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Abstract

Ground-Penetrating Radar (GPR) serves as an essential non-destructive tool for subsurface
exploration, and its antenna system largely determines the performance of the overall sys-
tem. This paper presents a comprehensive review of advanced GPR antenna technologies,
examining six major types: Vivaldi, bowtie, tapered, dipole, envelope, and spiral. This
analysis shows that trade-offs among these antennas are unavoidable. High-frequency
wideband antennas deliver high gain, but their penetration depth is limited to very shal-
low targets. Some wideband designs achieve wide bandwidth and reasonable gain with
compact footprints, while others are suited for detecting embedded metallic objects. By
comparison, low-frequency designs operating in the VHF and UHF bands enable very deep
penetration, making them suitable for detecting deeply buried targets in lossy media and
subsurface utilities. However, deep penetration often comes at the cost of lower gain or
larger physical size. Ultimately, no universal antenna exists; the optimal choice depends
on whether depth, resolution, or adaptability to attenuating environments is prioritized.
Emerging metasurface-integrated and frequency-selective surface (FSS)-backed antennas
represent a promising frontier, enabling better bandwidth, gain, and compactness. Ongoing
challenges include miniaturization without compromising performance, reliable operation
in heterogeneous and lossy soils, and the development of robust, manufacturable designs
for field deployment. This review offers researchers and practitioners a structured reference,
guiding the development of next-generation GPR systems that balance deeper penetration,
higher resolution, and operational versatility.

Keywords: ground-penetrating radar (GPR); Vivaldi antenna; bowtie antenna; dipole
antenna; envelope antenna; tapered antenna; spiral antenna; ultra-wideband (UWB);
frequency selective surfaces (FSSs)

1. Introduction
Ground-Penetrating Radar (GPR) has become a key non-invasive sensing technology

for subsurface exploration, with wide-ranging applications in geology, mineral exploration,
glaciology, civil engineering, geophysics, archaeology, environmental monitoring, infras-
tructure diagnostics, and more [1–6]. By transmitting electromagnetic waves into the
ground and analyzing the reflected signals from buried objects and material discontinuities,
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GPR systems enable accurate detection and imaging without destructive intervention [7,8].
Despite these advantages, the overall performance of a GPR system is strongly dependent
on the design and efficiency of its antenna subsystem [9]. The antenna is the most critical
component in GPR systems, as it directly governs essential performance parameters such
as bandwidth, radiation characteristics, resolution, and penetration depth [10,11]. A central
challenge in antenna design for GPR lies in managing the inherent trade-off between high-
resolution imaging and sufficient penetration depth. High-frequency signals provide finer
resolution but experience rapid attenuation in lossy media, whereas low-frequency signals
penetrate deeper but offer reduced imaging detail [12]. Achieving an optimal balance
between these competing requirements remains a fundamental objective in GPR antenna
development. The operating sequence of a typical GPR system is shown in Figure 1, which
illustrates how electromagnetic waves are transmitted, reflected from subsurface interfaces,
and received to detect buried objects. For underground object detection, the antenna system
must efficiently couple electromagnetic energy into the soil. Unlike free space propagation,
the air–soil interface introduces a significant impedance mismatch due to dielectric disconti-
nuities. Wideband antennas improve broadband impedance matching and enable efficient
transmission over a wide frequency range. Polarization also affects target detectability:
linearly polarized antennas produce stronger responses from elongated targets aligned with
the electric-field direction, while dual-polarized configurations improve detection of targets
with arbitrary orientations. Therefore, the operating principle relies on broadband oper-
ation, impedance matching, and polarization diversity to balance penetration capability
and resolution. The process begins in the control unit, which supplies power and manages
signal processing and display. The transmitter system generates short, high-frequency
pulses using a pulse generator, and these pulses are radiated into the ground through
the transmitting antenna as incident electromagnetic waves. As these waves propagate
through the subsurface, their velocity and behavior depend on the electrical properties of
the materials encountered, such as permittivity and conductivity. When the waves reach
a boundary between different materials—such as soil and a buried object like a rock or
pipe—a portion of the energy is reflected back toward the surface while the rest continues
deeper. The receiver system captures these reflected signals using a receiving antenna, after
which they are amplified by a low-noise amplifier to preserve signal integrity and then
processed to extract meaningful information. By measuring the time delay between the
transmitted pulse and the received echo, the system can estimate the depth and position of
the buried object, while the signal amplitude provides insight into its material properties.
The processed data is finally displayed as a subsurface image or radargram, enabling
visualization and interpretation of underground features [13–15]. Designing GPR antennas
involves several inherent trade-offs. Higher frequencies experience greater attenuation
when penetrating the ground or walls, so most systems operate at relatively low frequen-
cies to achieve deeper penetration. However, high-resolution imaging demands a wide
operational bandwidth. The combination of a low center frequency with a wide bandwidth
makes GPR antenna design particularly challenging [16]. Lower frequencies enable deeper
penetration but provide coarser resolution, whereas higher frequencies deliver finer resolu-
tion at the expense of shallower depth. Consequently, low-frequency antennas are larger
in size, while high-frequency antennas are smaller [17,18]. Beyond frequency selection,
the antenna’s electromagnetic performance fundamentally governs system effectiveness.
Wide bandwidth directly shortens time-domain pulses, improving the ability to resolve
closely spaced features [19]. High gain combined with directional broadside radiation
increases penetration depth and mitigates signal attenuation at higher frequencies. Sta-
ble, well-defined radiation patterns further enhance detection and imaging accuracy [20].
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Higher gain also extends the system’s effective range and can reduce transmitter power
requirements [21].

