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Abstract: The study presents an Ultra-Wideband Slot-loaded Antipodal Vivaldi
Antenna (SL-AVA) designed for through-the-wall radar imaging (TWRI)
applications. The antenna incorporates rectangular slots of varying lengths and
widths, effectively extending its electrical length and suppressing surface waves.
These variable-length slots play a crucial role in enhancing overall performance
by improving bandwidth, impedance matching, and radiation characteristics.
Fabricated on a Rogers 5880 substrate with dimensions of 60.50 x 66.10 mm?, the
SL-AVA operates efficiently across a wide frequency range of 3 GHz to 10 GHz.
It achieves a peak gain of 11 dBi. Experimental fabrication and testing validate the
SL-AVA antenna’s characteristics, including compact size, high gain, ultra-wide
bandwidth, and directional radiation, making it an excellent choice for TWRI
applications.
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1 Introduction

In recent times, the emergence of through-wall radar imaging (TWRI)
technology has drawn considerable interest due to its versatile applications across
domains. From search and rescue operations to law enforcement and military
tasks, TWRI employs [1 — 3] radar waves to penetrate solid barriers like walls,
revealing vital information about concealed objects and individuals.
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This capability has transformed our perception and interaction with the
environment, establishing TWRI as an essential tool in various scenarios. The
antenna is a crucial component in TWRI, transmitting and receiving
electromagnetic signals to collect vital data from obscured environments [4]. The
performance and reliability of the antenna play a critical role in determining
image resolution, sharpness, and penetration depth, which are vital for accurate
and detailed TWR. The AVA stands out as a strong candidate for TWRI
applications due to its outstanding characteristics, making it particularly suitable
for scenarios that demand high-resolution imaging and precise target detection,
even in the presence of physical obstructions [5]. Therefore, developing an
efficient antenna for TWRI is crucial for outstanding performance and accuracy.

The AVA is a distinct design known for its ultra-wide bandwidth and
directional radiation characteristics [6], making it ideal for applications such as
TWRI. Its tapered slot structure, shaped similarly to a flared horn, facilitates
efficient radiation and propagation of electromagnetic waves across a broad
frequency range. The antenna’s carefully optimized geometry contributes to
achieving high gain with minimal sidelobe interference. Thanks to its broad
operating bandwidth, the AVA antenna supports operation across multiple
frequency bands, offering flexibility in frequency selection and multi-band
functionality. UWB technology enhances the AVA antenna’s performance and
versatility, offering wide frequency coverage, high data rates, precise imaging
capabilities, improved signal penetration, and reduced interference [7 — §].

This study presents a UWB antenna design using the SL-AVA configuration
for (TWRI) applications. The antenna structure integrates multiple rectangular
slots of variable lengths and uniform width (1 mm) symmetrically etched on both
flares to enhance bandwidth and improve radiation characteristics. The model is
fabricated on a Rogers RT/Duroid 5880 substrate, characterized by a dielectric
constant of & = 2.2 and a substrate thickness of 1.58 mm. The proposed antenna
exhibits a stable radiation pattern across the operating frequency band, maintains
consistent gain, and achieves low return loss (S11 <-10 dB) and voltage standing
wave ratio (VSWR <2), making it suitable for high-resolution TWRI applications

