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Abstract. This paper presents a 2-D DCT/IDCT processor chip for high data rate image processing and video
coding. It uses a fully pipelined row—column decomposition method based on two 1-D DCT processors and a
transpose buffer based on D-type flip-flops with a double serial input/output data-flow. The proposed
architecture allows the main processing elements and arithmetic units to operate in parallel at half the frequency
of the data input rate. The main characteristics are: high throughput, parallel processing, reduced internal
storage, and maximum efficiency in computational elements. The processor has been implemented using
standard cell design methodology in 0.35 pm CMOS technology. It measures 6.25 mm? (the core is 3 mm?) and
contains a total of 11.7 k gates. The maximum frequency is 300 MHz with a latency of 172 cycles for 2-D DCT
and 178 cycles for 2-D IDCT. The computing time of a block is close to 580 ns. It has been designed to meets
the demands of IEEE Std. 1,180-1,990 used in different video codecs. The good performance in the computing

speed and hardware cost indicate that this processor is suitable for HDTV applications.
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1. Introduction

The Discrete Cosine Transform (DCT) is widely
considered to provide a near optimal performance for
transform coding and image compression, because it
offers energy compaction, orthogonal separability and
fast algorithms [1]. Thus, the DCT has been applied for
most of recent still picture and moving picture
international standards for sequential codecs [2, 3] as
JPEG, MPEG, H.261 and H.263, as well as in high-
definition television (HDTV) systems. The computation
complexity requirements in many real-time applica-
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tions often lead to the use of efficient dedicated
hardware (ASIC’s) operating at high speed with an
acceptable cost in area.

Since the introduction of the DCT in the 1970s, a
considerable amount of research has been performed on
algorithms, architectures and processor design for
computing of DCT. In the literature, there are many
VLSI implementations proposed for DCT and its
inverse (IDCT) which, to a greater or lesser extent,
search for some of the following characteristics: low-
cost area [4-9], regularity to reduce the design effort
[10, 11], high throughput [4, 5, 9, 11-13] and low
power [4, 14, 15]. Different approaches have been
proposed to implement the 2-D DCT/IDCT: row—
column decomposition method, the direct method and
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other minority alternatives based on transforms (as DFT
[16] and DHT [17]), CORDIC algorithms [18] and
systolic array implementations [19]. The row—column
decomposition method uses the separability property of
2-D DCT to be broken into two sequential 1-D DCT,
one along the row-wise block and the second along the
column-wise block of previous row-wise processed
blocks, which are stored in a transpose memory [4, 6,
8,9, 11-15, 20, 21]. This method allows a 2-D DCT to
be computed using fast algorithms and hardware
developed for 1-D DCT. In some implementations, a
single multiplexer 1-D DCT processor is used to
perform both operations with the corresponding saving
in hardware [8-10, 13, 20]. Roughly 90% of the
survey implementations follow the row—column de-
composition method because its regularity is highly
suitable for VLSI implementation. The direct method
requires fewer computations, but it incurs the irregu-
larity [5, 7, 10]. However, the feature of low-
computation complexity is still attractive and some
regular structures have been researched recently.

This paper describes the architecture of an 8 x8 2-D
DCT/IDCT processor chip with a high throughput and
a cost-effective architecture [22]. The 2D DCT/IDCT
is calculated using the separability property, so that
its architecture is made up of two 1-D processors and
a transpose buffer (TB) as intermediate memory.
This transpose buffer presents a regular structure
based on D-type flip-flops with a double serial
input/output data-flow highly suitable for pipeline
architectures. The processor has been designed
searching for high throughput, reduced hardware,
parallel and pipeline architecture, and a maximum
efficiency in all arithmetic elements. This architec-
ture allows the processing elements and arithmetic
units to work in parallel at half the frequency of the
data input rate, except for the normalisation of the
transform which is carried out in a multiplier
operating at maximum frequency. Moreover, it has
been verified that the precision analysis of the pro-
posed processor meets the demands of IEEE Std.
1,180-1,990 [23] used in video codecs ITU-T H.261
[24], ITU-T H.263 [25] y ITU-T H.261+ [26]. The
processor has been conceived using a standard cell
design methodology and manufactured in a 0.35-pum
CMOS CSD 3M/2P 3.3 V process (http://www.asic.
austriamicrosystems.com). It has an area of 6.25 mm?
(the core is 3 mm?) and contains a total of 11.7 k gates,
5.8 k gates of which are flip-flops. A data input rate

frequency of 300 MHz has been established with a
latency of 172 cycles for 2-D DCT and 178 cycles for
2-D IDCT. The computing time of a block is close to
580 ns. This good performance in the computing speed
as well as hardware cost, indicate that the proposed
design is compact and suitable for HDTV applications.

