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 This paper introduces a novel area-efficient Discrete Cosine Transform (DCT) 

architecture designed for the High Efficiency Video Coding (HEVC) standard, a 

recently introduced international video compression standard. The DCT 

architecture is capable of performing 16 and 32-point DCT computations, which 

are essential for HEVC applications. Given the high complexity associated with 

larger transform sizes in the HEVC standard, the focus of this paper is primarily on 

developing efficient solutions for these larger point DCT transform sizes. The key 

innovation lies in leveraging commonality in constant multiplications through the 

use of configurable constant multipliers, aiming to reduce the area cost and 

hardware utilization. Consequently, the proposed architecture exhibits a significant 

reduction in the number of adder and shift blocks compared to existing 

architectures. Experimental results, conducted for the 90-nm technology node, 

indicate a remarkable 42% reduction in area consumption compared to other 

architectures. Furthermore, the proposed DCT architecture is demonstrated to 

support real-time 4K video resolution. 
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1. INTRODUCTION 

High Efficiency Video Coding (HEVC) is an emerging video coding standard that is widely used for transmitting 

or storing high and ultra-high resolution video contents. This standard outperforms it predecessor AVC/ H.264 in 

terms of coding efficiency about two times with almost the same video quality. This emerging video coding was 

jointly developed by the ISO/IEC Moving Picture Experts Group (MPEG) and ITU-T Video Coding Experts Group 

(VCEG) and currently has a widespread application in multimedia streaming, broadcast television, multimedia 

content storage, and mobile communication. The higher coding efficiency in HEVC standard results in higher design 

complexity in comparison to the previous standards, adverse affecting on devices which have the resource and power 

limitations. Moreover, since the HEVC standard uses different higher point transform sizes, the hardware 

implementation faces several challenges that need to be carefully addressed.  

Discrete Cosine Transform (DCT) is one of the most complicated transforms which is widely used in transform 

stage of HEVC encoder and the other applications of digital image and video processing [1,2]. In nature, the DCT 
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transform requires a large number of floating point multipliers resulting in a high area occupation and power 

consumption on final hardware, which cannot be tolerated, especially in resource constraint internet of thing (IoT) 

devices. As the transform size of DCT increases, the number of computation and hardware cost also increase 

quadratically. It should be noted that Unlike the AVC/ H.265, the HEVC uses 4×4 to 32×32 block sizes. Higher 

block sizes require more hardware resources and their implementation incur higher complexity and consume more 

power compared to the lower point DCTs. 

High Efficiency Video Coding (HEVC) has emerged as a prominent video coding standard, widely utilized for 

the transmission and storage of high and ultra-high-resolution video content. It surpasses its predecessor, 

AVC/H.264, by approximately doubling the coding efficiency while maintaining almost the same video quality. 

Developed jointly by the ISO/IEC Moving Picture Experts Group (MPEG) and ITU-T Video Coding Experts Group 

(VCEG), HEVC finds extensive applications in multimedia streaming, broadcast television, multimedia content 

storage, and mobile communication. 

Despite its coding advantages, the HEVC standard introduces higher design complexity, impacting devices with 

resource and power limitations. The utilization of various higher-point transform sizes in HEVC poses challenges 

for hardware implementation. The Discrete Cosine Transform (DCT), a complex transform widely used in the HEVC 

encoder's transform stage and other digital image and video processing applications, presents a particular challenge. 

The inherently high hardware requirements and power consumption of DCT, especially with larger transform sizes, 

become a critical concern, particularly for resource-constrained Internet of Things (IoT) devices. 

Unlike its predecessor AVC/H.265, HEVC adopts block sizes ranging from 4×4 to 32×32. The implementation 

of larger block sizes requires more hardware resources, leading to increased complexity and higher power 

consumption compared to lower-point DCTs. As the transform size of DCT increases, both the computation 

workload and hardware costs escalate quadratically, demanding careful consideration in resource-constrained 

scenarios. 

To address the hardware cost challenges associated with the Discrete Cosine Transform (DCT) architecture in the 

HEVC standard, many researchers have focused on developing area-efficient solutions, particularly for 16 and 32-

point transform sizes. Park et al. [3] proposed 16×16 and 32×32 DCT architectures utilizing shift and adder blocks 

instead of extensive multipliers to reduce hardware costs. Through hardware sharing techniques, they created an 

architecture capable of processing 30 frames per second of a 4K video format. Budagavi et al. [4] introduced a 

unified forward and inverse transform unit by leveraging the symmetry within the transform defined in the HEVC 

standard. 

