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Abstract — The proposed antenna is an ultra-wideband
Vivaldi antenna optimized for impulse-radio ultra-
wideband (IR-UWB) radar applications in smart home
environments. Designed to detect indoor object motion,
including fan movement, the antenna demonstrates
enhanced directivity by integrating five semicircular
slots and a polygonal structure in the radiating element.
Fabricated on a TRF-45 substrate (dielectric constant of
4.5, loss tangent of 0.0035, thickness of 1.62 mm), the
antenna exhibits an impedance bandwidth of approxi-
mately 2.28 GHz and achieves a maximum gain of 9.59
dBi at 8.5 GHz. The proposed design advances indoor
motion detection capabilities for smart home applica-
tions by providing a compact, high-gain, and wideband
antenna solution.

Index Terms - Impulse-radio ultra-wideband radar,
smart home, Vivaldi antenna.

L. INTRODUCTION

By 2024, the number of single-person households
in South Korea will exceed 10 million, and account
for 41.8% of all households. This significant demo-
graphic shift has raised critical concerns about safety and
energy efficiency. The ability to detect indoor emergen-
cies and manage energy efficiently is becoming increas-
ingly important for single-person households [1].

Smart home systems are able to control household
appliances in real time and recognize human movement
to quickly identify emergency situations. These systems
increase the safety of single-person households and con-
tribute to efficient energy use [2—4].

In smart home systems, accurate differentiation
between people and objects is essential. This maximizes
energy savings and prevents unnecessary energy con-
sumption. The ability to differentiate between people and
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appliances such as fans contributes to the efficient oper-
ation of smart home systems [5].

Impulse-radio ultra-wideband (IR-UWB) radar uses
ultra-wideband signals to detect subtle movements of
both people and objects with high precision. This capa-
bility makes the UWB radar a promising technology for
smart home systems and offers numerous potential appli-
cations [6-7].

In this paper, we propose an antenna with wide
bandwidth, high gain, and high directivity, optimized
for smart home applications. While typical UWB anten-
nas have a bandwidth of 100-130%, the antenna pre-
sented in this study is specifically designed to maxi-
mize performance in selected frequency bands required
through a practical IR-UWB radar system [8-9]. The
IR-UWB radar module used in this research, ITU-D-M-
0.0 from Grit Custom IC, was experimentally tested in
combination with the proposed antenna to validate its
applicability in smart home environments. The module
operates in key frequency bands of 7.7, 8.0, and 8.4 GHz,
all of which are covered by the proposed antenna’s 6.25-
8.53 GHz bandwidth [10]. Through this design, our study
provides optimized performance for object detection in
smart home applications and distinguishes itself from
conventional UWB antennas.

Furthermore, this study holds unique value as it
presents an object detection technology realized through
an antenna design that achieves superior performance
within selected frequency bands for smart home appli-
cations. The proposed antenna enables effective motion
detection with its wide bandwidth and high gain, outper-
forming typical UWB antennas, and demonstrates poten-
tial to enhance energy management and safety in smart
home systems. Our tailored antenna design addresses
potential frequency range challenges in smart home envi-
ronments. Through experimental validation, we establish
its practical applicability in smart home scenarios, with
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contributions toward improved accuracy and efficiency
in object detection for future smart home systems.

Accordingly, in this paper the design and structure
of the proposed antenna is discussed in section II and
the measurement results to validate its performance are
presented in section III. Finally, section IV describes the
application of the antenna in an IR-UWB radar system
to evaluate its potential for smart home applications. The
objective of this study was to demonstrate that the pro-
posed antenna can contribute to efficient and reliable
motion detection in smart home systems.

II. ANTENNA DESIGN

A. Antenna geometry

The geometry of the proposed Vivaldi antenna for
the IR-UWB radar is shown in Fig. 1. Vivaldi antennas
radiate radio waves in the z-axis direction through a slot
that tapers into a triangular structure. These radiating ele-
ments are located on the top layer. To supply the radi-
ating element of the antenna with a radio wave signal,
an input source was also fed through a microstrip line
located on the bottom layer.

o Wz Warg —

Top Layer

Bottom Layer

Fig. 1. Geometry of the proposed Vivaldi antenna for IR-
UWRB radar.

