i?‘lg electronics

Article

Area-Time Efficient Two-Dimensional Reconfigurable Integer
DCT Architecture for HEVC

Pramod Kumar Meher 1V, Siew-Kei Lam 2, Thambipillai Srikanthan 2, Dong Hwan Kim 3 and Sang Yoon Park 3*

check for

updates
Citation: Meher, PK;; Lam, S.-K,;
Srikanthan, T.; Kim, D.H.; Park, S.Y.
Area-Time Efficient Two-Dimensional
Reconfigurable Integer DCT
Architecture for HEVC. Electronics
2021, 10, 603. https://doi.org/
10.3390/ electronics10050603

Academic Editor: Inhee Lee

Received: 26 January 2021
Accepted: 26 February 2021
Published: 5 March 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Sandhaan Labs Private Limited, Bhubaneswar 751016, Odisha, India; pkmeher@sandhaanlabs.in

School of Computer Science and Engineering, Nanyang Technological University,

Singapore 639798, Singapore; siewkei_lam@pmail.ntu.edu.sg (S.-K.L.); astsrikan@ntu.edu.sg (T.S.)
Department of Electronic Engineering, Myongji University, Yongin 17058, Korea; kdhwan1995@naver.com
*  Correspondence: sypark@mju.ac.kr; Tel.: +82-31-330-6751

Abstract: In this paper, we present area-time efficient reconfigurable architectures for the implemen-
tation of the integer discrete cosine transform (DCT), which supports all the transform lengths to be
used in High Efficiency Video Coding (HEVC). We propose three 1D reconfigurable architectures
that can be configured for the computation of the DCT of any of the prescribed lengths such as 4, 8,
16, and 32. It is shown that matrix multiplication schemes involving fewer adders can be used to
derive parallel architectures for 1D integer DCT of different lengths. A novel transposition buffer
is designed to be used for the proposed 2D DCT architecture, which offers double the throughput
without increasing the size of the transposition buffer. We determine the optimal pipeline locations
in the proposed design through the precise estimation of propagation delays and the critical path so
that the area-delay-product is optimized and all the output samples are obtained in the same cycle
in spite of the recursive nature of the structure. Implementation results show that the proposed 2D
integer DCT architectures provide significantly higher throughput per unit area than the existing
designs for HEVC.

Keywords: discrete cosine transform (DCT); High Efficiency Video Coding (HEVC); H.265; integer
DCT; video coding

1. Introduction

The discrete cosine transform (DCT) is a core operation in video compression due to
its near-optimal de-correlation efficiency [1,2]. The Joint Collaborative Team-Video Coding
(JCT-VC) has defined the integer DCTs for transform lengths, N = 4, 8, 16, and 32 for
the video coding standard H.265/HEVC (High Efficiency Video Coding) [3,4]. Low-cost
hardware implementations of the integer DCTs for HEVC were proposed in [5-13].

Ahmed et al. [8] proposed a multiplier-less lifting-based approach applied to a sparse
decomposition of the DCT matrices. Shen et al. [14] proposed another multiplier-less
implementation using a multiple constant multiplication (MCM) approach for the integer
DCT of lengths four and eight. For the DCT of lengths 16 and 32, however, they used
conventional multipliers. Park et al. [9] used Chen’s factorization of the DCT where the
butterfly operation of the DCT computation was implemented by the processing element
(PE) with only shifters, adders, and multiplexors. Budagavi and Sze [10] proposed a unified
hardware structure that can be used for forward, as well as inverse DCTs. Efficient MCM-
based architectures and transposition buffers for integer DCT for HEVC were proposed
in [12,13]. However, the transposition unit has a significant overhead of complexity in
this design.

As a major deviation from the earlier video coding standards, HEVC allows DCTs of
four different lengths. The DCT unit for HEVC is therefore required to be configurable to
support different transform lengths, N = 4, 8, 16, and 32. Based on this requirement, in
this paper, we propose efficient reconfigurable structures of the DCT unit that can be used
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for integer DCTs of different lengths. Specifically, three reconfigurable DCT architectures
based on a constant matrix multiplication (CMM) and the MCM are proposed. 2D integer
DCT architectures having novel transposition buffers are also proposed. The innovations
of the proposed architectures are summarized as follows.

