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Abstract– This paper proposes a low-complexity solution for chroma downsampling and upsampling, applicable to video
compression. The proposed method uses decimation and interpolation FIR filters, which are known to be effective in signal
processing. This approach enhances the quality of chroma recovery and minimizes computational complexity, making it
suitable for hardware platforms with limited resources. An experimental design was implemented on an FPGA using a
parameterized IP core that supports YCbCr and YUV color spaces, enabling flexible conversion between 4:4:4, 4:2:2, and 4:2:0
formats. This implementation contributes to improved performance, enhanced flexibility, and reduced computational
complexity—an important requirement for modern video applications. The IP core was successfully verified using the
Xilinx Vitis Model Composer tool, with a focus on visually inspecting the output and comparing it against reference
models developed in the MATLAB/Simulink environment.
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1 Introduction

Chroma down/up sampling conversion is an important
step in digital video/image processing and compres-
sion. To minimize the bit rate required for storage and
transmission, RGB data components are typically con-
verted to YCbCr/YUV color spaces [1–4], where the lu-
minance (Y) and two chroma components (Cb and Cr or
U and V) are separated. Since the human visual system
is more sensitive to brightness changes than to color
changes, the chroma components are typically sampled
at a lower resolution than the luminance component, a
process known as chroma subsampling or downsam-
pling. The 4:2:0 format is one of the most common for-
mats for MPEG-2, MPEG-4, H.264, and H.265 encoding,
where the chroma components have 1/4 the resolution
of the luminance component. Although chroma down-
sampling significantly reduces the bit rate, it can also
introduce color errors and reduce the color accuracy
in the decompressed image/video. This is especially
noticeable with the growth of high-definition resolution
(HDR) video content, where higher color accuracy is
required than standard definition resolutions (SDR).

To achieve a balance between compression efficiency
and image quality, research efforts have focused on
developing more effective color downsampling and
upsampling techniques [3–8]. Several studies have pro-
posed novel chroma processing schemes that leverage
the characteristics of the human visual system to re-
distribute color codes in favor of hues to which the
human eye is more sensitive [5]. Other methods have
concentrated on optimizing the color downsampling

process by considering image content features or in-
corporating luminance component modifications [3, 8].
The study [6] introduces a chroma subsampling tech-
nique that derives downsampled Cb and Cr compo-
nents based on their contribution to reconstructing
the B and R data. Meanwhile, [7] presents an iterative
bilinear interpolation-based approach that optimizes
the quality-bitrate trade-off in the reconstructed images.
Deep learning networks are also utilized for chroma
subsampling based on features from different levels
and transposed convolution [9, 10]. Chroma processing
schemes [3–10] have demonstrated significant improve-
ments in reconstructed image quality, but often at the
cost of increased computational complexity.

A noteworthy issue is that, to date, no scientific
publications have reported simultaneous chroma inter-
polation and reduction for both the YCrCb and YUV
color spaces, which are commonly used in image and
video compression systems. Several FPGA technology
vendors, such as AMD, Xilinx, and Intel Altera, provide
chroma processing IP cores as built-in components
within their design tools, allowing users to config-
ure parameters through the development environment.
However, after the design has been synthesized and
implemented on the target device, the FPGA system
operates with a fixed set of parameters, and flexible
run-time adjustment is not supported. Furthermore,
vendor-developed IP cores generally support only a
single color space and are constrained in hardware
compatibility, being limited to particular FPGA fami-
lies. For instance, Xilinx IP cores mainly support device
families such as UltraScale Architecture, Zynq™-7000,
and 7-Series.
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To address the aforementioned issues, this
study introduces a low-complexity chroma
downsampling/upsampling approach based on
FIR decimation and interpolation filters, along
with an FPGA-based IP core implementation. The
proposed approach utilizes FIR filters to achieve high-
quality chroma subsampling and upsampling while
minimizing computational overhead. By optimizing
the filter design and targeting FPGA hardware, the
proposed IP core achieves real-time performance
and reduces hardware resource utilization, making
it suitable for high-performance video processing
systems and modern video compression standards,
such as H.264/AVC and HEVC. Furthermore, this
design supports both YCrCb and YUV color spaces
and matches with various FPGA chip families.

While closed-source commercial IPs provide pre-
assembled components with fixed parameters that are
suitable for rapid deployment in practical systems, the
design proposed in this study is developed with a
transparent chroma processing microarchitecture that
exposes internal structure and behavior. This trans-
parency enables users and designers to analyze, under-
stand, and customize the FIR filter’s internal operation
for specific requirements (e.g., video type, resolution,
or quality), which can facilitate targeted optimization,
verification, and reuse in research. At the same time, the
design maintains practical flexibility and efficient FPGA
implementation. By presenting architectural details in
an analyzable form, the proposed design serves as a
reusable artifact that complements existing IP options
and supports future exploration and development in
hardware research.