The paper is organized as follows: Section 2
presents the principles and algorithm used to imple-
ment the 2-D DCT/IDCT. Section 3 addresses the
architectural design and circuit design features of the
basic processing elements. A description of a block
diagram of the 2-D DCT/IDCT processor is presented
in Section 4. Section 5 describes the main arithmetic
elements and, finally, chip characteristics and com-
parisons with other previous DCT/IDCT processors
are described in Section 6.

2. Two-Dimensional 8 x8 DCT/IDCT

La 8 x8 DCT transforms a block of the space domain,
x(n,m [ , into its DCT domain components,
{ ( )}nﬁm_O p

Xk, DYy according to the following equation:

( C(l 7 7
X(k,1) = > 2;,;))(”’” (n,k)C(m,1), (1)
Vk,1=0,1,2,...,7
where ¢(0) =1/v2 , c(k)=1 for k>0, C(i,j) =
cos(z’“ 177)

The IDCT is defined by:

7 7C(k (

=35 Dt ncinncim. o)
k=0 [=0
k1=0,1,2,....7

In matrix notation, let Sgg the eight-point DCT
matrix with rows reordered according to the se-
quence (0,4,2,6,1,5,3,7):

[Co Co Co Cy Co Coy Cop Co]
Cy —C4—C4 Cy C4—C4—Cy4 Cy
Cy Co—Ce—Cr—Cr—Cs Co C
Cs —Cy Cy —Cs—Cg Cy —C, Cs (3)
Ci C3 Cs C7—-C7—-C5—-C3-C,

Cs —C, C; C3—C3—-C7 C;—Cs
C:;: —C; —C1—Cs C5 C; C7—C3
|C7—C5s C3 —C; Ci—C3 Cs5s—C4
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where Cy :%;Ci =costZ i=1,2,...,7 . Taking
into account the properties of the cosine, the Cy, Cs,
Cs and C; elements of Sgg can be expressed as:

C1 =C4+(C3+Cs);C3 = Cq-(C1 + C7); ()
Cs =C4:(C; — C7);C7 = C4+(C5 — Cs);

The elements of columns 2, 3, 6 and 7 of Sgg can
be decomposed by applying Eq. (4) in the following
way:

J 0
Srs = Prg-Jrs = Pgs- { I(?)E4 Troa ] -Ors
Js£4ORra 0
— Pog- 5
R8 [ 0 JoasJoacJoap Ors - (5)

where

1
PRg = E -Diagonal(CO, C4, Cz, Cz, C17C5, Cs, C])
(6)

1 1 0 O
1-1 0 O
Jspq = 00T 1|’
>
(7)
0 0-1T,
L Ip
Ora = [ ]
: Ipy =1,
T, 0 0 1
o1 10
T =1 ¢ 4 Ts 0 |’ (8)
-1 0 0 T,
[ 00
1-1 0 O
Joac = 00-1 11
00 11
(1 0 0 0
S fo-cicio
“WD= o € Ch 0
0 0 01
| 14 Ipa
Ors = {104 ) } 9)

where Ip, is the matrix resulting from permuting the
1, rows according to the ordering sequence (3,2,1,0),
Ip, ordering according to (1,0), T1=C-/C,, T>,=C¢s/C>
and T5=C3/Cs. Figure 1 shows the flow graph of Eq.
(5), frequently referenced as Chen’s fast algorithm
[27] which has been used in some implementations
[12, 13]. It involves multiplication by four different
constants and the outputs are scaled which require a
further multiplication. Moreover, Jgg is made up by two
4x4 sub-matrices which can be computed in parallel.