¢ A hardware-oriented algorithm for integer DCT computation for HEVC is proposed.

e Three different flexible hardware architectures for the integer DCT are proposed, each
with advantages in terms of area, delay, or power.

* A novel matrix-vector-product unit that involves fewer adders than the existing
method [12,13] is proposed.

e Anovel 2D integer DCT architecture having double the throughput and less latency
(without increasing the size of the transposition buffer) is proposed.

* A novel low-cost pipeline strategy is proposed to reduce the critical path of the
proposed 1D integer DCT.

¢  Comparisons with existing methods are provided in terms of various metrics such as
gate counts, maximum usable frequency, throughput, latency, etc.

The rest of the paper is organized as follows. In the next section, we discuss the
key features of the integer DCT for HEVC. We describe three proposed reconfigurable
architectures of 1D integer DCT in Section 3. In Section 4, we discuss the implementation of
2D DCT. In Section 5, we compare the area and time complexities of the proposed designs
with those of the existing designs. Section 6 presents the conclusions.

2. Key Features of Integer DCT for HEVC
The N-point integer DCT of an input vector x = [x(0), x(1),...,x(N —1)] is given by:

[ y(0) ] [ x(0) ]
y(1) x(1)
=Cyn ' 1)
y(N —2) x(N —2)
Ly(N —1)] [x(N —1)]

where the integer DCT kernel Cyisan N x N matrix of integersand 'y = [y(0),y(1),...,y(N —
1)] is an output vector. The kernel matrices C for N = 4, 8, 16, and 32 for HEVC were defined
by JCT-VC [3]. The N-point integer DCT for HEVC can be computed by a partial butterfly
approach using an (N/2)-point DCT and a product of the (N/2) x (N/2) matrix by an
(N /2)-point vector as:

[ y(0) 7 [ a(0) ]
y(2) a(1)
=Cn)2 : (2a)
y(N —4) a(N/2-2)
ly(N —2)] La(N/2—1)]
and
[ y(1) ] [ b(0) ]
y(3) b(1)
=Sn/2 : (2b)
y(N —3) b(N/2—2)
ly(N —1)] Ib(N/2—1)]
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where:

a(i) =x(i) +x(N—i—1) (3a)
b(i)=x(i) —x(N—-i—-1), (3b)

fori=0,1,---,N/2—1. Cy/pisan (N/2)-point integer DCT kernel of size (N/2) x (N/2).
SN2 is also an integer matrix of size (N/2) x (N/2) derived from the first N /2 columns
of the odd-indexed rows of Cy, such that the (i, /) entry of Sy, can be defined as:

2i+1,j .
sé\}/zzcl\lﬁ ]forogz,]SN/Z—l 4)

where Cil,ﬂ’ is the (2i 4 1, j)th entry of Cy. Note that all even DCT outputs are given by
Equation (2a), while odd DCT outputs are given by Equation (2b). An (N/2)-point DCT
given by Equation (2a) is again decomposed into an (N /4)-point DCT and a product of the
integer matrix Sy /4 of size (N/4) x (N/4) with an (N /4)-point vector. This decomposition
can continue recursively till the N-point DCT is expressed in terms of the four-point DCT
and a product of the 4 x 4 matrix and four-point vector.

3. Proposed Reconfigurable Architectures for 1D Integer DCT

In this section, we propose three reconfigurable architectures for the computation of
the 1D integer DCT of different lengths for HEVC.

