) as an approximate sum and Ci;is
equal to 0 ({Ci, S;} = {0, 0}) as discussed above. Here {,}
denotes concatenation. This means that the difference between
the accurate and approximate sum is 2. Toward better accuracy
results for the approximate sum, we use an OR function instead
of an XOR function for P generation when M_X = 0. Thus, the
difference will be reduced to 1. A 2-input XOR gate can be
implemented by using a 2-input NAND gate, a 2-input OR gate,
and a 2-input AND gate. An equivalent circuit of the
conventional half adder is shown in Fig. 2. This is called a carry-
maskable half adder (CMHA). The dashed frame represents the
equivalent circuit of a 2-input XOR (M_X = 1). We can obtain
the following: P is equal to A XOR B, and G is equal to A AND
B when M_X =1; when M_X =0, P is equal to A OR B and G

is 0. Thus, M_X can be considered as a carry mask signal.

4-bit CLA unit 4
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Fig. 1. (a) An accurate half adder, and (b) a half adder with a select signal.
Fig. 4. Structure of the proposed 16-bit adder.

@

Consider an n-bit CLA, whose half adders for G and P
signals preparation are replaced by CMHAs. In this case, an n-
bit carry mask signal for each CMHA is required. To simplify
the structure for masking carry propagation, we group four
CMHASs and use a 1-bit mask signal to mask the carry

propagation of the CMHAs in each group. The structure of a group
with four CMHAs is shown in Fig. 3 as an example. Aa.

0, Bs-o, P30, and Ga.o are 4-bit-length signals and represent {As,
Az, A, Ao}, {B3, B», By, Bo}, {Ps, P2, P1, Po}, and {Gs, Gy, Gy,
Gao,}, respectively. M_Xois a 1-bit signal and is connected to the
four CMHAs to mask the carry propagation simultaneously.
When M_Xo =1, P3o= A3.0XOR Bs., and Gs.o= Az.0AND Bs.o;
when M_Xo = 0, P39 = Aszo OR Bg.o, and Gs3o =0. We
proposed an accuracy-configurable adder by using CMHAs to
mask the carry propagation.

Sy HRD

Fig. 2. A carry-maskable half adder.
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Fig. 3. Structure of a group with four CMHAs.
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The structure of the proposed 16-bit adder is shown in Fig. 4
as an example. Four groups (CMHA30, CMHA7.4, CMHA11. 3,
and CMHAs.12) are used to prepare the P and G signals. Each
group comprises four CMHAs There is no mask signal for
CMHAu5.12 in this example; therefore, accurate Pis.12 (= Aisae
XOR 815.12) and Gis.12 (: Ais.12 AND Bl5.12) are always
obtained. Pis.o and Giso are the outputs from Part 1 and are
connected to Part 2. Note that Pis. is also connected to Part 3
for sum generation. In Part 2, four 4-bit carry look-ahead units
(unit 0, 1, 2, 3) generate four PGs (PGo, PG1, PGy, and PGs),
four GGs (GGo, GG1, GGy, and GGs3), and 12 carries (Cz-o, Ce- 4,
Cio-8, and Cis-12) first, and then the carry look-ahead unit 4
generates the remaining four carries (Cs, C7, Ci11, and Cis) by
using the PGs and GGs. Ciso is the output of Part 2 and is
connected to Part 3. The fifteen 2-input XOR gates in Part 3
generate the sum.

EXPERIMENTAL RESULTS

Experimental Setup

To clarify the contributions to the power and delay of the
proposed adder, we implement and evaluate the proposed adder,
the conventional CLA and RCA, the previously studied
configurable adder GDA [5], and [12]. All these adders are 16-
bit. The bit-length of the sub adder units in GDA is set to be four
bits. The number of carry-in prediction bits in GDA is set to be
0, 4, 8, and 12 bits. The proposed adder and adder [12] also
separate 16 bits to four 4-bit-length groups; therefore, the
configuration settings of the proposed adder, adder [12], and
GDA are the same. The different configuration settings of these
adders are referredtoas A_1, A_2, A 3, A 4 (for the proposed
adder), B_1,B_2,B_3, B_4 (for adder [12]), and GDA1, GDA2,
GDA3, GDA4 (for GDA), respectively. For example, A 1
means that the carry propagations of CMHA3,, CMHA7.4, and
CMHA15 are masked (M_Xo = M_X; = M_X; = 0). Similar
considerations apply to adder [12] (B_1,B 2, B_3,and B_4).