 

Figure 1. Schematic Diagram of a GPR System for Subsurface Detection.

Nevertheless, achieving high gain in compact, wideband antennas remains challeng-
ing, particularly at lower frequencies where size inherently increases—a critical constraint
for portable or vehicle-mounted GPR systems. Over the past few decades, continuous
efforts have improved conventional GPR antenna designs. Well-established geometries
such as Vivaldi, bowtie, tapered, monopole, dipole, spiral, and envelope antennas are
widely studied for their broadband behavior, structural simplicity, and subsurface sensing
suitability [22]. Among these, Vivaldi and bowtie antennas offer ultra-wideband operation
and stable radiation patterns, enabling high-resolution imaging. Bowtie designs, in partic-
ular, benefit from cavity or reflector structures that enhance a front-to-back ratio [23–25].
Compared with the bowtie antennas, the tapered slot antenna has the properties of direc-
tional radiation, broader band and higher gain [26]. Planar UWB antennas are preferred for
lower-frequency operation since GPR penetration depth degrades at higher frequencies.
To improve depth resolution, a reflecting screen placed below the antenna directs waves
toward the broadside direction, enhancing gain—metallic reflectors are particularly effec-
tive for this purpose [27]. In GPR systems, backward radiation (directed away from the
ground) is wasted. To mitigate this, a shielded cavity or metal reflector is conventionally
placed behind antennas with omnidirectional patterns to redirect backward energy toward
the forward direction, thereby improving directional gain. This backside loading technique
is particularly effective at high operating frequencies, where the short wavelength allows
the cavity or reflector height to remain practically small [28,29].

Dipole antennas are valued for ease of implementation and flexibility. Spiral antennas,
including the planar Archimedean configuration, provide frequency-independent opera-
tion, high efficiency, low profile, stable impedance, and circular polarization [30]. Envelope
antennas have demonstrated compact size and improved transient response, which are
advantageous for time-domain GPR systems [31]. Collectively, these antenna families offer
a rich design space for achieving high range resolution and deep target detection in GPR
applications. Despite the maturity of these antenna types, ongoing research continues
to introduce new structures, geometrical modifications, and design strategies aimed at
enhancing their performance. These advancements include bandwidth enhancement tech-
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niques, size reduction approaches, gain and directivity improvements, and optimization
for operation in complex and lossy subsurface environments [32]. In this context, this paper
presents a comprehensive review of the most recent advanced antenna designs reported
in the literature with experimental GPR applications, focusing specifically on structural
advancements published during the last five years. The antenna types covered include
Vivaldi, bowtie, tapered, dipole, spiral, and envelope antennas. By integrating recent design
innovations with emerging approaches and intelligent methodologies, this review aims to
provide a clear and holistic understanding of the current state of the art in GPR antenna
technology, thereby supporting future innovations in subsurface sensing applications.

This paper is organized as follows. Section 2 presents recent design advancements
across all considered antenna types, including Vivaldi, bowtie, dipole, envelope, tapered,
and spiral, with emphasis on their performance improvements, suitability for subsurface
sensing applications, and limitations. Finally, Section 3 provides a comparative analysis of
these antenna categories, identifying key trade-offs, strengths, and suitability. In accordance
with copyright policies, only figures from articles published under a Creative Commons
Attribution (CC BY) license are included in this review. Figures from other publications are
not reproduced; however, their key results are summarised in the text, and the reader is
referred to the original references for further details.

2. Recent Antenna Designs with Experimental GPR Applications
2.1. Vivaldi Antennas

Vivaldi antennas are well-suited for GPR applications because they provide stable
ultra-wideband (UWB) directivity and high resolution within a compact form factor [33].
Building on this design, the antipodal Vivaldi antenna enables further miniaturization
while maintaining wideband performance and high gain (>6 dBi) [8]. Consequently, key
advantages include ultra-wide bandwidth (>105%), end-fire radiation, low dispersion, and
low-cost planar fabrication [33]. For instance, a compact dual-polarized UWB antipodal
Vivaldi antenna arranged in a box configuration using four single-polarized elements
achieves an operating bandwidth from 0.3 GHz to 3 GHz with a low-profile design, making
it well-suited for rover-based polarimetric GPR systems [34], while another miniaturized
low-profile ultra-wideband antipodal Vivaldi antenna array loaded with edge techniques
covers 0.9–12 GHz with wide-angle scanning [35].