Key contributions of this work include:

1. Efficient chroma conversion: A decima-
tion/interpolation FIR filter architecture tailored
for chroma subsampling and upsampling, ensuring
minimal distortion and high color fidelity.

2. Hardware optimization: Implementation of an
FPGA-based IP core that maximizes throughput
and minimizes resource utilization, allowing
real-time processing.

3. Low-complexity design: A streamlined algorithm
that reduces computational demands compared to
state-of-the-art methods while maintaining competitive
performance in terms of peak color signal-to-noise ratio
(CPSNR) and visual quality.

4. Flexibility: The proposed design supports both
YCrCb and YUV color spaces and provides config-
urable parameters that can be adjusted after program-
ming, without requiring hardware re-synthesis.

The remainder of this paper is organized as follows:
Section 2 details the proposed FIR filter for video
processing and its FPGA implementation. Section 3
presents the experimental results, and Section 4 con-
cludes the paper.

2 Proposed FIR Filter for Video

Processing and Its FPGA Design

Human vision is more sensitive to luminance (bright-
ness) details than to chrominance (color) details. To
capitalize on this perceptual feature in image and video
processing and compression systems, RGB signals are
commonly transformed into YCbCr or YUV representa-
tions. In these formats, the Y channel represents lumi-
nance, whereas the Cb/U and Cr/V channels encode
chrominance, containing color difference information
obtained from the initial RGB values. The definitions
of these color space conversions are formalized in the
ITU-R recommendations [11, 12].

The next step in video processing and compression
is chroma subsampling, which reduces the amount of
data required for the color components while main-
taining the perceived image quality. Figure 1 illus-
trates the typical chroma subsampling formats used in
video coding.

The 4:4:4 format represents the YCbCr/YUV color
space at the same sampling rate as the original RGB
signal. In this configuration, the chrominance compo-
nents are sampled at the same spatial resolution as
the full-resolution luminance component, ensuring that
both luma and chroma information are collocated at
each pixel position. Each of the Y, Cb/U, and Cr/V
components is transmitted over a separate bus.

In the 4:2:2 chroma subsampling scheme, only hor-
izontal downsampling is applied. This configuration
maintains a 2:1 ratio between the luma and chroma
samples. The subsampled chroma locations are co-sited
with alternating luminance samples. For transmission,
the format multiplexes Cr/V and Cb/U components
onto a single bus running at full frequency, with Cr/V
occupying the first position in the interleaved sequence.

In the 4:2:0 format used in video coding standards
such as MPEG-2, MPEG-4 Part 2, H.264, and H.265, the
chroma components are subsampled horizontally and
vertically relative to the luma, as commonly specified in
standards such as [11, 12]. The chroma sample locations
do not coincide with the luma pixel positions. In this
version, the vertical interpolation method is used to
generate chroma values, effectively positioning them
between successive pairs of original scan lines. Hori-
zontally, the chroma samples are aligned with alternate
luma pixels.

A total of six format conversions are used to support
the three chroma subsampling schemes: 4:4:4, 4:2:2,
and 4:2:0, as detailed in Table I. To implement these
transformations, a dedicated IP core is introduced to
provide three alternative methods for video pixel in-
terpolation and decimation: (1) a configurable filter
with programmable coefficients for high-performance
applications; (2) a static filter with power-of-two coef-
ficients for memory-constrained applications; and (3)
duplicating or dropping pixels. The transformation is
performed using FIR filtering. Depending on specific
requirements, certain transformations involve filtering
in only the horizontal dimension, only the vertical di-
mension, or both dimensions simultaneously (i.e., two-
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Figure 1. The subsampled video formats.

Table I
Filter setup

Converter Filter Orientation Default filter size
4:4:4 to 4:2:2 Horizontal decimation and anti-aliasing 3 H taps
4:4:4 to 4:2:0 Separable 2D anti-aliasing and H & V decimation 2 V taps by 3 H taps
4:2:2 to 4:4:4 Horizontal interpolation 2 H taps
4:2:2 to 4:2:0 Vertical decimation and anti-aliasing 2 V taps
4:2:0 to 4:4:4 Separable 2D interpolation 2 H taps by 2 V taps
4:2:0 to 4:2:2 Vertical interpolation 2 H taps by 2 V taps

dimensional—2D). Interpolation operations are imple-
mented using a two-phase polyphase FIR filter, whereas
decimation operations utilize a low-pass FIR filter to
mitigate chroma aliasing. The 2D FIR filtering operation
is expressed as follows

Pout(n, m) =
N−1

∑
i=0

M−1

∑
j=0

Pin(n − N + i, m − M + j)W(i, j).

