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ABSTRACT- Approximate computing has extensively been adopted as a fault-tolerant method to achieve energy-efficient
designs in image processing. This paper introduces a novel, integrated approximate approach for implementing runtime-based
voltage over scaling (VOS) at both the circuit and algorithmic levels, specifically for approximate discrete cosine transform (ADCT)
and zigzag low-complexity approximate DCT (ZLCADCT) in image compression. In the proposed VOS scheme, the supply voltage
of exact and approximate adder cells is reduced below the nominal level, causing the output delay to surpass the worst-case delay
and generating errors in addition, while lowering energy consumption. A mathematical model applicable to both exact and
approximate adder cells using VOS is first presented. The results from this model align closely with simulation outcomes, validating
its accuracy. Subsequently, an exhaustive simulation of 4-bit and 8-bit subtraction, followed by ADCT and ZLCADCT, is conducted
using VOS. The error rate (ER) normalized mean error distance (NMED) and mean relative error distance (MRED) for the subtractor
with approximate cells are significantly lower than those for the subtractor with exact cells under VOS conditions. In ADCT,
approximate full adders can operate at lower supply voltages (around 0.77V) than exact full adders (around 0.83V) without a
significant loss in Peak Signal-to-Noise Ratio (PSNR). As the number of approximate bits (NAB) increases, the total energy
dissipation of ADCT decreases by 33.2%, with an additional 20% reduction achieved through the application of ZLCADCT with
VOS.
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algorithmic noise tolerance (ANT) and algorithmic noise
tolerance (ANT) [27].

The VOS technique is introduced as an energy-efficient method
by lowering the supply voltage of circuits to reduce energy
dissipation [27]. At the same time, it increases the delay beyond
the worst-case delay, which can result in errors in the
outputs[11]. In [11], VOS is initially applied to an approximate
adder cell to achieve optimized approximation. Exact full adder
(ExactFA)/approximate mirror adder 1 (AMAL1) cells from [28]
at various feature sizes are simulated and analyzed in detail in
[11] wusing the VOS technique. The energy-efficient
approximation is achieved at runtime by applying VOS to the
approximate full adder; the approximation level (number of
errors) in a given full adder circuit can be adjusted by
controlling the supply voltage, without reconfiguring the design
or adding extra circuits. In [11], the process variations in
transistors—particularly gate length and input frequency—are
evaluated in terms of their effects using VOS, a voltage over
scaled Ripple Carry Adder (RCA). The application of addition
between two images is also performed. The results show that
the energy dissipation of both adder cells decreases

Publisher’s Note: FOREX Publication stays neutral with regard to
jurisdictional claims in Published maps and institutional affiliations.

1, INTRODUCTION

Approximate computing has been extensively used in error-
resilient design to enhance energy efficiency by reducing circuit
complexity and enabling circuits to deliver acceptable errors
(approximation)[1-3]. Typically, approximate computing
techniques have been applied in image processing at the
algorithmic, logic, or circuit levels, without support for on-the-
fly or runtime adjustments of the approximation [4,5]. At the
circuit level, the primary approach is to reduce the number of
transistors per adder cell, resulting in tolerable errors while
lowering energy consumption and area [6-9]. Additionally,

techniques such as voltage over scaling (VOS) [10-13], [39-41]
and frequency scaling [14,15] are proposed to reduce energy
dissipation and boost throughput in adder circuits. At the logic
level, efforts focus on simplifying multi-bit adders and
multipliers [16,18] and on enhancing their parallelism [19-21].
At the algorithmic level, research primarily focuses on the
approximate discrete cosine transform (ADCT) [22-26] and

significantly as the supply voltage is lowered. An approximate
adder cell, compared to the exact adder cell, reduces energy
dissipation by 30% at maximum approximation.

In the present manuscript, compared with [11], a substantial
amount of new work is presented to further investigate the VOS
technique for exact/approximate adder cells. In the present
manuscript;
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* A theoretical framework using mathematical modelling of
VOS for exact/approximate adder cells is proposed. The results
of the developed mathematical models are validated against
simulation results, and they are found to be in close agreement.
» The 4-bit and 8-bit subtraction operations using VOS are
exhaustively assessed in terms of their ER, NMED and MRED
values. The results show that the ER, NMED, and MRED for
the approximate adder cell (AMAIl)-based subtractor are
significantly lower than those of the exact full adder-based
subtractor by using the VOS technique. The AMAI1-based
subtractor can sustain a much lower supply voltage (0.69V) at
the maximum ER value than the exact full adder-based
subtractor (0.92V).