Despite these merits, several drawbacks persist, namely, gain-bandwidth trade-offs,
pattern instability, and large physical size at lower frequencies. To address these limitations,
researchers have explored various advanced strategies, leading to a series of innovative
designs that extend the capabilities of Vivaldi antennas for specific GPR scenarios. For
example, integrating frequency-selective surfaces (FSS) into the antenna aperture produced
a design with a reported gain of 13.6 dBi within the critical 0.6–4 GHz band, a significant
improvement for many GPR tasks. Similarly, employing a partially dielectric-loaded planar
Vivaldi array enabled operation down to 380 MHz, a crucial frequency range for deeper
subsurface exploration [36]. Another innovative approach uses slow-wave structures and
resistive loading to achieve an electrically highly compact UWB Vivaldi antenna, which has
been successfully validated for detecting buried rebar in GPR imaging experiments. There-
fore, despite the remaining challenges, the continued evolution of Vivaldi antennas and
their variants—including dual-polarized designs for rover-based systems—ensures they
remain promising for GPR due to their broadband matching, unidirectional radiation, and
compactness [37,38]. Building on these advances, several recent studies have introduced
Vivaldi-based antennas with enhanced polarization control or improved low-frequency
matching. Although the original figures from these works are not reproduced here due to
copyright restrictions, their key findings are summarized below, and the reader is referred
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to the original sources [39,40] for the complete graphical content. First, a dual-band cir-
cularly polarized (CP) antipodal Vivaldi antenna for GPR and satellite applications was
presented in [39]. Unlike conventional designs, it uses a single-layer FSS metasurface polar-
izer to convert linear to circular polarisation at 6.4–7.6 GHz and 15.2–16.2 GHz, achieving
an ultra-wide impedance bandwidth (1.7–40 GHz) and broadside radiation. Experimental
tests at 1- to 2-inch soil depths successfully detected buried metal sheets, where the clarity
of the hyperbolic response confirmed proper target identification. However, the antenna
has limitations: verification was restricted to shallow depths and metal targets, and the
non-uniform FSS metasurface adds fabrication complexity and alignment sensitivity. The
shallow depth constraint arises because soil attenuation increases with depth, limiting
the effective range. While the previous design focused on circular polarization, other re-
searchers have pursued compact impedance matching techniques to enhance low-frequency
performance. Again, the original figure is not reproduced here, so the following summary
relies on the description in [40].

A representative example is a compact coplanar waveguide (CPW)-fed Vivaldi antenna
with an integrated single-stub matching technique, where the stub position is optimized
to improve low-frequency impedance matching for GPR applications [40]. Fabricated
on an FR-4 substrate (80 × 80 × 1.635 mm3), the antenna achieves measured broadband
operation from 1.13 to 5 GHz, a peak gain of 10.36 dBi at 1.9 GHz, a radiation efficiency
of approximately 90.16%, and a return loss of −39.13 dB at resonance. To validate its
practical utility, a sandbox GPR experiment was conducted using a bistatic configuration.
The resulting A-scan profile (see the original paper [40] for the plot) displays the envelope
amplitude as a function of depth. A distinct peak appears at an estimated depth of 377 mm,
which closely corresponds to the actual burial depth of 400 mm. The small discrepancy of
2.3 cm can be attributed to uncertainty in the dielectric constant of the sand and residual
timing offsets. Overall, these results demonstrate that the proposed antenna and method
can successfully detect buried metallic objects and provide reasonable depth estimation,
thereby validating their effectiveness for practical GPR applications. Nevertheless, several
limitations should be acknowledged. First, the sandbox test represents a preliminary, con-
trolled environment and does not fully replicate real field conditions. Second, no validation
has yet been performed in more realistic GPR scenarios, such as lossy or heterogeneous
soils. Addressing these weaknesses will be an important direction for future work. Beyond
single-polarization and stub-tuned designs, full polarimetric capability has been achieved
through compact dual-polarised Vivaldi configurations, as illustrated in the following two
examples, where permission to reproduce the figures has been obtained. As illustrated
in Figure 2, a compact UWB dual-polarised Vivaldi antenna for full polarimetric GPR
applications is presented in [41]. The design employs a shared aperture configuration with
four obliquely arranged Vivaldi elements and a square loop reflector, achieving orthogonal
polarizations, enhanced low-frequency gain, and low dispersion. The fabricated antenna
offers an impedance bandwidth of 0.4–4.0 GHz (164% fractional bandwidth), port isolation
>40 dB, and a gain of 4–12 dBi within a compact form factor of 0.28λ × 0.28λ × 0.20λ at
the lowest operating frequency. A compact GPR testbed (1200 × 800 × 400 mm3) filled
with Singaporean-approved soil mix (εr ≈ 28 − j2.5) was used. Two dual-polarized Vivaldi
antennas (TX/RX) were placed side by side 10 cm apart, 6 cm above the soil, and operated
from 0.4 to 3.0 GHz using a VNA. A metal rebar buried at a depth of 9 cm was scanned with
a 2 cm step, and B-scan data were processed by background removal, successfully revealing
the hyperbolic signature of the target. However, several limitations are evident. First, the
experimental validation was conducted in a static ground-based testbed rather than on an
actual airborne platform. Second, the challenging soil environment—characterized by high
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moisture, conductivity, and heterogeneity—introduced clutter from the rough soil surface,
stones, and wet clods, which led to residual noise in the B-scan images.

Figure 2. (a) Geometry of the proposed dual-polarized Vivaldi antenna; (b) fabricated prototype;
(c) illustration of the experimental bistatic GPR system; (d) B-scan data with time (ns) versus normal-
ized amplitude, and distance (cm) along the scan trace. Reproduced from [41] (Copyright © 2021
H.H. Sun et al.). This figure is licensed under the Creative Commons Attribution 4.0 International
License (CC BY). It has undergone minor technical enhancements in terms of clarity and legibility to
meet journal standards. These modifications do not alter the original scientific content or data repre-
sentation. For the full license terms, see https://creativecommons.org/licenses/by/4.0/ (accessed
on 28 May 2026).