To increase the gain, five semicircular slots and a
polygon structure were added to the radiating element
on the top layer and aperture of the edge. The proposed
Vivaldi antenna was fabricated on a TRF-45 substrate
with a dielectric constant of 4.5, loss tangent of 0.0035,
and thickness of 1.62 mm. The design parameters of the
proposed antenna follow.

The fundamental gain of the proposed antenna is
determined by design parameters L; and W, and the
radiating element slot of the antenna tapers linearly
to a triangular structure from W; to W3. However, to
achieve a higher antenna gain, five semicircular slots
with different radii (R;-Rs) and polygonal structures
(L, and W;) are designed. Finally, the design parame-
ters for the microstrip line are L,,, W,,;, and W,,. The
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proposed Vivaldi antenna was designed using HFSS,
and the design parameters are as follows: L;=50 mm,
W1=50 mm, L,=21.65 mm, W>=22.70 mm, L3=8.4
mm, W3=1.5 mm, R;=1 mm, R)=2 mm, R3=3 mm,
R4=4 mm, Rs=5 mm, Rg=3 mm, d;=1 mm, d» =1 mm,
d; =1 mm, dy =1 mm, L,,1=25.5 mm, W,,;=3 mm,
L,»=3 mm, and W,,=1 mm.

B. Antenna analysis

To explain the design process of the proposed
Vivaldi antenna, it was designed using three main design
methods. The designs are shown in Fig. 2. The pro-
posed antenna was designed using a conventional Vivaldi
antenna, as shown in Fig. 2 (a). A conventional Vivaldi
antenna is characterized by end-fire radiation, which
concentrates radio waves and signals in one direction.
However, depending on the application, it may be nec-
essary to further improve the directivity and gain of the
antenna to concentrate the signal in a specific direction.
To improve the directivity and gain of the antenna, five
semicircular slots and a polygon structure were added to
the conventional Vivaldi antenna, as shown in Figs. 2 (b)
and (c).

Fig. 2. Schematic design of the proposed Vivaldi
antenna: (a) conventional Vivaldi antenna, (b) Vivaldi
antenna with five circular slots, and (c) final design of
proposed Vivaldi antenna.

For the design of the proposed Vivaldi antenna, sim-
ulations were conducted with the results presented in
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Fig. 3. As shown in Fig. 3 (a), the VSWR characteris-
tics for each design were compared. The conventional
Vivaldi antenna achieved a bandwidth of 2.27 GHz in the
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Fig. 3. Simulation results of three configurations for the
Vivaldi antenna: (a) VSWR, (b) realized gain, and (c)
radiation pattern in the 8.5 GHz band.
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6.28-8.55 GHz range with VSWR <2, while the Vivaldi
antenna with five circular slots showed an improved
bandwidth of 2.43 GHz within the 6.19-8.61 GHz range.

The final design of the proposed Vivaldi antenna
achieved the widest bandwidth, covering 2.46 GHz in
the 6.20-8.66 GHz range, demonstrating enhanced per-
formance over previous designs. As shown in Fig. 3 (b),
the realized gain simulation results indicate that the final
design of the Vivaldi antenna improves gain across the
bandwidth. The conventional Vivaldi antenna achieved a
maximum gain of 9.94 dBi at 8.5 GHz, while the Vivaldi
antenna with five circular slots reached 10.67 dBi at 8.85
GHz. The final design of the proposed antenna recorded
the highest gain of 11.53 dBi at 8.85 GHz. Figure 3 (c)
illustrates the radiation pattern for the 8.5 GHz band,
showing that the radiation characteristics of the proposed
antenna are enhanced, primarily in the main lobe.

The enhancement of the main lobe in the proposed
antenna can be attributed to the addition of five circular
slots and polygonal structures, which contribute to opti-
mizing the antenna’s directivity. These structural mod-
ifications adjust the current distribution on the radiat-
ing surface, increasing the gain of the main lobe while
reducing the size of the side lobes, thereby improving the
overall directivity. In other words, the circular slots and
polygonal structures focus the radiated energy into the
main lobe and suppress unnecessary side lobes, resulting
in a more defined radiation pattern. The final design of
the proposed Vivaldi antenna was suppressed to below 0
dBi in the minor lobes, except for the main lobe, and the
main lobe was improved by more than 10 dBi. The sim-
ulation results for the three design methods are listed in
Table 1.