* VOS on exact/approximate adder cells is finally applied to
real-time applications of image compression techniques, such
as approximate DCT(ADCT) and zigzag low-complexity
approximate DCT (ZLCADCT) at the algorithmic level to
realize a runtime-based approximate computing technique for
image compression. Exact/approximate full adders-based
RCAs and subtractor are applied to the addition and subtraction
operations in ADCT and ZLCADCT. ZLCADCT is proposed
in [23] as a deterministic technique that accurately configures
the size of the transform matrix (T) according to the number of
retained coefficients in the zigzag scanning process. When
compared with ADCT, ZLCADCT decreases the number of
addition operations and the energy consumption while retaining
the PSNR of the compressed image[23]. In this paper,
ZLCADCT using VOS is applied to further reduce the energy
dissipation of voltage-over-scaled ADCTs. The results show
that for both ADCT and ZLCADCT, an approximate full adder
can sustain a significantly lower supply voltage than an exact
full adder without a significant decrease in PSNR. Also,
independent of the type of adder cells, the total energy
dissipation for voltage over scaled ZLCADCT is lower than that
for voltage over scaled ADCT, while maintaining the same
PSNR.

In this paper, VOS on exact/inexact full adder is initially
reviewed in section 2. Section 3 describes the mathematical
model for VOS. Section 4 presents the exhaustive simulation
results for exact/approximate full adder-based subtractor using
VOS technique. Section 5 presents the results about ADCT and
ZLCADCT using VOS. Section 6 concludes this paper.

2. REVIEW OF APPROXIMATE ADDERS

USING VOS

VOS is applied to an exact full adder (EaxctFA) and an
approximate mirror adder 1 (AMA1) in figure I at different
feature sizes of transistors (16nm, 22nm, 32nm, and 45nm) in
LTSPICE by using a low-power PTM model[29] for
performance evaluation in [11].

The simulation process of using VOS is described as follows.
All possible vectors (from 000 to 111) are applied as input
signal transitions on the three input ports (A, B and C) under
nominal input frequency. The initial values of eight vector cases
are chosen to vary the input voltage levels across all input ports,
so that the voltage levels of A, B, and C change for all cases.
The output threshold voltage (50% of the nominal supply
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voltage) is used as the determining level. If the output voltage
does not reach the determining level, errors are introduced. The
worst-case delay is evaluated when the first error appears at the
Sum or Carry outputs by applying all input vectors. Then, the
number of errors is recorded as the supply voltage is gradually
reduced beyond the nominal supply voltage.

Figure 2 shows the simulation results in [11] for a 32 nm exact
full adder and AMA1. The so-called effective error is defined
as the total number of errors on both Sum and Carry when all
possible input vectors are applied [11]. The number of errors
increases generally when the supply voltage decreases for both
the exact full adder and AMA1l. AMAI can sustain lower
supply voltage for the same number of errors when compared
with the exact full adder. The number of effective errors and
energy dissipation for different feature sizes (16nm, 22nm,
32nm, and 45nm) are also measured in [11] by using VOS. For
both the exact and approximate full adders, the supply voltage
can be scaled down to a lower level without introducing more
effective errors as the feature size decreases. The energy
dissipation also decreases as the supply voltage is reduced.
Approximate adder cell, when compared with the exact adder
cell, reduces 30% energy dissipation for the maximum
approximation. In addition, with VOS, the approximation of the
approximate adder cell can be varied from a minimum value to
a maximum value at runtime without incurring any additional
hardware, while saving the energy dissipation from 31.1% to
87% when compared with the exact adder cell.

VDD—

()

Figure 1. (1) Single bit mirror exact full adder circuit (ExactFA)
[31] and (2) single bit approximate mirror adder circuit (AMAT1) [28].
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Figure 2. The number of errors in Sum and Carry as well as
effective errors for exact full adder and AMAI at 32nm technology
node under VOS[11].

Moreover, the proposed method are further validated by
analyzing the effect of process variations (such as gate length,
input frequency) on applying VOS to the adder cell in [11]. The
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results show that, irrespective of the type of adder, the supply
voltage required for a given number of errors increases with
increasing input frequency/transistor gate length. When
applying VOS, the energy variation due to changes in gate
length for the approximate full adder is significantly lower than
that for the exact full adder. Then, VOS has been applied to 4-
bit and 8-bit RCAs for performance evaluation through
exhaustive simulation. The results show that the ER and NMED
for approximate mirror adder cell 1 (AMAL1)-based RCA is
significantly lower than exact full adder-based RCA by using
the VOS technique; 62% of energy saving is achieved by using
approximate adder-based RCA when compared with exact full
adder at the maximum ER level. The following metrics [30][11]
used to evaluate the voltage over scaled RCA.

Error Rate (ER): The proportion of inaccurate results for all
possible input cases.

Error Distance (ED): The absolute value of difference between
accurate results (R) and approximate results (R), i.e.,

D=|R-R| (M

Mean Error Distance (MED): The average ED value in the
outputs for all input cases.

Normalized Mean Error Distance (NMED): normalized value
of MED by the largest magnitude (R, ) in the output of exact
adder, i.e.