The same dual-polarized Vivaldi concept has also been adapted to non-traditional GPR
applications, such as tree trunk defect imaging. This is shown in Figure 3, which presents a
compact dual-polarized Vivaldi antenna system for tree radar applications [42]. The design
employs a shared aperture configuration with two orthogonal pairs of Vivaldi elements,
each incorporating planar directors and edge slots to enhance gain while maintaining
broad bandwidth; a metal back reflector further improves gain and suppresses back-lobes.
The fabricated antenna operates from 0.5 GHz to 3 GHz with a compact form factor of
0.29λ × 0.29λ × 0.48λ at the lowest frequency, achieving a gain of 5.5–14.8 dBi and cross-
polarization discrimination exceeding 20 dB. Validation through tree trunk defect imaging
was performed via a contactless measurement on a rain tree trunk (30 cm diameter) with
a 6 cm cavity buried 5 cm from the center. The B-scans and migrated images obtained by
the proposed antenna yielded a clearer hyperbolic signature and a distinguishable cavity
region. Nevertheless, several limitations are noted. First, the detection capability varies
with antenna–trunk distance, which is a relationship that was not investigated. Second,
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the high-humidity environment (Singapore) resulted in elevated wood permittivity and
conductivity, which may limit generalizability to drier climates.

Figure 3. (a) Photograph of the fabricated shared aperture antenna system; (b) measurement setup for
tree trunk scanning; (c) schematic block diagram of the setup; (d) measured raw B-scans; (e) migrated
B-scan. Reproduced from [42] (Copyright © 2024 K. Cheng et al.). This figure is licensed under the
Creative Commons Attribution 4.0 International License (CC BY). It has undergone minor technical
enhancements in terms of clarity and legibility to meet journal standards. These modifications
do not alter the original scientific content or data representation. For the full license terms, see
https://creativecommons.org/licenses/by/4.0/ (accessed on 28 May 2026).

2.2. VHF/UHF Antennas: Bowtie, Dipole, and Envelope

Bowtie antennas are widely used in GPR systems due to their low profile, simple feed-
ing, good phase stability, minimal dispersion, and low ringing—especially with resistive
loading. As a broadband variant of the dipole, the bowtie achieves a wide impedance
bandwidth (up to 10:1) through traveling wave behavior governed by flare angle and
arm length. However, typical gain is below 4 dBi, bidirectional radiation wastes energy,
and resistive loading reduces radiation efficiency [43,44]. To address these limitations, an
acorn-shaped bent folded bowtie antenna (FBA) with a back cavity is proposed in [45] (see
Figure 4). The design integrates an arc-shaped distributed multilayer capacitive loading
structure combined with resistive loading to enhance low-frequency bandwidth and radi-
ation efficiency. A novel cavity groove reflector ensures tight coupling with the radiator,
achieving unidirectional radiation and miniaturization. The antenna achieves a compact
electrical size of 0.25λ × 0.15λ × 0.125λ (at the lowest operating frequency) and operates
from 250 MHz to 850 MHz, which spans both the VHF (very high frequency) and UHF
(ultra-high frequency) bands, with a simulated bandwidth extending from 100 MHz to
1.1 GHz. It attains a peak radiation efficiency of 50% and a realized gain of 4 dBi at 850 MHz,
with a narrow pattern across the band. For measurement, two configurations were used.
In basic radiation and time-domain characterization, a wideband balun feeds the antenna
under test (AUT), placed 2 m from a square copper-clad laminate (CCL) target. A pulse
generator (model GZ1120ME-04, produced by Geozondas, Vilnius, Lithuania) produces
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monocycle pulses centered around 400 MHz (amplitude > ±25 V), which are attenuated
and fed to the transmitter. The received echo from the CCL is captured by a Keysight
MSOS804A oscilloscope. For integrated GPR testing, a balanced transmitter and receiver
replace the balun and pulse source; the transmitter generates unipolar Gaussian pulses up
to 40 V. An FPGA-based controller manages the GPR prototype, communicating with a PC
for B-scan processing and display. Field tests on a road with buried pipes and in a tunnel
lining compare the proposed antenna with a commercial 400 MHz GPR, confirming higher
radiation efficiency, deeper detection depth, and clearer B-scan images than conventional
resistively loaded designs. Nevertheless, several limitations exist. First, the multilayer
capacitive-resistive loading and tightly coupled back cavity increase design complexity
and fabrication cost. Second, although electrically compact, the physical dimensions at
P-band frequencies remain considerable, limiting deployment in highly space-constrained
systems. Third, the narrow beamwidth across the band reduces angular coverage, which
may hinder wide-area imaging applications. While the bowtie family provides a solid
compromise for moderate depths, certain GPR applications—such as tunnel detection from
aerial platforms—require much deeper penetration at even lower frequencies, albeit with
different trade-offs in gain and size. In this context, the dipole antenna emerges as a natural
alternative. Although no figure is reproduced here due to copyright restrictions, the key
findings are summarized below, and the reader is referred to the original source [46] for the
complete graphical content.

Figure 4. (a) Fabricated acorn-shaped folded bowtie antenna (AFBA); (b) measurement setup
comparing AFBA with a conventional resistively loaded bowtie; (c) received echo signals (left: free
space echo from copper target showing higher amplitude; right: B-scan from road test showing
improved depth and resolution). Reproduced from [45] (Copyright © 2020 G. Yang et al.). This
figure is licensed under the Creative Commons Attribution 4.0 International License (CC BY). It has
undergone minor technical enhancements in terms of clarity and legibility to meet journal standards.
These modifications do not alter the original scientific content or data representation. For the full
license terms, see https://creativecommons.org/licenses/by/4.0/ (accessed on 28 May 2026).