Since Sgg, Org and Pgg are orthogonal, after Eqgs.
(3) and (5) we get:

OraJ. §E4 0

Sk = TrsPrs = Qs 0 Pps

JoapJoacT g
(10)

The flow chart of inverse DCT is shown in Fig. 2.
In the compute of this algorithm, the role of the inputs
and outputs are reversed and the Jrg4 and Jzo4 must
be replaced by Jiz, and Jio,, respectively.

The 8x8 2-D DCT can be expressed on the basis
of the nuclei of the Spg matrix transform as:

XR = SR3~X-S%8 = Kg‘(JRg-X-J;eg) (11)

where (@) represent the Hadamard product and Kg is
the normalization matrix defined as

CoCo CoCy CoCr CoCr CoCi CoCs CoCs  CoCy
CyCo C4Cy CuCyr CyCr C4Cp CyCs Cy4Cs  CuCy
CCy CiCy GGy GGy CCp CoCs CaCs CrCy
CCy CaCy CaCy CoC, CoCp CaCs CoCs  CoCy
CcCy CiCy CiC, CiC, CiCp CiCs CiCs CiCy
CsCy CsCy CsC, CsC, CsCp CsCs CsCs CsCy
CsCy CsCqy CsC, CsC, CsCyp CsCs CsCs CsCy
CiCy CiCqy CiCy CiCy Ci1Cy Ci1C5 Ci1C5 C1Cy

(12)

Kg =

I,

Similarly, the 8 x8 IDCT is obtained as:
X = S;QS Xg-Sgs = ];gg‘(KS'XR)'JRS <13>

Egs. (11) and (13) allow the multiplication by Kjg
coefficients to be done at output for forward DCT or
at input for IDCT, reducing the number of inner
multiplications. This scheme is very attractive when
this transform is incorporated into the decoding
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Figure 1.  Signal flow graph of 1-D forward DCT.

process in an adaptive transform coding system.
Therefore, the quantization process at the receiver or
at the transmitter can include this normalization in
the decoding/encoding lookup table. In this case, the
normalization can be completely eliminated and thus
a significant reduction in hardware is obtained.

3. Architecture of Jrs/Jhs Processor

Figure 3 shows the architecture of the JRg/J}eg
processor designed to implement the matrix decom-
positions defined in Egs. (5) and (10) respectively. It
is made up of a double-input Qgrg processor, and the
processors Ora — Jsea/Jspy and Josp — Josc —
Joag /b operating in parallel. The configuration of

t
JsEa Qg4

X, o422

Joac Joas

forward DCT or IDCT of the architecture is
performed by means of the control of the multi-
plexers and of the operation of processors Jsgy /J Ea
and Josp /Jby . One important characteristic is that
the input data Ig and I are processed in parallel and
thus the output data Og and Ogp are also generated
in parallel. In this way, the operation frequency of
the Jgs /J4s processor is reduced to f/2, where f; is
the input data sampling frequency. Figure 4 shows the
architecture of each of the basic processors specified
in Fig. 3 which are derived from Egs. (7)—(10). The
control is very simple and is carried out using four
signals: Clkl, main clock at frequency f, Clk2,
internal clock at frequency fy/2, and the multiplexer
selection signals S; at frequency fy/4 and S, at
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Figure 2. Signal flow graph of 1-D inverse DCT.
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Figure 3. Architecture of Jgg /J4 processor.

frequency fy/8. All of the basic processors have been
conceived to work with four input data introduced in
series and whose four output data are thus also in
series, these outputs being compatible with the next
processor. The Forward/Inverse (F/I) signal modifies
the operation of the processor to perform the trans-
formation or its inverse. These basic processors are
made up of shift registers (S-R), multiplexers (MUX),
carry incrementer adders/subtracters and hardwired
multipliers and they have been designed aiming at an
efficiency of 100% in the arithmetic elements in
most cases.