NMED = MED /Ry ©)

Mean Relative Error Distance (MRED): mean value of the
Relative Error Distance (RED) in the outputs for all input cases,
where RED is defined as:

RED = ED/R 3)
The proposed method is validated by applying it to image
addition using exact and approximate full adder-based RCAs
under VOS conditions. Results indicate that the approximate
circuit operates at a lower supply voltage and produces higher
image quality than the exact circuit, thanks to VOS techniques.
The subsequent sections include the mathematical modeling of
VOS. Additionally, the performance of subtractors with VOS is
assessed using metrics ER, NMED, and MRED. Finally, VOS
is applied to ADCT and ZLCADCT for further performance
evaluation.

3, MATHEMATICAL MODELLING

This section presents the mathematical modeling of voltage
over scaled full adder cells to confirm that the simulation results
of the exact full adder and AMA1 under VOS match the
theoretical framework results.

3.1. Equivalent full adder circuit

The equivalent full adder circuit proposed in [14] figure 3 is used
to design the proposed model. For the exact full adder and
AMAI1 shown in Figure I, PMOS and NMOS transistors are
assumed to be electrically identical with their widths at 2w and
w, respectively. Thus, when an equivalent circuit is applied, the
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equivalent width for the equivalent Carry circuit of the exact full
adder is 13w/3 and 13w/6 for PMOS and NMOS,
respectively. While the equivalent Sum circuit of the exact full
adder is 39w /6 for PMOS and 39w /12 for NMOSJ[14]. As for
AMAL, equivalent widths of the Carry circuit are 4w for PMOS
and 5w/2 for NMOS, while those of the Sum circuit are 22w /3
and 10w /3 for PMOS and NMOS, respectively.

T
s

Figure 3. Equivalent full adder circuit for exact full adder (ExactFA)
/AMAL cell [14].

In figure 3, v,(t), i,(t), v2(t) and Vpp represent the gate-
source voltage, output current, output voltage and supply
voltage respectively[14]. According to [32, 33], i,(t) can be
described in eq. (4) as a generic non-linear scalar function made
pull-up I (t) and pull-down I, (t) currents dependent on v, (t)

and v, (t) [14]. w; (vg (t)) (where j=H,L) describes nonlinear
characteristics of the up and down transitions by the step
input v, (t)[14, 33]. The nonlinear dynamic term
[j(v,(t),d/dt) represents the output voltage behavior (v,(t))
during either the pull-up or pull-down process [14, 33]; then eq.
(4) can be further expressed as eq. (35).

i2(6) = Iy (v5 (0, v2()) + 1 () (), v2(®))
=Wy (Vg (t)) iy (Uz (t)'%) +wy (Vg (t)) i (Uz ®), ) 4)

i (0, (1), d/dt) = Gi(v, () + C;(v,(®)) de(t)'

=HL (5

In eq. (3), G; (vz (t)) and Cj(vz (t)) dv,(t)/dt are conduction
current and displacement current respectively [14, 33]. The
conduction current of the transistor is the drain current created
by the conduction of charge carriers from the drain to the
source[14]. It is assumed that the charge carriers are at
saturation velocity in the proposed model; the displacement
current relies on the output nonlinear capacitance
Cj(vz(t))[14]. C; attributes to the gate capacitance, the
overlapping capacitance, and the depletion capacitance [14].
Thus, the output current through C; is found in eq. (6) with
respect to the output voltage v, [14].
o= (6)

As for the pull-up (for PMOS) process or pull-down (for
NMOS) process, i; consists of saturation current eq. (7) for
PMOS or eq.(9) for NMOS) and the current of the non-
saturation state eq. (8) for PMOS or eq. (10) for NMOS) [42].
As v, = |VT,p| or (VDD — VT,n) at time t; (t;), the PMOS
(NMOS) transistor varies from the saturation state to the non-
saturation state [14, 42]. V., and Vr,, are the threshold voltages
of the transistors, and f,/B, is the transistor
transconductance[14].
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Gy = ﬁz_p' (Voo = [Vrpl)® ™
Gy = i_p[Z(VDD = |Vrp|)v, — vi] ®)
= =2 (Voo = Vi)’ ©)

i = =22 [2(Vop — Viu)v, — v3] (10)
For a PMOS during pull-up process, v, is given by eq. (11)
when t < t; by using eq. (6) and eq. (7)[14, 42].

Bo(Vop-|vrp))’ t
v, (t) = B 2c L

)

Ast > ty, v, is eq. (12) by using eq. (6) and eq. (8) for PMOS
[14, 42].

—(t-t1)
2e /Tp

v,(t) = Vpp—(Vpp — |VT,p|)[Tt1)/] (12)
1+e 4

2¢4|v
Where t; =—L 2 [Vrpl 5
Bp(Vop—|vrpl)

13)
and the charging time constant 7,, for PMOS is given by eq. (14)
(14)

Cj

T =—
P Bp(vpp—|vrpl)

Next, for a NMOS transistor during pull-down process, when
t < ty, v, is given by eq. (15) according to eq. (6) and eq. (9)
[42].

2
_ Bn(VvDD-Vra)'t

v,(t) = Vpp 2C; (15)

Ast > t, for NMOS, v, is eq. (16) by using eq. (6) and eq. (10)
[42].