2 Slot-Loaded Antipodal Vivaldi Antenna (SL-AVA) Design

The SL-AVA antenna is fabricated on a Rogers RT/Duroid 5880 substrate,
featuring a dielectric constant (g;) of 2.2 and a substrate thickness of 1.58 mm.
The slotted geometry of the radiating patch contributes to improved bandwidth
and radiation properties. A microstrip feed line with a 50 Q impedance and a
width (wc) of 4.58 mm is employed to ensure proper matching over the desired
frequency range. Rogers 5880 is specifically selected due to its low dielectric loss
tangent (tan 6 = 0.0009), which supports high radiation efficiency and gain [9].
The SL-AVA structure incorporates a pair of identical elliptic arcs, as previously
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validated in [10 — 12], to improve current distribution and facilitate UWB
operation. Theoretically, the Vivaldi antenna is designed to operate with an
unlimited upper frequency range, its lower frequency threshold is generally
governed by the width of the structure and the value of the effective dielectric
constant (e.rr) as represented in (1) and (2). The dielectric value of the substrate
is represented by &; and e is an effective dielectric value of the substrate with air
equal to 1 and varying with c, the speed of light:
c
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The antenna is built around two core components, the feed line and the flared
radiators. To achieve better performance, the SL-AVA design includes a slot-
based structure [13 — 15]. Variable-length slots in SL-AVA significantly enhance
performance by improving bandwidth, impedance matching, and radiation
characteristics. Fixed-length slots, on the other hand, may limit the antenna's
efficiency, leading to narrowband operation and poor radiation properties. The
slots help fine-tune the antenna’s impedance, reducing reflection losses and
improving input return loss. They also broaden the operational bandwidth,
enabling UWB applications. The slot structure minimizes surface wave
propagation, reducing losses and improving radiation efficiency. The precise
arrangement and dimensions of the slots, such as the antenna incorporates 17
rectangular slots of different lengths but a constant width of 1 mm, which ensures
stable radiation characteristics throughout the operational band. Additionally, the
slots enhance gain by directing the radiated energy more efficiently. The
Parameter Sweeping technique is utilized to optimize the dimensions of SL-AVA
by systematically varying parameters like length, slot width, and feeding structure
dimensions within a specified range, while keeping others constant, to determine
their impact on the antenna’s performance.

Varying slots in SL-AVA offer several advantages, including enhanced
bandwidth, improved radiation patterns, and gain improvement. They also help in
reducing return loss and minimizing cross-polarization effects. However, these
benefits come with challenges such as increased design complexity, manufacturing
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difficulties, and potential bandwidth trade-offs. Proper optimization is essential to
balance these advantages and disadvantages effectively. The antenna was
designed and optimized using CST Microwave Studio®, a robust tool for
electromagnetic simulation and analysis. This software facilitates the modeling,
evaluation, and refinement of diverse electromagnetic structures. For the
proposed antenna, dimensional parameters (in millimeters) were fine-tuned, as
summarized in Table 1. Furthermore, the antenna’s physical configuration is
illustrated in Fig. 1, where Fig. 1a shows the version without slots and Fig. 1b
displays the slotted configuration

Fig. 1 - SL-4 V(j)antenna geometric layout: (a) Without SZO(Z‘E,? (b) With slots.
Table 1
Dimensions of SL-AVA.
Parameters Values Parameters Values
(mm) (mm)
w 60.50 SL(S;—S.) 2
L 66.10 S (S5—Se) 3
D 27 St (S,—Ss) 4
Wa 52.50 S.(So) 5
we 4.58 SL(Siw—=Su) 4
Wwe 11.80 SL(S.—Si3) 3
Sw (Si—Si) 1 S (S1u—Sis) 2
SL(Si—8S,) 1 S.(Sis—Si7) 1
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3 Simulation Results

The simulated far-field directivity response of the SL-AVA antenna within
the 3 GHz to 10 GHz range is illustrated in Fig. 2, using CST Microwave
Studio®. These radiation patterns provide detailed insights into the spatial energy
distribution of the antenna at selected frequencies. To evaluate the directional
performance of the antenna, key radiation features including the magnitude and
direction of the main lobe, side lobe levels (SLL), and beam width are extracted.
The main lobe indicates the direction of maximum radiation, whereas the side
lobes correspond to secondary radiation lobes with lower intensity. Analysis of
the directivity plots across the UWB range reveals frequency-dependent
variations in beam direction, radiation strength, and side lobe formation, offering
a comprehensive understanding of the antenna’s far-field behavior and its
suitability for TWRI applications.
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Fig. 2 — Far-field directivity plots of SL-AVA:
(a) 4 GHz; (b) 6 GHz; (¢) 8 GHz; (d) 9 GHz.
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As shown in Fig. 3, the SL-AVA antenna’s 3D far-field radiation patterns,
spanning frequencies from 3 GHz to 10 GHz, were simulated using CST
Microwave Studio®. These 3D visualizations deliver a more complete
representation of the antenna’s directional radiation properties compared to 2D
plots, enabling detailed observation of both the intensity and directionality of the
radiated electromagnetic fields. These patterns emphasize the gain distribution at
various frequencies, which is a key parameter reflecting the antenna’s capability
to direct radiated power effectively. Antenna gain, as visualized in the 3D
patterns, quantifies the ratio of power emitted in a particular path to that of an
ideal isotropic radiator. This directional gain is critical in evaluating the antenna’s
performance in focusing energy toward desired directions, particularly in TWRI
applications where directional radiation enhances target resolution and detection
accuracy.
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Fig. 3 — Three-dimensional far-field radiation pattern of SL-AVA:
(a) 4 GHz; (b) 6 GHz; (c) 8 GHz; (d) 9 GHz.