(1)
In Equation (1), W denotes the 2D FIR filter kernel,

which is a coefficient matrix specifically configured for
each transformation; M indicates the number of vertical
filter taps, while N specifies the number of horizontal
taps; Pout(n, m) represents the output pixel value pro-
duced at spatial coordinates (n, m); and Pin(n, m) refers
to the corresponding input pixel at the same location.

When the kernel W can be decomposed as the
outer product of two one-dimensional vectors, the fil-
ter is said to be separable. By exploiting separability,
the 2D convolution can be performed using two se-
quential 1D convolutions—first horizontally, then ver-
tically—reducing the number of multiplications from
N × M to N + M. If the filter coefficients exhibit sym-
metry, the multiplication count can be further reduced:
[(N + M)/2 + 1] for odd-length filters and (N + M)/2
for even-length filters.

The general architecture of the proposed 2D FIR filter
implemented in an FPGA is illustrated in Figure 2. This
architecture utilizes line buffers (LBs) to store enough
lines equal to the vertical size of the kernel before
performing vertical filtering, followed by horizontal
filtering. The detailed structure of the filter depends
on the specific transformation configuration, which is
described below.

• Convert 4:2:2 to 4:4:4
This transformation involves a 1:2 horizontal inter-

polation performed using a two-phase polyphase FIR
filter. In this configuration, one of the two pixels in
the output coincides with the input pixel and can be
reused directly to produce the ideal result. Therefore, in
phase 0, no filtering coefficient is required, as the output

Figure 2. The 2D FIR filter separable with five vertical taps.

is generated by simply replicating the input sample. To
achieve the output Pout(n, m), the FIR filter convolves
the kernel W with pixels from the input image Pin(n, m)

Pout(n, m) =
N−1

∑
i=0

Pin(n − i, m)Wp(i), (2)

where p is the interpolation phase (0 or 1, depending
on n).

During phase 1, the coefficient W1(0) is applied to the
latest input sample within the filter window. Figure 3
illustrates the use of coefficients in an example of a
four-tap filter, using simplified notation W1 = [a, b, c, d].
For the default two-tap polyphase filter, the phase 2
coefficients are [0.5 0.5], represented in 2-bit form with
the corresponding integer values [1 1].

Figure 3. The 4:2:2 to 4:4:4 coefficient configuration.

The inherent latency of the default filter corresponds
to eight clock cycles. For alternative filter configura-
tions, the latency can be determined as follows

Latency = 2N − 1 (Clock cycles). (3)
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For the replicate configuration, the resulting latency is
reduced to seven clock cycles.

• Convert 4:4:4 to 4:2:2
This process performs a 2:1 horizontal downsampling

using a low-pass FIR filter to prevent chroma aliasing.
The operation of the FIR filter is outlined below

Pout(n, m) =
N−1

∑
i=0

Pin(n − i, m)W0(i). (4)

During phase 0 of the filtering process, the coeffi-
cient W0(0) is multiplied by the most recent input pixel.
Figure 4 presents a schematic of this operation within
a five-tap filter architecture, employing the simplified
notation W0 = [a, b, c, d, e] for the coefficients.

Figure 4. The 4:4:4 to 4:2:2 coefficient configuration.

Typically, a three-tap filter with ideal coefficients
[0.25 0.5 0.25] is used, and the fixed-point (3-bit) im-
plementation represents these as an integer set [1 2 1].

This default filter exhibits eight-cycle latency, while
non-standard filters require latency determination via
the formula below

Latency = N (clock cycles). (5)

When the pixel drop option is enabled, the filter’s
latency reduces to just two clock cycles.

• Convert 4:2:0 to 4:2:2
This transformation performs 1:2 vertical interpola-

tion through a two-phase polyphase FIR filter. In this
configuration, one of the two pixels in the output coin-
cides with the input pixel, and the other is generated
by replication of that sample to achieve an ideal output.
To compute each output pixel Pout(n, m), the FIR filter
performs a convolution of the coefficient set Wp(k)
(where k indexes the coefficients and p denotes the in-
terpolation phase) with the input pixel values Pin(n, m)

Pout(n, m) =
N−1

∑
i=0

Pin(n, m − i)Wp(i). (6)

In phase 0, the filter coefficient W0(0) is multiplied
by the most recent input pixel. Figure 5 presents a
schematic of this operation within the five-tap filter
architecture, employing the simplified notation W0 =
[a, b, c, d] for the coefficients.

By default, this process employs a two-phase, two-tap
structure with ideal coefficients of [0.25 0.75]. In fixed-
point (3-bit) hardware, these values are quantized to
the integer set [1 3]. The second phase is generated by
reversing the order of these coefficients.