All adders were coded using Verilog HDL. The Synopsys
VCS was used to evaluate the numerical outputs of all the adders
with one million randomly-generated input patterns to these
adders, and generate value change dump (VCD) files to evaluate
the power consumption precisely. The Synopsys Design
Compiler was used to synthesize the adders with the NanGate
45nm Open Cell Library [9]. The power consumption was
evaluated at a frequency of 0.5 GHz. All the designs were
synthesized and optimized with default compile options using
the typical conditions of libraries. The Synopsys Power
Compiler was used to estimate the power consumption from the
switching activity interchange format files that were generated
from the VVCD files.

Power, Delay, and Area Results

The comparison results for the adders are shown in Fig. 5,
where the y-axis is the percentage of each adder from the
conventional CLA. Smaller values represent better results. The
values of the conventional CLA are considered to be 100%. The
x-axis is the names of the evaluated adders. The two bars (left to
right) in each adder show the percentages of power and delay.

Among the configurable adders, adder [12] delivers the best
results for power consumption The power consumption with
B_1listhe lowestamong all the adders. The delays observed with

B_3 and B_4 are much larger than those of the proposed adder
and GDA in the same configurable setting. This demonstrates
that adder [12] is very effective with regard to power
consumption, but it does not work well to reduce delay.
Although the delay of GDAL1 is larger than those of the proposed
adder and adder [12], GDA delivers unmistakably good results
with regard to delay as a whole. Unfortunately, GDA involves
the largest power consumption among all the adders.

As can be seen, the heights of the two bars in Fig. 5 are close;
this means that the proposed adder delivers a balance between
power consumption and delay. Compared with GDA in each
configuration setting, the power consumption of the proposed
adder is much smaller than that of GDA. Furthermore, the delays
of A_land A 2 are also smaller than those of GDA1 and GDA2,
respectively. The power consumption of A_4 is 41.2% smaller
than that of GDA4, and the delay of A 4 is 12.9% larger than
that of GDA4. Compared with adder [12] in each configuration
setting, although the power consumption of the proposed adder
is slightly larger than that of adder [12], its delay is much smaller
than that of adder [12]. For example, the delays of A_3 and A_4
are 35.1% and 60.0% smaller than those of B_3 and B_4,
respectively.
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The power-delay product (PDP) is proposed to evaluate
approximate arithmetic circuits [2]. The results of PDP for these
adders are shown in Fig. 6 for a better overview of the circuit
characteristics. The circles, rectangles, and triangles represent
the proposed adder, adder [12], and GDA, respectively. Smaller
values represent better results in energy savings. A_3 and A_4
deliver the best results among the configurable adders in their
configuration settings, especially the PDP of A_4, which is
about 72% of those of B_4 and GDA4. Although the PDP values
of A_1 and A_2 are slightly larger than those of B_1 and B_2,
respectively, they are much smaller than those of GDAL and
GDAZ2. This also demonstrates that our purpose of optimizing
both power and delay has been achieved. Obviously,
proposed adder delivers great improvements in energy,
particularly when an accurate sum is required.

Table I shows a comparison of the design area results, in
square microns. Note that the accuracy configuration setting
does not have any effect on the design area of the configurable
adders. The area of the proposed adder is 72% of that of GDA.
Adder [12] is the smallest among the configurable adders.

