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Abstract This paper presents use of bit truncation and
voltage overscaling to reduce the power consumption
of JPEG codecs. Both techniques introduce errors
which have to be compensated to minimize quality
degradation. To handle the errors due to bit truncation,
we propose a compensation scheme based on unbiased
estimation of the truncation noise. For 4-bit truncation,
such a scheme achieves 23% power savings for DCT
with only 0.6 dB drop in PSNR. To compensate for
errors due to aggressive voltage scaling, we introduce
an algorithm-specific technique which is based on ex-
ploiting the characteristics of the quantized coefficients
after zig-zag scan. This technique is very effective in
improving the PSNR performance with a small circuit
overhead. A combination of the two techniques help
achieve even higher power savings with only a modest
increase in PSNR. For instance, a combination of 4-
bit truncation and operating voltage of 0.78 V results
in 44% power reduction for DCT with a 1.8 dB drop in
PSNR performance of the JPEG codec.
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1 Introduction

JPEG is one of the most widely used image compres-
sion standards today. It has slightly lower compression
performance compared to JPEG2000, but because of its
simple structure and ease of implementation, it is still
very popular. JPEG is part of many embedded devices
for multimedia where power consumption is a very im-
portant metric. An effective way of reducing the power
consumption of these devices is lowering the supply
voltage. However, this could result in critical path vi-
olations leading to failures. Operating on a narrower
datapath by truncating the lower order bits also helps
reduce the power consumption but introduces trunca-
tion errors. Thus these power saving methods cannot be
directly used for high quality imaging applications. This
paper describes methods to compensate for the errors
caused by truncation and aggressive voltage scaling and
provides a mechanism for lowering power with only a
mild degradation in quality.

Several JPEG architectures have been proposed that
trade-off power consumption and quality. They primar-
ily focus on discrete cosine transform (DCT) which
is one of the high power consuming units [1–4]. The
DCT architecture in [1] exploits correlation between
DCT coefficients in conjunction with standard tech-
niques such as voltage scaling, data parallelism and
pipelining. Data bit-width adaptation is used in [2] to
reduce the processing load of high frequency cefficient
computations. A similar scheme is also investigated in
[3] where truncation of up to 4 low order bits achieves
40% reduction in energy consumption of the memory
and data-path. Process variations effects are consid-
ered in [4] which generates the more important DCT
coefficients first and uses longer delay paths for the
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less important coefficients. Algorithmic noise tolerance
and N-modular redundancy techniques are investigated
for DCT based image coding system in [5]. In [6], an
analysis of the relation between input image character-
istics and operating voltage for low energy systems is
presented.

Memory, power and image quality trade-offs have
been studied in [7] where memory banks that store
most significant bits (MSB) are operated at a different
voltage level than the ones that store less significant
bits (LSB), thereby achieving power reduction with
some degradation in image quality. In [8], for higher
reliability in low voltage operation, MSBs are stored
in a memory bank with 8T SRAM cells and the LSBs
are stored in banks with 6T SRAM cells. More recently,
algorithm-specific techniques to mitigate the effects of
SRAM memory failures caused by low voltage oper-
ation in JPEG2000 implementations have been pro-
posed in [13].

In this work, we investigate use of bit truncation and
voltage overscaling to reduce the power consumption
of JPEG codecs with minimal effect on the image
quality. Since both these methods introduce errors, we
propose compensation techniques with low overhead to
mitigate the effect of these errors. To compensate for
errors due to truncation, we use an unbiased estimator
based technique. For 4-bit truncation, this results in
23% power savings for DCT with only 0.6dB drop in
peak signal to power ratio (PSNR). To compensate for
errors due to aggressive voltage scaling, we introduce
an algorithm-specific technique first proposed in [9].
The technique exploits the fact that in 8 × 8 DCT,
two adjacent AC coefficients after zig-zag scan have
similar values and two coefficients corresponding to
higher frequencies generally have smaller values. These
features are used to detect the datapath errors and then
compensate. Operating the datapath at 0.83 V (instead
of the nominal 1 V), results in BER= 10−4 due to
voltage overscaling. For this error rate, the proposed
technique achieves 3.4 dB PSNR improvement com-
pared to no correction case and approximately 1.2 dB
degradation compared to error-free performance for a
20% reduction in power consumption. A combination
of bit truncation and voltage overscaling techniques
helps achieve even higher power savings. For instance,
for 0.78 V operating voltage and 4-bit truncation, the
power reduction is as high as 44% with a 1.8 dB drop
in PSNR. Thus the proposed techniques enable JPEG
codecs to have much lower power consumption with
only a mild degradation in image quality.