3.1. Proposed 1D DCT Architecture-1

Figure 1 shows the proposed 1D DCT Architecture-1. The architecture in Figure 1a is
for the integer DCTs of lengths N = 8, 16, and 32, whereas the architecture in Figure 1b is
for the computation of the four-point integer DCT. Figure 1c describes the structure of the
shift-add unit in Figure 1b. Sixteen- or eight- or four-point integer DCTs can be computed
by the 32-point DCT structure by setting the sel control signal to the MUX unit appropriately.
The input adder unit (IAU) in Figure 1a computes a(i) and b(i) fori =0,1,---,N/2 —1by
Equation (3). The MUX unit, which consists of N /2 2:1 MUXes, selects either a(i) or x(i)
fori=0,1,---,N/2 —1, depending on whether it is used to compute Equation (2a) or the
DCT of a lower size, respectively. Odd-indexed coefficients of y(i) fori =1,3,---,N — 1
are computed by the matrix-vector-product unit (MVPU) according to Equation (2b). The
computation of Equation (2b) could be realized as a CMM problem [15-18]. We find that the
algorithm of Boullis and Tisserand [18] is very efficient when it is used for the computation
of the MVPU. We generated the MVPU algorithm for S, - by, Sg - bg, and Sy - b1g and list
these in Table 1, where by, = [b(0),b(1), - - -b(N/2 — 1)]. The complexity of the proposed
1D DCT Architecture-1 is compared to that in [12] in Table 2 since the DCT computation
in [12] also uses a partial butterfly approach based on Equations (2a) and (2b). Table 1
of [12] shows the algorithm of the reference DCT architecture to be compared. Specifically,
the IAUs of the two structures are the same, and the MVPU of the proposed structure
corresponds to the MCM of [12]. The total number of adders listed in the seventh column
of Table 2 can be referred to Table 2 of [12]. The proposed Architecture-1 uses 14.6% fewer
adders compared with [12] for N = 32. Note that pipeline registers are not used for the
implementation of the MVPU. The structure requires only input registers after the IAU to
hold the incoming data.
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Table 1. Computation of Sy, - by, in the matrix-vector-product unit (b; = b(i) and yox;41 = y(2 x i+ 1) for
i=0,1,2,..,N/2—1).

Computation of 84 - by in the matrix-vector-product unit (MVPU) for 8-point DCT computation
tg = by + 4by; tg = by — 8bs; t7 = 4by — by; tg = 2by — bs; t5 = 2by — bs; tg = by — 2by — 16b3; t3 = by — 2ts5; tp = 4ty + 8bs — by; t1 = 8bg + by + 4by — 2by;
y1 = 16t + t5 + 167 — ty — 8by; y3 = 16tg — 8ty — 2tg — to — 16by — by — 2bs; y5 = 8t + tg + 16by — by — 64ts — 4bs; yy = tr + 16t3 + tg + 16t5 + 64by — 2by;
Computation of Sg - bg in the MVPU for 16-point DCT computation
t1 = by — bg; tro = by + b7; t1g = by — bs; t1g = bo + b1; tr7 = by — by; trg = 4bg + 205 — be; 15 = bo — 4by — 2by; ty = 2b3 + 4bs — by; t3 = 201 — 4by + bs;
t1p = 2by — 4by — b3; t11 = by + 4bg + 2by; t1g = by + 2by — 4by; tg = by + 4bs + 2bg; tg = 16t1 + by + 64bs + 8bg — 8tog; t7 = 16111 + 8t1g + 64b3 + by — 8bs;
te = 8t1 + 8by — 16tg — 64bs — bg; t5 = 16t13 + by — 8ty — 64by — 8by; tg = 16t14 + 8tz + bs — 64by — 8by; t3 = 16t10 + 8t19 + by + 8bz — 64bg;
ty = 16t14 + 64by + 8y + by — 8t17; b = 1615 -+ 8tay + 64by — by — 8bs; yy = 12815 + 2bg + by — t5 — tg — b4 — 32by — bs;
Y3 = fo + 128t10 + by + by + 32bs — t7 — tg — 2bs; Y5 = b + ba + Hg + bs + 2bg — 128ty — 32bg — by; y7 = t3 + by + by + 2by — t1p — 128417 — 32b, — by;
Yo =ty + by + 2bs + 128b3 — t3 — t11 — 32b3 — 128bs — be; y11 = tp + 32y + by — t1 — t6 — by — 2by — 128b; — 128by;
Y13 = fg + t3 + 128tyg + 2by — t7 — 32by — by — b; Y15 = tg + t15 + 128bg + 32by — t5 — by — b — 2by — 128by;
Computation of Sy¢ - by in the MVPU for 32-point DCT computation