In interlaced video, the default filter coefficients for
each field are defined as follows:

- For odd field: phase 0 employs coefficients
[3/8 5/8], whereas phase 1 uses [7/8 1/8];

Figure 5. The 4:2:0 to 4:2:2 coefficient configuration.

- For even field: phase 0 uses coefficients [1/8 7/8]
and phase 1 applies [5/8 3/8].

In even fields of interlaced video, the phase 0 and
phase 1 coefficients are swapped, and the coefficient
order within each filter is reversed.

The filter’s latency for the default configuration is
one line plus nine clock cycles. For other configurations,
the latency should be determined as follows{

V_latency = 2(M − 1) (lines)
H_latency = 1 (cycles).

(7)

For the replicate option, the system latency is reduced
to five clock cycles.

• Convert 4:2:2 to 4:2:0

This transformation performs 1:2 vertical interpola-
tions using a low-pass FIR filter to suppress chroma
aliasing. The FIR filter’s behavior is mathematically
defined as follows

Pout(n, m) =
M−1

∑
i=0

Pin(n, m − i)W0(i). (8)

In phase 0, the filter coefficient W0(0) is multi-
plied by the most recent input pixel. Figure 6 illus-
trates a schematic of this operation within the four-tap
filter architecture, employing the simplified notation
W0 = [a, b, c, d] for the coefficients.

Figure 6. The 4:2:2 to 4:2:0 coefficient configuration.

For progressive video, the default coefficients are
[0.5 0.5]. For interlaced video, the default coefficients
are [0.25 0.75] for the odd field. For the even field, the
default coefficients are reversed [0.75 0.25]. The filter’s
latency for the default configuration is one line plus
eight clock cycles. For other configurations, the latency
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should be determined as follows{
V_latency = M − 1 (lines)
H_atency = 1 (cycles).

(9)

For the drop option, the system latency is three
clock cycles.

• Convert 4:2:0 to 4:4:4
This conversion procedure performs interpolation in

both the vertical and horizontal directions. Functionally,
it is equivalent to a 2D separable filter, implemented by
cascading two processing blocks: conversion from 4:2:0
to 4:2:2, followed by conversion from 4:2:2 to 4:4:4. The
output of the vertical filter is subsequently processed
by the horizontal filter (see Figure 1). The intermediate
chroma values in the 4:2:2 formats are calculated using
Equation (6). The corresponding computation formula
is presented in the following equation:

Tout(n, m) =
M−1

∑
i=0

Pin(n, m − i)Wp(i). (10)

Next, the values are filtered according to Equa-
tion (2). The resulting computation is shown in the
following equation

Pout(n, m) =
N−1

∑
i=0

Tin(n − i, m)W0(i). (11)

All generic filters must contain exact M × N co-
efficients. The first N coefficients for each H−phase
serve to process the bottom line of input samples
in V−phase 0 and the top line of input samples
in V− phase 1. For V− phase 0, the coefficient a
(H−phase 0) operates on the newest input sam-
ple (bottom-right position in filter window, following
raster-scan order) as shown in Figure 7, whereas the
coefficient e (H−phase 1) applies to the identical spatial
location (refer to Figure 8). For V−phase 1, all sample
positions are vertically inverted from V− phase 0.

Figure 7. Filtering operation in 4:2:0 to 4:4:4 conversion (H-phase 0).

The default coefficients are retained as originally
defined during the conversions from 4:2:0 to 4:2:2 and
from 4:2:2 to 4:4:4. For the two-tap polyphase filter, the
horizontal coefficients in phase 1 in the second stage
are [0.5 0.5]. For progressive video, the default vertical
coefficients for phase 0 and phase 1 are defined as
[0.25 0.75] and [0.75 0.25], respectively. For interlaced
video, the default vertical coefficients are defined sep-
arately for each field:

Figure 8. Filtering operation in 4:2:0 to 4:4:4 conversion (H−phase 1).

- For odd field: phase 0 employs coefficients of
[3/8 5/8], while phase 1 uses [7/8; 1/8];

- For even field: phase 0 uses [1/8 7/8] and phase
1 applies [5/8 3/8].

For the even field of interlaced data, the coefficients
for phase 0 and phase 1 are swapped, and the filter
coefficients for each filter are reversed.

In the default configuration, the filter introduces a
latency of one line and fourteen clock cycles. For other
configurations, the latency can be determined using the
formula below{

V_latency = 2(M − 1) (lines)

H_atency = 2N (cycles)
. (12)

When the replicate feature is enabled, the filter’s la-
tency is reduced to 10 clock cycles.

• Convert 4:4:4 to 4:2:0
This conversion procedure performs decimation in

both the vertical and horizontal directions. Function-
ally, it operates as a 2D separable filter implemented
through cascading two processing stages: first convert-
ing from 4:4:4 to 4:2:2, and then from 4:2:2 to 4:2:0.
The horizontally filtered and quantized output is then
passed through a vertical filter (see Figure 1).