The paper is organized as follows. We present a
brief description of JPEG in Section 2, followed by
analysis of reduced precision and a technique for com-

pensating the associated errors in Section 3. Analysis of
failures due to voltage overscaling and the correspond-
ing compensation technique is presented in Section 4.
Simulation results illustrating the performance of the
techniques and synthesis results of overhead circuitry
are described in Section 5. The paper is concluded in
Section 6.

2 Background

The general block diagram of a JPEG encoder/decoder
is shown in Fig. 1. The original image in pixel domain
is divided into 8×8 blocks which are transformed into
frequency domain using 2 dimensional (2-D) DCT. This
is followed by quantization, where the coefficients are
scaled by factors that depend on the desired image
quality and/or compression rate. Next, zig-zag scanning
is used to order the 8×8 quantized coefficients into
a one dimensional vector (1×64 format) where low
frequency coefficients are placed before the high fre-
quency coefficients. The entropy coder generates the
compressed image using Huffman coding.

Discrete Cosine Transform 2-D DCT is typically im-
plemented using 1-D DCTs along rows (columns) fol-
lowed by 1-D DCT along columns (rows) as illustrated
in Fig. 2. The transpose unit helps in getting the data in
the right order for the second 1D DCT unit.

1-D DCT transform of size 8, that is used in JPEG,
can be expressed as follows:

wi = ci

2

7∑

k=0

xk cos
(2k + 1)iπ

16
, ci =

⎧
⎨

⎩

1√
2

i = 0

1 i = 1, .., 7
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where xk’s are input pixels in row or column order
and wi’s are the corresponding outputs. Typically 8-
point DCT is computed along rows and the coefficients
stored in the transpose unit so that data for the 8-
point DCT along columns can be obtained efficiently.
The properties of the coefficient matrix are used to
reduce the number of multiplications. We use the fol-
lowing method for implementing the odd and even
coefficients.
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Figure 1 Block diagram of
JPEG.
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where a = 1
2 cos( π

16 ), b = 1
2 cos( 2π

16 ), c = 1
2 cos( 3π

16 ), d =
1
2 cos( 4π

16 ), e = 1
2 cos( 5π

16 ), f = 1
2 cos( 6π

16 ), g = 1
2 cos( 7π

16 ).
The DCT engine is implemented by 12 bit integer
operations in [2, 10]. However, in our analysis, we
introduce 2 extra bits to represent the fractional part
of the computation in baseline mode. This results
in approximately 0.1dB improvement over the 12-bit
implementation.

The architecture of 4 DCT coefficients (w0, w1,
w2 and w4) are illustrated in Fig. 3. For w0 and w4,
common sub-expression elimination (CSE) is used to
obtain results with small number of computation units
(see Fig. 3(b)). Implementation of w2 is illustrated in
Fig. 3(c); a variant of which is used for w6. Figure 3(d)
shows the computation structure used to find w1. The
odd coefficients, w3, w5, w7, are computed using units
that are similar to the unit for w1. All multiplications
are implemented with shifters and adders. The critical
path is that of a 8-input carry save adder (CSA) tree.

Quantizer The rate and quality of the image is deter-
mined at the quantizer. In order to achieve different
quality and compression rates, the quantization matrix
is multiplied with a quality factor that is determined
with the help of quality metric (Q) which ranges from 1
to 100 [11]. A lower Q result in lower image quality and
higher compression rate. Figure 4(a) illustrates JPEG
luminance quantization table for Q=50. Note that high
frequency components which are at the bottom right
corner are quantized aggressively while low frequency
components which are at the top left corner are mildly
quantized. Figure 4(b) also shows the zig-zag scanning

Figure 2 2D DCT architecture using 1-D DCTs.

order. The very first element is the DC coefficient
which is encoded in differential order by subtracting the
DC coefficient of the previous block and encoding the
difference using a Huffman table in baseline JPEG; the
rest of the coefficients are AC coefficients, which are
encoded using another Huffman table.