tios = bg +b1a; tio7 = bo — bio; ti06 = b1z — 8b1s; tios = bg — b1z; tioa = bo — bys; tis = ba — 16bs; t102 = 2bg + bs; tio1 = bo — 2b1a; t100 = b5 — by;
tog = 8b7 +b11; tog =2by —bio; toy = 32bs —b13; tog = bg —2bo; tos = b3 — 8by; tog = by + 32b13; tog = b +8b11; top = 2bg — bia; tor = bg + by;
top = by +2b1p; tg9 = by —32bs; tgg = 4by —bio; tsy = b1 +2b3; tge = b1z +bis; tgs = by —204; tss = 2by — bg; ts3 =4bs —bs; tgp = bs — 8by;
tg1 = 2b11 + b1z, tgo = 8bg — biz; trg = b1 +by; trs = by +2b10; t77 = bg — 16by; t76 = b1y +2b1s; t75 = bg — bg; tzy = by +bis; t73 = byp — 8byy;
t7p = 16bg +b7; t71 = 2bg — bis; trg = 2b1 — by1; teo = b3 +2by; teg = bo — be; te7 = bg — 2by; teg = by +b7; tes = by —8bg; tes = by — b1o;
tes = by —2b1p; tey = 16by —bs; te1 = be — b7; teo = 2b11 — bra; tsg = 4by —bs; tsg =8b3 —by; tsy = bo +bia; tse = bo +4b1z; ts5 = 2by + byy;
tss = ts7 —2by; ts3 =tor +2by; tsp = ts5 +2b1y; ts1 = 2tzg +bo; tso =ty +4be; tag = ter — 2b1a; tag = bg — 2b11 —biz; tay = by +2bs + by;
tse = 4by —too; tas = tzs +2b1o; taa =2b3+b1a —bs; taz = by +bio —2b1a; tep = tog +4b11; ta = tio3 — 8be; tap = 4bs — teo — 2b11;
t39 = 2b3 + b1y — 2tg1; tsg = 16b3 +2by — te7; t37 = 2te3 — ten; t3g = 2bp +4bs +2b13 —bs; t35 = 4by + 2b5 +2b1g — ba; t34 = 2tyg — byg — 2b13;
t33 — 2bs + 4bys — 2b1o — by; t3p — 8by + 64bg — byg — 16b13; t31 — tex — 8tgn; f3p — bs + 4bg + 2b1s — brg; fag — 16by + 641y + bys — 8bs;
trg = tsg + 4tga — 8bg; toy = 4t + 8bg + 8b1y — bis; tag = 4tys + by + 8bs + 8b1p; tos = tsg +4by + 4bg — 4by; try = 4tgs + 4by + bg — 8bs3;
ty3 = 4tyg7 — tes — 8b1; tro = toz +4byy — 8bip —4bys; ty = 4ty +tg3 — 8bia; tag = ty7 + 32tgs + 8bg — 8tye; t19 = tyo + 16t101 + 8by5 — 8by — 64byy;
t15 = 8tog + 16t10p + 8b15 — 64by — bys; iy = Stgy + 8bg + 16b1o — tos — 32b1s; tis = Abag + 2tsg + 64by — tog — by — 8bs3 — 32by;
ti5 = dtgo + t7g 4 32tog — 2bg — b1y — 32b15; iy = 4tzy + 2100 + 32bg + by — toy — 64bg; t13 = 4tz + 32t74 + 2t104 + 64bs — t105;
tip = 4tzg + to2 + 2t103 — 3202 — b1y — 64b1s;  Hy = 4tsz + 32te1 + tio7 + 64Dy — 21085 to = dtzq + 32ts4 + tes — 2tes;
to = 4t35 + 32fg) + 2b79 + bs + 64bra — brs; ts = 2tsy + 2tss + fos + 813 — 32tss — 16tss — 2fse; tr = 25 + tr3 + 64by + 2by + 8bs + 8byg — 32t34 — 2tos;
te = 32t3 + 2ts1 + tes + 2tsy + Btigs + Abs + 3261y — 8bs; b5 = 32t55 + 8tay + 2t + Abis — bg1 — 2tsy — 8ba;
ty = 32tsy + 2t49 + 4tsp + 16tg3 + tg5 — 8bg — 32bg; t3 = 2t45 + 32t46 + 16t56 + by — 4tsg — 2t59 — 32b1;
ty = 32t39 + 2154 + 4tep + toz + 2t106 — 8t10s — 32b14; t1 = 255 + dtgy — 32t49 — 2tg9 — 8t104 — 32bg — 64b1g — byy;
Y1 = t5 + 2t11 + tgg + teo + 4t + tios + 128Dg + 32b1p — 8tag — 2tr; Y3 = ta + 2t + 4ty1 + tgy — 2t3 — Btoz — tyy — tge — 128b1p;
Y5 = 2ty + 64tss + 4by + 2byy — by — bis — bg — b3g — 64H05; Y7 = tg + 2tog + 2tag + 64teq + tes + 128bg — to — by — 8tsg — 4bs;
Yo = t7 + b3 + t1o + top + 128b1y — 16to5 — 2t43 — tgo — 4by1; Y11 = f1g + 217 + Btes + by + 64bs + 4bg + 2by — ty — t3 — t51 — 128bs;
Y13 = tg + 8toy + 2tp7 + tay + by + 64by + 4bs + big — 2t15 — tog — 32b1 — 128by; Y15 = t7 + 2tz + 8top + tog + 64ty + 2t + t104 — 2t13 — t57 — 32b11;
Y17 = 2t10 + 8tos + 2t30 + 16tsn + teg + t73 — te — tas — 16ts50; Y19 = 2t14 + t71 + dtog — t1 — 8tag — 2tag — ty3 — 32t76 — t100;
Y2 = 2tig + tap + 64tey + b + by — t3 — tio — dtoy — 2tgs — 2by — 64b1; Yo3 = te + t1o + tao + b1 — 2tag — 2tgy — 6470 — 64t7s — tgs;
Yo5 = t5 + 2t1g + tag + 2ty7 + 4byy — t11 — 64ty — tos — 64bs — bi3; Yo7 =t + tg + 2t + 64tge — t1y — tso — 2t101 — 64by — bip — 128bs5;
Va9 = t3 + 8ty + 2tp1 + tgg + to1 + ba — 2t1p — dtoy — by — 64by — 32bg; Y31 = tg + 2tg + 477 — 2t — 8ty — t53 — tep — t79 — 32b3 — 128by5;