4. 8x82-D DCT/IDCT

The 2-D 8x8 DCT/IDCT is implemented by the
row—column decomposition technique according to
Eq. (11) for DCT and to Eq. (13) for IDCT. Figure 5
shows the block diagram of the proposed architec-
ture composed of two 1-D processors (Jgg /JltQS ), a
transpose buffer (TB) for storing the intermediate
data, one down-sampling (D-S) unit and another up-
sampling (U-S) unit, and a multiplier for performing
the normalization of the transform according to
matrix Kg described in Eq. (12). One of the main
characteristics of this architecture is that it operates
at half the frequency of the input data rate (fy/2),
except for normalization with Kg performed at the
output for the forward DCT and at the input for the
IDCT. This multi-rate operation involves D-S and
U-S modules: D-S multiplexes in parallel and at
frequency fy/2 the input data, while the U-S performs
the opposite process.

4.1. Architecture of TB

The 8x8 intermediate data generated by the first 1-D
DCT processor has to be stored and transposed in the
TB before the second 1-D DCT is performed. This

TB allows simultaneous read and write operations
between the two processors while performing matrix
transposition. To achieve this, the data are read out
of the memory column-wise if the previous interme-
diate data were written into the memory row-wise,
and vice versa.

The TB based on D-type flip-flops has been found
to be adequate for pipeline architectures, unlike other
proposed architectures based on RAM memories.
The schema of this circuit is shown in Fig. 6a. It has
a regular serial input/output structure made up of
eight 16-bit shift-registers and multiplexers. The
control signals are: R/C, which selects the input of
shift-registers to store data in row-wise (R/C=0) or
column-wise (R/C=1), W; (j=1 to 8), which selects
the jth shift-register to make a write operation, and
Ryx (k=1 to 3), which selects the jth shift-register
specified by Wj to read out the data. The write & read
operation is simultaneously made with two serial
input data, {I;b111p} and {I;lglsl4}, and generates
two serial output data in parallel, {0;0,0,;0} and
{07060504}. The control signals allow the data to
be stored alternatively row-wise and column-wise in
order to perform data transposing and to avoid loss
of data. For the sake of clarity, Fig. 6b and c show
the configuration of shift-registers and the arrange-
ment of stored input data when a writing process in
column-wise or in row-wise is made. Both storing
data processes are easy to configure from the state of
the TB control signals. Figure 6d shows the timing
diagram of the state of these variables as a function
of the number of Clk2 clock cycles. First, the input
data are stored column-wise (in Fig. 6b, they are
filled downward) to complete each of the vertical
halves which the memory is divided. To do this, W;
recurs sequentially to each of the shift-registers so
that only four Clk2 cycles are required to store a
whole row. At the same time as the outputs, the data
previously stored column-wise are read out. To do



166 Ruiz et al.

=
A o _L— AALAA
S-R 300818
a2 £ L1
| |
[ . —
S
=
-
>< pe—
o 4 D3D,D Do
[ = dydddy | :
- L= B:BB B
b3bb b, I I G Clk_2>
—> S-R
R & 11
| ]
HI
Clk2 £
a) b)
d3dxdido !
T SR D;D,D D, <
I =
1 D;D,DiDyg
dsdrd
3dad 1do SR
a2 B l | l
L] <
_Eg 5
Clk2 =
Clk2 %
c) d)
I l | B
d3d2d ld() _ >—. D3D zD 1Do
S-R F/1
Clk2 —p | |
| | —
| o |
5
d:z .
—Q Clk2 | ==

e)

Figure 4.  Architecture of basic processors: a Qgs, bJSE4/J§E4 , ¢ Joap, d Or4 and Joap, and e 1043/1543-

DCT

IDCT |

Jrs ]

t
Jrsb

DCT
JRS
Trs

IDCT]

DCT

y

Figure 5. Block diagram of 2-D 8x8 DCT/IDCT processor.
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b)

c)

TB circuit: a Schematic, b writing data in row-wise, ¢ writing data in column-wise, and d timing diagram in term of number
of CIk2 cycles.
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CIk2 | Wy | W, | W3 | Wy | Ws | W | W; | W5 | Rf | R, | R
4x{ 1 0 0 0 0 0 0 0 0 0 0
4x{ 0 1 0 0 0 0 0 0 1 0 0
4 x{ 0 0 1 0 0 0 0 0 0 1 0
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Writing in
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d)

Figure 6 (Continued).

this, the writing process, performed using Wj, and
the reading process, performed using Ry, are syn-
chronized. In the next block, the input data are stored
column-wise (in Fig. 6¢c, they are filled rightward)
and the outputs now read out the data previously
stored row-wise. In this case, the data are written
sequentially in each of the horizontal halves into
which the memory is divided, repeating eight times
the sequence specified in Fig. 5d. As a result, the
outputs are continuously transposed in parallel and 32
CIk2 cycles are required to fill up all of the memory.