3 Power Reduction by Truncation

Reduced precision arithmetic, which simply truncates
the lower significant bits (LSB) of the inputs, is an
effective method to reduce power consumption. Oper-
ating on lower number of bits results in lower critical
path delay. This in turn enables operation at scaled
voltage levels without critical path violation. While this
method results in significant power reduction, it intro-
duces errors and causes quality degradation.

Figure 5 illustrates the timing slack and savings
in power consumption of a 16-bit ripple carry adder
(RCA) for different bit widths. The adder was imple-
mented using 45 nm PTM models (ptm.asu.edu) and
Monte Carlo simulations were run to generate these
results. Since RCA has a regular structure, the power
reduction and timing slack are both proportional to the
bit-width of the adder. For instance, at nominal voltage,
we observe 28% reduction in power consumption when
we use 12-bit precision instead of 16-bits. The higher
the truncation order, higher is the power savings, as ex-
pected. However such a scheme introduces truncation
errors that have to be compensated to avoid noticeable
quality degradation.

3.1 Truncation Induced Error

First, we investigate the effect of bit truncation on sim-
ple adder operation. Then in Section 3.2, we describe
a method to compensate for these errors. Let us con-
sider a system whose inputs are originally represented
with M + 1 bits, x(M : 0). When L bit truncation is

http://ptm.asu.edu
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Figure 3 Architecture of 1-D
DCT coefficients. (a) First
stage butterfly (b) w0 and w4
computation units, (c) w2
unit, (d) w1 unit.

(a) (b)

(c) (d)

employed, where L ≤ M, the input becomes x(M : L).
Assuming uniformly distributed input signals, we can
express the expected truncation error for the input
signal x as:

qx = x(M : 0) − x(M : L),

E[qx] = E[x(L − 1 : 0)] = 2L − 1

2
(4)

The truncation error (qadd) of an adder with inputs x
and y can be expressed as:

E[qadd] = E[(x(M : 0) + y(M : 0))

− (x(M : L) + y(M : L))]

(a) (b)

Figure 4 (a) Luminance quantization matrix for Q=50;
(b) Zigzag scan order for a 8×8 block.

If we assume that both the inputs are independent
and uniformly distributed, we can express the result as:

E[qadd] = E[x(L − 1 : 0) + y(L − 1 : 0)]
= 2 × E[x(L − 1 : 0)] = 2L − 1 (5)

Figure 5 Energy delay distributions of RCA as a function of bit-
width.
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Figure 6 Processing unit for w1 with compensation.

Using the same analysis, the expected truncation
noise for a subtraction operation is given by

E[qsub] = E[x(L − 1 : 0) − y(L − 1 : 0)] = 0 (6)

3.2 Truncation Error Compensation

We use the above technique to calculate the truncation
error (TN) of the DCT outputs for the architecture
described in Fig. 3. The data is represented by 14 bits
with 12 bits for the integer part and 2 bits for the
fractional part. The expected errors due to truncation
in w0 and w1 are derived below. Because of the 2 extra
fractional bits, the expected error in Eq. 4 is normalized
by 1

4 . To simplify our analysis, we assume that all Y
values in Fig. 3, namely, Y0, Y1, Y2, Y3, are uncor-
related and so the expected value for L bit truncation

Figure 7 Energy delay profile of 14-bit RCA adder under
voltage scaling.

is 2L−1
8 . Since w0 = d × (Y0 + Y1 + Y2 + Y3), the trun-

cation error for w0, is given by

T Nw0 = E[d × (Y0(L − 1 : 0) + ... + Y3(L − 1 : 0))]

=
⌊

d(2L − 1)

2

⌋
(7)

Similarly the truncation error for w1 is given by

T Nw1 =
⌊
(a + c + e + g)

(2L − 1)

8

⌋
(8)

and that of w2 is given by T Nw2 = (b + f − b − f )×
E[Y] = 0. In a similar way, TNw4 and TNw6 are also zero.

The expected truncation noise values are used as
unbiased estimators to compensate the error. Instead
of compensating for errors in all the outputs, we only
compensate for errors in the computation of w0 and w1.
The motivation for this is that these coefficients are the
most important ones and the corresponding estimation
errors are the largest. Also, this keeps the complexity of
the overhead circuitry low. The data-paths of w0 and w1

units are modified by adding an adder in the last stage.
Figure 6 illustrates the compensation mechanism for
the w1 computation unit. The overhead of this scheme
is the 14-bit adder at the output as well as the AND
gates to disable a selective set of input bits.