Adding pipeline registers in the critical path is the general practice in VLSI design.
However, in the recursive design as in the proposed DCT, the locations of pipeline registers
need to be carefully decided. Furthermore, the pipelining in the MVPU may significantly
increase the silicon area. We could find optimal pipeline locations through precise estima-
tion of propagation delays in the critical path so that area-delay-product can be optimized
and all the output samples can be obtained in the same cycle even in the recursive structure.
Architecture-1 for the eight-point DCT involves four pipeline registers before the MVPU
to reduce the propagation delay, as shown in Figure 1a. In order to obtain all eight DCT
coefficients in the same cycle, four more registers are inserted after the first four adders in
the four-point integer DCT unit, as shown in Figure 1b. Similarly, eight and 16 registers are
located before the MVPU for 16- and 32-point DCTs, respectively. Note that Architecture-1
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involves two pipeline stages for any of the DCT sizes, N = 4, 8, 16, and 32. The array of
AND gates is used to disable the IAU, pipeline registers, and MVPU in the computation of
the DCT of a lower size in order to reduce the power consumption.

X(0)x(1) X(N/2-1) x(N-1) x(0) x(3)  x(1) X(2)

1‘ AND-Gates Array ‘
sel ) any v .
* MUXUnit # Input Adder Unit (IAU) ahift.
A Add Unit
i i. o i b(0)| b(1)| o o e b(N/-1)
(N/2)-Point
— Integer DCT Matrix-Vector-
. - y0)  y() y(2) y(3)
Architecture-1 | | proquct Unit (MVPU) (b)
(Snz2 * bnp)
J J J J J J N
¥(0) y(2) y(N-2)  y(1) y(3) y(N-1)
(a) (c)

Figure 1. (a) Proposed Architecture-1 for N = 8, 16, and 32. (b) Four-point integer DCT architecture.
(c) Shift-add unit used in (b).

Table 2. Complexity comparison in terms of the number of adders. IAU, input adder unit.

