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ABSTRACT pivot of this technique is a multiplication algorithm for
This paper presents an algorithm for the low power the low power implementation of the DCT on CMOS
implementation of the Discrete Cosine Transform on based signal processing systems. The algorithm re-
Single multiplier CMOS DSPs. The algorithm reduces duces power consumption by reducing the effective
power by a combination of using shift operations, whereswitched capacitance of the multiplier through effect-
possible, and manipulating bit-correlation between sucive manipulation of the multiplication process between
cessive cosine coefficients applied to the input of thethe cosine and data matrices. Our results indicate that
multiplier section such that the effective switched ca- the effective capacitance can be reduced significantly
pacitance is reduced. This reduces the switching activ-by performing the multiplications of the DCT in an
ity in the multiplication of a Discrete Cosine Trans- order dictated by the amount of correlation between
form processor. The paper describes the algotrithm,subsequent cosine matrix elements applied to one of
the evaluation procedure and presents results with @he inputs of the multiplier section. In addition we
number of example images illustrating uptdsPower  propose a modified processor architecture that accom-
savings. modates this multiplication scheme and is open to ex-
ploitation by other ordering algorithms. We demon-
1. INTRODUCTION strate our scheme by an example of ordering the cosine
coefficients according to minimum hamming distance,
Currently there is considerable interest in the low powerrevealing up to 5&% power savings with a number of
implementation of the Discrete Cosine Transform (DCT)nage examples.
This is mainly due to the DCT being the computational
bottleneck of standards such as JPEG and MPEG [1]. 2. IMPLEMENTATION
Most research work considering low power implement-
ation of the DCT have targeted reducing the compu- The computational bottleneck for the implementation
tational complexity of the design or modifying it for of the DCT is the multiplication of the cosine coeffi-
operation under a lower supply voltage [1, 2]. Both cients matri{E], by the pixel matri{D], in order to
these techniques have a limited effect on power re-obtain the DCT coefficientgC], i.e.
duction. Another major contribution to power con-
sumption is due to the effective switched capacitance [C] = [E] + [D] 1)
[3,4]. Only a few researchers have targeted reducingWhere each elemertt
power of a DCT implementation through a reduction "'
in the amount of switched capacitance. This reduc- 9'VeN by
tion has been achieved through techniques such as the

;; in [C] matrix of ordern is

detection of zero-valued DCT coefficients and lookup Cij =Y ExDy; (2
table partitioning [5]. This paper presents a technique k=1
for reducing power dissipation of the DCT by target- Traditionally, the multiplication process is performed

ing the multiplier section of a DCT processor. The in arow-by-column fashion [6,7]. See Equation(2). In
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some applications where the number of multipliers is
limited, this implies new data at both multiplier inputs.
This in turn implies a large switching activity inside

the multiplier circuit.

We carried out a number of experiments with vari-
ous cosine and pixel matrices. Careful analysis of the
multiplication procedure revealed two distinct categor-
ies of cosine elements: (1) elements that are powers of DCT Coef
2, and (2) those which are non-powers of 2 numerics.

For this reason, our algorithm processes the elements
in (1) by performing a simple shift operation. It is well
known that the switched capacitance of a shift is signi-

ficantly less than that of a multiplication [2].
Start
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Figure 1: Flowchart of the algorithm

For each column being processed, theltiplic-

ation procedure outlined above has the product form
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Figure 2: Simplified architecture of the processor

in the column being processed. Tbenstantremains
valid for only thesanm, if the column changes, a new
constantis activated. The multiplication results are un-
changed irrespective of the order in which the constant
is multiplied by the sequence of cosine coefficients in
the column. For this reason, our algorithm performs
the multiplication of elements in (2) in a column-by-
column fashion and orders the elements, in the column
being processed, according to some criteria. In our
case the criteria being minimum switching activity (ham-
ming distance) between consecutive coefficients mul-
tiplied by the constant. This guarantees that similar
elements are subsequently applied to the inputs of the
multiplier causing minimum switching activity within
the internal circuit of the multiplier. Although, our in-
vestigations were carried out using the example of or-
dering elements according to minimum hamming dis-
tance, in practice, any ordering algorithm can be used
andthe amount of power saving is determined by the
power of the algorithm used he steps in Figure 1 out-
line the algorithm, which commences with the follow-
ing initialisation steps: (1) Process entriés, with
shift operation. (2) Order remaining coefficients ac-
cording to some ordering algorithm. (3) Save entries
F;,- in (E) memory, see Figure 2, with elements of the
same column being adjacent to each other, followed by
the next column, and so on

To illustrate the above algorithm, consider an ex-

(m*constant), wheren are the cosine matrix elements ample where;

0-7803-5474-5/99/$10.00(C) 1999 |EEE

[-150



Cosine
Coeffs.

