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Abstract: Reliable communication during atmospheric reentry is strongly affected by plasma induced attenuation.
Antennas for such missions must remain compact, thermally robust, and maintain stable impedance while support-
ing directive radiation in the C-band. Conventional microstrip and Fabry-Perot cavity antennas often experience
radiation distortion and reflection loss under reentry conditions, and their use of extra reflectors or cavities re-
stricts integration within thermal protection systems. This work presents the Sharp-Notch Split-Ring Metamaterial
Reentry Antenna (SSM-RA), an angle oriented Split-Ring Resonator antenna with an EBG backed defected ground
optimized for dual-band C-band operation. Sharp-notch SRR slots placed at specific angles improve directional gain,
suppress surface waves, and support polarization stability under elevated temperatures. Full wave simulations in
Ansys HFSS over 3-6 GHz are used to study gain, directivity, return loss, and VSWR. The antenna is realized on
an Arlon 10FR substrate and characterized using a vector network analyzer. Measurements yield gains of 3.01 dB
and 4.63 dB at 3.7 GHz and 5.05 GHz, with return loss of -13.38 dB and -28.85 dB and radiation efficiencies of
67.06% and 87.33%. Relative to a conventional C-band microstrip reference on the same substrate, SSM-RA pro-
vides higher gain, deeper impedance minima, and broader bandwidth, with percentage improvements quantified
in the comparison section.

Keywords: Plasma-Resilient Antenna; Split-Ring Resonator (SRR); Electromagnetic Bandgap (EBG); Reentry Com-
munication Systems; Sharp-Notch Metamaterial Antenna

1. Introduction

Reliable radio communication during atmospheric reentry remains a persistent difficulty in aerospace mis-
sions. As a vehicle descends through the upper atmosphere at hypersonic speed, intense aerodynamic heating
generates an ionized plasma layer around the fuselage. This plasma sheath interacts strongly with incident elec-
tromagnetic waves, increasing attenuation and reflection and often causing partial or complete communication
blackout. Loss of the telemetry and command link during these intervals can impair guidance, health monitoring,
and abort decision making, which in turn motivates antenna structures that retain stable performance under severe
electromagnetic and thermal loading.

From an electromagnetics standpoint, the main challenge arises from the highly dispersive and lossy character
of the plasma layer that forms near the vehicle surface. The conductive sheath can screen or detune the antenna
and alter the effective boundary conditions around the radiating aperture. These effects are especially evident
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in the C-band and X-band windows commonly selected for reentry telemetry because of their link margins and
compatibility with existing ground infrastructure. Conventional microstrip and cavity based antennas often ex-
hibit degraded impedance matching, distorted radiation patterns, and reduced gain when placed beneath, or in
close proximity to, plasma affected regions. At the same time, the varying attitude and complex trajectory of reentry
vehicles require the antenna to preserve polarization purity and directional stability while the platform undergoes
dynamic mechanical and thermal loads. Meeting these requirements within the restricted volume and material
stack of a thermal protection system calls for antenna configurations that are compact, thermally resilient, and
electromagnetically robust in plasma influenced environments.

Several classical antenna topologies have been examined for this purpose, including patch antennas, Fabry
Perot cavity antennas, and wideband reflector based arrangements. Patch antennas offer simple, low profile inte-
gration but frequently provide limited gain and bandwidth under reentry conditions. Fabry-Perot cavity antennas
can deliver higher gain through partially reflecting surfaces; however, their response is highly sensitive to dimen-
sional tolerances and precise alignment. Other high gain options such as stacked microstrip arrays or horn antennas
add bulk and fabrication complexity, which reduces their suitability for embedding within thermal protection tiles.
The tradeoff among gain, efficiency, compactness, and structural compatibility therefore points to the need for more
specialized antenna architectures.

To respond to these limitations, this work introduces the Sharp-Notch Split-Ring Metamaterial Reentry An-
tenna (SSM-RA), a metamaterial based design that employs angle oriented Split-Ring Resonators and an Electro-
magnetic Bandgap backed defected ground structure. The antenna is tuned for dual band operation in the C-band
and is realized on a high temperature Arlon 10FR substrate. Sharp-notch SRRs placed at specific angular posi-
tions improve frequency selectivity, suppress surface waves, and enhance radiation efficiency. The compact and
conformal radiator profile limits aerodynamic drag and thermal loading, which supports integration within space
vehicle thermal protection tiles. A comparative schematic between legacy reentry antenna configurations and the
proposed SSM-RA based system is included in the revised manuscript to visually summarize the plasma communica-
tion problem and the role of the new architecture. The compact and conformal radiator profile limits aerodynamic
drag and thermal loading, which supports integration within space vehicle thermal protection tiles. A comparative
schematic between legacy reentry antenna configurations and the proposed SSM-RA based system is included in
the revised manuscript to provide a visual summary of the plasma communication problem and the role of the new
architecture. The main contributions of this paper are summarized as follows:

¢ A compact dual band C-band reentry antenna based on sharp notch SRR loading and an EBG backed defected
ground is proposed for operation in plasma prone environments.

e A full wave HFSS design workflow is combined with fabrication and VNA measurements to demonstrate con-
sistent gain, efficiency, and impedance performance under the targeted reentry bands.