4 Power Reduction by Voltage Scaling

Voltage scaling is one of the most effective techniques
to reduce active power consumption. However, it in-
creases the latency of the circuitry and promotes de-
lay induced errors. Figure 7 illustrates the normalized
power saving and delay increase of the 14-bit ripple
carry adder (RCA) with respect to nominal voltage
using 45nm PTM models (ptm.asu.edu). When the volt-
age is scaled to 0.8V, there is an approximately 40%
reduction in power consumption of the adder and a
46% increase in the delay. Thus aggressive voltage
scaling can lead to timing violations.

4.1 Voltage Scaling Induced Errors

In this section, we focus on failures in the data path
which can happen because of critical path violation due

Figure 8 Block diagram of 14-bit RCA.

file:ptm.asu.edu
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Figure 9 Probability of error distribution for 14-bit RCA for (a) different voltage settings, (b) different levels of truncation.

to aggressive voltage scaling during computation of 2D
DCT followed by quantization. Assume that a single
datapath violation occurs during 1D DCT along rows
that result in a single miscalculated coefficient. This
failure affects the values of eight 2D-DCT coefficients
along a column of 8×8 DCT. Fortunately, after zig-
zag scan, the miscalculated coefficients in a column are
separated.

We use the method in [9] to derive the error proba-
bility distribution of a 14-bit RCA and use the results
to generate the error models under voltage scaling. The
14-bit RCA is illustrated in Fig. 8, where 3 of the longer
paths are highlighted.

Assume that the delay of each full adder (FA) is the
sum of nominal delay, tF A, systematic variation tSY S,
which is typically considered same for all the FAs in
a 14-bit RCA, and random variation tr,− which can be
modeled using zero mean iid Gaussian random variable
with variance σF A. Then delay of each carry chain
starting from the xth FA and ending at the yth FA can
be calculated as

Tchain(x, y) = (x − y) × (tF A + tSY S) + (tr,x + ... + tr,y)

(9)

which can be simplified using the iid Gaussian proper-
ties as:

Tchain(�) = � × (tF A + tSY S) + √
� × tr (10)

where � = x − y. Thus Tchain(�) is a Gaussian variable
with μ = � × (tF A + tSY S) and σ = √

� × σF A. Also,
the delay of any chain can be represented using only
14 different distributions Tchain(1) to Tchain(14).

The probability of errors for each bit at the output
of the 14-bit adder is derived as follows. Assume that
the critical path delay is tcrt. We have 14 different paths
that may lead to MSB error over the carry chain: LSB
to MSB, LSB + 1 to MSB, LSB + 2 to MSB etc,
where each has a different delay distribution. In order
to calculate the probability of error for MSB, we use
the Bayes’ theorem and sum all the probabilities as:

p(tMSB > tcrt) =
14∑

z=1

p(Tchain(z) > tcrt|chain = z)

× p(chain = z) (11)

where tMSB is the path delay of MSB bit and p(chain =
z) = 1

2z .
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Figure 10 BER(VOS) vs supply voltage of a 8 input 14 bit carry
save adder tree.
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(a) (b)

Figure 11 Magnitude of DC and AC coefficients (a) averaged over all blocks; (b) first 20 blocks of Bridge image.

Thus for each output bit we can calculate its error
probability for a given tcrt. The distribution of errors
due to voltage scaling for different supply voltages is
shown in Fig. 9(a) when the allowable critical path
is 1350ps. The distribution is consistent with that in
[12]. The following parameters are used to obtain the
distribution. At nominal voltage of 1V, tF A = 82ps,
tSY S = 5ps and σF A = 8ps for fan-out of four (FO4); at
0.6V, the values increase to tF A = 240ps tSY S = 5ps and
σF A = 15ps.

Figure 9(b) illustrates the BER of the adder due
to voltage overscaling (VOS) for different levels of
truncation. Since the critical path is now lower, delay
violations are also lower resulting in decrease in voltage
scaling induced errors for the same supply voltage. For
instance, while no-truncation achieves BER(VOS)=
10−4 at 0.85 V, 2-bit truncation has the same BER at
0.82 V. Note that the BER reported here is due to
voltage scaling only and does not include the truncation
errors that were presented in Section 3.

