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Abstract—In this paper, we present area- and power-efficient
architectures for the implementation of integer discrete cosine
transform (DCT) of different lengths to be used in High Efficiency
Video Coding (HEVC). We show that an efficient constant matrix-
multiplication scheme can be used to derive parallel architectures
for 1-D integer DCT of different lengths. We also show that
the proposed structure could be reusable for DCT of lengths
4, 8, 16, and 32 with a throughput of 32 DCT coefficients
per cycle irrespective of the transform size. Moreover, the
proposed architecture could be pruned to reduce the complexity
of implementation substantially with only a marginal affect on
the coding performance. We propose power-efficient structures
for folded and full-parallel implementations of 2-D DCT. From
the synthesis result, it is found that the proposed architecture
involves nearly 14% less area-delay product (ADP) and 19% less
energy per sample (EPS) compared to the direct implementation
of the reference algorithm, on average, for integer DCT of lengths
4, 8, 16, and 32. Also, an additional 19% saving in ADP and
20% saving in EPS can be achieved by the proposed pruning
algorithm with nearly the same throughput rate. The proposed
architecture is found to support ultrahigh definition 7680×4320
at 60 frames/s video, which is one of the applications of HEVC.

Index Terms—Discrete cosine transform (DCT), H.265, High
Efficiency Video Coding (HEVC), integer discrete cosine trans-
form (DCT), video coding.

I. Introduction

THE DISCRETE cosine transform (DCT) plays a vital role
in video compression due to its near-optimal decorrela-

tion efficiency [1]. Several variations of integer DCT have been
suggested in the last two decades to reduce the computational
complexity [2]–[6]. The new H.265/High Efficiency Video
Coding (HEVC) standard [7] has been recently finalized and
poised to replace H.264/AVC [8]. Some hardware architectures
for the integer DCT for HEVC have also been proposed for
its real-time implementation. Ahmed et al. [9] decomposed
the DCT matrices into sparse sub-matrices where the multi-
plications are avoided by using the lifting scheme. Shen et al.
[10] used the multiplierless multiple constant multiplication
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(MCM) approach for four-point and eight-point DCT, and
have used the normal multipliers with sharing techniques for
16 and 32-point DCTs. Park et al. [11] have used Chen’s
factorization of DCT where the butterfly operation has been
implemented by the processing element with only shifters,
adders, and multiplexors. Budagavi and Sze [12] proposed a
unified structure to be used for forward as well as inverse
transform after the matrix decomposition.

One key feature of HEVC is that it supports DCT of
different sizes such as 4, 8, 16, and 32. Therefore, the hardware
architecture should be flexible enough for the computation
of DCT of any of these lengths. The existing designs for
conventional DCT based on constant matrix multiplication
(CMM) and MCM can provide optimal solutions for the
computation of any of these lengths, but they are not reusable
for any length to support the same throughput processing of
DCT of different transform lengths. Considering this issue,
we have analyzed the possible implementations of integer
DCT for HEVC in the context of resource requirement and
reusability, and based on that, we have derived the proposed
algorithm for hardware implementation. We have designed
scalable and reusable architectures for 1-D and 2-D integer
DCTs for HEVC that could be reused for any of the prescribed
lengths with the same throughput of processing irrespective of
transform size.

In the next section, we present algorithms for hardware
implementation of the HEVC integer DCTs of different lengths
4, 8, 16, and 32. In Section III, we illustrate the design of
the proposed architecture for the implementation of four-point
and eight-point integer DCT along with a generalized design
of integer DCT of length N, which could be used for the
DCT of length N = 16 and 32. Moreover, we demonstrate the
reusability of the proposed solutions in this section. In Sec-
tion IV, we propose power-efficient designs of transposition
buffers for full-parallel and folded implementations of 2-D
Integer DCT. In Section V, we propose a bit-pruning scheme
for the implementation of integer DCT and present the impact
of pruning on forward and inverse transforms. In Section VI,
we compare the synthesis result of the proposed architecture
with those of existing architectures for HEVC.