MVPU N/2-DCT Total
N IAU
[12] Figure 1 [12] Figure 1 [12] Figure 1
4 4 10 14
28 33 14 50 55
16 16 120 112 50 55 186 183
32 32 464 367 186 183 682 582

3.2. Proposed 1D DCT Architecture-2

The proposed Architecture-2 is an extension of Architecture-1, as shown in Figure 2,
which incorporates coarse-grained reconfiguration with additional hardware units to
maintain the same throughput rate for all the transform lengths. It uses an extra (N/2)-
point architecture over the structure of Figure 1a, which takes the input [x(N/2),....x(N —
1)]. The output of this additional (N/2)-point architecture is multiplexed with the output
of the MVPU by MUX Unit-2. The 32-point architecture can compute one 32-point DCT, two
16-point DCTs, four 8-point DCTs, and eight 4-point DCTs, while the throughput remains
the same as the 32 DCT coefficients per cycle irrespective of the desired transform size.



Electronics 2021, 10, 603 6of 11
X(0) x(N/2-1) x(N/2)x(N-1)
A v AND-Gates Array-1 — '
AND-Gates
sel i i . . e l Arrav.
» MUXUnit-1 | ay rray-
<)£ Input Adder Unit (IAU)
i i . o . i N/2 X(N/Z) eee X N'l)
b(0)| b(1) b(N/2-1) — '
Reg || Reg | °*°*°* | Reg
(N/2)-Point (N/2)-Point |
™ Integer DCT : Y ‘ Integer DCT  |«_>%
Architecture-2 Matrix-Vector- Architecture-2
Product Unit (MVPU)
(Sniz * bnr2)
e o o MUX Unit-2 i
y(0)y(2)  y(N-2) y(1) y@) y(N-1)

Figure 2. Proposed Architecture-2 for N = 8, 16, and 32. The four-point integer DCT architecture is
same as the one shown in Figure 1b.

3.3. Proposed 1D DCT Architecture-3

Figure 3 shows the proposed Architecture-3 for 1D DCT. It incorporates a fine-grained
reconfiguration for different transform lengths. For the computation of the N-point DCT,
the (N/2)-point integer DCT unit computes Equation (2a), whereas the configurable
shift-add units (CSAU) and the output adder unit (OAU) perform the computation of
(2b). In order to reuse this architecture for the computation of the (N/2)-point DCT,
the (N/2)-point integer DCT unit computes an (N/2)-point DCT, and the CSAU and
OAU compute the other (N/2)-point DCT providing two (N/2)-point DCTs. Similarly,
for the computation of the (N/4)-point DCT, the (N/2)-point DCT unit computes two
(N /4)-point DCTs, and the CSAU and OAU compute the other two (N/4)-point DCTs,
producing four (N/ 4)—point DCTs. Figure 4a shows the structure of CSAU-1, which is
one out of four CSAUs used for the eight-point DCT structure. For the computation of
the four-point DCT, CSAU-1 multiplies x(5) with [64, 36, 64, 83] in the second column of
C4 (ignoring the signs of the coefficients). This is part of the four-point DCT computation
of [x(4),x(5),x(6),x(7)]. For the computation of the eight-point DCT, CSAU-1 multiplies
b(1) with [75,18,89,50], which is the second column of S;. As shown in Figure 4a, the
CSAU can be designed based on the SAU with several MUXes; however, it does not need
any additional adder. Each CSAU is designed differently so that the last four MUXes
have different combinations of coefficients corresponding to the desired configuration.
Since the signs of the coefficients in each configuration may also be different, the OAU is
implemented using add /subunits instead of adders or subtractors, as shown in Figure 4b.
When the 16-point DCT structure is to be used for the computation of the four-point DCT,
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the intermediate results of Stage-2 in the three-stage adder-tree in the OAU are directed
to the output y(7), unlike the computation for eight- and 16-point DCTs. Therefore, the
MUX Unit-3, which involves an array of 2:1 MUXes, is used to select the desired outputs of
Stage-2 or outputs of Stage-3. Similarly, a MUX Unit-3 consisting of 3:1 MUXes is used to
select the desired outputs of Stages-2, 3, and 4 for the 32-point DCT structure. Since MUX

Unit-3 is not required for the eight-point DCT structure, it is indicated by dashed lines as
shown in Figure 3.