Jridi et al. [5] presented scalable approximate DCT architectures for HEVC, introducing a reconfigurable Multiple 

Constant Multiplication (MCM) algorithm [6] supporting both forward and inverse transforms. Their approach 

achieved enhanced compressed image quality, especially for larger sizes, compared to other approximate DCTs, 

while maintaining arithmetic complexity comparable to predecessors due to its configurable structure. Chang et al. 

developed a 4×4 and 8×8 inverse DCT architecture for multiple coding standards, employing hardware sharing to 

support more transform modes and yield fewer normalized gate counts than existing architectures. 

In this manuscript, we present a novel, space-efficient Discrete Cosine Transform (DCT) architecture designed 

for application in High Efficiency Video Coding (HEVC), accommodating transform sizes of 16 and 32 points. Our 

approach leverages an approximate integer DCT, as opposed to real-valued DCT coefficients, effectively reducing 

hardware costs and mitigating encoder-decoder inconsistencies. To implement the integer constant multiplication 

essential to the HEVC standard's DCT, we capitalize on hardware usability and enhance hardware sharing through 

the utilization of configurable multiple constant multipliers (MCM). 

Experimental findings on the proposed DCT architecture, conducted on TSMC 90-nm technology, reveal a 

reduced number of arithmetic circuits, including adder and shift blocks, compared to both the direct implementation 

of the DCT algorithm and alternative architectures. Notably, the proposed architecture demonstrates diminished area 

and gate count requirements, along with lower computation delay, outperforming other designs. Consequently, this 

architecture proves suitable for computing DCT of larger sizes in devices with resource and power constraints. 
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The subsequent sections of this paper are structured as follows: Section 2 provides an overview of the fundamental 

DCT algorithm and architecture. Following that, Section 3 introduces our DCT architecture, incorporating 

configurable constant multipliers. Section 4 delves into the experimental results, and the concluding remarks are 

presented in the final section. 

2. OVERVIEW OF INTEGER DCT 

An N-point 1-D DCT coefficient 𝑌𝑖 over the input samples 𝑥𝑖  can originally be expressed as (1), where 𝑖 =
0, 1, . . , 𝑁 − 1 and 𝑐𝑖𝑗  is elements of the DCT transform matrix 𝐶 which is defined as (2), where 𝑑 is equal to 1 and 

√2 for 𝑖 = 0 and 𝑖 > 0 respectively. 
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According to (2), 𝑐𝑖𝑗  represents an 𝑁 × 𝑁 transform matrix with real-valued elements. Realizing infinite precision 

real-valued transform matrix elements will result in a significant area overhead and power consumption of final 

implementation. Furthermore, to avoid encoder-decoder mismatch and drift caused by manufacturers realizing DCTs 

with different floating point representations, the core transform matrices of HEVC decoder are defined in [7] as the 

approximation to the real-valued DCT matrix. Using a matrix representation, one can alternatively define DCT 

computation of (1) as [𝑌𝑁]𝑇 = [𝑇𝑁] ∗ [𝑋𝑁]𝑇, where 𝑇𝑁 is an 𝑁 × 𝑁 transform matrix, 𝑋𝑁 and 𝑌𝑁 are N-point input 

samples and output coefficients, respectively. The core transform matrix 𝑇𝑁 for different N-point DCTs on the basis 

of integer approximation is defined by HEVC core transform [7]. According to the core transform specified in [7], 

the 4-point and 8-point transform kernels can be defined as (3) and (4).  
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Using even-odd decomposition strategy, an 𝑁-point DCT kernel matrix can be decomposed into an (𝑁/2)-point 

even and (𝑁/2)-point odd part, where the even part can be further decomposed into the lower point kernels. In this 

strategy, the (𝑁/2)-point even parts represent the DCT computation of the (𝑁/2)-point, while the odd part can be 

realized by multiplication of an (𝑁/2)×(𝑁/2) matrix. According to the even-odd decomposition, the 8-point 1D-

DCT computation which is defined as [𝑌8]𝑇 = [𝑇8] ∗ [𝑋8]𝑇, can be decomposed as expressed in (5), where 𝑇4 is a 

transform matrix of 4-point DCT as defined by (3), 𝑂4 represents the matrix multiplication used in 4-point odd block 

as (7), and 𝑎𝑖 and 𝑏𝑖 are the even and odd outputs of butterfly block, which can be calculated according to (6). It is 

worth pointing out that the 𝑇N/2 and 𝑂N/2 matrices can be specified by using the even and odd rows of the first half 

of the basis vectors in matrix 𝑇N, respectively.  
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Similarly, the larger 𝑁-point DCTs can be computed by using a lower (𝑁/2)-point DCT, an (𝑁/2)-point odd 

block, and 𝑁-point butterfly structure. The general architecture of 𝑁-point DCT using even-odd decomposition is 

shown in Fig .1. Direct realization of algorithm presented in (5)-(7) is referred to a reference algorithm in the rest of 

the paper.   
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Fig.1. General architecture of 𝑁-point DCT using even-odd decomposition strategy [7] 