4.2. Pipeline Scheme

The DCT/IDCT processor uses a pipelining scheme
to shorten the cycle time and perform real-time

processing for applications with high pixel rates.
The pipeline registers are inserted in the critical path
to improve the operation speed with minimal over-
head. Figure 7 shows the data cycle timing for
calculating the two 1-D DCT/IDCT and TB trans-
posing operations for the different blocks. The input
data are fed in row-wise order at 1 pixel/clock and the
output data are produced in column-wise order. The
first 1-D DCT requires 45 cycles and the 1-D IDCT
67 cycles, since normalization is necessary. The
second 1-D DCT requires 63 cycles and the 1-D
IDCT 47 cycles. The total latency for 2-D DCT is
172 cycles and for 2-D IDCT is 178 cycles. This
small difference in the number of cycles is due to the
synchronization between the different processors of
the circuit.

Input | Block#1 | Block#2 | Block#3 |
1-D DCT/IDCT '
TB (write) | Block#l | Block#2 | Block#3 |
;\Y:ranspo;sing
TB(read) | Block#! | Block#2 [
\1‘1) pcper

DCT — 45 o4
IDCT — 67

Figure 7. Data timing of 2-D DCT/IDCT processor.

109 128 172

131

Cycles Time
178
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Table 1. Computation precision of IDCT according to standard [23].

MSE (<0.02) ME (<0.0015) PMSE (<0.06) PME (<0.015)
[—256, 255] 0.016733 0.000008 0.0224 0.0028
[255, —256] 0.017011 0.000136 0.022500 0.0029
[—300, 300] 0.014727 0.000083 0.018300 0.0029
[300, —300] 0.014872 0.000075 0.018700 0.0024
[=5,5] 0.011494 0.000209 0.013600 0.0027
[5, —5] 0.011422 0.000181 0.0144 0.0025

MSE Overall mean square error, ME overall mean error, PMSE peak mean square error, PME peak mean error

4.3. Accuracy Specifications Table 1 summarizes the simulation results carried
out with MATLAB according to the procedure
The accuracy of the computing of the DCT is an described in [23]. This specification allows the errors
important characteristic of this hardware. The DCT caused by finite wordlength in IDCT to be evaluated.
kernel components are real numbers so that truncation or Thus, the IDCT architecture must be excited with
rounding errors are inevitably introduced during com- 10,000 8x8 blocks of random numbers in the ranges
putation. There are two inherent errors in a DCT [=5, 5], [—256, 255] and [—300, 300]. The sim-
implementation: (1) finite internal wordlength and (2) ulations find the following minimum architectural
coefficient quantization error. The standards H.261, requirements: 20-b for data-path, 12-b for coeffi-
H.263 and H.263+ defined for videoconference appli- cients wordlength and 13-b for normalization coef-
cations, establishes the accuracy specifications in the ficients of Kj.
computing of the IDCT. The fulfilment of the specifi-
cations ensures the compatibility between different 5. Arithmetic Circuits
implementations of the IDCT [28]. This standard has
been used to define the accuracy of the data-path and The arithmetic circuits limit the speed of the
wordlength of the coefficients of the processor. processor. They have been carefully selected to find
A B
20% 20{
20-b CIA
6 5 | 4 I 3 2
20

Ay By Az 1|33 Alz By A B
|
0

cy c?

1 il
o EEE T
ey

4-bit CIA Sy S3 Ss

| Co

1
~

Figure 8. 20-b CIA detailed for 4-b.
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Figure 9. General structure of hardwired multipliers.

best compromise in area, throughput and latency.
The Jgg /J,’eg processor uses a total of six 20-bit carry
incrementer adders and three hardwired multipliers.
In the design of these circuits, fast architectures with
minimal overhead, radix representation and pipeline
stages have been used to provide balanced critical
paths. However, this does not mean a great effort in
design since these operate at half the frequency of
the input data rate. Only a fine grain pipeline
architecture is required for the normalization multi-
plier Kg since it is operating at input data rate
frequency. In this section, the main arithmetic circuits
are described.