II. Algorithm for Hardware Implementation of

Integer DCT for HEVC

In the Joint Collaborative Team-Video Coding (JCT-VC),
which manages the standardization of HEVC, Core Experi-
ment 10 (CE10) studied the design of core transforms over
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several meeting cycles [13]. The eventual HEVC transform
design [14] involves coefficients of 8-bit size, but does not
allow full factorization unlike other competing proposals [13].
It however allows for both matrix multiplication and partial
butterfly implementation. In this section, we have used the
partial-butterfly algorithm of [14] for the computation of
integer DCT along with its efficient algorithmic transformation
for hardware implementation.

A. Key Features of Integer DCT for HEVC

The N-point integer DCT1 for HEVC given by [14] can be
computed by a partial butterfly approach using a (N/2)-point
DCT and a matrix–vector product of (N/2) × (N/2) matrix
with an (N/2)-point vector as

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

y(0)
y(2)

·
·
·

y(N − 4)
y(N − 2)

⎤
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⎡
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a(0)
a(1)

·
·
·

a(N/2 − 2)
a(N/2 − 1)

⎤
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(1a)

and

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

y(1)
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·
·
·

y(N − 3)
y(N − 1)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

= MN/2

⎡
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b(0)
b(1)

·
·
·

b(N/2 − 2)
b(N/2 − 1)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

(1b)

where

a(i) = x(i) + x(N − i − 1)

b(i) = x(i) − x(N − i − 1) (2)

for i = 0, 1, · · ·, N/2 − 1. X = [x(0), x(1), · · ·, x(N − 1)] is the
input vector and Y = [y(0), y(1), ···, y(N−1)] is N-point DCT
of X. CN/2 is (N/2)-point integer DCT kernel matrix of size
(N/2) × (N/2). MN/2 is also a matrix of size (N/2) × (N/2)
and its (i, j)th entry is defined as

m
i,j
N/2 = c

2i+1,j
N for 0 ≤ i, j ≤ N/2 − 1 (3)

where c
2i+1,j
N is the (2i + 1, j)th entry of the matrix CN .

Note that (1a) could be similarly decomposed, recursively,
further using CN/4 and MN/4. We have referred to the direct
implementation of DCT based on (1)–(3) as the reference
algorithm in the remainder of this paper.

B. Hardware Oriented Algorithm

Direct implementation of (1) requires N2/4 + MULN/2

multiplications, N2/4 + N/2 + ADDN/2 additions, and 2 shifts
where MULN/2 and ADDN/2 are the number of multiplications
and additions/subtractions of (N/2)-point DCT, respectively.

1While the standard defines the inverse DCT, we show the forward DCT
here since it is more directly related to the later parts of this paper. Also, note
that the transpose of the inverse DCT can be used as the forward DCT.

Computation of (1) could be treated as a CMM problem
[15]–[17]. Since the absolute values of the coefficients in all
the rows and columns of matrix M in (1b) are identical, the
CMM problem can be implemented as a set of N/2 MCMs
that will result in a highly regular architecture and will have
low-complexity implementation.

The kernel matrices for four-, eight-, 16-, and 32-point
integer DCT for HEVC are given in [14], and 4- and eight-
point integer DCT are represented, respectively, as

C4 =

⎡
⎢⎢⎣

64 64 64 64
83 36 −36 −83
64 −64 −64 64
36 −83 83 −36

⎤
⎥⎥⎦ (4)

and

C8 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

64 64 64 64 64 64 64 64
89 75 50 18 −18 −50 −75 −89
83 36 −36 −83 −83 −36 36 83
75 −18 −89 −50 50 89 18 −75
64 −64 −64 64 64 −64 −64 64
50 −89 18 75 −75 −18 89 −50
36 −83 83 −36 −36 83 −83 36
18 −50 75 −89 89 −75 50 −18

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (5)

Based on (1) and (2), hardware oriented algorithms for DCT
computation can be derived in three stages as in Table I.
For 8-, 16-, and 32-point DCT, even indexed coefficients of
[y(0), y(2), y(4), · · ·y(N − 2)] are computed as 4-, 8-, and
16-point DCTs of [a(0), a(1), a(2), ···a(N/2−1)], respectively,
according to (1a). In Table II, we have listed the arithmetic
complexities of the reference algorithm and the MCM-based
algorithm for four-, eight-, 16-, and 32-point DCT. Algorithms
for Inverse DCT (IDCT) can also be derived in a similar way.