Intermediate 4:2:2 chroma values are calculated using
Equation 4. The resulting computation is shown in the
following equation

Tout(n, m) =
N−1

∑
i=0

Pin(n − i, m)W0(i). (13)

Next, the values are filtered according to Equation (8)
and the resulting computation is presented below

Pout(n, m) =
M−1

∑
i=0

Tin(n, m − 1)W0(i). (14)

In this conversion, the coefficient a applies to the
newest input sample within the filter window (i.e., the
bottom-right position in raster-scan order), as shown in
Figure 9.

The default coefficients specified for the 4:4:4 to 4:2:2
and 4:2:2 to 4:2:0 conversions are retained without
modification. The default horizontal coefficients are
[0.25 0.5 0.25]. For progressive video, the default
vertical coefficients are [0.5 0.5]. In interlaced mode,
the odd field uses vertical coefficients [0.25 0.75], while
the even field uses the reversed set [0.75 0.25].
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Figure 9. Coefficient configuration for converting 4:4:4 to 4:2:0.

In the default configuration, the filter adds a latency
of one line plus nine clock cycles. For alternative con-
figurations, the latency should be calculated as follows:{

V_latency = M − 1 (lines)

H_atency = N (cycles)
. (15)

Selecting the drop option reduces the filter’s latency to
just five clock cycles.

3 Computational Complexity Analysis

In this section, we analyze the computational com-
plexity of three chroma down/up-sampling methods,
including the method in [7, 8], and the proposed FIR-
based decimation/interpolation method, in terms of the
total number of basic operations required to process an
entire image. The method in [7] determines the optimal
chroma configuration for each N × N block by com-
puting the sum of squared errors (SSE) and comparing
multiple neighboring candidates over L optimization
iterations. Consequently, for an image with Np pixels,
the computational complexity of this method can be
approximately expressed as O(Np · L). Although L is
a small constant in practical applications, the repeated
evaluation of the SSE and the consideration of multiple
neighbors in each iteration lead to a relatively large
constant factor due to the significant number of multi-
plications, additions, and comparisons.

The method in [8] processes each 2 × 2 block inde-
pendently using comparisons, conditional checks, and
linear interpolation with a fixed structure; therefore, its
computational complexity increases linearly with the
number of pixels Np and can be expressed as O(Np).
Compared with the method in [7], this approach has
a smaller hidden constant, because it does not involve
iterative procedures or require neighbor searching.

For the proposed FIR-based decima-
tion/interpolation method, the use of two sequential
1-D convolutions (horizontal followed by vertical)
results in an effective total of (N + M) filter taps.
Moreover, since the proposed FIR filter is symmetric,
the computational complexity of the image filtering
operation is reduced to (N + M)/2 multiplications
and (N + M)/2 additions if (N + M) is even or
(N + M + 1)/2 multiplications and (N + M + 1)/2
additions if (N + M) is odd, as given in (1), as a
result ⌈(N + M)/2⌉ multiplications and additions,
where ⌈•⌉ is an operator to round toward positive
infinity. However, the complexity of the FIR filter is

mostly reflected in its mathematical representation. As
analyzed above, when the filter weights are chosen
as 0.5, 0.25, 0.125, 0.875, and 0.75, the corresponding
multiplications are not performed normally during
FPGA implementation. Instead, these multiplications
are replaced by bit shifts: multiplications by 0.5, 0.25,
and 0.125 are equivalent to a 1/2/3-bit right shift. For
the 0.75 weight, since it can be represented as the sum
of 0.5 and 0.25, the corresponding multiplication is
performed by combining a 1-bit right shift and a 2-bit
right shift, followed by an addition. Similarly, the
weight 0.875 is equal to (1 − 0.125). Hence, in the case
where the weights are only 0.5, 0.25, and 0.125, the
proposed FIR filter requires ⌈(N + M)/2⌉ additions. If
any weight is 0.75 or 0.875, the number of additions
increases by the number of such weights.

The proposed FIR filter also demonstrates a sig-
nificant advantage when implemented on an FPGA,
because it uses only additions and does not require the
complex conditional branches or iterative refinement
found in other methods. This allows for more effective
pipeline optimization, fewer stalls, and improved mem-
ory utilization. In contrast, although the method in [8]
has a lower theoretical operation count, it involves nu-
merous conditional checks and branching logic, which
can lead to pipeline stalls and hinder hardware opti-
mization, ultimately reducing actual throughput. Ta-
ble II compares the computational complexity of these
methods, where N and M are indicated in Table I.