X(0)x(1) x(N/2-1) X(N-1)

ansz
sel | Mux Unit-1 # Input Adder Unit (IAU)
N/2
e o o b(O) b(l) 000 b(N/Z'l) X(N/Z) oo X N_l)
A A A h 4 Y A Sel
MUX Unit-2 <
Reg Reg
L (N/2)-Point o o @ =
O T 0O T 0O T
Integer DCT £ |C2 Y c2g
Architecture-3 BLE| BEE] T 0 (BLE
Ee2||E<c?> Ec =
o v oW o wn £
o o o >
N/2@ NIZ@ N/2
Output Adder Unit
N/Z@ N2t /24T
 MWXUnit3 o
y(0) y(2)  y(N-2) y(1) y(3) y(N-1)

Figure 3. Proposed Architecture-3 for N = 8, 16, and 32. The number of output samples of the output
adder unit (OAU) is N/2, N, and 3N /2 for N = 8, 16, and 32, respectively. The four-point integer

DCT architecture is the same as the one shown in Figure 1b.
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Figure 4. (a) Configurable Shift-Add Unit (CSAU)-1 for the eight-point DCT structure. (b) The OAU for the eight-point
DCT structure. Input of the OAU (a, b, ¢) means the output of CSAU-a where b and ¢ are used for the four- or eight-point

DCT computations according to sel, respectively.

4. High-Throughput 2D Integer DCT Architecture

Figure 5 shows the proposed architecture for 2D integer DCT using N-point recon-
figurable 1D integer DCTs. It consists of two sections corresponding to two stages of
2D DCT computation by row-column decomposition based on the separable property of
2D DCT. The input section of the proposed structure consists of two N-point 1D integer
DCTs, to compute the 1D DCT of all the N columns of the N x N input matrix. The first
N-point DCT unit (S1-A) computes the DCTs of the first (N/2) columns of the N x N
input matrix, while the second N-point DCT unit (S1-B) computes the DCTs of the last
(N/2) columns of the input matrix. A transposition unit consisting of four (N/2) x (N/2)
buffers is employed to reorder the DCT coefficients of different columns to be fed to the
output section row-wise. The output section consists of two 1D parallel N-point DCT
units, to compute the 1D DCT of all the N rows of the N x N intermediate output matrix.
The first N-point DCT unit (S2-A) computes the DCT of even rows of the intermediate
matrix (available from SR_Even_A and SR_Even_B). The second N-point DCT unit (52-B)
computes the DCT of the odd rows in the intermediate matrix (available from SR_Odd_A
and SR_Odd_B).

In each cycle, two columns of the N x N input matrix x are fed to the input section of
the proposed 2D DCT architecture as inputs. For example, if Column-0 and column-(N/2)
of the input matrix are fed, respectively, to the DCT units S1-A and S1-B in the input section
in the current clock cycle, then Column-1 and column-(N/2 + 1) are fed concurrently to
S1-A and S1-B, respectively, in the next clock cycle. Hence, the entire N x N input matrix is
fed to the proposed architecture in N /2 consecutive clock cycles. The first two rows of 2D
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DCT from the output section are available after (N /2 + 2) clock cycles where N /2 clock
cycles are for transposition and two clock cycles for the input and output sections.
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H ] — g
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Figure 5. Proposed architecture for the 2D integer DCT of size N x N.

In every N /2 cycle, the proposed 2D DCT architecture can process anew N x N input
matrix, resulting in a throughput rate of 2N DCT coefficients per clock cycle. Therefore,
the 2D DCT architecture using 32-point Architecture-1 has 8, 16, 32, and 64 coefficients per
clock cycle for the 4-, 8-, 16-, and 32-point DCT computations, respectively. Furthermore,
the 2D DCT architecture employing 32-point Architecture-2 or 3 can produce 64 DCT
coefficients per clock cycle irrespective of the transform size.

The conventional way to obtain double the throughput is to use double the hardware
comprised of two DCT units and the transposition buffers. However, the proposed 2D
DCT transposition technique does not increase the transposition buffer size to increase
the throughput. The 32 x 32 transposition buffer occupies a 2.1 times larger area than the
32-point integer DCT unit; therefore, the savings of the transposition buffer result in the
significant savings in the total silicon area.