Table 1: Comparison of the simulation results for the
design methods

Frequency | Simulation Results of the Realized
(GHz) Gain (dBi)
Conventional Vivaldi Proposed
Vivaldi Antenna with | Vivaldi
Antenna Five Circular | Antenna
Slots
6 7.42 7.94 8.17
6.5 8.64 9.03 9.05
7 8.80 8.91 9.15
7.5 941 9.76 9.66
8 9.64 10.59 11.27
8.5 9.94 10.57 11.53
9 9.32 9.63 10.74

The proposed Vivaldi antenna shows an improved
realized gain across the entire frequency range com-
pared to the conventional Vivaldi antenna and the Vivaldi



antenna with five circular slots. Notably, it achieves a
maximum gain of 11.27 dBi at 8 GHz and 11.53 dBi at
8.5 GHz, demonstrating superior radiation characteris-
tics overall.

To explain the radiation mechanism of the proposed
Vivaldi antenna, a surface-current simulation was per-
formed for the E-field, as shown in Fig. 4.
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Fig. 4. Simulation analysis of the surface current distri-
bution for the proposed Vivaldi antenna: (a) 6.5 GHz, (b)
7.5 GHz, and (¢) 8.5 GHz.

As shown in Fig. 4, the Vivaldi antenna exhibits a
current distribution along the length of its tapered slot.
This current extends to the termination of the slot, lead-
ing to the emission of radiation along the z-axis. At dif-
ferent frequencies, this current induces the generation of
wavelengths resulting in the directional radiation proper-
ties observed at the open end of the antenna. These radi-
ated waves were directed with precision to the intended
transmission orientation within the planned radar system.
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III. RESULTS AND DISCUSSION OF THE
ANTENNA
A. Experimental environment
The proposed Vivaldi antenna was fabricated to
verify the design, and the measurement results were
obtained using a variety of instruments. A photograph
of the fabricated Vivaldi antenna is shown in Fig. 5.

(b)

Fig. 5. Photograph of the fabricated Vivaldi antenna: (a)
top layer and (b) bottom layer.

(@) (b)

Fig. 6. Measurement configuration: (a) experimental
environment-1 and (b) experimental environment-2.

The gain and radiation pattern of the fabricated
Vivaldi antenna were measured using a large antenna
measurement system. The measurement results within
the proposed bandwidth were obtained with a Tx antenna
in a far-field anechoic chamber. The experimental envi-
ronment is shown in Fig. 6.

B. Measurement results

To obtain the VSWR results, the fabricated Vivaldi
antenna was measured using a vector network analyzer
(E8361A, Agilent Co.). The VSWR results for the fabri-
cated Vivaldi antenna are shown in Fig. 7.

As shown in Fig. 7, the simulated VSWR result
of the fabricated Vivaldi antenna was satisfied by
VSWR<2 at 6.25-8.53 GHz, resulting in an impedance
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Fig. 7. VSWR results of the fabricated Vivaldi antenna.

bandwidth of 2.28 GHz. In contrast, the measurement
results showed some discrepancies from the simulation
results. The measurement results were included in the
impedance bandwidth of the simulation, but the 7 GHz
and 8 GHz bands were somewhat suppressed. How-
ever, this should not be a major problem in the pro-
posed application. This will be demonstrated in the next
section.

The simulation and measurement results for the
2D radiation pattern were analyzed in the E-plane (YZ
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Fig. 8. 2D radiation pattern results for the E-plane (YZ-
plane) of the fabricated Vivaldi antenna: (a) 6.5 GHz, (b)
7.5 GHz, and (c) 8.5 GHz.
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Fig. 9. 2D radiation pattern results for the H-plane (XZ-
plane) of the fabricated Vivaldi antenna: (a) 6.5 GHz, (b)
7.5 GHz, and (c) 8.5 GHz.

plane) and H-plane (XZ plane), as shown in Figs. 8
and 9.