4 Testing the proposed design on FPGA
hardware

The FPGA implementation of the proposed chroma-
resampling IP core is shown in Figure 10. The IP core
design is based on the Vitis Model Composer tool,
which enables flexibility across different configurations.
For each configuration, the IP core uses the following
interfacing signals for input and output definitions:

- Y_in/out: Y_in is the luma signal fed into the
IP-core input to synchronize delays between the
luma and chroma components, and Y_out is its
delayed version.

- chr_in/out denotes full-bandwidth CrCb/VU in-
terleaved signal used for 4:2:0 and 4:2:2 formats.

- cr_in/out, cb_in/out, U_in/out, and V_in/out are
color difference signals. They are only used for the
4:4:4 formats.

- vs_in, hs_in are the vertical and horizontal sync
input signals, respectively.

- vs_out and hs_out are the vertical and horizontal
sync outputs, delayed to match the vertical and
horizontal latencies of the filter.

- din_valid is a signal used to suppress edge-filtering
artifacts when the input data is mirrored or re-
peated at image edges.

- dout_valid is the delayed version of din_valid,
indicating valid data on the luma and
chroma channels.

The IP core is designed to support 8, 10, 12, and



V. N. Tran et al.: Low-complexity chroma down/up sampling conversion using decimation/interpolation FIR filter and FPGA...7

Table II
Computational Complexity Comparison of Methods

Method Number of
Operations

Hidden
Constant Primary Operations

Hardware
Implementation

Capability

Method [7] O(Np · L) Medium SSE and many neighbor
comparisons Difficult to pipeline

Method [8] O(Np) Low Comparisons, condition checks,
fixed interpolation Pipeline stalls

Proposed O(⌈(N + M)/2⌉) Lowest Fixed multiplications and
additions per taps

Easy to pipeline, highest
efficiency

Figure 10. Interface signals in IP-core configurations.

16 bits per color component data, spatial resolutions
ranging from 32×32 to 7680×7680, and offers three
flexible implementation options as follows:

- A DSP48-based filter, allowing flexible configura-
tion of both filter coefficients and the number of
taps. The maximum number of taps is 8 in the
vertical direction and 24 in the horizontal direction.

- A fixed-coefficient filter that employs predefined,
non-programmable coefficients, with all coeffi-
cients being powers of two. The filtering operation
relies only on bit shifts and additions, eliminating
the need for DSP48 blocks.

- The simplest and most hardware-efficient solution
to perform sample dropping (decimation) or sam-
ple replication (interpolation). During downsam-
pling, certain input samples are passed directly to
the output, while others are completely discarded.
In upsampling for an up-converter, the previous
input sample is replicated to generate the interme-
diate output samples.

Figures 11–14 illustrate the circuit-level RTL dia-
grams of the proposed IPs, excluding the two convert-
ers 4:2:0 to 4:4:4 and 4:4:4 to 4:2:0. These two convert-
ers are implemented by cascading the corresponding
RTL diagrams shown in Figures 11–14. In these dia-
grams, the orange blocks represent one-pixel-clock reg-
isters/delays. Registers with solid borders are manda-
tory in the architecture, whereas registers with dashed
borders are optional and used only when necessary,
depending on the type of chroma data being processed
in each filter diagram. Additionally, the adders in the
design are implemented using a pipelined architecture,
so each addition introduces a one-clock-cycle delay. The
timing diagram is illustrated for the CbCr data case;
this representation is entirely equivalent when applied
to UV data.

For Figure 11, the input chroma data are delayed
by 2, 1, and 0 pixel clocks to obtain three parallel
samples. These three samples are then shifted right
by 2, 1, and 2 bits, respectively, before being fed into
the adders. This combination of delay, shift, and adder
blocks performs the equivalent function of convolution
in a FIR filter with weighted coefficients [0.25 0.5 0.25].
In video codecs, the 4:2:2 configuration is represented
by interleaving Cb/U and Cr/V data. Therefore, the
register/delay block at the adder output appears only
on the Cr/V data processing path. To perform sample
reduction, a state machine is designed based on a
pixel-clock counter. This counter begins operating when
din_valid = ‘1’, and after N clock cycles, the state ma-
chine interleaves Cb/U and Cr/V data by connecting
Cb/U to the output when the counter has an odd
value and Cr/V to the output when the counter has
an even value.

Figure 11. Circuit-level RTL diagram of the 4:4:4 to 4:2:2 converter.

In the 4:2:2 to 4:4:4 converter (Figure 12), because
the input uses an interleaved processing structure, the
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input chroma data are split into two separate paths,
one of which is delayed by two clock cycles to collect
two parallel samples. Before being fed into the adder,
these samples are right-shifted by one bit. In phase 0,
the chroma data are copied verbatim to the output
with a delay of 2(N − 1) clock cycles at the positions
marked in red. The interpolated chroma pattern then
appears immediately after a clock pulse at the positions
marked in black. Therefore, in this IP, the multiplexer
is designed to interleave between the original chroma
data (at input ’0’) and the interpolated chroma data
(at input ’1’). Furthermore, because the Cr/V line is
delayed by one clock cycle compared to the Cb/U line,
the multiplexer’s output for the Cb/U data requires an
additional delay register for synchronization. This delay
register is absent in the Cr/V processing path, allowing
the Cb/U and Cr/V chroma data to reach the output
in the same clock cycle.