To address the stringent demands of autonomous aerial vehicle ground-penetrating
radar in the VHF band (30–300 MHz), Ref. [46] proposes an innovative dual H-shaped
dipole antenna that achieves substantial improvements in bandwidth and gain while
enabling deep subsurface target detection. The antenna operates from 30 to 170 MHz,
which falls entirely within the VHF band. The design introduces three key innovations: an
RC-loaded folded structure that overcomes narrow-gap fabrication limits at low frequencies
by overlapping top–bottom layers; a split director for gain enhancement through in-phase
field stacking; and tuning stubs for impedance compensation. As a result, the fabricated
prototype achieves |S11| < –10 dB from 30 to 170 MHz with a 50 mm profile (0.017λ0 at
100 MHz), yielding a 33% bandwidth increase and a 4.2 dB peak gain improvement over a
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reference design. When integrated into a 100 MHz-centered GPR system on an autonomous
aerial vehicle flying at 30 m altitude, the antenna successfully detected a tunnel buried at
40 m depth. Post-processing gave a calculated depth of 39.9 m (assuming εr = 4.2), which
closely matches the actual value. Despite these promising results, the proposed design is
not without limitations. The inclusion of lumped RC components inevitably increases both
design complexity and manufacturing cost. Furthermore, the antenna’s performance has
yet to be evaluated under realistic operating conditions, including heterogeneous or lossy
soils and varying flight parameters, leaving its robustness largely unconfirmed. Another
unresolved concern is the potential electromagnetic coupling between the antenna and
the autonomous aerial vehicle airframe, which could degrade performance during actual
field deployments. When the operating environment becomes highly lossy (e.g., wet soil
with high permittivity and conductivity), even well-designed bowtie or dipole antennas
may suffer from severe attenuation. In such cases, an envelope-type antenna offers an
alternative strategy, trading physical size for improved coupling into lossy media. Again,
the original figure is not reproduced here due to copyright, so the following summary relies
on the description in [47].

To address the need for deep subsurface imaging of pipes and tunnels in lossy envi-
ronments, Ref. [47] proposes a low-profile, ultra-wideband directive antenna that operates
efficiently below 500 MHz while maintaining a compact form factor. The antenna is de-
signed to operate from 140 to 510 MHz, which spans the upper VHF band (140–300 MHz)
and the lower UHF band (300–510 MHz). It consists of a pair of coupled modified envelope
elements with differential feeding, which together provide a directive pattern normal to the
ground plane over a wide bandwidth. Optimized for operation in proximity to a half-space
soil medium to maximize air-to-ground power coupling, the PCB prototype has a height
of 153 mm (0.17λ at 325 MHz) and lateral dimensions of 600 mm × 600 mm. Measured
reflection coefficients near concrete and wet soil (covered by sand and grass) are better than
−9.5 dB across the band, while the simulated realized gain in dry soil exceeds 4.9 dBi over
140–510 MHz. For GPR evaluation, a metallic plate (0.61 m × 0.762 m) was buried at 0.6 m
depth in wet lossy soil (18.92% moisture, permittivity 16.4 − j2.4 at 300 MHz). Two antennas
with a center-to-center separation of 0.8 m were used to reduce direct coupling. The re-
flected signals (150–450 MHz) successfully imaged the plate at a measured depth of 0.57 m,
with a range resolution of 0.101 m. Although the envelope antenna achieves remarkable
penetration in difficult soils, its large lateral dimensions (0.6 m × 0.6 m) make it impractical
for portable or drone-mounted applications, highlighting the persistent trade-off between
electrical performance and physical compactness in VHF/UHF GPR design.