2.00 2.00 2.00 2.00
1.85 077 =077 —1.85

E=1 14 2141 2141 141
077 —185 185 —077 Image Testfi>l<ture
Pixels Mapping
and
35 32 31 34 Traditional Column-Based Hamming
D— 32 37 31 31 /
o 29 28 27 31 H.DL Simulator
26 28 31 34 Fl l
Afterthe firstiteration (i=1, x=1, and k=1), the first o Suitching
column, F;; , is ordered according to minimum ham-
ming distance to produce the ordered sequence (2.00, ﬁ?gfggﬁ& Overall
.. . Switched
0.77, 1.41, 1.85). The original locations of these ele- Capacitance\
ments are stored. Next the above sequence is multi- S
plied by the first entry inD,,, 35. The entries in re-

gistersR; will be (70, 64.75, 49.35, 26.95), where the
first entry (70) is saved i®; and the second entry is Figure 3: Framework for algorithm evaluation
saved ink, and so on. Similarly at the end of iteration
2 (i=2, x=1, and k=1),R; will contain (134, 89.39,
4.23, -32.25). The last iteration (i=4, x=1, and k=1)
for this particular column, results iR; containing the 3. SIMULATION AND RESULTS
first column of the DCT coefficient matrix [C], i.e?;
=, = (244,18.96,0,1.35)7.This procedure is car- The cosine coefficient matrix used was obtained us-
ried out until x =k = n, at which cas&; will contain  ing the MATLAB signal processing toolbox. This was
Caa scaled such that entries can be represented by num-
Although our algorithm can be implemented on bers between -128 and 127. The pixels were chosen to
traditional DSPs, for high throughput applications, a represent several types of scenarios including checked
modified processor architecture is required. The archi-and striped images. An 8x8-bit array Multiplier was
tecture, a simplified version of which is shown in Fig- constructed, using the Cadence VLSI suite with ES2
ure 2, requires an internal register bank in order to store0.7 CMOS Technology, and processed down to layout
the partial products, (R), which eventually result in the level. A C-program basetst-fixturemapping system
DCT coefficients, [C]. In addition, a special memory was developed to generate input simulation files for
unit is allocated for both the cosine and the pixel mat- the Verilog-XL™™ digital simulator [8]. This involved
rix elements,F;,. and D, respectively. A shifter is forming the appropriate image-pixel/cosine-coefficient
included to cope with the additional shift operations. pairs, in the order imposed by the multiplication al-
The multiplier and the adder units are included to per- gorithm, so that they can be applied to the inputs of
form the normal multiply-add DSP operations. Since the multiplier hardware. Figure 3 illustrates the frame-
the outputs of both the multiplier and the shifter have to work for the evaluation of the algorithm. Three types
share the same input of the register bank, a multiplexerof input simulation files are generated, representing
is needed to resolve which one output can use the rethe use of one of the following: (1) Traditional cosine
gister bank input. Another multiplexer is required to DCT multiplication (Traditional). (2) Column-based
handle outputs from multiplier/shifter and adder units multiplication algorithm without ordering (Column-based).
since some of the inputs to the register bank proceed(3) Column-based multiplication algorithm with order-
directly to the bank without passing through the adder. ing according to minimum hamming distance (Ham-
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Image Ordering Switched Switched
Capacit- Capa-
ance (pF)| citance
*10? reduction

%) [2]

Horizontal Stripes| Traditional 13.77 -

Column-Based 8.45 38.64
Hamming 7.06 48.64
Vertical Stripes Traditional 7.70 -
Column-Based 7.55 1.97
Hamming 6.41 16.84
Blocks Traditional 9.25 -
Column-Based 7.65 17.27
Hamming 6.47 29.99
Checked Traditional 13.81 -
Column-Based 8.39 39.25
Hamming 6.83 50.50

Table 1: Typical power savings

ming). In each simulation, the number of signal trans-
itions (switching activity), at the output of each gate,
is monitored. Capacitive information for each gate
is extracted from the layout of the multiplier circuit.
Both of these are used to obtain a figure for the total
switched capacitance of the multiplier.

Table 1 illustrates the results obtained with the dif-
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shows, power savings are achieved with all examples,
with a maximum of 50.% power saving for an 8-bit
multiplier.

4. CONCLUSIONS

An algorithm for the low power implementation of the 8]

Discrete Cosine Transform on CMOS based DSPs has
been presented. The algorithm reduces power by ma-
nipulating data at multiplier inputs such that switching
activity is reduced. This in turn has the effect of redu-
cing the total switched capacitance. It has been shown
that the algorithm can provide up to%(ower saving,
when used in conjunction with an ordering algorithm
which manipulates bit correlation of data and coeffi-
cient values at multiplier inputs, and that it provides
the potential for more savings in power.
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