The presented 3D simulations facilitate an in-depth analysis of the SL-AVA
antenna’s behavior across the UWB spectrum. Variations in beam shape,
direction, and intensity across frequencies are examined to assess radiation
symmetry and concentration. These insights are instrumental for optimizing the
antenna’s structural parameters, ensuring high gain, improved directivity, and
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minimal radiation leakage, thereby enhancing its operational efficiency in
wideband imaging and sensing scenarios.

The simulated gain characteristics of the SL-AVA antenna, with and without
slots, are depicted in Fig. 4 for the 3—10 GHz UWB band. A notable rise in gain
is observed within the 6—10 GHz frequency range, with the peak simulated gain
occurring at 9 GHz when slots are incorporated into the antenna design, reaching
approximately 11 dBi. In contrast, the gain of the antenna without slots remains
lower compared to the slotted design, despite showing an increase in the higher
frequency range. The peak simulated gain for the design without slots occurs at
7 GHz, reaching approximately 9.2 dBi. These findings highlight the significant
impact of incorporating slots in enhancing the antenna’s gain performance,
particularly at higher frequencies. Fig. 5 presents a comparison of the simulated
reflection coefficients (S11) for the SL-AVA antenna with and without slots
across the UWB frequency range. The results indicate that the slotted design
maintains an acceptable reflection coefficient, remaining below the -10 dB
threshold throughout the entire UWB band. In contrast, the design without slots
only not meet this criterion within a limited frequency spectrum, specifically
between 3.8 GHz and 4.4 GHz. This demonstrates the effectiveness of the slotted
design in achieving better impedance matching across the UWB spectrum.

Table 2 presents a comparison of antenna gain across the UWB frequency
range for both slotted and non-slotted configurations. The gain of the antenna
without slots varies between 3 dBi and 9.2 dBi, whereas the slotted antenna
exhibits an enhanced gain ranging from 3.4 dBi to 11 dBi. This improvement
suggests that the introduction of slots effectively modifies the antenna’s current
distribution, leading to enhanced radiation efficiency and improved
directionality. The higher gain values in the slotted design indicate a better
concentration of radiated power, which is advantageous for applications requiring
stronger and more focused signal propagation.

Gain

= &= Wihout Slots |-----------
=*— With Slots

3 4 5 6 7 8 9 10
Frequency / GHz

Fig. 4 — Simulated gain of SL-AVA with slots and without slots.
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Fig. 5 — Simulated S\1 of SL-AVA with slots and without slots.

Table 2
Gain of SL-AVA with slots and without slots.
Froquency Qain (dBi) qun (dBi)
Without Slots With Slots
3 GHz 3 34
4 GHz 4.1 6.8
5 GHz 7.4 7.9
6 GHz 8.5 9.3
7 GHz 9.2 10.8
8 GHz 9.1 10.4
9 GHz 9 11
10 GHz 8.2 10.5

4 Antenna Prototyping and Measurement

Fig. 6 illustrates the fabricated model of the SL-AVA antenna, showing both
the front and back sights of the structure. The antenna was manufactured using
Rogers RT/Duroid 5880 substrate material, which possesses a relative dielectric
constant (&) of 2.2 and a substrate thickness of 1.58 mm. The precision in
substrate selection is crucial for achieving the desired electromagnetic
performance, particularly in UWB applications. For the experimental validation,
the antenna’s scattering parameters were measured using a Rohde & Schwarz
ZNB20 Vector Network Analyzer (VNA). The combination of high-performance
substrate and accurate measurement setup ensures the reliability and repeatability
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of the observed results, thereby facilitating a comprehensive understanding of the
antenna’s structural and electromagnetic characteristics.

(b)
Fig. 6 — Fabricated SL-AVA prototype: (a) Front; (b) Back.