2.3. Tapered Antennas with FSS Reflector

The effectiveness of FSSs and metasurfaces for GPR antennas arises from three closely
related electromagnetic mechanisms: high-impedance boundary behavior, controlled
reflection-phase dispersion, and broadband constructive interference. A conventional
metallic reflector introduces an approximately 180◦ phase reversal upon reflection and
typically requires a quarter-wavelength air-gap to achieve in-phase addition, which tends
to restrict efficient operation to a relatively narrow frequency region [20,27]. In contrast,
an FSS composed of sub-wavelength resonant unit cells can be engineered to provide a
high-impedance reflection response with a controlled reflection phase over the operating
band [48]. The frequency-selective behavior originates from electromagnetic coupling
among the periodic unit cells; consequently, conventional FSS structures often require elec-
trically large apertures. However, miniaturized-element FSSs (unit cells typically smaller
than λ/10) exhibit effective metamaterial-like behavior, offering reduced sensitivity to
incidence and polarization angles while maintaining a compact profile [49]. When posi-
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tioned behind a printed UWB antenna, the FSS reflects back-radiated fields so that the
reflected and directly radiated waves combine constructively in the broadside (+z) direction,
thereby reducing back-lobe radiation while improving gain, directivity, and front-to-back
ratio [27,48,50]. In addition, the FSS can provide shielding for nearby electronics and
facilitate compact integration near metallic environments [50,51]. Depending on its design,
the periodic surface may also operate as a broadband stop-band reflector that suppresses
undesired backward propagation and enhances forward radiation through constructive
interference [51]. A major advantage of FSS/metasurface reflectors over conventional
metallic plates is their engineered reflection-phase response [20]. For a metallic reflector, the
reflection phase remains approximately constant near 180◦, causing destructive interference
except near the frequency where the antenna-to-reflector spacing approaches λ/4 [20,27].
By contrast, an FSS can be designed so that its reflection phase varies in a controlled and
approximately linear manner across the operating band [20]. Under these conditions,
the reflected and directly radiated fields remain approximately co-phased over a wider
bandwidth, enabling broadband constructive interference, improved beam collimation,
and gain enhancement [20] (as frequency increases, the wave closer to the FSS experiences
a controlled linear phase decrease [51]). Thus, the purpose of FSS-backed GPR antennas
is not only to increase gain, but also to achieve broadband phase compensation, reduced
dispersion, improved pulse preservation, and robust angular performance, all of which
are important for high-resolution subsurface imaging. Realizing a wideband single-layer
FSS with stable reflection-phase characteristics remains challenging; therefore, multilayer
structures, miniaturized elements, or resistively loaded configurations are often employed.
This principle underlies the antenna in [52], which employs an optimized square-loop FSS
with a wide low-dispersion stop-band and resistive loading to suppress cavity resonances.
Similar techniques have also been applied to develop compact interdigital FSS designs [52]
and to enhance the gain of UWB monopole antennas [53]. The antenna proposed in [54]
operates from 0.6 GHz to 4.6 GHz with a peak gain of 7 dBi. The complete structure,
including the reflector, measures 18 × 22 × 5 cm3 and is built using low-cost, lightweight
materials to ease fabrication and integration. Performance was validated over sandy soil.
The fabricated prototype, experimental setup, and B-scan results are presented in Figure 5,
which shows two antennas—one serving as an emitter and the other as a receiver. A clear
hyperbolic reflection curve, indicating the detectability of subsurface targets using the pro-
posed antenna pair, is observed and highlighted with a red dashed circle. Nevertheless, the
design has practical limitations. Validation was confined to sandy soil, so its performance in
other subsurface environments—such as clay, loam, wet soil, or layered strata—remains un-
confirmed. Additionally, the optimized periodic reflector increases fabrication complexity
and requires more precise alignment than a simple standalone antenna.

2.4. Spiral Antenna

A noteworthy advancement in polarization-diverse GPR antennas is the composite
dual-arm spiral antenna, which integrates equiangular and Archimedean structures. As
presented in Figure 6, this design was developed in [55] to improve subsurface linear object
detection and polarization sensitivity. The antenna operates from 1 to 5 GHz with stable cir-
cular polarization (axial ratio < 3 dB). An exponentially tapered balun provides impedance
matching, while a metallic-backed cavity with absorbing materials enhances directivity and
suppresses back-reflections. In a 3D GPR test, five steel rebars (1 cm diameter, buried 12 cm
deep in sand with εr = 3) were scanned over a 0.45 m × 0.5 m area. The spiral antenna
clearly imaged all rebars with equal amplitude regardless of their orientation. Despite
these advantages, the proposed spiral antenna presents several practical challenges. To
begin with, its ability to penetrate lossy soils diminishes significantly at frequencies below
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1 GHz, which limits its effectiveness in high-attenuation environments. Moreover, the need
for both left-hand and right-hand circularly polarized antennas for the GPR test increases
system complexity and overall cost. The inclusion of a metallic cavity and absorbing mate-
rials further adds to the device’s weight, making it less suitable for lightweight or airborne
platforms. In addition, the antenna has not been evaluated on deeper buried targets or in
heterogeneous ground conditions, leaving its performance under such scenarios uncertain.

Figure 5. (a) Photograph of the fabricated reflector-backed tapered antenna; (b) photograph of the
experimental GPR setup; and (c) B-scan results from the pulse radar system. Reproduced from [52]
(Copyright © 2021 A. Raza et al.). This figure is licensed under the Creative Commons Attribution 4.0
International License (CC BY). It has undergone minor technical enhancements in terms of clarity and
legibility to meet journal standards. These modifications do not alter the original scientific content or
data representation. For the full license terms, see https://creativecommons.org/licenses/by/4.0/
(accessed on 28 May 2026).

Figure 6. (a) Structure of the proposed antenna; (b) experimental measurement setup; and (c) image
scan of the rebars. Reproduced from [55] (Copyright © 2025 H.Liu et al.). This figure is licensed
under the Creative Commons Attribution 4.0 International License (CC BY). It has undergone
minor technical enhancements in terms of clarity and legibility to meet journal standards. These
modifications do not alter the original scientific content or data representation. For the full license
terms, see https://creativecommons.org/licenses/by/4.0/ (accessed on 28 May 2026).