III. Proposed Architectures for Integer DCT

Computation

In this section, we present the proposed architecture for the
computation of integer DCT of length 4. We also present a
generalized architecture for integer DCT of higher lengths.

A. Proposed Architecture for Four-Point Integer DCT

The proposed architecture for four-point integer DCT is
shown in Fig. 1(a). It consists of an input adder unit (IAU),
a shift-add unit (SAU), and an output adder unit (OAU). The
IAU computes a(0), a(1), b(0), and b(1) according to STAGE-
1 of the algorithm as described in Table I. The computations
of ti,36 and ti,83 are performed by two SAUs according to
STAGE-2 of the algorithm. The computation of t0,64 and t1,64

does not consume any logic since the shift operations could
be rewired in hardware. The structure of SAU is shown in
Fig. 1(b). Outputs of the SAU are finally added by the OAU
according to STAGE-3 of the algorithm.

B. Proposed Architecture for Integer DCT of Length 8 and
Higher Length DCTs

The generalized architecture for N-point integer DCT based
on the proposed algorithm is shown in Fig. 2. It consists
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TABLE I

3-STAGEs Hardware Oriented Algorithms for the Computation of 4-, 8-, 16-, and 32-Point DCT

of four units, namely the IAU, (N/2)-point integer DCT
unit, SAU, and OAU. The IAU computes a(i) and b(i) for
i = 0, 1, ..., N/2 − 1 according to STAGE-1 of the algorithm
of Section II-B. The SAU provides the result of multiplication
of input sample with DCT coefficient by STAGE-2 of the
algorithm. Finally, the OAU generates the output of DCT
from a binary adder tree of log2 N − 1 stages. Fig. 3(a)–(c),
respectively, illustrates the structures of IAU, SAU, and OAU
in the case of eight-point integer DCT. Four SAUs are required
to compute ti,89, ti,75, ti,50, and ti,18 for i = 0, 1, 2, and 3
according to STAGE-2 of the algorithm. The outputs of SAUs
are finally added by two-stage adder tree according to STAGE-
3 of the algorithm. Structures for 16- and 32-point integer DCT
can also be obtained similarly.

C. Reusable Architecture for Integer DCT

The proposed reusable architecture for the implementation
of DCT of any of the prescribed lengths is shown in Fig. 4(a).

TABLE II

Computational Complexities of MCM-Based Hardware

Oriented Algorithm and Reference Algorithm

There are two (N/2)-point DCT units in the structure.
The input to one (N/2)-point DCT unit is fed through
(N/2) 2:1 MUXes that selects either [a(0), ..., a(N/2 − 1)]
or [x(0), ..., x(N/2 − 1)], depending on whether it is used for
N-point DCT computation or for the DCT of a lower size.
The other (N/2)-point DCT unit takes the input [x(N/2), ...,
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Fig. 1. Proposed architecture of four-point integer DCT. (a) Four-point DCT
architecture. (b) Structure of SAU.