5.1. Carry Incrementer Adder

The carry incrementer adder (CIA) has been chosen
because it has an asymptotic performance with O(n)
area and O(y/n ) time, and provides a compromise
between a ripple-carry adder (RCA) and a carry
look-ahead adder. It has a short critical path at the
expense of a small increase in area in comparison
with RCA. The CIA is made up of an RCA divided
into blocks and some additional selection logic and it
is a modification of the adder presented in [29].
Figure 8 shows the 20-bit CIA built from five blocks
of different lengths {6, 5, 4, 3, 2}. For the sake of

An20 Bizo Anzi1 Buora!

n21] n-2

FINAL ADDER WITH

__ ROUNDING CORRECTION |

clarity, a 4-bit block is shown in detail, its output
being obtained from the following equations:

S1=Co® S(l) (14)
5= (Cosh) &2

= (Cosish) o 2

$1 = (Cusits) &)

where SV is the RCA output and C, the input carry
for this block. The output carry, which forms the
input carry for the next block, is defined as:

Cy = CY + 59595989C, (15)

5.2. Hardwired Multipliers

The concept of hardwired multiplication and binary
signed digit representation for fixed coefficients has
been adopted to simplify the hardware complexity
for realizing multiplication through a carry-saver
adder scheme. The multiplication by fixed-coeffi-
cients is computed in three types of configurable
multipliers which perform the following arithmetic
operations: P=d;- {T; or Ts}+d;, P=d;- {1 or T,}+d;
and P=d;- C4, where d; and d; are input data. These
multipliers, whose general structure is shown in Fig.
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Figure 10. Structure of DCIA detailed for 4-bit.

9, are made up of a carry save adder tree based on 4:2
and 5:3 compressors and configured according to the
type of coefficient, and a final adder with rounding
correction. To limit the critical path, pipeline stages
and a radix-8 encoding are used for 7, and Ts. The
fixed coefficients are expressed in the carry save
structure as:

815
T, = —— = 0.198974609375 = 3.27* + 3.2°78
4096 D
6130
Ts = —— = 1.49658203125 = 3.27' — 278 4 -1
5 = 2096 9658203125 = 3 +
2896 s
C4fm70.7070312572 +2
4274 42754278
1696
T, — —0. _ 92 -3 -5 -7
> = 1006 0.4140625 =22 +23 425 42

(16)

For example, P=x- T1+y=(3x)-2_4+(3x) 278 —x-
2724y, The term 3x is precomputed by adding and
shifting operations, 2-x+x, in a CIA.

These multipliers generate a larger output than the
data-path of the processor. This necessarily implies the
use of less significative bits to adapt the output of the
multiplier to the 20-bit size of the data-path. However,
it has been verified through simulation with MATLAB
that if a rounding correction operation rather than a
truncation operation is performed on this final adder,
the size of the data-path required to verify the IEEE
Std. 1,180-1,990 requirements is reduced from 22-b to
20-b. This result is important because it leads to a
significant saving in the total area of the processor.

The final adder with rounding correction is made
up of a carry generator (CG) with a structure of a
high-speed binary carry-look ahead [30], and a 20-bit
double carry incrementer adder (DCIA). The DCIA
must compute the input carries, C; and C,, which
indicate the type of increase to be made: +0 for
C1=C,=0,+1 for C;= and C,=0, and +2 for C;=0 and
C,=1. C; y C; can easily be generated from the fol-
lowing expressions:

Ci=A,-20+Bp_20 + Cp2

17
Cy = A, _20B,—20Cp-21 (17)

where C,,_»; is the carry generated in the CG.
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Table 2. Distribution in terms of number of gates for the
different blocks in 2D DCT processor.