Figure 12. Circuit-level RTL diagram of the 4:2:2 to 4:4:4 converter.

For the 4:2:2 to 4:2:0 converter (Figure 13), the IP col-
lects chroma data from two consecutive lines to create
a single output chroma line. The chroma data from the
even line is delayed by a line-equivalent time, ensuring
that the even and odd lines appear simultaneously at
the filter input. Processing of the chroma data from
the two lines is performed simultaneously via three
different branches, as described below:

- A 1-bit right shift is applied to both the even and
odd line data before the adder, whose output is
connected to input 0 of the multiplexer. The 1-
bit shift and adder together are equivalent to a
convolution with the FIR filter weights [0.5 0.5].

- The even line is right-shifted by 2 bits, while the
odd line is right-shifted by 1 bit and 2 bits; both
are fed into the second adder, whose output is
connected to input 1 of the multiplexer. The shifters
and adder together are equivalent to a convolution
with the FIR filter weights [0.25 0.75].

- The even line is right-shifted by 1 bit and 2 bits, and
the odd line is right-shifted by 2 bits; these are fed
into the third adder, whose output is connected to
input 2 of the multiplexer. The shifters and adder
together are equivalent to a convolution with the
FIR filter weights [0.75 0.25].

The state machine manages the extraction and writ-
ing/reading of even-line data to/from the buffer on the
first branch and the extraction of odd-line data to the
second branch. For progressive video, the state machine

pushes multiplexer input 0 to the output. For interlaced
video, it switches to input 1 of the multiplexer when
the video stream is in the odd field and to input 2 when
the video stream is in the even field.

Figure 13. Circuit-level RTL diagram of the 4:2:2 to 4:2:0 converter.

The 4:2:0 to 4:2:2 converter combines the data of each
chroma line with that of the previous line to interpolate
two new chroma lines (Figure 14). For progressive
video, the chroma data of the previous line are right-
shifted by 1 bit and 2 bits, and the chroma data of
the current line are right-shifted by 2 bits. These bit-
shifted signals are then added by the adder to form the
first interpolated data. This process is equivalent to the
convolution of an FIR filter with weights [0.75 0.25].
To create the second interpolated value, the chroma
data of the previous line are right-shifted by 2 bits, and
the chroma data of the current line are right-shifted
by 1 bit and 2 bits before being added; these operations
are equivalent to the convolution of an FIR filter with
weights [0.25 0.75].

Figure 14. Circuit-level RTL diagram of the 4:2:0 to 4:2:2 converter.

For interlaced video, in the odd field, the previ-
ous chroma line data that are right-shifted by 2 bits
and 3 bits, and the current line data that are right-
shifted by 1 bit and 3 bits, are added to generate the
first interpolated data. This process is equivalent to the
convolution of an FIR filter with weights [3/8 5/8].
The second interpolated data are obtained by adding
the previous chroma line data right-shifted by 1 bit, 2
bits, and 3 bits, and the current line data right-shifted
by 3 bits; this process is equivalent to the convolution
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Table III
The CPSNR performance (dB)

Exp. Methods Baboon Flowers Flower Tiffany Pepper Average

Exp.1
Method [8] 39.09 38.76 40.18 40.09 39.44 39.53
Method [7] 42.26 42.03 43.20 42.94 42.89 42.66
Proposed 44.32 44.17 45.43 45.46 45.50 44.98

Exp.2
Method [8] 38.07 37.89 39.97 40.02 39.33 39.06
Method [7] 42.12 41.94 43.16 43.04 42.81 42.61
Proposed 43.94 43.89 45.37 45.42 45.47 44.82

Exp.3
Method [8] 37.82 36.95 39.88 39.58 38.86 38.618
Method [7] 41.96 41.17 42.81 42.88 42.07 42.178
Proposed 43.86 43.65 45.08 45.37 45.20 44.632

Exp.4
Method [8] 37.68 36.96 39.83 39.61 38.52 38.52
Method [7] 41.85 41.08 42.82 42.83 42.29 42.17
Proposed 43.93 43.67 45.16 45.39 45.34 44.70

Table IV
Resource utilization performance

Converter Filter options Slice LUTs Slice
Registers

RAMB36/
RAMB18 DSP48E1 Max. Clock Freq.