3. Comparative Analysis of GPR Antennas
Table 1 clearly highlights the fundamental trade-offs inherent in GPR antenna de-

sign. High-frequency wideband antennas, such as the Vivaldi with FSS [39] (1.7–40 GHz,
12.9 dBi), offer significantly higher gain but their penetration depth is limited to only very
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shallow buried objects. A Vivaldi without FSS [40] (1.13–5 GHz, 10.89 dBi) achieves moder-
ate penetration, while another Vivaldi design [41] (0.4–4 GHz, 12 dBi) is validated for buried
object detection in Singapore soil. The tapered antenna with FSS reflector [52] (0.6–4.6 GHz,
7 dBi) stands out for its extremely compact size (0.036λ × 0.044λ × 0.01λ), although its
penetration depth is not reported in the table. The spiral antenna [55] (1–6 GHz, gain not
reported) targets detection of buried steel rebars, while the Vivaldi antenna [42] (0.5–3 GHz,
14.8 dBi) is designed for tree defect detection. In stark contrast, low-frequency antennas op-
erating in the VHF and UHF bands (below 1 GHz)—including the dipole [47] (30–170 MHz,
entirely within the VHF band), the envelope antenna [51] (140–510 MHz, spanning the
upper VHF and lower UHF bands), and the bowtie [45] (0.25–0.85 GHz, covering both
VHF and UHF)—enable very deep penetration, making them suitable for detecting tunnels,
buried metallic plates in wet lossy soil, and pipes in roads or tunnel linings. However,
this advantage comes at the cost of very low gain (dipole) or large electrical size (enve-
lope: 0.28λ × 0.28λ × 0.07λ; bowtie: 0.25λ × 0.15λ × 0.125λ). Overall, no single antenna
simultaneously satisfies all performance requirements: deeper penetration demands lower
frequency and larger size, while high gain and wide bandwidth favor higher frequencies
at the expense of depth. Consequently, antenna selection must be carefully tailored to the
target application, whether for deep tunnel exploration, shallow high-resolution imaging,
or detection in highly attenuating environments. To understand how each antenna type
is applied to GPR, their key characteristics and drawbacks must be analyzed. Vivaldi
antennas (with or without FSS) offer wide bandwidth and high gain, making them suitable
for shallow, high-resolution surveys (e.g., buried object detection in Singapore soil or tree
defect inspection). However, their penetration depth is limited, and they become electrically
large at low frequencies. Bowtie antennas provide moderate bandwidth and gain with a
relatively compact size; they are often used for deep penetration (e.g., detection of buried
pipes in road and tunnel linings), but their gain is not considerable and they experience
pattern distortion at low frequencies. Tapered antennas with FSS reflectors achieve wide
bandwidth and a compact footprint, making them ideal for buried object detection; how-
ever, their gain is not as high as that of Vivaldi antennas with FSS, and their penetration
depth is often unreported or limited. Dipole antennas are simple, low-cost, and operate at
very low frequencies (VHF), enabling extremely deep penetration (e.g., tunnel detection in
wet soil); their major drawbacks are very low gain (often <1 dBi) and omnidirectional ra-
diation, which reduces spatial resolution. Spiral antennas are frequency-independent,
offering wideband operation and suitability for detecting embedded metallic objects
(e.g., steel rebars); however, they exhibit low gain and dispersion, and require absorbers to
avoid back radiation. Envelope antennas operate in the VHF/UHF bands, providing deep
penetration with moderate gain; their drawbacks include large physical size and complex
feeding structures. This analysis shows that no single antenna excels in all GPR scenarios;
the choice must balance gain, bandwidth, penetration depth, and form factor against the
specific target and environment. It is also important to note the validation environment of
these works. While most of the studies cited in Table 1 (e.g., [40–42,52,55]) validated their
antennas only in controlled laboratory sandboxes, several have already performed realistic
outdoor field tests. Specifically, Ref. [39] conducted GPR measurements outdoors in a
prepared soil test field with metal sheets buried at depths of 1 and 2 inches, using a portable
cart with VNA and a laptop for realistic field operation. Reference [45] performed both con-
trolled laboratory measurements (basic radiation and time-domain analysis using a copper
plate) and realistic outdoor field tests on a road with buried pipes and inside a tunnel lining,
thereby bridging the gap between idealized validation and practical deployment. In [46],
experiments were carried out outdoors using a drone-mounted GPR system over natural
vegetation and a deeply buried tunnel (40 m), with the autonomous aerial vehicle flying
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at 30 m altitude, confirming that the measurements are not laboratory-based. Likewise,
ref. [47] validated the antenna in realistic outdoor/soil environments above grass-covered
and sand-covered wet soil, as well as over a buried metallic plate for GPR imaging. Never-
theless, despite these notable exceptions, some of the reviewed studies remain confined to
controlled, idealized conditions, typically using homogeneous or well-characterized media
(e.g., dry sand, concrete, or wood), fixed antenna orientations, and absence of environmen-
tal interference. This leaves a partial gap between proof-of-concept demonstrations and
actual field deployment. In real-world GPR surveys, antennas face highly variable and
often hostile conditions: soil moisture content, temperature, and salinity can drastically
alter the ground permittivity and conductivity, affecting impedance matching, propagation
loss, and target contrast. Moreover, rough terrain, antenna wobble, proximity to metallic ob-
jects, and electromagnetic clutter from surrounding infrastructure are rarely replicated in a
laboratory setting. These factors can degrade gain, distort radiation patterns, and introduce
false targets or missed detections. Consequently, the reported performance metrics—gain,
bandwidth, penetration depth—should be interpreted as upper bounds achievable under
optimal conditions, not as guaranteed values in operational scenarios. Future work should
therefore include systematic field trials with controlled environmental variations (e.g., wet
vs. dry soil, different soil types, antenna elevation changes) and statistical robustness analy-
sis. Only then can the true deployability of these antenna designs be assessed. This critical
perspective does not diminish the value of the existing studies but rather highlights the
essential next step toward practical GPR systems. Looking ahead, several emerging trends
are expected to shape the next-generation of GPR antenna systems: metasurface-integrated
and FSS-integrated designs for improved bandwidth, gain, front-to-back ratio, and reduced
profile; reconfigurable and frequency-agile antennas (e.g., using PIN diodes or varactors)
enabling multi-mode operation (switching between deep penetration and high resolution);
additive manufacturing (3D printing) for rapid prototyping of complex dielectric lenses,
conformal radomes, and fully printed antennas; miniaturization and flexible substrates for
integration into handheld, drone-mounted, or wearable portable systems; and AI-assisted
optimization and inversion for intelligent, real-time adaptive GPR operation.