5. Implementation Results

The proposed 2D architectures using 32-point 1D Architectures-1, -2, and -3 are coded
in VHDL and synthesized by Synopsys Design Compiler using the TSMC 90nm CMOS
library. Table 3 lists the gate count, maximum usable frequency (MUF), samples/cycle,
throughput (TPT), latency, power consumption, and energy per sample (EPS) of the pro-
posed 2D architectures and existing architectures [6,7,11-13]. Throughput per second per
gate (TSG) (Ksamples/s/gate) is also listed in the last column in Table 3. Architecture-
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n in Table 3 means 2D architectures based on conventional transposition by a 32 x 32
transposition buffer and two proposed 1D architectures-n. The architecture-n" means 2D
architectures using four 1D architectures-n and four (N/2) x (N/2) transposition buffers
as proposed in Section 4. Existing designs [6,7,13] and proposed Architectures-1 and -1*
have different throughputs depending on the transform length. In Table 3, note that the
TPT and TSG values of these designs were calculated based on the maximum throughput in
the case of the 32-point DCT computation, and we specifically indicated * with the values.
Architectures-1 and 2 can have a 400 MHz MUF, whereas the MUF of Architecture-3 is
found to be 380 MHz. Architecture-2" offers the smallest EPS among the proposed and
existing architectures, which have a constant throughput. The throughput of Architecture-1
varies with the DCT size; however, Architectures-2 and -3 yield 32 samples in every cycle,
resulting in 12.80 and 12.16 giga samples per second (GSPS) for all different DCT sizes.
The 32-point architecture-n’ uses four 16 x 16 transposition buffers, which involves the
same area as 32 x 32 transposition buffers used in 32-point architecture-n, but has dou-
ble the throughput of 64 samples per cycle and half the transposition latency. Therefore,
Architectures-2" and -3" have 25.60 and 24.33 GSPS for all the transform sizes. The TSGs of
the 2D architectures using the proposed Architecture-1 are the best for the computation
of the 32-point DCT, but decrease for DCTs of lower sizes. The 2D architectures using
1D Architecture-3 offer better TSGs than those using 1D Architecture-2, but have a lower
throughput. Architecture-n’ provides 1.32 times better TSG than architecture-n on average
for 32-point DCT computations of Architectures 1, 2, and 3. The proposed 2D architectures
offer higher throughput, as well as lower latencies and, accordingly, higher TSGs than the
existing 2D architectures.

Table 3. Comparison of different 2D integer DCT architectures.

Design om0 M) S"c“;‘c’fi Y @sey  Laeny QW Wxns  (KSPSPG)
Zhaoetal.[o] 45 205 333 32 454+ 38 - — 22,09 *
Zhu et al. [7] 90 412 311 4/8/16/32 9.95* 10/14/22/38  30.50 3.06 24.13*
Mebher et al. [12] 90 463 310 32 9.92 32 86.27 8.69 21.41
Sun et al. [11] 90 155 312 4 1.24 — — — 8.04
Park et al. [13] 90 402 336 4/8/16/32 10.77 * 4/8/16/32 69.05 6.40 26.77 *
Architecture-1 90 310 400 4/8/16/32 12.80 % 6/10/18/34 39.15 3.05 41.20*
Architecture2 90 423 400 32 1280  6/10/18/34  68.07 5.31 30.26
Architecture-3 90 367 380 32 12.16 6/10/18/34 71.65 5.88 33.08
Architecture-17 90 453 400 8/16/32/64  25.60* 4/6/10/18 74.82 2.92 56.43 *
Architecture2! 90 662 400 64 2560  4/6/10/18  127.62 498 38.66
Architecture-3* 90 561 380 64 24.33 4/6/10/18 138.23 5.68 43.34

MUF: maximum usable frequency. TPT: throughput. EPS: energy per sample. TSG: TPT per second per gate. KSPSPG: Ksamples/s/ gate.
For designs where the throughput varies with the transform length, the maximum throughput is shown in the TPT and TSG columns, with
an * next to the value.

6. Summary and Conclusions

In this paper, we propose area-time efficient architectures for 2D integer DCT to
be used in HEVC. Three reconfigurable architectures that support the computation of
integer DCT of different sizes are proposed. We propose a novel transposition buffer and a
2D DCT architecture, which provides double the throughput and half the transposition
latency without increasing the size of the transposition buffer. Implementation results show
that the proposed architectures provide more throughput per unit area than the existing
integer DCT architectures for HEVC. The DCT is a basic transform that can be used for the
implementation of other widely used transforms such as discrete Fourier transform (DFT),
discrete Hartley transform (DHT), and discrete sine transform (DST).
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