The same procedure can be applied to generate
the BER(VOS) vs supply voltage curves for the CSA
tree structures that are used to implement the DCT
datapath. Figure 10 illustrates the BER(VOS) of the
eight input CSA tree for different levels of truncation.
A BER(VOS) of 10−4 can be achieved by operating
at 0.83 V with no truncation and also at 0.78 V with 4-
bit truncation. Later in our evaluation of the differen
techniques in Section 5.3, we use these curves to get
the operating voltage for different BER(VOS) and
truncation levels.

4.2 Compensation for Voltage Scaling Induced Errors

In order to compensate for voltage scaling induced
errors, we use algorithm-specific techniques [9]. We

utilize the fact that in frequency domain, neighboring
coefficients have similar values. Figure 11(a) shows the
average magnitude of the DC coefficient and several
AC coefficients after zig-zag scan for different values
of Q for Bridge image. These figures demonstrate
that (i) there is a similarity in the magnitude between
coefficients of two adjacent AC coefficients after zig-
zag scan, (ii) coefficients corresponding to higher fre-
quencies generally consist of smaller values and (iii) the
magnitude of coefficients increase with Q. In addition,
from our simulations, we find that coefficients of the
same order but in consecutive blocks also have similar
magnitudes. This is illustrated in Fig. 11(b) which shows
64 coefficient values of the first 20 blocks of Bridge
image when Q=50.

Recall that while the 8 × 8 DCT units generates
14 bit outputs, the quantization stage determines the
number of bits that are finally used to represent each
coefficient. For instance, when Q=50, the 5th AC
(AC5) coefficient which is originally 14 bits (12 bits
integer + 2 bits fractional) is quantized and rounded
to ACq(5) = round( AC5

10 ) which is represented with 9-
bits (bold in Table 1). Table 1 specifies how many bits
are sufficient to represent the coefficients after quanti-
zation step for different values of Q. In order to reduce
the complexity, we partitioned the 64 coefficients into 4

Table 1 Number of bits necessary to represent each group of 2D
DCT coefficients for natural images.

Quantizer Group-1 Group-2 Group-3 Group-4

Q ≤ 5 6 5 4 3
5 < Q ≤ 15 7 6 5 4
15 < Q ≤ 30 8 7 6 4
30 < Q ≤ 55 9 8 7 6
55 < Q ≤ 70 9 8 7 7
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groups: Group-1 consists of coefficients DC to AC-15,
Group-2 consists of AC-16 to AC-31, and so on.

The 2D DCT features are used to derive a procedure
for compensating the errors due to voltage overscaling
in the datapath. Our procedure consists of 2 steps.

Step 1 We detect and correct errors in sign extension
bits. If Table 1 specifies that a k-bit repre-
sentation is sufficient, then by definition, the
sign extension bits k to MSB should be all
zero for a positive number and all one for a
negative number. We pick three bits from the
sign extension bits and used majority logic to
correct the erroneous sign extension bits. This
step is applicable to the groups that can be
represented using 7 bits or less. False detection
probability of this scheme is C3

2(BERs)
2(1 −

BERs) + (BERs)
3, where BERs represents

error rate probability of a single bit.
Step 2 We detect and correct an error when we find

an abnormal increase in magnitude in one of
the coefficients. This is motivated by the fact
that coefficients that are adjacent to each other
have similar magnitudes. The procedure is as
follows. In order to detect an error in the j th

AC coefficient of the kth block, we take the av-
erage of the two adjacent coefficients, namely,
( j − 1)th and ( j + 1)th coefficient, and compare
it with the j th coefficient. If the difference is
higher than a predetermined threshold, we cal-
culate the average of the j th AC coefficient of
the (k − 1)th and (k + 1)th block and compare
again with the j th coefficient. If the difference
is again higher than the threshold, we change
the value of the j th coefficient to the average
of the two neighboring coefficients in the same
block. The pseudo code for this step is given
in Algorithm 1. Since each group specified in
Table 1 has different bit width specifications,
we assign different threshold levels for each
group to reduce the false detection probability.
For instance, the threshold value for Group-1
is 64 whereas it is only 8 for Group-4. These
threshold values were determined by experi-
mentation with a sample set of images.

5 Simulation Results

In this section we describe the algorithm quality per-
formance and the hardware overhead of the two power
saving schemes. The quality performance is described

in terms of PSNR. The compression rate is measured
in number of bits required to represent one pixel (b pp)
and is related to the quality metric (Q). For an image
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Figure 12 Performance of 4-bit truncation methods with and
without compensation for (a) Flight and (b) Baboon images.
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Table 2 Quality, power and latency of DCT engine for different
levels of truncation.