Table 1. Comparative analysis of GPR antennas.

Ref Year Antenna
Type Size Frequency Range/Fractional

BW/Max. Gain
Penetration

Depth Real Application

[39] 2026 Vivaldi with
FSS λ × λ × 0.008λ 1.7–40 GHz/183.7%/12.9 dBi 50.8 mm Detection of buried

objects

[40] 2026 Vivaldi 0.3λ × 0.3λ × 0.0061λ 1.13–5 GHz/126.3%/10.8 dBi 377 mm Buried object
detection

[41] 2021 Vivaldi 0.28λ × 0.28λ × 0.20λ 0.4–4.0 GHz/163.6%/12 dBi 900 mm
Buried object
detection in

Singaporean soil

[42] 2024 Vivaldi 0.29λ × 0.29λ × 0.48λ 0.5–3 GHz/142.9%/14.8 dBi 100 mm
Tree defect detection
on a Singapore rain

tree trunk

[45] 2020 Bowtie 0.25λ × 0.15λ × 0.125λ 0.25–0.850 GHz/109.1%/4 dBi 2000 mm
Detection of Buried
Pipes in Road and

Tunnel Linings

[46] 2025 Dipole 0.47λ × 0.04λ 30–170 MHz/140%/0.3 dBi 40,000 mm

Detection of an
underground tunnel
with an autonomous

aerial vehicle
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Table 1. Cont.

Ref Year Antenna
Type Size Frequency Range/Fractional

BW/Max. Gain
Penetration

Depth Real Application

[47] 2020 Envelope 0.28λ × 0.28λ × 0.07λ 140–510 MHz/113.8%/6.5 dBi 600 mm
Buried metallic plate
detection in wet lossy

soil

[52] 2021 Tapered with
FSS reflector

0.036λ × 0.044λ ×
0.01λ 0.6–4.6 GHz/153.8%/7 dBi Not

reported

Buried object
detection in a sand

tank

[55] 2025 Spiral 0.37λ × 0.37λ × 0.173λ 1–6 GHz/142.9%/Not reported 120 mm Detection of buried
steel rebars

4. Conclusions
This review examined advanced antenna technologies validated in experimental GPR

systems, covering six distinct categories: Vivaldi, bowtie, tapered, dipole, spiral, and
envelope. The findings underscore fundamental trade-offs inherent to GPR antenna de-
sign. High-frequency wideband antennas—such as the Vivaldi with FSS (1.7–40 GHz,
12.9 dBi)—deliver high gain but restrict penetration to very shallow targets. Similarly,
the tapered antenna with an FSS reflector achieves wide bandwidth and reasonable gain
with an extremely compact footprint, although its penetration depth is not reported. The
spiral antenna (1–6 GHz) targets buried steel rebar detection. These designs prioritize
resolution and gain over depth. In stark contrast, low-frequency designs (below 1 GHz)—
including the dipole (30–170 MHz, 0.3 dBi), the envelope antenna (140–510 MHz, 6.5 dBi),
and the bowtie (0.25–0.85 GHz, 4 dBi)—enable very deep penetration, making them ideal
for detecting tunnels, buried metallic plates in wet lossy soil, and pipes in roads or tunnel
linings. However, this comes at the cost of very low gain (dipole) or large physical size
(envelope and bowtie). The bowtie provides a moderate gain compromise, while larger
envelope antennas improve penetration in lossy media at the expense of portability. Cru-
cially, no single antenna simultaneously meets all performance criteria; optimal selection is
inherently application-driven, depending on whether deep penetration, high resolution, or
operation in attenuating environments is prioritized. Persistent challenges include achiev-
ing further miniaturisation without degrading performance, ensuring stable operation in
heterogeneous and lossy subsurface conditions, and developing robust, manufacturable
designs suitable for real-world deployment. Looking ahead, future research is expected to
prioritise intelligent and adaptive antenna systems, with artificial intelligence playing a
transformative role in antenna synthesis, parameter optimisation, and real-time adaptive
GPR operation. Specific machine learning techniques are already showing promise in
this domain. For instance, neural networks can be trained to optimize complex antenna
geometries (e.g., FSS unit cells or tapered slot profiles) by learning the mapping between
design parameters and electromagnetic performance, dramatically reducing simulation
time. Likewise, deep learning models have been successfully applied to inverse scattering
problems in GPR, where neural networks reconstruct subsurface dielectric profiles from
measured scattered fields, enabling faster and more accurate target identification. Inte-
grating such AI-driven optimisation and inversion methods directly into adaptive GPR
systems represents a concrete pathway toward fully intelligent, field-deployable antennas.
Ultimately, this review provides researchers and practitioners with a structured reference
that summarizes recent GPR antenna designs and their suitability for different applications,
guided by the needed penetration depth.
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