—(t—to)/

2 ™
v2(8) = (Voo = Ve) ==z, ) (16)

1+e ™n

2C;Vrn
Where t,=——2%4—"— 17
0 Bn(VDD~VT )" 17
and the charging time constant t,, for NMOS is given by

T ! (18)

- Bn(VDD=VTn)

3.2. Evaluation of Voltage-Scaled Adders

Using the VOS technique on the equivalent circuit, as the
applied output voltage varies from low to high, the NMOS is in
cutoff, and the output capacitance is charged through the
PMOS. Hence, the average output voltage can be estimated
through eq. (11) to eq. (14). Meanwhile, if the output voltage
levels of applied cases in Sum or Carry decrease from high to
low, the PMOS is in cutoff and the output capacitance is
discharging through NMOS; thus at this moment, eq. (15) to eq.
(18) are used to estimate their average output voltages.

When the proposed model is applied at the circuit level by using
VOS, (; is calculated only using the gate capacitance. C; in eq.
(6) is multiplied by a voltage varying fitting parameter R, (Vpp )
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to account for the overlap capacitance and the depletion
capacitance. The final output capacitance C is obtained when C;
is multiplied by the proposed parameter R,(Vpp); Ry(Vpp) is
subject to a change in the supply voltage Vpp.

The fitting parameters of the pull-up process (Low-to-High in
the output) by PMOS for the Sum and Carry of the exact full
adder (ExactF Appgym and ExactF Apycqrry) as well as AMAL
(AMA1, ysym and AMA1, ycqrry) are given by eq. (22) through
eq. (25). Also, the fitting parameters of the pull-down process
(High-to-Low in the output) by NMOS for the Sum and Carry
of the exact full adder (ExactF Ay sum and ExactF Ay carry)
as well as AMAL (AMA1y, g, and AMAly;cqrry) are given
by eq. (26) through eq. (29). Hence the output capacitance is
given by eq. (19). Parameter a in eq.(22) to eq.(29) is setas a =
[A-10°] where [\/ y 109| denotes the ceiling function for the
least integer that is no less than VA - 10° and A is the channel
length of a transistor.

€ =G Ry(Vip) (19)
Where for the pull-up process by PMOS:
{E xactF A ysum, ExactF A LHCMW,} 20)
x
AMA 1LHsum: AMAlLHcarry
And for the pull-down process by NMOS:
‘e {ExactFAHLsum, ExactFAHLcarTy,} @
AMA 1HLsum' AMAlHLcarry

RExactFAu.Isum (VDD)
0.5a + 1,Vpp = Vigrus
100(Vpp-VELHs)

)1 +05a+ Z

i=1

(0.06(1 - 0.14’)L ) VDD < VELHS
(22)

Where Vg s = 0.88 + 0.02a for pull-up process by PMOS of
exact full adder in Sum

RExactFALHmTTy (VDD)
0.1a — 0.3,Vpp = Vgine
100(Vpp-VELHC)
0.1a — 0.3 + (0.1a — 0.3)i,Vpp < Verne

i=1

(23)

Where Vg y. = 0.81 — 0.03a for pull-up process by PMOS of
exact full adder in Carry

RAMAlLHsum (Vbp)
a— 05, VDD Z VALHS
100(Vpp—V ALHs)

- a—05+ Z

i=1

(0.01a — 0.03)i, Vpp < Varus
24)

Where V,; s = 0.8 + 0.06a for pull-up process by PMOS of
AMAL in Sum
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RAMAlLHcarry (VDD)
0.1a — 0.3,Vpp = Vurne

100(Vpp-VALHC)

“)01a-03+ Z

i=1

(0.01a + 0.01)i, Vpp < Varue

(25)
Where Vy; 4. = 0.88 — 0.04a for pull-up process by PMOS of
AMAL in Carry

RExactFAHLsum (VDD)
1.5a — 2,Vpp = Veyrs
100(Vpp-VEHLs)

“)15a-2+ Z

Where Vg s = 0.86 + 0.01a for pull-down process by NMOS
of exact full adder in Sum

(0.05a + 0.15)i, Vpp < Vins

(26)

RExactFAHLcarry (VDD)
0.5a - 1, VDD 2 VEHLC
100(Vpp-VEHLC)
0.5a—-1+ (0.04a — 0.06)i,Vpp < Vepre
i=1

27)
Where Vgy,. = 0.98 —0.02a for
NMOS of exact full adder in Carry

pull-down process by

RAMAlyLsum(VDD)
0.3a — 1, VDD > VAHLS
100(Vpp-VaHLs)

~)03a—1+ z

Where Vyp = 0.65 + 0.01a for pull-down process by NMOS
of AMA1 in Sum

(0.1a - 01)1, VDD < VAHLS

(28)

RAMAlHLca‘r‘ry (VDD)
a—2,Vpp = Vyprc
100(Vpp-V aHLc)

- a—2+ Z

i=1

(0.06(1 - 0'12)':'VDD < VAHLC
29

Where Vyp. = 0.81 + 0.01a for pull-down process by NMOS
of AMAL1 in Carry

Figure 4 presents the comparison analysis of the estimated
results against the simulated average results, including the
maximum and minimum voltage values. This evaluation
focuses on the output voltage of the exact full adder and AMAL1
using the VOS technique at the 32nm technology node.
Additionally, Figure 5 presents the comparison based on 45nm
voltage over scaled versions of the exact cell and AMAL.