3. PROPOSED AREA-EFFICIENT DCT ARCHITECTURE 

The reference algorithm described in Section 2 requires 𝑁2/4 + 𝑀(𝑁/2) multiplications, 𝑁2/4 + 𝑁/2 +
𝐴(𝑁/2) additions, and two shifts, where 𝑀(𝑁/2) and 𝐴(𝑁/2) represents the number of multiplications and adders 

for (𝑁/2)- point DCT, respectively. To lower the number of arithmetic circuits required to implement 16 and 32-

point DCTs, we exploit the redundancy in the adder and shifter blocks required for constant multiplications by using 

the reconfigurable constant multipliers. As a matter of fact, the additions required for different constants are time-

multiplexed to reuse the same adders in the final circuit. This distinguishing feature increases the reusability and 

hardware sharing in the topology of constant multipliers as well as reducing the hardware cost of final 

implementation, albeit at the expense of minor increase in latency. The configurable multipliers use the multiplexers 

(Mux) and a control signal to share the same adder and shift blocks. Fig. 2 shows a configurable multiplier, where 

an input signal 𝑥 is multiplied by a set of constants {𝐶1, 𝐶1, … , 𝐶𝑁} according to the value of control signal 𝑠𝑒𝑙.   By 

selecting an appropriate value for "sel," the multipliers can be configured based on a specific constant. Fig. 2(b) 

provides an illustration of a configurable multiplier, exemplified with the multiplication of the input signal by 

constants 11 and 21. In Fig. 2(a), the configurable constant multiplier is shown to consist of two adders, three shift 

blocks, and one multiplexer. It's noteworthy that configurable constant multiplication is achieved by integrating 

various constant multiplications with the goal of minimizing area consumption. 

An alternative to configurable constant multiplication is parallel constant multiplication, depicted in Fig. 2(b). 

Unlike configurable constant multiplication, the parallel multiplication architecture reduces hardware latency by 

increasing the number of arithmetic units. However, it does so at the expense of a higher count of adder and shift 

blocks, eliminating the need for multiplexers. It is important to mention that, in 90-nm technology, the area consumed 

by a multiplexer is approximately three times less than that of an adder block with the same bit width. Consequently, 

the configurable constant multiplication is anticipated to have lower area consumption and hardware cost than the 

parallel approach, owing to the hardware reusability when realizing DCT architectures. 
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The 2D-DCT architecture can be implemented through a row-column approach by employing two 1D-DCT 

blocks and a transposition butterfly. The unfolded 2D-DCT architecture is illustrated in Fig. 3. Initially, the first 1D-

DCT processes the rows of the 32×32 input block, and the intermediate output generated is stored in a transposition 

memory. Once all rows of the input block are processed, the column of the transposition memory is then fed into the 

second 1D-DCT, producing 32 output coefficients. 

It's important to highlight that during the processing of the second 1D-DCT to generate 2D-DCT outputs, the first 

1D-DCT computation for another input block can be concurrently performed, and its intermediate results can be 

stored column-wise in the transposition memory. This mechanism enhances the throughput of the final 

implementation, albeit at the expense of introducing an additional 1D-DCT architecture. 

Our primary focus lies in the development of the odd component for 16-point and 32-point 1D-DCT architectures. 

The even components can be derived by substituting lower-point DCTs. As depicted in Fig. 4, the proposed 

architecture for the 16-point DCT comprises an 8-point 1D-DCT, a 16-point butterfly block, and an 8-point odd 

block. This novel 8-point odd block incorporates 8 multiplexers, 8 configurable constant multipliers, and 7 adders. 

The adder tree in Fig. 4 can be implemented using conventional adders or other high-performance, low-power adders 

[8]. The throughput of the architecture is two coefficients per cycle. The 8-point DCT unit generates eight coefficient 

outputs, and the remaining eight outputs are produced by the proposed odd block using configurable constant 

multiplication. Consequently, the computation of a 16-point DCT requires eight clock cycles. The multiplexers 

within the odd block are controlled by the C1 signal, which selects one of the odd outputs of the butterfly block. The 

upper half of the multiplexers is fed with b1, b3, b4, b7, while the lower half is fed with b1, b2, b5, b6. The constants 

of the configurable multipliers are determined based on the odd matrix block of O8, defined by the odd rows of the 

first half of the transform matrix T16. Fig. 5 illustrates the eight configurable multipliers necessary for implementing 

the proposed 16-point DCT. Signal C2, responsible for selecting the appropriate constants in runtime, controls all 

constant multipliers. 