Schemes �PSNR Active power Latency
(dB) (mW) (ns)

Baseline 0 5.39 2.92
0-bit Truncation 0 5.51 3.31
2-bit Truncation 0.1 4.76 2.95
4-bit Truncation 0.6 4.14 2.78
6-bit Truncation 2.4 3.49 2.51

of size M by N, I(i, j) is the original pixel value at (i, j)
and K(i, j) is the pixel value at that location after com-
pression and decompression. If MAXI is the maximum

(a)

(b)

Figure 13 PSNR vs. compression rate performance for Bridge
image when (a) BER(VOS) = 10−4 and (b) BER(VOS) = 10−3.

Table 3 PSNR values of proposed technique at 0.75 bpp com-
pression rate when BER(VOS) = 10−4.

Images Error free No-correction Proposed scheme

Bridge 25.2 21.4 24.1
Baboon 25.7 20.6 24.3
Lena 32.8 27.8 31.2
Pepper 31.5 26.4 30.3

possible pixel value of the image, then PSNR is given
by Eq. 12.

MSE = 1

NM

N−1∑

i=0

M−1∑

j=0

[I(i, j) − K(i, j)]2

PSNR = 10 log10
MAX2

I

MSE
(12)

Active power, and latency estimations of the DCT
and additional circuitries are obtained using Design
Compiler from Synopsys (http://www.synopsys.com)
and Nangate low-power 45 nm PDK libraries [14].

5.1 Truncation Noise Compensation Method

Algorithm Performance Figure 12 illustrates the
PSNR performance improvement when unbiased esti-
mators are used for w0 and w1 to compensate for 4-
bit truncation. For both Flight and Baboon images, the
improvement is quite significant. For 1bpp (Q ∼ 50),
we observe approximately 1dB improvement compared
to the system without compensation. As the number
of truncation bits increases, we observe higher perfor-
mance improvements using this technique.

Hardware Overhead The hardware overhead of the
proposed scheme consists of two adders at the output
of w0 and w1 units to compensate for the truncation
noise, AND gates at the inputs of all the units to imple-
ment bit truncation and the associated control circuitry.
Table 2 lists the power consumption and latency of
the 1D DCT engine with clock period of 4 ns. The 0-
bit truncation scheme includes the overhead circuitry
for supporting multi-bit truncation and thus has higher
power and latency compared to the baseline scheme.
The active power decreases significantly with the

Table 4 Power consumption and latency of the three units in the
voltage overscaling compensation scheme.

Majority Coefficient Average
voter comparator calculator

Active power (uW) 3.6 96 103
Latency (ps) 42 459 421

http://www.synopsys.com
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Table 5 Power consumption and �PSNR for various combinations of voltage scaling and low order bit truncation for a 2D DCT
implementation.

Schemes Error free Voltage scaling with no compensation Voltage scaling with compensation
BER(VOS)= 0 10−4 10−3 10−4 10−3

�PSNR Power �PSNR Power �PSNR Power �PSNR Power �PSNR Powers
(dB) (mW) (dB) (mW) (dB) (mW) (dB) (mW) (dB) (mW)

0-bit Trunc 0 11.0 4.9 7.6 10.3 6.2 1.3 8.6 2.2 7.3
2-bit Trunc 0.1 9.5 4.9 6.1 10.3 5.1 1.4 7.3 2.2 6.3
4-bit Trunc 0.6 8.3 5.6 5.0 10.7 4.1 1.8 6.2 2.7 5.1
6-bit Trunc 2.4 7.0 7.1 3.8 12.3 3.3 3.5 5.0 4.2 4.5

increase in the number of truncation bits. Specifically,
we see a 23% reduction in active power compared
to the baseline scheme for 4-bit truncation and 35%
reduction in active power for a 6-bit truncation. Ta-
ble 2 also lists the change in PSNR calculated at 1 bpp
(Q ∼ 50) using 6 sample images namely, Lena, Pepper,
Bridge, Baboon, Flight and House.

5.2 Voltage Scaling Compensation Method

Algorithm Performance The performance of the pro-
posed algorithm-specific method when BER(VOS)=
10−4 and 10−3 are shown in Fig. 13 for the Bridge image
using full-precision DCT. From Fig. 10, we see that
when there is no truncation, 0.83 V operation results in
a BER(VOS) of 10−4 and 0.75 V operation results in a
BER(VOS) of 10−3.