Fig. 2. Proposed generalized architecture for integer DCT of lengths N = 8,
16, and 32.

x(N − 1)] when it is used for the computation of DCT of
N/2 point or a lower size, otherwise, the input is reset by an
array of (N/2) AND gates to disable this (N/2)-point DCT
unit. The output of this (N/2)-point DCT unit is multiplexed
with that of the OAU, which is preceded by the SAUs and
IAU of the structure. The N AND gates before IAU are used
to disable the IAU, SAU, and OAU when the architecture is
used to compute (N/2)-point DCT computation or a lower
size. The input of the control unit, mN is used to decide the
size of DCT computation. Specifically, for N = 32, m32 is a
2-bits signal that is set to {00}, {01}, {10}, and {11} to compute

Fig. 3. Proposed architecture of eight-point integer DCT and IDCT. (a)
Structure of IAU. (b) Structure of SAU. (c) Structure of OAU.

four-, eight-, 16-, and 32-point DCT, respectively. The control
unit generates sel 1 and sel 2, where sel 1 is used as control
signals of N MUXes and input of N AND gates before IAU.
sel 2 is used as the input m(N/2) to two lower size reusable
integer DCT units in a recursive manner. The combinational
logics for control units are shown in Fig. 4(b) and (c) for
N = 16 and 32, respectively. For N = 8, m8 is a 1-bit signal
that is used as sel 1 while sel 2 is not required since four-
point DCT is the smallest DCT. The proposed structure can
compute one 32-point DCT, two 16-point DCTs, four eight-
point DCTs, and eight four-point DCTs, while the throughput
remains the same as 32 DCT coefficients per cycle irrespective
of the desired transform size.

IV. Proposed Structure for 2-D Integer DCT

Using its separable property, an (N × N)-point 2-D integer
DCT could be computed by the row-column decomposition
technique in two distinct stages.

1) STAGE-1: N-point 1-D integer DCT is computed for
each column of the input matrix of size (N × N) to
generate an intermediate output matrix of size (N ×N).

2) STAGE-2: N-point 1-D DCT is computed for each row
of the intermediate output matrix of size (N × N) to
generate desired 2-D DCT of size (N × N).
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Fig. 4. Proposed reusable architecture of integer DCT. (a) Proposed reusable architecture for N = 8, 16, and 32. (b) Control unit for N = 16. (c) Control
unit for N = 32.

We present here a folded architecture and a full-parallel
architecture for the 2-D integer DCT, along with the neces-
sary transposition buffer to match them without internal data
movement.

A. Folded Structure for 2-D Integer DCT

The folded structure for the computation of (N × N)-point
2-D integer DCT is shown in Fig. 5(a). It consists of one
N-point 1-D DCT module and a transposition buffer. The
structure of the proposed 4 × 4 transposition buffer is shown
in Fig. 5(b). It consists of 16 registers arranged in four rows
and four columns. (N × N) transposition buffer can store N

values in any one column of registers by enabling them by
one of the enable signals ENi for i = 0, 1, · · ·, N − 1. One can
select the content of one of the rows of registers through the
MUXes.

During the first N successive cycles, the DCT module re-
ceives the successive columns of (N×N) block of input for the

computation of STAGE-1, and stores the intermediate results
in the registers of successive columns in the transposition
buffer. In the next N cycles, contents of successive rows of
the transposition buffer are selected by the MUXes and fed as
input to the 1-D DCT module. N MUXes are used at the input
of the 1-D DCT module to select either the columns from the
input buffer (during the first N cycles) or the rows from the
transposition buffer (during the next N cycles).

B. Full-Parallel Structure for 2-D Integer DCT

The full-parallel structure for (N × N)-point 2-D integer
DCT is shown in Fig. 6(a). It consists of two N-point 1-D
DCT modules and a transposition buffer. The structure of the
4 × 4 transposition buffer for full-parallel structure is shown
in Fig. 6(b). It consists of 16 register cells (RC) [shown in
Fig. 6(c)] arranged in four rows and four columns. N × N

transposition buffer can store N values in a cycle either row-
wise or column-wise by selecting the inputs by the MUXes at
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Fig. 5. Folded structure of (N × N)-point 2-D integer DCT. (a) Folded 2-D
DCT architecture. (b) Structure of the transposition buffer for input size 4×4.