(MHz)

4:4:4 to 4:2:2
Drop/replicate 203 150 0/0 0 298

Fixed coefficient 375 285 0/0 0 282

4:4:4 to 4:2:0
Drop/replicate 270 180 0/0 0 298

Fixed coefficient 507 468 0/2 0 316

4:2:2 to 4:4:4
Drop/replicate 197 163 0/0 0 314

Fixed coefficient 362 268 0/0 0 298

4:2:2 to 4:2:0
Drop/replicate 180 119 0/0 0 288

Fixed coefficient 336 271 0/2 0 298

4:2:0 to 4:4:4
Drop/replicate 304 242 0/1 0 306

Fixed coefficient 612 544 0/3 0 322

4:2:0 to 4:2:2
Drop/replicate 209 155 0/1 0 324

Fixed coefficient 407 323 0/3 0 262

of an FIR filter with weights [7/8 1/8]. For even-field
interlaced video, the interpolated data are obtained
similarly, with weights [1/8 7/8] and [5/8 3/8]. The
state machine, based on the video type setting (pro-
gressive or interlaced), generates control signals for the
multiplexers to connect the corresponding interpolated
data to the output.

This study employs the conversion matrices from [1]
and [2] to perform color space conversions between
RGB and YCbCr/YUV. Experimental evaluations are
conducted on five classic test images: Baboon, Flowers,
Flower, Tiffany, and Pepper. For each test image, the
following experimental scenarios are carried out to
generate the corresponding output images:

- Experiment 1 1 (Exp.1): RGB � YCbCr/YUV 4:4:4
� format 4:2:2 � format 4:4:4.

- Experiment 1 2 (Exp.2): RGB � YCbCr/YUV 4:4:4
� format 4:2:0 � format 4:4:4.

- Experiment 1 3 (Exp.3): RGB � YCbCr/YUV 4:4:4
� format 4:2:2 � format 4:2:0 � format 4:4:4.

- Experiment 1 4 (Exp.4): RGB � YCbCr/YUV 4:4:4
� format 4:2:0 � format 4:2:2 � format 4:4:4.

Figure 15 shows the YCbCr component images af-
ter downsampling and upsampling in 4:4:4 format,
before conversion back to the RGB color space. The
results from four experiments exhibit no discernible

visual differences to the naked eye. Therefore, Figure 15
presents only a representative experiment. Similarly, no
significant visual variation was observed in the YUV
color space across the experiments; hence, separate
illustrations for these cases are omitted in this study.

To evaluate the proposed method’s efficacy, this
study employs the Color Peak Signal-to-Noise Ratio
(CPSNR) [3]. CPSNR is computed from the color mean-
squared error (CMSE) across the three color channels
in 4:4:4 format, comparing the original and processed
images from the four experiments. Specifically, CPSNR
is defined as follows

CPSNR = 10 lg
2B − 1
CMSE

,

CMSE =
1

3VH ∑
x,y

∑
c∈(Chroma)

(
Pc(x, y)− P̃c(x, y)

)2 ,

(16)
where, B is the number of data bits per chroma channel;
H×V denotes the image resolution (width × height);
(x, y) are the pixel coordinates; c represents a chroma
component of the image; P denotes the original image’s
chroma value; and P̃ represents the processed image’s
chroma in all four experiments.

Table III presents the average CPSNR results ob-
tained from the five test images over the four exper-
iments described above. As shown in Table III, our
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Figure 15. IP-core experiments using classical test images: Baboon, Flowers, Flower, Tiffany, and Pepper.

proposed FIR-filter-based resampling method delivers
superior reconstruction performance compared to re-
cent approaches. This improvement occurs because our
method does not affect the luma component, thereby
reducing the CMSE. These findings also demonstrate
that our resampling method effectively preserves es-
sential chromatic information and achieves high-quality
image reconstruction.

The design is implemented on an FPGA chip us-
ing the ZCU104 Evaluation Kit. Table IV presents the
synthesized resource utilization, generated using the
Vivado Design Suite with all filter parameters set to
their default values, a frame size of 1920×1080, and 10-
bit data precision. From Table IV, it is evident that
the proposed algorithm consumes relatively few FPGA
resources compared to typical implementations.

5 Conclusion

The research proposes a low-complexity chroma up-
sampling/downsampling method based on FIR filters
and an IP core design implemented on an FPGA. This
approach enables efficient conversion between 4:4:4,
4:2:2, and 4:2:0 formats in the YCbCr/YUV color space
while ensuring high reconstruction quality. Experimen-
tal results show that the proposed method does not
affect the luma component, helps reduce the CMSE, and
achieves higher CPSNR values than recent approaches.
In addition, the IP core design is flexible in configura-
tion, requires few FPGA resources, and meets real-time
processing requirements. Consequently, this solution is
highly appropriate for integration into contemporary
video compression and processing systems.
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