At BER(VOS) of 10−4, our method has 3 dB im-
provement over the no-correction case and a drop of
approximately 1 dB compared to the error-free case at
0.75 bpp compression rate (Q ∼ 30). At BER(VOS)
of 10−3, quality degradation due to errors is very high
as shown in Fig. 13(b). However the proposed tech-
nique helps improve the PSNR by approximately 7.5 dB
at 0.75 bpp. Table 3 summarizes the performance of
the proposed technique for 4 representative images
(Bridge, Baboon, Lena and Pepper) at compression
rate of 0.75 bpp when BER(VOS) is 10−4 correspond-
ing to operating voltage of 0.83 V.

Hardware Overhead The hardware overhead of the
proposed algorithm-specific consists of majority voter,
coefficient comparator and average calculator. Major-
ity voter scheme is used in the first step to detect
errors in the sign extension of bits. Coefficient com-
parator is used to detect abnormality in magnitudes of
neighboring coefficients. Average calculator is used to
compensate an error bit which is rarely activated due to
small number of failures. Table 4 illustrates the power
consumption and latency results of the three units for
clock period of 4ns. We see that the overhead is fairly
small, approximately 12% of full precision 2D-DCT.

Thus the proposed method enables operating at scaled
voltage levels with small loss in image quality.

5.3 Combination Method

In this section we study the joint usage of bit truncation
and voltage scaling techniques to further improve the
power savings. The bit truncation technique not only
achieves power saving but also reduces the critical path
and provides extra timing slack for voltage scaling.
Table 5 lists power consumption of the DCT unit and �

PSNR for various combinations of voltage scaling and
low order bit truncation for a 2D DCT implementation.
Baseline scheme represents the original DCT imple-
mentation without any modification. Four truncation
schemes are considered corresponding to truncation
of 0-bits, 2-bits, 4-bits and 6-bits. The area of all four
schemes is the same. Three scenarios for voltage scal-
ing are considered, namely, error-free corresponding
to nominal voltage operation, voltage scaling with no
compensation and voltage scaling with compensation.
Under voltage scaling, BER(VOS) of 10−4 and 10−3 are
considered.

Sole usage of bit truncation achieves 13% to 35% re-
duction in power while incurring 0.1 dB to 2.4 dB PSNR
degradation. When combined with voltage scaling,
higher power savings of 24% to 59% is achieved while
incurring 1.3 dB to 4.2 dB PSNR reduction. The voltage
scaling compensation techniques are very effective in
reducing �PSNR with only a small power overhead.
For instance, for 2-bit truncation with BER(VOS)=
10−4, the proposed scheme results in a 3.5 dB im-
provement in PSNR with only 18% increase in power
consumption. Also, for the same power consumption,
voltage scaling with compensation results in significant
improvement in PSNR. For instance, for BER(VOS)=
10−4, 4-bit truncation with voltage scaling compensa-
tion and 2-bit truncation without voltage scaling com-
pensation have almost the same power consumption
but the method with compensation has close to 3dB
improvement in PSNR.
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6 Conclusion

In this paper, we studied the use of bit truncation and
voltage overscaling to reduce power consumption while
minimizing quality degradation in JPEG codecs. The
errors due to bit truncation and voltage overscaling
are characterized and low overhead methods to com-
pensate for most of these errors presented. The effect
of truncation errors is minimized by using unbiased
estimators. This is quite effective and simulation results
show that for 4-bit truncation, this scheme achieves
23% power saving with only 0.6 dB drop in PSNR.
Voltage overscaling induced errors are minimized using
algorithm-specific techniques which exploit the charac-
teristics of the quantized DCT coefficients. Operating
at 0.83 V (instead of the nominal 1 V) results in a 20%
reduction in datapath power but causes BER(VOS) of
10−4. The proposed technique improves PSNR perfor-
mance by approximately 3.4 dB compared to the no-
correction case but has a degradation of about 1.2 dB in
PSNR compared to the error-free case. A combination
of these techniques help achieve even higher power sav-
ings with moderate decrease in PSNR. For instance, op-
erating at 0.78V with 4-bit truncation results in power
reduction of 44% with a 1.8 dB drop in PSNR.
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