the input of RCs. The output from RCs can also be collected
either row-wise or column-wise. To read the output from the
buffer, N number of (2N − 1):1 MUXes [shown in Fig. 6(d)]
are used, where outputs of the ith row and the ith column of
RCs are fed as input to the ith MUX. For the first N successive
cycles, the ith MUX provides output of N successive RCs on
the ith row. In the next N successive cycles, the ith MUX
provides output of N successive RCs on the ith column. By
this arrangement, in the first N cycles, we can read the output
of N successive columns of RCs and in the next N cycles,
we can read the output of N successive rows of RCs. The
transposition buffer in this case allows both read and write
operations concurrently. If for the N cycles, results are read

Fig. 6. Full-parallel structure of (N × N)-point 2-D integer DCT. (a) Full-
parallel 2-D DCT architecture. (b) Structure of the transposition buffer for
input size 4×4. (c) Register cell RCij. (d) 7-to-1 MUX for 4×4 transposition
buffer.

and stored column-wise now, then in the next N successive
cycles, results are read and stored in the transposition buffer
row-wise. The first 1-D DCT module receives the inputs
column-wise from the input buffer. It computes a column of
intermediate output and stores in the transposition buffer. The
second 1-D DCT module receives the rows of the intermediate
result from the transposition buffer and computes the rows of
2-D DCT output row-wise.

Suppose that in the first N cycles, the intermediate results
are stored column-wise and all the columns are filled in with
intermediated results, then in the next N cycles, contents of
successive rows of the transposition buffer are selected by
the MUXes and fed as input to the 1-D DCT module of the
second stage. During this period, the output of the 1-D DCT
module of first stage is stored row-wise. In the next N cycles,
results are read and written column-wise. The alternating
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Fig. 7. Encoding and decoding chain involving DCT in the HEVC codec.
(a) Block diagram of a typical hybrid video encoder, e.g., HEVC. Note that
the decoder contains a subset of the blocks in the encoder, except for the
having entropy decoding instead of entropy coding. (b) Breakdown of the
blocks in the shaded region in (a) for main profile.

column-wise and row-wise read and write operations with the
transposition buffer continues. The transposition buffer in this
case introduces a pipeline latency of N cycles required to fill
in the transposition buffer for the first time.

V. Pruned DCT Architecture

Fig. 7(a) illustrates a typical hybrid video encoder, e.g.,
HEVC, and Fig. 7(b) shows the breakdown of the blocks
in the shaded region in Fig. 7(a) for main profile, where
the encoding and decoding chain involves DCT, quantization,
dequantization, and IDCT based on the transform design
proposed in [14]. As shown in Fig. 7(b), a data before and after
the DCT/IDCT transform is constrained to have maximum
16 bits regardless of internal bit depth and DCT length. There-
fore, scaling operation is required to retain the wordlength of
intermediate data. In the main profile that supports only 8-bit
samples, if bit truncations are not performed, the wordlength
of the DCT output would be log2 N + 6 bits more than that
of the input to avoid overflow. The output wordlengths of the
first and second forward transforms are scaled down to 16 bits
by truncating least significant log2 N − 1 and log2 N + 6 bits,
respectively, as shown in the figure. The resulting coefficients
from the inverse transforms are also scaled down by the
fixed scaling factor of 7 and 12. It should be noted that

Fig. 8. (a) Dot diagram for the pruning of the SAU for the second eight-point
forward DCT. (b) Modified structure of the SAU after pruning. (c) Dot
diagram for the truncation after the SAU and the OAU to generate y(0) for
eight-point DCT.

additional clipping of log2 N − 1 most significant bits is
required to maintain 16 bits after the first inverse transform
and subsequent scaling.