Block No. of gates
Qgg processor 549
Qg4 processor 318
Joac processor 320
Jous /'72)43 processor 600
.151;4/J§E4 processor 372
Joap processor 502
TB 2,563
Kg multiplier 1,528
Others 2,300
Total 11,740

Figure 10 shows the schema of the 20-b DCIA
composed of five blocks of variable length {6, 5, 4,

3, 2} detailed for the case of 4-bits. The outputs, P;,
of this block are given by the following expressions:

Pi=Ca e P (18)
P,=(Cy+Ci\P))& P

Py = (CyPY+ O\ PYPY) & P}

Py = (C4PIP} + CiPYPYPY) & P

and the output carries are defined as:

Ct = CY + PYPIPSPIC]
C3 = PYPPICICY

5.3. Normalization Multiplier
The Hadamard product for the normalization de-

scribed by Egs. (11) and (13) are performed in a
Booth-multiplier with fine pipeline. The multiplier is

Table 3.  Comparison between the proposed architecture and existing architectures which verify the standard [23].
Tech. Area in
Ref.  Year Function CMOS mm? Gates/Trans. Frequency/latency Architecture
[12] 1992 DCT/ADCT 0.8 um (FC) 21 (core) 102 k Tr. 100 MHz @5 V/1.28us RC TRAM DA
[20] 1992 IDCT 1 um (GA) 110 31 k gates 40 MHz @ 3.4 V/24 cycles MUXRC ERAM HM
[13] 1995 DCT/ADCT 0.8 um (FC) 10 (core) 67 k Tr. 100 MHz MUXRC TRAM HM
[4] 1996 DCT/IDCT 0.3 pm (FC) 4 120 K Tr 150 MHz @ 0.9 V/112 cycles RC TRAM DA
[14] 1998 IDCT 0.5 um (GA) 200 k Tr 27 MHz @ 3.3 V/80 cycles RC TRAM HM
[5] 1999 IDCT 0.6 pm (SC) 12.3 (core) 10 k gates/78 k Tr 100 MHz @ 3.3 V/86 cycles DM TB DA
[21] 1999 DCT/IDCT 0.8 um (SC) 33 15 K gates + RAM 36 MHz RC TRAM DA
[6] 1999 DCT/IDCT 0.5 pm (SC) 10 k gates + RAM 33 MHz RC TRAM DA
[7] 2000 DCT/IDCT 0.6 um (SC)  0.78 (core) 1.5 k gates + RAM 33 MHz/1,208 cycles DM TRAM DA
[8] 2001 DCT/IDCT 0.65 pum (SC) 9.2 k gates 50 MHz MUXRC TB DA
[15] 2002 DCT/IDCT 0.18 um (SC) 28 k gates 33.6 MHz @ 1.6 V/227 cycles RC TRAM DA
[9] 2003 IDCT 0.6 um (SC) 21 (core) 7.5 gates + RAM 100 MHz MUXRC TRAM HM
[11] 2004 DCT/IDCT 0.25 um (SC) 1.5 (core) 52 k gates 150 MHz/64 cycles RC RF HM
Ours 2004 DCT/IDCT 0.35um (SC) 3 (core) 11.7 k gates 300 MHz @ 3.3 V /178 cycles RC TB HM

FC Full-custom, SC semi-custom, GA gate-array, RC row—column decomposition, MUXRC multiplexed row—column decomposition, DM
direct method, TRAM transpose RAM, ERAM external transpose RAM, TB transpose, RF register file, HM hardwired multiplier, DA
distributed arithmetic.
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made up of an optimised Booth-decoder, a seven-
stage pipeline carry-save structure and a pipeline
final adder with rounding correction based on a
DCIA and a GC. The counter selects a specific
element of Kg and the Booth-decoder encodes the 10
different elements of normalization which are de-
fined in 13-b as: C,C,=7,880/8,192, C,C,=7,423/
8,192, C4C,=5,681/8,192, C5C,=4,464/8,192,
C»(C»=6,992/8,192, C4,C»=5,352/8,192, CsC,=4,205/
8,192, C4C4=4,096/8,192, C5C4=3,218/8,192 and
C5C5=2,529/8,192. This encoding has been opti-
mized looking for common sharing terms of these
fixed-coefficients in order of save area. This multi-
plier contains 1,528 cells of which 760 are flip-flops.
It has a latency of 17 CIkl1 clock cycles.