As shown in Figs. 8 and 9, the 2D radiation patterns
of the fabricated Vivaldi antenna were analyzed for the
directional radiation pattern, in which the waves were
concentrated in both the E- and H-planes in the Z direc-
tion. The 3 dB beamwidth (HPBW: half power beam
width) of the simulation and measurement results for the
E-plane are 45° and 38° at 6.5 GHz, 35° and 41° at 7.5
GHz, and 30° and 34° at 8.5 GHz. For the simulation
and measurement results, the H-plane is 74° and 58° at
6.5 GHz, 60° and 45° at 7.5 GHz, and 59° and 60° at
8.5 GHz. In addition, the simulation and measurement
results for the maximum gain are 9.05 dBi and 7.07 dBi
at 6.5 GHz, 9.66 dBi and 7.24 dBi at 7.5 GHz, and 11.53
dBi and 9.59 dBi at 8.5 GHz. Furthermore, the sim-
ulated cross-polarized radiation pattern showed attenu-
ated radiation characteristics in both the E- and H-planes
compared to the main radiation direction, which com-
plements the directional characteristics and contributes
to enhancing the antenna’s performance.

A noticeable difference is observed between the
simulation and measurement results, which can be
attributed to a few factors. First, as the antenna was
fabricated using an etching process, minor inaccuracies
may have arisen during fabrication. The etching process
could have caused a dimensional variation of a few mil-
limeters, potentially affecting the measurement results.
Second, there may be unaccounted losses between the



antenna and the measurement cable. Despite this notice-
able discrepancy, the proposed antenna’s practicality was
verified by successfully integrating it with an actual IR-
UWRB radar system.

In this study, existing studies were compared with
the proposed antenna to analyze its performance.

Table 2: Performance comparison between existing
wideband antenna designs and the proposed antenna

Ref. |Antenna| Frequency |Gain | Application
Type Range |(dBi)
(GHz)

[11] Vivaldi | 4.00-8.00 | 8.3 | Through-
wall radar

[12] Bowtie | 0.34-0.77 | 9.2 Ground
penetrating

radar

[13] Vivaldi | 0.47-1.00 |2.57 UHF
DVB-T/T2

[14] Patch 7.1-7.9 84 | IR-UWB
radar

[15] Vivaldi 660-15 15 | Concealed
object

detection

[16] Bowtie | 0.31-093 | 9.3 Ground
penetrating

radar

[17] Vivaldi | 2.42-11.52 | 8.61 | Medical
imaging
Proposed | Vivaldi | 6.25-8.53 | 9.59 | Smart home
Antenna system

Table 2 presents a performance comparison of dif-
ferent types of wideband antennas, including bowtie,
patch, and Vivaldi antennas. These antennas are widely
used in different fields because of their high gain and
wide bandwidth. The proposed Vivaldi antenna operates
in the frequency range of 6.25-8.53 GHz with a gain of
9.59 dBi, demonstrating its potential for smart home sys-
tem applications.

IV. EXPERIMENTAL STUDY AND RESULTS

A. Setup and configuration of the radar

As shown in Fig. 10, a test setup was established
to verify the performance of the fabricated antenna. The
radar module used for the fan motion detection experi-
ment was an [U-D-M-0.0 from GRIT Customs IC Inc.
In this experiment, the radar module consists of a trans-
mitter and a receiver. The transmitted UWB signal is
reflected off the rotating fan blades and received by the
receiver. The radar records amplitude variations in the
reflected signal over time, frame by frame, to analyze
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changes in the signal caused by the rotation of the fan
blades. This allows the radar system to detect the motion
of the fan blades, and the measured data is used to deter-
mine the positional variations and rotation cycle of the
fan.

UWB Radar Module
(IU-D-M-0.0)
e

: E;bﬁcﬁied
antenna (Rx)

-ﬂ Transmitter }—(
o~ Receiver

MCU

0 50 100 150 200 250 300
Number of Frame

(b)

Fig. 10. Testing setup for the fan motion detection exper-
iment: (a) radar configuration and (b) fan motion detec-
tion setup.