The scaling operation, however, could be integrated with
the computation of the transform without significant impact
on the coding result. The SAU includes several left-shift
operations as shown in Figs. 1(b) and 3(b) whereas the scaling
process is equivalent to performing the right shift. Therefore,
by manipulating the shift operations in the SAU circuit, we
can optimize the complexity of the proposed DCT structure.
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TABLE III

Internal Register Wordlength and the Number of Pruned Bits

for the Implementation of Each Transform [DCT-1, DCT-2,

IDCT-1 and IDCT-2 in Fig. 7(b)]

Fig. 8(a) shows the dot diagram of the SAU to illustrate
the pruning with an example of the second forward DCT of
length 8. Each row of dot diagram contains 17 dots, which
represents output of the IAU or its shifted form (for 16 bits
of the input wordlength). The final sum without truncation
should be 25 bits. But, we use only 16 bits in the final sum,
and the remaining 9 bits are finally discarded. To reduce the
computational complexity, some of the least significant bits
(LSB) in the SAU [in the gray area in Fig. 8(a)] can be pruned.
It is noted that the worst-case error by the pruning scheme
occurs when all the truncated bits are one. In this case, the
sum of truncated values amounts to 88, but it is only 17% of
the weight of LSB of the final output, 29. Therefore, the impact
of the proposed pruning on the final output is not significant.
However, as we prune more bits, the truncation error increases
rapidly. Fig. 8(b) shows the modified structure of the SAU after
pruning.

The output of the SAU is the product of DCT coefficient
with the input values. In the HEVC transform design [14],
16 bit multipliers are used for all internal multiplications. To
have the same precision, the output of SAU is also scaled
down to 16 bits by truncating 4 more LSBs, which is shown
in the gray area before the OAU in Fig. 8(c) for the output
addition corresponding to the computation of y(0). The LSB
of the result of the OAU is truncated again to retain 16 bits
transform output. By careful pruning, the complexity of SAU
and OAU can be significantly reduced without significant
impact on the error performance. The overall reduction of the
hardware complexity by the pruning scheme is discussed in
Section VI.

Table III lists the internal register wordlength and the num-
ber of pruned bits for the implementation of each transform
[DCT-1, DCT-2, IDCT-1, and IDCT-2 in Fig. 7(b)]. In the
case of the second forward eight-point DCT (in the seventh

TABLE IV

Experimental Results for Proposed Methods Compared to

HM10.0 Anchor. BD-Rate Results for the Luma and Chroma

(Cb and Cr) Components Are Shown as [Y(%) / Cb(%)/Cr(%)]

row in Table III), the number of input wordlength is 16 bits.
If any truncation is not performed in the processing of IAU,
SAU, and OAU, the number of output wordlength becomes
25 bits by summation of values in columns A, B, and C. By
the truncation procedure illustrated in Fig. 8 using the number
of truncated bits listed in columns D, E, and F of Table III,
the wordlength of DCT output becomes 16 bits. Note that the
scale factor listed in column H satisfies the configuration in
Fig. 7(b) and the wordlength of the multiplier output and the
final DCT output as listed in columns I and J, respectively, is
less than or equal to 16 bits satisfying constraints described in
[14] over all the transforms T1-T4 for N = 4, 8, 16, and 32.

In Fig. 2, as the odd-indexed output samples, y(1), y(3),...,
y(N − 1) are scaled down by the pruning procedure, even-
indexed output samples, y(0), y(2),..., y(N − 2), that are
from (N/2)-point integer DCT should also be scaled down
correspondingly. For example, the scaling factor of eight-point
second DCT (T2) is 1/29 as shown in column H in Table III,
the output of internal four-point DCT should also be scaled
down by 1/29. Since we have four-point DCT with scaling
factor 1/28 as shown in the third row and column H, we can
reuse it, and perform additional scaling by 1/2.

