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Abstract

This paper proposes a unified hardware transform module that integrates DCT-II - based transforms for multi-standard video
codecs (AVC, HEVC, and VVC). The architecture allows scalable adjustment of processing speed and block size while removing
multipliers through a column-wise Shift & Adder Unit (SAU) - based matrix multiplication and Gray-code input alignment. This
approach significantly reduces LUT and register utilization and achieves real-time 8K 60 FPS operation at 550 MHz. Moreover,
the proposed design dynamically adjusts throughput according to memory bandwidth requirements, enabling efficient adaptation to
system constraints. FPGA implementation results verify that the proposed architecture outperforms previous designs in both
hardware efficiency and computational performance. The study demonstrates the feasibility of an efficient, DCT-II - centric
hardware transform architecture optimized for ultra-high-resolution and high-frame-rate video processing environments.
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Table 1. Efficiency of Adder Tree Optimization

Basline Ours Reduced Adder
SAU8 27 Adders 24 Adders -3 Adders
SAU16 56 Adders 43 Adders -13 Adders
SAU32 107 Adders 86 Adders -21 Adders
Aol7} 19] HES A} glo), AHT A 7 55 A
Y& Fo)3 E j—iﬁf& A7) A A T i
19] 23Ad 71 W4 oiH] 4t oF 20%8] A7) A
—‘q—:’q- w:_)v\q—
Folding Input II‘{:;rcdermg Snf\t] ?ix SAU
1 1 L 1
count_MatMul16
"
1
v
i

I

E

Sign Bit LUT

Reordering Mux

=

=

2! 4. Matmul162]

S22
E%—‘—

Fig. 4. Block Diagram of Matmul16

2] SAU 7]ik P E
e
- SAU - I AFE AZE
atod 4715 AA
- Input Reordering Logic - 93 H°lHE 7] AJulA]
3te] SAU #3258 weststal, Al A4S €83t
st EdEE A3

S
]

3] DCT-II A2l A
e 2] 2 A AA S, sf

2 ATl A AtskE T W3 2EC] Top Architec-
ture= A F 709] 1-D Transform X¥&, 3l}+<] Transpose
Buffer, Z12] 3 3] LFNST(Low-Frequency Non-Separable
Transform) 252 F ¥t} o] 7oA SRAMS Y&
42} v o8& A5l Current Pixel, Intra/Inter Predictor
EHE AGE o5 F4 dlolHE A8k Prediction
Pixel, 123 W3 A4 do]HE AAsl= Coeff Pixel
2 FEste &9 BE 742 1-D Transform Module
3} Secondary Transforme 43 8}= LFNST REZ o|F
ofA glow, 2xt Wek oA L3 HolE HAE
213 Transpose Bufferg >33ttt 3 LENST FE°lA4



0 2~ 3]
T

(Seung-Hwan Yoon et al.:

| 9] 490 O% ¥E MO e

F9& 91& ~AYYE DCT-II W3 BE 44 1021
Scalable DCT-II Module Design for Multi-Standard Video Codecs)

l Controller
SRAM N
Current Pixel g
1-D Transform Module >
SRAM_ | >
Prediction Pixel Transpose
Y Buffer
< 1-D Transform Module -
Coeff Pixel
ROM
LENST ¢ LFNST Core
03 5. S8 WE 250| 22
Fig. 5. Block Diagram of Unified Transform Module
A 71 A= 2E& ROM®I| A%% LENST Coredl| A Al 913 MatMul 38 HER wixeta 4 M o w2t
Z2¥th ¢ 2 =52 1-D Transform Module 5 DCT-II A A& 2A4sl= HEE 23S FU189h &3 1
j=p= ksl A 7:‘?]—1:]— lett =2o njuke] AL =2 B
. =
g gkl A cycled &3] Icolumn " 7§ folding registers %
= 3

Tr Mode

Cur
Pixel

DCT-II

}—»
- DST-VI/DCT-VIII ——»