Fig. 7 illustrates a comparative analysis of the simulated and measured
reflection coefficients (S;1) for the designed SL-AVA antenna across the UWB
frequency spectrum. S;1 represents the fraction of incident energy reflected at the
antenna's feed point due to impedance discrepancies. A value below -10 dB is
typically considered acceptable, signifying that over 90% of the power is
transferred efficiently with minimal reflection. As shown in the graph, both the
simulated and measured S;; values remain consistently below the -10 dB
threshold throughout the entire UWB range. This high degree of agreement
between simulation and measurement confirms the antenna’s effective
impedance matching and validates the accuracy of the design methodology.
Moreover, the broad impedance bandwidth achieved by the antenna underpins its
suitability for UWB applications, where consistent operation across a broad
frequency spectrum is essential for dependable and high-speed wireless
connectivity.

Fig. 8 presents a comparative plot of the simulated and measured Voltage
Standing Wave Ratio (VSWR) of the SL-AVA antenna across the UWB
frequency band. VSWR is a critical parameter that assesses the efficacy of power
handover between the antenna and its feed network by quantifying the extent of
impedance matching. A lower VSWR indicates reduced reflections and better
impedance alignment, with a value below 2 typically considered acceptable for
practical antenna systems. It can be seen from the figure that the simulated and
measured VSWR consistently fall below the critical value of 2 over the entire
UWB spectrum. This strong correlation between simulated and experimental
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results confirms that the proposed antenna maintains excellent impedance
matching over the designated bandwidth. Consequently, the antenna
demonstrates low reflection losses and efficient energy transfer, making it well-
matched for ultra-wideband applications.

0 Reflection coefficient S(1,1)
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Fig. 7 — Measured and simulated (S11).
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Fig. 8 — Measured and simulated VSWR.
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4.1 Comparison of antenna performance

A detailed comparison between the proposed SL-AVA antenna and
previously reported UWB antennas is provided in Table 3, focusing on several
key performance indicators, including operational bandwidth, substrate material,
antenna dimensions, realized gain, and application relevance.

Table 3
A comparison is made between the performance of the proposed
antenna and that of existing designs in previous research.

. Peak Gain | Frequency . . Lo
Reference | Material (dBi) (GHz) Dimensions Application
Through wall
[4] FR4 9.2 1.85-9.2 0.734) x 0.432) Imaging (TWI)
Through-the-wall
[15] FR4 9.6 2.5-113 10700582 radar imaging
(TWRI)
Rogers Radar
[16] RO3003 8.5 3.99-12.28 1.81Ax0.88A sensing system
Through-the-wall
[17] FR4 8.2 1.9-12 1.07Ax0.58A radar (TWR)
[18] FR4 7.66 1-4 0.3031%x0.36\ See through the wall
Rogers Through-the-wall
Proposed 58%0 11 3-10 0.661Ax0.605A1 radar imaging
(TWRI)

The proposed design demonstrates several significant improvements over the
referenced antennas [4, 16 — 19]. It offers an extensive frequency coverage across
the entire UWB spectrum, ensuring broad operational capability. The antenna
exhibits a high gain, which enhances signal transmission and reception
performance. Furthermore, it achieves a wide impedance bandwidth, defined by
a reflection coefficient (|S14|) less than or equal to -10 dB, indicating efficient
impedance matching and minimal signal reflection. One of the most
distinguishing features of the proposed antenna is its compact physical footprint,
which is notably smaller than that of comparable designs. This compactness,
combined with superior electrical characteristics, makes the antenna highly
suitable for integration into space constrained UWB systems and modern wireless
communication platforms.

5 Conclusion

The development of a slot-loaded antipodal Vivaldi antenna (SL-AVA) for
TWRI has been successfully presented in this work. Strategic incorporation of
rectangular slots on the flares significantly enhances the antenna’s effective
aperture while suppressing surface wave propagation. As a result, the antenna
achieves key performance metrics including a wide impedance bandwidth (|S14]
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< -10 dB), low VSWR (< 2), high directional gain, and consistent radiation
behavior in both E- and H-planes. Fabrication and experimental validation
confirm strong agreement with simulations, reinforcing the reliability and
practicality of the design. The compact form factor, coupled with its directive
radiation and broadband performance, makes the SL-AVA an ideal candidate for
TWRI systems. Beyond TWRI, its characteristics also render it suitable for
applications in security surveillance, non-destructive testing, and remote sensing
technologies, demonstrating the antenna’s versatility and real-world relevance.
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