6. Implementation and Comparisons

A prototype of an 8x8 2-D DCT processor chip has
been designed using standard cells in a semi-custom
methodology. It uses 9-b input data and 12-b output
data for DCT and 12-b and 9-b for IDCT. The
processor was implemented with a 0.35 um CMOS
CSD 3M/2P 3.3 V technology of Austria-Micro-
system (http://www.asic.austriamicrosystems.com).
The chip has an area of 2.5x2.5%6.25 mm? (the
core is 1.75%1.75=3.06 mm?). It contains a total of
11.7 k gates, 5.8 k gates of which are flip-flops and
826 gates are FA/HA. Table 2 shows the hardware
cost in terms of number of gates for the different
blocks of this processor. More details about chip
implementation can be found in [22]. A maximum
operating frequency of about 300 MHz has been
established. The latency for 2-D DCT is 172 Clkl
cycles and for 2-D IDCT is 178 CIkl cycles. The
computing time of a block is close to 580 ns.

In the literature, there are many implementation
styles for DCT and IDCT. For proposes of comparison,
Table 3 lists features of the proposed processor and
other DCT implementations selected from among
those which fulfil the specifications of the IEEE
standard. This Table shows the following parameters:
year of publication, function indicating whether it
implements the forward DCT and the IDCT or only the
IDCT, technology (all are in CMOS) and design

methodology (FC for full-custom, SC for semi-
custom, GA for Gate Array), area in mm? of die or
of core, complexity in terms of number of gates or
transistors (some designs include additional RAM),
frequency and latency, and finally, some basic
specifications of the architecture. Three parameters
have been taken into account in the specification of
the architecture [31]:

— Implementation based on row—column decompo-
sition method or direct method. In the first case,
the property of separability of the 2D DCT is used
to separate its computation into two sequential 1-D
DCT (RC) and transpose memory, or into a single
1-D DCT (MUXRC) processor which performs
both operations. In the second case, the direct formula
of the 2D DCT is used. Table 3 shows clearly that the
RC or MUXRC implementation is superior to the
direct method.

— Memory. The implementation of the la DCT
requires intermediate memory which, in most cases,
is a RAM, either external, ERAM, or internal,
TRAM. Other alternatives are the register file (RF)
configuration based on flip-flops or transpose buffer
(TB).

— Computation based on hardwired multipliers (HM)
or on distributed arithmetic (DA).

As compared with the existing design listed in
Table 3, the proposed processor is clearly superior in
terms of speed even for those processors that use a
better technology [11, 15]. The parallel-pipeline
architecture and arithmetic units operating at half
the frequency gives an input data rate of 300 MHz,
far higher than that of the fastest processor listed in
this table [11]. This speed does not imply any
additional cost in terms of the number of gates since
it is similar to that of the other designs proposed
which offer an efficient hardware complexity [5, 6,
8, 9, 13, 20]. Thus, [9, 13, 20] use the MUXRC
approach to reduce hardware, [5, 9] implement only
the IDCT and others present the same complexity in
number of gates but require additional RAM [6]. In
this respect, notice should be taken in particular of
the highly area-efficient processor described in [7]
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which combines a software-oriented controller with a
hardware unit. This processor is not a pure hardware-
oriented approach unlike the rest of the processors.

7. Conclusions

This paper describes the architecture of an 8x8 2-D
DCT/IDCT processor chip with high throughput,
reduced hardware, parallel and pipeline architecture
operating at half the frequency of input data rate, and
a maximum efficiency in all arithmetic elements.
This processor is clearly superior in terms of speed
without increasing hardware complexity in compar-
ison with others processors which also meet the
demands of IEEE Std. 1,180-1,990. This good perfor-
mance in the computing speed as well as hardware
cost, indicate that the proposed design is suitable for
HDTYV applications.

One advantage of the proposed architecture is that
the Kg normalization can be incorporated into the
decoding process in an adaptive transform coding
system. Therefore, the quantization process at the
receiver or at the transmitter can include this
normalization. Then, the Kg multiplier can be
completely removed in the 2D DCT processor,
reducing area by 13% and latency by 10%.
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