Pred
Pixel

S22
E%—‘—

72! 6. 1-D Transform Module2|
Fig. 6. Block Diagram of 1-D Transform Module

4. DCT-ll 29| =
DCT-IIl 252 8K a4l A 60 FPS o4& A2 &
JE= 550 MHz 52 F314= 31794 16 Pixel/cycle ]
Y ATS FRE Ik 78 Fxe AEF HEETo)
719 AAE WEAY, JEY £28 FAsH 245
¥ 2. DHE oA &

9_|-7=i()“A-| O|E=i AH A l:l:l x|x1 |

3 4 doleE A% F th cycledl A zﬂ%ﬁlo}#ﬁ

Input Reordering LogicS A&38it). Al 91X w2 3
S W3}= Sign Bit LUTZ A]sty, 41 A4k 34171
A 2 Aol HA3tE SAUE AHE-ske] Shifte} Add
o2 At SAUS] HA& e A AE 5l 7
nkate] AgstH, 2k S8 Ao #32 S8l 8 &
=2 g x| stk ol st s FA17] 719k A o
H] FPGA®] LUT$ DSP A& FA Aretar s s

o

2% FogolA B A AFd

79 72 % 20 A2k BE A ARE e 74w
AR BEEE YerTh 4 dole o] A1F o) o) A}
01%% A== A 7F gepAH, ol wel /g3ty
= MatMul 39 Ao 2202 ZAET Alo|EH |
a4 01 SR AAtE = 964, 32, 16 AE JFH)oll+=

ot 2 Hix|

Table 2. Optimal computational module placement by number of input samples in a fixed computational speed environment

SAU2 SAU4 SAU8 SAU16 SAU32 Operation Speed
4 Samples 8 - - - - 4 Col/Cycle
8 Samples 4 8 - - - 2 Col/Cycle
16 Samples 2 4 8 - - 1 Col/Cycle
32 Samples 1 2 4 8 - 0.5 Col/Cycle
64 Samples 0.5 1 2 4 8 0.25 Col/Cycle
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Table 3. Comparison of Hardware-Based Video Transform Solutions Across Studies
Solutions Fan et al.l" Garrido et al.? Mert et al.”! Kammoun et al.¥l Farhat et al.”” Ours
Technology ASIC 65nm 20nm ME ASIC 90nm ME 20nm FPGA ME FPGA ME FPGA
Gates 496400 - 417000 - - -
ALMs/LUTs - 1312ALMs - 133017ALMs 14368ALMs 29628LUTs
DSPs - 32 - 1561 32 0
Registers - 3624 - - 14368 17752
Frequency(Mhz) 250 458.72 160 147 165 550
Throughput(FPS) 4K 23FPS 8K 39FPS 2k 50FPS 2k 50FPS 8k 60FPS
Transform Size 4, 8, 16, 32 4, 8, 16, 32 4, 8 4, 8, 16, 32 4, 8, 16, 32, 64 4, 8, 16, 32, 64
Transform Tvpe DCT-lI/VII DCT-1I/VII DCT-lI/VHI DCT-lI/VII DCT-1I/VII DCTI
P DST-VII DST-VII DST-VII DST-VII DST-VII
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Table 4. Comparison of Hardware Resource Usage and Computational Efficiency for FPGA-Based Video Transforms

Solutions Garrido et al.® Kammoun et al.¥! Farhat et al.” Ours
Estimated LUTs 1968 199525 21552 29628
DSPs 32 1561 32 0
Registers 3624 - 14368 17752
Pixel per Cycle 0.4158772 0.705306 0.628364 3.619375
0, 7 b 4732.1659 282892.1 34298.61 8185.945
ﬂmg ! 8714.1103 - 22865.74 4904.715
Transform Size 4, 8, 16, 32 4, 8, 16, 32 4, 8, 16, 32, 64 4, 8, 16, 32, 64
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Fig. 9. Software Verification for the Target Encoder

Test Sequence

Target Target

Encoder Encoder

[ Prediction SW Prediction SW |
' Transform SW
( Quantization SW ) Quantization SW )
In-Loop Filter SW
Entropy Coding SW

1
|

v
Bitstream = = = = = = == = = » Bitstream

[

Recon ¢ === === ———~ + Recon

T2l 10. EFH Q1AC{Q| Verilator ZZE
Fig. 10. Verification Environment Using Verilator for the Target Encoder
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