It can be seen from Figures 4 and 5 that for both the pull-up
process and the pull-down process, the estimated results created
by using the proposed model are in close agreement with the
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simulated average results and well within the boundary of v,
range between the largest and the least values. Irrespective of
the type of adders, during the pull-up process by PMOS, the
average output voltage of both Sum and Carry decreases non-
linearly when the supply voltage is reduced.

—©— Average V2 of Sum for simulation —— Average V2 of Carry for simulation
—+— V2 Maximum and Minimum value of Sum for simulation
—+— V2 Maximum and Minimum value of Carry for simulation

NP V2 of Sum for estimation —&- - V2 of Carry for estimation

i

09

V2(v) for (a)

e o
w oo
T

e =
L oo U

32nm AMA1  32nm Exact full adder

V2(v) for (a)
[=2=)
w

32nm Exact full adder

32nm AMAL

Bt
— 7
Z 03+
Il
>
D—OD—DD—DD—OD—DD—DD—DD—DDH—

0 o & DD DT
AL A ATAIR LA 40 4 404 40 440 & dhis Akl M Mnd . ,

2 1.1 1 0.9 0.8 0.7 0.6
Supply voltage(v)

Figure 4. The estimated results and simulated average results of the
output voltage v, ((a) for the pull-up process by PMOS and (b) for
the pull-down process by NMOS) of 32nm exact full adder and
AMAI1 by using VOS

—6— Average V2 of Sum for simulation —— Average V2 of Carry for simulation
V2 Maximum and Minimum value of Sum for simulation

—+— V2 Maximum and Minimum value of Carry for simulation

& O ~ V2 of Sum for estimation & - V2 of Carry for estimation

45nm Exact full adder

45nm AMA1

45nm Exact full adder
V2(v) for (b)

45nm AMA1
V2(v) for (b)

0.9
Supply voltage(v)

Figure 5. The estimated results and simulated average results of the
output voltage v, ((a) for the pull-up process by PMOS and (b) for
the pull-down process by NMOS) of 45nm exact full adder and
AMAT1 by using VOS technique

However, during the pull-down process by NMOS for both
exact full adder and AMALI, the average output voltage of both
Sum and Carry increases non-linearly by continuously scaling
down the supply voltage until supply voltage falls to around
0.7V (approximately 0.73V to 0.67V). When the supply voltage
for the pull-down process is reduced further to below around
0.7V, there is a slight decrease in the output voltages of both the
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exact full adder and AMA1 in Sum and Carry. This is mainly
because the adder's output voltage is also affected by its supply
voltage, and the output voltage cannot exceed the supply
voltage. Meanwhile, independent of the type of adders, the
output capacitance decreases when the supply voltage of adder
circuits is reduced as per the theory eq. (19) through eq. (29).

24. VON ON SUBTRACTION

In this section, 4-bit and 8-bit subtraction are assessed by using
32nm & 45nm exact full adders and AMA1 when subjected to
VOS. During the process of subtraction ‘a — b’, the ' — b’ is
converted into 2°s complement format for performing additions
between ‘a’ and ' — b’ by using RCAs. An exhaustive process
is employed for the input vectors.

—+—32nm Exact full adder —©— 45nm Exact full adder
260

32nm AMAI —%—45nm AMAI

)
[

S
S

4-bits subtraction
Number of errors

=
S

4-bits subtraction
Variation in Sum

8-bits subtraction
Number of errors

1
0.9 0.8 0.7 0.6
Supply voltage(v)

Figure 6. Number of errors and variation in Sum for 4-bits and
8-bits subtraction using voltage over scaled exact full adder and
AMALI