. Accuracy Results

The error distance (ED) and mean ED (MED) are proposed
to evaluate the performance of approximate arithmetic circuits
[10]. ED is defined as the arithmetic difference between the
accurate sum (S) and the approximate sum (S'): ED = | S - S/
MED is the average of the EDs for a set of outputs. The relative
error distance (RED) is the ED divided by the accurate output,
that is, RED = |S - S'|/S, and MRED is the average of the REDs
which can be obtained in a manner similar to how MED is
calculated. The error rate (ER) is the percentage of inaccurate
outputs among all outputs generated from all combinations of
inputs. These three metrics (i.e., MED, MRED, and ER) are used
to evaluate the adders.

Table Il compares the accuracy results. Because both the
proposed adder and adder [12] mask the carry propagation\{b
achieve an approximate sum by an OR function, all the three
metrics of the proposed adder (A_1, A 2, A 3, and A 4) and
adder [12] (B_1, B 2, B_3, and B_4) in the configuration
settings are the same, respectively. Both MED and MRED of the
proposed adder and adder [12] are smaller than those of GDA in
each setting of the configuration. Note that there are no errors in
A_4,B_4 and GDA4; therefore, the results of all the metrics are
0.00. Although the ER values of the proposed adder and adder
[12] are larger than that of GDA in each accuracy configuration
setting, their MED and MRED values are about 50% of GDA.
The accuracy comparison results of the adders demonstrate that
the proposed adder achieved an unbiased, optimized result
between power anddelay without reducing the accuracy.

TABLE II. ACCURACY COMPARISON.

MED MRED (10%) | ER (%)
A 1,B_1 | 1012.62 195.14 95.95
A 2,B_2 58.38 10.38 88.36
A 3,B 3 3.72 0.79 68.15
GDAL 2022.95 388.69 83.08
GDA2 116.81 2053 558
GDA3 6.59 1.62 0.16

TABLE IIl. PSNR RESULTS OF CONFIGURABLE ADDERS, INDB.
A1, JA 2, A_3,
No. B1 [B2 B 3 GDA1 |GDA2 |GDA3
1 [7.79 27.01 |49.60 | 7.45 | 25.86 (40.58
2 18.88 27.83 |51.49 | 832 | 27.90 141.86
3 [12.11 | 28.44 |51.38 | 11.05 | 25.44 142.15
4 .62 27.79 5168 | 879 | 26.61 (40.18
5 [11.20 |27.35 |49.67 | 10.34 | 26.12 (40.09
6 [8.88 27.24 149.60 | 8.43 | 24.93 [39.45

IMAGE PROCESSING

In this section, the evaluation of an image processing
application with the proposed adder is described. An image
sharpening algorithm [11] that is popular for the evaluation of
approximate adders was used. Six images collected from the
Internet were utilized. These were 512 x 512, 8-bit grayscale
bitmap images. Only the additions were replaced by the adders;
all the other operations (multiplication, subtraction, and
division) were accurate. The processed image quality was
measured using the peak signal-to-noise ratio (PSNR). This
method is usually used to measure the quality of reconstructive
processes that involve information loss.

Table 111 gives the PSNR results of these configurable adders
in dB. Larger values represent better quality images. As can be
seen, all the PSNR values of the proposed adder as well as adder
[12] are larger than those of GDA in the same configuration
setting. The PSNR results demonstrate that our proposed adder
and adder [12] deliver better quality images than GDA. This
shows that the proposed adder and adder [12] deliver better
accuracy than GDA again. A_4, B_4 and GDA4 are accurate,
and there are no PSNR results corresponding to these
configurations.

CONCLUSION

In this paper, an accuracy-configurable adder without
suffering the cost of the increase in power or in delay for
configurability was proposed. The proposed adder is based on
the conventional CLA, and its configurability of accuracy is
realized by masking the carry propagation at runtime. The
experimental results demonstrate that the proposed adder
delivers significant power savings and speedup with a small
area overhead than those of the conventional CLA.
Furthermore, compared with previously studied configurable
adders, the experimental results demonstrate that the proposed
adder achieves the original purpose of delivering an unbiased
optimized result between power and delay without sacrificing
accuracy. It was also found that the quality requirements of the
evaluated application were not compromised.
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