By configuring C1 and C2 through control units, sixteen outputs of the proposed 16-point DCT can be generated 

accordingly. The same approach is applicable to the proposed 32-point DCT using a 16-point DCT and a 16-point 

odd block. The embedded 16-point odd block in the 32-point DCT requires 16 multiplexers, 16 constant multipliers, 

and 15 adders. Furthermore, the throughput of an N-point DCT remains consistent at two coefficients per cycle, 

irrespective of the transform size. 
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Fig.2. a) Structure of configurable multiplier; b) Example of configurable multiplication with 11 and 21 constants  
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Fig.3. Architecture of unfolded 2D-DCT using two 1D-DCTs based on row-column approach  
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4. EXPERIMENTAL RESULTS 

We implemented the proposed 16-point and 32-point DCT architectures using VHDL language and synthesized 

them with Synopsys Design Compiler® in the 90-nm technology node. ModelSim software facilitated the 

verification process, and experimental results were obtained using a personal computer equipped with an Intel Core-

i7 processor and 8 gigabytes of DRAM. The algorithm presented in [9] was employed for the implementation of 

configurable constant multipliers.  Table I presents the results, indicating a noteworthy reduction in the number of 

arithmetic circuits, including adder and shift blocks, for the proposed 16-point and 32-point DCTs compared to the 

reference algorithm. Additionally, the proposed architecture demonstrates a decrease in area overhead for both 16 

and 32-point DCTs. 

Further analysis in Table II highlights that the proposed architecture for the 32-point DCT does not require 

multiplication. The number of adder and shifter blocks needed for implementing the proposed 32-point DCT is lower 

than that of the architectures in [10–14].  Table III provides a comprehensive comparison between the proposed 2D-

DCT architecture and other architectures presented in [12, 13, 15], focusing on gate count and throughput. The 

proposed DCT architecture operates at a frequency of 370 MHz with a gate count of 124K. Notably, the proposed 

architecture exhibits a significant reduction in area consumption, averaging around 42%, compared to the 

architectures in [12, 13, 15]. Consequently, it can efficiently compute a 4K video format with a resolution of 

3840×2160 at 60 frames per second (fps). 
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Fig.4. The proposed area-efficient 16-point DCT architecture 
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Fig.5. The proposed eight configurable constant multipliers required for realizing the proposed 16-point DCT Architecture 

 

Table 1. Number of arithmetic circuits required for computing 16 and 32-point DCTs 

Architecture Design Multiplier Add/Sub Shift Multiplexer Area (𝛍m2) 

Reference  

Algorithm 

DCT-16 86 100 2 0 88451 

DCT-32 342 372 2 0 332889 

Proposed 

Architecture 

DCT-16 0 74 66 57 42330 

DCT-32 0 160 139 210 97076 

 

Table 2. Comparison of number of arithmetic circuits required for 32-point DCT 

Design Multiplier Add/Sub Shift Multiplexer 

Partial Butterfly [10] 340 372 2 0 

Fong [11] 336 400 0 0 

CSD-CSE Based [14] 0 764 306 0 

Proposed Architecture 0 160 139 210 

 
Table 3. Comparison of 2D-DCT architectures 

Design Tech Gate Count Frequency Throughput Supporting Video format 

Park [15] 90-nm 312 K 168 MHz 16 7680×4320@ 30 fps 

Masera [13] 90-nm 243 K 250 MHz 12.84 7680×4320@ 60 fps 

Ahmed [12] 90-nm 149 K 150 MHz 1.0/2.6/6.4/7.5≈1.64 2048×1080@ 60 fps 

Proposed 90-nm 124 K 370 MHz 2 3840×2160@ 60 fps 

5. CONCLUSION 

We have devised area-efficient 16 and 32-point DCT architectures using reconfigurable multiplier blocks. The 

primary innovation in this paper is the adoption of configurable multipliers instead of parallel multipliers. This 

strategic choice enhances hardware reusability and diminishes hardware costs. Through the integration of 

multiplexers, we augment hardware reusability by sharing adder and shift blocks, allowing for the configuration of 

an integrated multiplier to handle multiple constants. This distinctive feature empowers the DCT architecture to 

reduce both hardware costs and the number of adder and shift blocks necessary for its implementation. 

The experimental results underscore the effectiveness of the proposed architecture, demonstrating a 42% 

reduction in area cost compared to existing architectures. This positions the proposed architecture as highly suitable 
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for resource-limited High-Efficiency Video Coding (HEVC) applications, such as smart surveillance systems. 

Furthermore, the flexibility of this architecture extends to supporting the inverse DCT (IDCT) and processing various 
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