Figure 6 illustrates the number of errors and variations in Sum
for 4-bits and 8-bits subtractors using exact full adder and
AMA1 when subjected to VOS. It can be found from figure 6
that for both adders, the number of errors increases as the supply
voltage decreases. Independent of type of adders, the VOS
operation range becomes larger as the feature size of transistors
decreases. Irrespective of feature sizes of transistors, the supply
voltage of AMA1-based subtractor can be scaled down to the
lower level by keeping the lower number of errors when
compared with exact full adder-based subtractor. For example,
for 4-bits subtraction, the number of errors by using 32nm exact
full adder rise sharply at 0.97V VDD and reaches the maximum
(260 errors) at 0.92V VDD. However, the number of errors for
32nm AMAI remains stable at 215 until the supply voltage
decreases beyond 0.77V. Also, the variations in Sum between
exact results and approximate results for AMAI-based
subtractor are significantly lower than exact full adder-based
subtractor when the supply voltage varies between around
0.98V and 0.8V. Moreover, figure 7 and figure 8 illustrates the
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ER, NMED, and MRED results of 4-bit and 8-bit voltage over
scaled subtractors using a 32nm/45nm exact full adder and
AMAL. Since the exact value R is the denominator in eq. (3),
the R cannot be zero. Thus, all cases of R=0 are avoided in the
calculation of MRED. It shows that the ER, NMED, and MRED
increase as the supply voltage decreases. For any feature size of
transistors, the ER, NMED, and MRED for the AMA1-based
subtractor are significantly lower than the exact full adder-
based subtractor when the supply voltage decreases beyond
around 0.98V. Independent of the type of adder, the 32nm
subtractor can be operated at a lower voltage without increasing
the ER compared with the 45nm subtractor. Meanwhile, the ER
results for the exact full-adder-based subtractor and the AMAI-
based subtractor reach their maximum levels at around 0.92V
and 0.69V, respectively. In contrast, the NMED for the exact

full adder-based subtractor decreases obviously at around
0.84V VDD.

5, APPROXIMATE DCT AND ZLCADCT
USING VOS

In this section, the VOS technique is applied to a traditional
ADCT[22] and an improved ADCT technique
(ZLCADCT][23]) to realize optimized approximation across
circuit level to algorithmic level by using 32nm/45nm exact full
adder and AMA1. ADCT matrix T, from [22] (by setting a =
0) are initially selected to perform evaluation by using VOS
technique, and the number of retained coefficients in zigzag
scanning is 10. The NAB represents the number of bits (starting
from the lowest bit) applying voltage overscaling in an RCA.
Next, ZLCADCT[23] are applied to improve the energy
performance of ADCT[22] using VOS technique. ZLCADCT
is a deterministic technique that accurately configures the size
of the transform matrix (T) of ADCT according to the number
of retained coefficients, such that all computations of unused
coefficients can be totally avoided[23]. Meanwhile, ZLCADCT
[23] does not cause degradation in output image quality, and the
PSNR of ZLCADCT is kept unchanged when compared with
ADCT. The PSNR results of ADCT[22] and ZLCADCT [23]
for NAB values of 2, 4 and 6 are plotted in figure 9, figure 10
shows the Sum in pixel variation for ADCT[22] and
ZLCADCT[23] by make comparisons between the input image
and output images at different NAB values.

As shown in figure 9 the PSNRs for ADCT[22] and
ZLCADCT][23] are the same when using the VOS technique. It
can be found from figure 9 that, irrespective of the feature size
of transistors, the PSNR of DCT for both adders decreases
overall as the supply voltage decreases, while there is a little
increase in PSNR of the exact full adder at low voltage level
(VDD < 0.68V). AMALI1 can sustain the higher range (from
1.1V to around 0.78V for both 32nm and 45nm adders at
NAB=2) of voltage by remaining basically unchanged value in
PSNR, when compared with the exact full adder (from 1.1V to
around 0.84V for both 32nm and 45nm adders NAB=2). This
means that AMAT can be scaled down to a lower supply voltage
than the exact full adder without causing a significant
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27.6

degradation in output image quality. Regardless of the type of
adders, as the feature size of transistors decreases, DCT using
32nm adders can operate at a slightly lower supply voltage
while maintaining the same PSNR value compared to 45nm
adders. In addition, the decrease in PSNR value of DCT for the s
exact full adder is much sharper than that for AMA1. There is a e
sudden drop in PSNR at the exact cell under a significantly
higher supply voltage (around 0.83V), whereas the PSNR
reduction for AMAL is not as severe at a relatively lower supply
voltage (around 0.77V). The sudden decrease in PSNR of DCT e
for the exact full adder is mainly because the pixel variation for o]
Sum increases sharply at a specific supply voltage (shown in
Figure 10).

[ —+—320nm Exact full adder —&— 45nm Exact full adder 32nm AMA1 —%—45nm AMAI

26.8

PSNR

26

DCT(NAB=2)

25.6

PSNR

23.6

DCT(NAB=4)

N
23

PSNR
2
®

DCT(NAB=6)
»
2

—+— 32nm Exact full adder —&— 45nm Exact full adder 32nm AMAl ——45nm AMA1

1.1 1 0.9 0.8
Supply voltage(v)

Figure 9. PSNR(in dB) of DCT for ADCT[22] and ZLCADCT[23]
by applying the cases of NAB=2 for (1), NAB=4 for (2) and NAB=6
for (3) by using VOS
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Figure 7. ER, NMED and MRED of 4-bits subtraction using voltage
over scaled exact full adder and AMA1
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Figure 10. Sum in pixel variation of DCT for ADCT[22] and
ZLCADCT[23] by applying the cases of NAB=2 for (1), NAB=4 for
(2) and NAB=6 for (3) by using VOS

Meanwhile, in figure 9 and figure 10, when the NAB value
increases, the range of scaling down voltage becomes smaller at
the same PSNR level for both adders. The sum in pixel variation
rises and PSNR values drop significantly by increasing the
NAB value when subjected to VOS.