To understand the impact of using the pruned transform
within HEVC, we have integrated them into the HEVC refer-
ence software, HM10.0,2 for both luma and chroma residuals.
The proposed pruned forward DCT is a nonnormative change
and can be implemented in encoders to produce HEVC-
compliant bitstreams. Therefore, we perform one set of ex-
periments, prune-forward (PF), in which the forward DCT
used is the proposed pruned version, while the inverse DCT
is the same as that defined in HEVC Final Draft International
Standard (FDIS) [7]. In addition, we perform two other sets
of experiments: 1) prune-inverse (PI), in which the forward
DCT is not pruned but the inverse DCT is pruned, and 2)
prune-both (PB), where both forward and inverse DCT are
the pruned versions. Both PI and PB are no longer standards
compliant, since the pruned inverse DCT is different from what
is specified in the HEVC standard. We also note here that
both the encoder and decoder use the same pruned inverse
transforms, such that any coding loss is due to the loss in
accuracy of the inverse transform rather than drift between
encoder and decoder. We performed the tests using the JCT-
VC HM10.0 common test conditions [18] for the main profile,

2Available through SVN via http://hevc.hhi.fraunhofer.de/svn/svn
HEVCSoftware/tags/HM-10.0/.
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TABLE V

Area, Time, and Power Complexities of Proposed Architectures and Direct Implementation of Reference Algorithm of

Integer DCT for Various Lengths Based on Synthesis Result Using TSMC 90-nm CMOS Library

i.e., on the test sequences3 mandated for all-intra (AI), random-
access (RA), low-delay B (LDB), and low-delay P (LDP)
configuration, over QP values of 22, 27, 32, and 37. Using
the HM10.0 as the anchor, we measure the BD-rate [19]
values of each of the PF, PI and PB experiments to get a
measure of the coding performance impact. One can interpret
the BD-rate number as the percentage bitrate difference for the
same peak signal to noise ratio; note that a positive BD-rate
number indicates coding loss compared to the anchor. Table IV
summarizes the experimental results of using the different
combinations of the propose pruned forward and inverse DCT.
Using the pruned forward DCT alone (PF case) gives average
coding loss over each coding configuration of about 0.1% in
the luma component, suggesting that the use of the pruned
forward DCT in encoder has a insignificant coding impact.
On the other hand, PI gives average coding loss ranging from
0.8% to 1.0% in the luma component over the different coding
configurations. This is expected since the bit truncation after
each transform stage is larger. Finally, PB gives average coding
loss ranging from 0.9% - 1.1% in the luma component. It is
interesting to note that the coding loss in PB is approximately
the sum of that of PF and PI. We have also observed that the
coding performance difference for each of PF, PI and PB are
fairly consistent across the different classes of test sequences.

VI. Implementation Results and Discussions

A. Synthesis Results of 1-D Integer DCT

We have coded the architecture derived from the reference
algorithm of Section II as well as the proposed architectures
for different transform lengths in VHDL, and synthesized by
Synopsys Design Compiler using TSMC 90-nm General Pur-
pose (GP) CMOS Library. The wordlength of input samples
are chosen to be 16 bits. The area, computation time, and
power consumption (at 100-MHz clock frequency) obtained

3The test sequences are classified into Classes A–F. Classes A–D contain
sequences with resolutions of 2560×1600, 1920×1080, 832×480, 416×240,
respectively. Class E consists of video conferencing sequences of resolution
1280 × 720, while Class F consists of screen content videos of resolutions
ranging from 832 × 480 to 1280 × 720.

from the synthesis reports are shown in Table V. It is found
that the proposed architecture involves nearly 14% less area-
delay product (ADP) and 19% less energy per sample (EPS)
compared to the direct implementation of reference algorithm,
in average, for integer DCT of lengths 4, 8, 16, and 32.
Additional 19% saving in ADP and 20% saving in EPS are
also achieved by the pruning scheme with nearly the same
throughput rate. The pruning scheme is more effective for
higher length DCT since the percentage of total area occupied
by the SAUs increases as DCT length increases, and hence
more adders are affected by the pruning scheme.