The specifications of the IU-D-M-0.0 radar module,
summarized in Table 3, were selected to optimize the
detection of fan motion within the experimental setup
[10]. These specifications enabled precise measurement

Table 3: Specification for the experiment

Parameter | Min | Typical | Max Unit

Frequency 7.7 8.0 8.4 GHz
range

Bandwidth 1.7 1.9 GHz
EIRP -45.7 | -44.0 |-43.1| dBm/MHz

-179 | -16.0 |-14.7|dBm/50 MHz
Equivalent 20.48 Gbps
sampling rate
Detection 0.1 15 m

range
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and analysis of fan motion and ensured accurate perfor-
mance evaluation of the fabricated antenna.

B. Signal processing and experimental results

As shown in Fig. 11, two important filters were
applied to process the UWB radar data: clutter reduc-
tion and high-frequency noise reduction. These filters are
critical for improving fan motion detection by suppress-
ing clutter signals and emphasizing the relevant motion
signals.

RN

Fig. 11. Block diagram of UWB radar signal processing.

In this study, the received signal r; consists of three
components: the clutter signal r.;, the target signal r; ;,
and noise r,, as represented by the equation:

rp=Trei+r i+ (1)

The clutter reduction step is designed to remove the
static background noise r.; (clutter) from the radar sig-
nal, which typically originates from stationary objects
in the environment. This is done using a difference fil-
ter that calculates the difference between the current
and previous signal samples. This approach emphasizes
dynamic changes in the signal while suppressing static
components such as clutter. The filter can be expressed
in the z-domain as follows: 1

11—z

H (Z) = m, 2)
where A is a filter coefficient that controls the rate of clut-
ter attenuation. The numerator 1 —z~! represents a high-
pass characteristic that filters out low-frequency compo-
nents associated with static clutter, while the denomina-
tor I —Az~! introduces an exponential moving average
to smooth the signal [18—19]. After clutter reduction, the
radar signal enters the high-frequency noise reduction
phase, where a low-pass filter is applied to suppress high-
frequency noise and preserve the low-frequency compo-
nents associated with the fan’s movement. In the final
stage of target visualization, the processed radar signals
are converted into graphical representations to clearly
depict the detected motion of the fan. Figure 12 illus-
trates the three stages of signal processing.

In Fig. 12, the first result (a) shows the raw data
in which the clutter signals dominate. After clutter
reduction, the result (b) shows a cleaner signal with
reduced noise. Finally, result (c) demonstrates the high-
frequency noise-reduction phase, in which the signal
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Fig. 12. Results of signal processing: (a) raw radar data,
(b) data after clutter reduction, and (c) data after high-
frequency noise reduction.

is smoothed and only the essential motion signals are
retained. Figure 13 illustrates the detection of the move-
ment of the fan.

As shown in Fig. 13, a periodic movement of the fan
at a certain distance was detected using the time and dis-
tance axis. This result shows that the radar system suc-
cessfully detected the movement of the fan.
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Fig. 13. Detection of the movement of the fan.

V. CONCLUSION

In this study, a high-gain antenna capable of detect-
ing indoor motion for smart home systems was pro-
posed to meet the growing need for safety and energy
efficient management in single-person households. The
proposed antenna is characterized by a wide impedance
bandwidth of 2.28 GHz in the frequency range of 6.25 to
8.53 GHz, a high gain of 9.59 dBi in the 8.5 GHz band,
and excellent directivity characteristics. Based on these
performance characteristics, the antenna was integrated
into an IR-UWB radar module and successfully validated
through experiments to detect the motion of objects, such
as fans, in an indoor environment.

The contribution of this research lies in the success-
ful demonstration of the applicability of the proposed
antenna for precise motion detection and energy manage-
ment in smart home systems. The wide bandwidth and
high gain of the antenna provide the basis for improving
the accuracy of motion detection in various applications
and emphasize its importance as a component in future
smart home configurations.

However, limitations of this study include the need
for further miniaturization of the antenna and challenges
in measuring fan rotation due to the low frame rate of the
radar. Future research should focus on the development
of low-profile antennas with improved resolution for IoT-
based indoor occupancy detection and smart home sys-
tems. In addition, further experiments are needed on fan
movement, human positioning, and biometric data mea-
surement. These efforts pave the way for the integra-
tion of Al-based intelligent radar technologies and fur-
ther expand the potential of the proposed system.
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