Table 1. Applied supply voltage from vol to vo3 for

8-bits subtraction

32nm ExactFA and AMA1
:;‘ ‘ A . ‘ ‘ ‘ Supply Voltage 32nm ExactFA(V) 32nm AMAI1(V)
‘ *Supply voltage®) " o (vol) 0.97 0.93
Figure 8. ER, NMED and MRED of 8-bits subtraction using (vo2) 0.81 0.76
voltage over scaled exact full adder and AMA1 (vo3) 0.7 0.63
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The output images wusing 32nm exact full adder
(ExactFA)/AMAL under three different specific supply voltage
(vol, vo2 and vo3) for ADCT[22] and ZLCADCT][23] across
NAB values of 2, 4 and 6 are illustrated in figure 11, and their
PSNR values are shown in table 2. Three applied specific
scaled-down supply voltages (vol, vo2 and vo3) for 32nm
exact full adder and AMAL are gives in table I every applied
specific voltage of 32nm AMAI1 (e.g. 0.93V for vol) is lower
than that of 32nm exact full adder (e.g.0.97V for vol). When
the supply voltage decreases from vol to vo3, new errors are
introduced gradually. In figure 11 for any NAB value, the
output images of AMAIl-based DCT are significantly better
than those of exact full adder-based DCT for any supply voltage
level among vo1l, vo2 and vo3. The difference in output image
quality between the exact full adder-based DCT and AMAI1-
based DCT becomes more obvious when the NAB value
increases.

ExactFA(vo1) ExactFA(vo2) ExactFA(vo3)

ExactFA(vo1) ExactFA(vo2)

T

eesrmmmisisnniog
.

Figure 11. Output images of ADCT[22] and ZLCADCT[23] when
NAB=2, 4 and 6 for 32nm exact full adder and AMA1 by using VOS
technique (from vol to vo3)
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As the PSNR values shown in table 2, for any applied ADCT,
PSNR values of DCT using AMAL are higher than that of the
exact full adder at any NAB value for all three supply voltages
vol, vo2 and vo3. This means that AMA1l-based DCT can
produce better output images when operated at a lower supply
voltage.

The energy dissipation of a completed DCT operation for
processing the image of “Lena” and their PSNR values are
evaluated in fable 2 for ADCT[22] and ZLCADCT][23] at three
different scaled down voltages (vol, vo2 and vo3) by using
32nm exact full adder and AMAT1 across the NAB values of 2,
4 and 6. Table 2 shows that, irrespective of ADCT type, the total
energy dissipation of DCT decreases as the supply voltage
decreases. For any NAB value, energy dissipation of DCT for
AMAL1 is lower than that for the exact full adder at any specific
supply voltage.

i Table 2. Total energy dissipation and PSNR (NAB=2, 4
and 6) for ADCT|[22] and ZLCADCT][23] by using VOS
technique (from vol to vo3) for a completed DCT
operation using 32nm exact full adder and AMA1

Total energy dissipation (J)
Adder INABLfor a completed DCT operation PSNR(@B)
(vol) (vo2) (vo3) | (vol) [(vo2)|(vo3)
E 2 | 1.50E-09 | 1.39E-09 |1.35E-09| 27.11 |26.22|25.74
xact
full | 4 | 1.53E-09 | 1.33E-09 |1.18E-09| 26.37 [22.73[22.45
AlT)C adder [T 60E-09 | 1.25E-09 |1.02E-09| 21.73 |16.14|16.03
22] 2 | 1.29E-09 | 1.21E-09 |1.20E-09| 27.16 |27.13[26.22
AMA1| 4 | 1.06E-09 | 9.87E-10 [9.62E-10| 26.95 |26.20(23.77
6 | 8.40E-10 | 8.08E-10 |7.14E-10| 24.85 |20.67|17.40
E 2 | 1.13E-09 | 1.04E-09 |1.00E-09| 27.11 |26.22|25.74
xact
zLCAl full | 4 | 1.13E-09 | 9.63E-10 |8.65E-10| 26.37 |22.73|22.45
DCT | adder [T 556 09 [ 8. 96E-10 [7.51E-10] 21.73 |16.14]16.03
(23] 2 | 1.01E-09 | 9.54E-10 [9.45E-10] 27.16 |27.13|26.22
AMA1| 4 | 8.52E-10 | 7.91E-10 |7.51E-10| 26.95 (26.20(23.77
6 | 6.90E-10 | 6.52E-10 |5.72E-10| 24.85 |20.67|17.40

Furthermore, in table 2, the difference of energy dissipation
between AMA1 and exact full adder increases with the NAB.
In addition, Independent of type of adders, the total energy
dissipation for ZLCADCT[23] is significantly lower than that
for ADCT][22] for any specific supply voltage. For instance, for
AMA1 under NAB=4 by reducing supply voltage to
v02(0.76V), the total energy dissipation of ADCT[22] and
ZLCADCT[23] is 9.87E-10J and 7.91E-10J respectively. Total
energy dissipation of ZLCADCT[23] using AMA1 under vo2
varies from 9.54E-10J to 6.52E-10J (reduction in 31.44%),
21.16% to 19.3% lower than 12.1E-10J to 8.08E-10J (reduction
in 33.2%) for ADCT[22]. Besides, the PSNR values for
ZLCADCT[23] and ADCT[22] are the same.