B. Comparison With the Existing Architectures

We have named the proposed reusable integer DCT ar-
chitecture before applying pruning as reusable architecture-
1 and that after applying pruning as reusable architecture-
2. The processing rate of the proposed integer DCT unit is
16 pixels per cycle considering 2-D folded structure since
2-D transform of 32 × 32 block can be obtained in 64
cycles. In order to support 8K ultrahigh definition (UHD)
(7680 × 4320) at 30 frames/s and 4:2:0 YUV format that is
one of the applications of HEVC [20], the proposed reusable
architectures should work at the operating frequency faster
than 94 MHz (7680 × 4320 × 30 × 1.5/16). The computation
times of 5.56 ns and 5.27 ns for reusable architectures-1
and 2, respectively (obtained from the synthesis without any
timing constraint) are enough for this application. Also, the
computation time less than 5.358 ns is needed to support 8K

UHD at 60 frames/s, which can be achieved by slight increase
in silicon area when we synthesize the reusable architecture-1
with the desired timing constraint. Table VI lists the synthesis
results of the proposed reusable architectures, as well as the
existing architectures for HEVC for N = 32 in terms of gate
count that is normalized by area of 2-input NAND gate, max-
imum operating frequency, processing rate, throughput, and
supporting video format. The proposed reusable architecture-
2 requires larger area than the design of [11], but offers much
higher throughput. Also, the proposed architectures involve
less gate counts, as well as higher throughput, than the design
of [10]. Specially, the designs of [10] and [11] require very



MEHER et al.: EFFICIENT INTEGER DCT ARCHITECTURES FOR HEVC 177

TABLE VI

Comparison of Different 1-D Integer DCT Architectures With the Proposed Architectures

TABLE VII

2-D Integer Transform With Folded Structure and

Full-Parallel Structure

high operational frequencies of 761 MHz and 1403 MHz in
order to support UHD at 60 frames/s since 2-D transform of
32 × 32 block can be computed in 261 cycles and 481 cycles,
respectively. However, 187 MHz operating frequency that is
needed to support 8K UHD at 60 frames/s by the proposed
architecture can be obtained using TSMC 90-nm or newer
technologies as shown in Table VI. Also, we could obtain the
frequency of 94 MHz for UHD at 30 frames/s and 4:2:0 YUV
format using TSMC 0.15-μm or newer technologies.

C. Synthesis Results of 2-D Integer DCT

We also synthesized the the folded and full-parallel struc-
tures for 2-D integer DCT. We have listed total gate counts,
processing rate, throughput, power consumption, and EPS in
Table VII. We set the operational frequency to 187 MHz
for both cases to support UHD at 60 frames/s. The 2-D
full-parallel structure yields 32 samples in each cycle after
initial latency of 32 cycles providing double the throughput
of the folded structure. However, the full-parallel architecture
consumes 1.69 times more power than the folded architecture
since it has two 1-D DCT units and nearly the same complexity
of transposition buffer while the throughput of full-parallel
design is double the throughput of folded design. Thus, the
full-parallel design involves 15.6% less EPS.

VII. Summary and Conclusion

In this paper, we have proposed area- and power-efficient ar-
chitectures for the implementation of integer DCT of different
lengths to be used in HEVC. The computation of N-point 1-D
DCT involves an (N/2)-point 1-D DCT and a vector-matrix
multiplication with a constant matrix of size (N/2) × (N/2).
We have shown that the MCM-based architecture is highly
regular and involves significantly less area-delay complexity

and less energy consumption than the direct implementation
of matrix multiplication for odd DCT coefficients. We have
used the proposed architecture to derive a reusable architecture
for DCT that can compute the DCT of lengths 4, 8, 16, and
32 with throughput of 32 output coefficients per cycle. We
have also shown that proposed design could be pruned to
reduce the area and power complexity of forward DCT without
significant loss of quality. We have proposed power-efficient
architectures for folded and full-parallel implementations of
2-D DCT, where no data movement takes place within the
transposition buffer. From the synthesis result, it is found that
the proposed algorithm with pruning involves nearly 30% less
ADP and 35% less EPS compared to the reference algorithm
in average for integer DCT of lengths 4, 8, 16, and 32 with
nearly the same throughput rate.
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