Table 3 compares the advantages and disadvantages of some
approximate methods discussed in the literature. For example,
[34-38] often require circuit modifications to implement the
respective approximations. While VOS methods ([39]-[41]) are
energy-efficient and power-saving, they tend to be limited to

Website: www.ijeer.forexjournal.co.in

Approximate Computing Using Voltage Over Scaling Technique


http://www.ijeer.forexjournal.co.in/

FOREX

Publication
Open Access | Rapid and quality publishing

simple adder applications. Additionally, the circuit-level
(mathematical) or theoretical framework is not presented.
Unlike the methods mentioned above, the work presented in this
paper provides a detailed circuit-level analysis of the VOS
technique. The results from the developed mathematical models
are validated against simulation results and are found to be in
close agreement. Furthermore, VOS on exact/approximate
adder cells is finally applied to real-time image compression
techniques, such as approximate DCT (ADCT) and zigzag low-
complexity approximate DCT (ZLCADCT), at the algorithmic
level to realize a runtime-based approximate computing method
for image compression. It has been demonstrated that
ZLCADCT using VOS reduces energy dissipation compared to
voltage-over-scaled ADCTs. The results show that for both
ADCT and ZLCADCT, an approximate full adder can operate
at a significantly lower supply voltage than an exact full adder
without a substantial decrease in PSNR. Additionally,
regardless of the type of adder cells, the total energy dissipation
for voltage overscaled ZLCADCT is lower than for voltage
overscaled ADCT, while maintaining the same PSNR.

Table 3. Comparison of the proposed method with
existing methods in the literature

algorithmic levels

Ref. Method Advantage Disadvantage
Reviewed AxC
techniques at circuit, Comprehensive No implementation
[34] architecture, review of AxC and or performance
application, and future directions. validation.

NCFET 6T-SRAM
CiM accurate and

Best power, delay,

High transistor

BKAs.

supply voltages.

[35] approximate full and .PDP count.
efficiency.
adders.
Implemented 8-T
approximate full
36] adder, inexact Compact transistor | High power, delay,
subtractor, and RCA design. and PDP.
in CNFET
technology.
TACA-ACFA with Low power, less Very high transistor
[37] accuracy- delay, and count
configurable adders. minimum PDP. '
Self-Adjusting
Multl-cycle Adaptive multi- High power and
[38] Approximate cvele desi area due to
Adders (SAMA and y en: controller logic.
SAMA-F).
VOS-based SDC for | Power savings at Application-specific
[39] | motion estimation in different VOS PP P
. - focus.
video encoding. levels.
VOS-based 8 and Energy-efficient Limited to specific
[40] 16-bit RCAs and operation at scaled adder designs and

no application

[41]

VOS-based Gate-
Diffusion Input
Approximate Full
Adder. Implemented
on an 8-bit RCA

Low power and
area achieved.

Limited to GDI
Technique and no
application for
image processing
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# 6. CONCLUSIONS

This paper presents an integrated approximate method for
implementing the VOS technique at both circuit and algorithmic
levels, enabling runtime-based energy-efficient image
compression using ADCT and ZLCADCT. A mathematical
model is proposed to analyze exact full adder and AMA1 with
varying feature sizes using VOS. Results indicate that, regardless
of adder type, output capacitance decreases as supply voltage
drops. The model's estimates align well with simulation data. The
output voltages of both adders in Sum and Carry decrease during
the pull-up process as supply voltage lowers, while during pull-
down, output voltages increase at high supply levels and decrease
at low ones. Subtraction results using voltage overscaled exact
and approximate adder cells reveal that, for both transistor sizes,
ER, NMED, and MRED of subtractors with AMAI1 are lower
than those with the exact full adder when supply voltage is below
about 0.98V. Additionally, the 32nm subtractor can be powered
at lower voltages than the 45nm version at the same ER.
Ultimately, integrating VOS with ADCT and ZLCADCT shows
that AMA1's supply voltage can be lowered to around 0.77V (for
32nm) while preserving PSNR and reducing energy consumption
compared to the exact full adder (at 0.83V). Moreover, regardless
of supply voltage and adder type, the total energy for
ZLCADCT's DCT is substantially less (e.g., 9.54E-10J to 6.52E-
10J) than for ADCT (12.1E-10J to 8.08E-10J), with PSNR
maintained.
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