¢  The influence of the angular SRR and EBG ground configuration on radiation stability, impedance matching,
and surface wave suppression is quantified and linked to reentry communication requirements.

¢ A comparison with recent C-band and reentry oriented antenna designs highlights the improvement in gain,
efficiency, and matching achieved by the SSM-RA within a thermally compatible footprint.

Several investigations have been conducted recently dealing with the behavior of antennas in plasma affected
environments and reentry communication systems, with different focus on gain, bandwidth and structural con-
formity. Zhang et al. [1] modeled the performance of an antenna in a plasma sheath with COMSOL and showed
significant gain reduction, but the result was not experimentally validated. Wang et al. [2] proposed a VHF broad-
band whip antenna with radiation blades to get improved gain and bandwidth, but the study was also limited to
the low frequency operation. Shukla et al. [3] proposed a U-shaped wideband patch for telemetry in reentry plat-
forms, but the design did not show viability of integration. Lu et al. [4] made a low profile conformal monopole
with a bandwidth of 24 percent, however, the gain performance of -2.5 dBi limits its application in deep space mis-
sions. Newton et al. [5] surveyed wideband antenna concepts for space systems and discussed their multifunctional
potential, but did not present a realizable structure. Kirov et al. [6] examined circularly polarized microstrip anten-
nas that balanced gain and bandwidth, though the design did not incorporate metamaterial techniques for compact
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implementations. Yang et al. [7] presented a high gain circularly polarized antenna for vehicle mounted satel-
lite broadcasting at 1.48 GHz with a 50 MHz bandwidth. The work optimized aperture efficiency but remained
restricted to single band operation and did not consider reentry conditions. Duan et al. [8] studied the elec-
tromagnetic effects of laminar ablation on radome transmission during reentry and observed large variations
in boresight error and loss, although the emphasis was on radome material behavior rather than antenna struc-
ture. Monica et al. [9] designed a conformal aircraft antenna on a flexible substrate with improved bandwidth
and gain, suitable for curved surfaces, but plasma related effects were not analyzed. Zhao et al. [10] investigated
VSWR variations under space plasma conditions using a broadband dipole and showed that electron density shifts
impedance and resonance, although the antenna geometry was not adapted to mitigate these effects. Buzov et
al. [11] modeled antenna performance on UAVs for communication and retransmission, focusing on spatial and
energy characteristics rather than reentry scenarios. Tan et al. [12] proposed an HF monopole antenna for mili-
tary vehicles with emphasis on long range, low interference performance, but the design cannot withstand high
temperature aerospace environments. Singh et al. [13] demonstrated a 2 x 2 EMCP fed microstrip patch array
for reentry altimeter payloads with 10.4 dBi gain and more than 20 dB return loss, although radiation stability
under plasma effects was not examined. Almutawa et al. [14] reviewed gain bandwidth enhancement methods
in Fabry-Perot cavity antennas and noted that sensitivity to dimensional tolerances limits practical deployment.
Johari et al. [15] enhanced antipodal Vivaldi antennas using metasurface lenses and parasitic elements for wide-
band operation, although planar configurations remain difficult to integrate within reentry structures. Aragbaiye
etal. [16] improved gain and bandwidth of 3D-printed short backfire antennas through rim flaring and iris match-
ing, yet such geometries complicate thermal protection compatibility. Zhang et al. [17] presented a broadband
dielectric resonator array with high gain using a compact feed network, although high-permittivity materials in-
troduce integration constraints. Beegum et al. [18] designed a 4 x 4 dual circularly polarized S-band array for
reentry vehicles with 15.5 dBi gain, but beamwidth control remains limited. Meenakshi et al. [19] developed a
frequency-reconfigurable microstrip antenna for UWB applications with dual-band notch characteristics, but it
is not tailored for plasma-exposed aerospace environments. Zhao et al. [20] presented a dual polarized patch
antenna that employs polarization conversion metasurfaces and reported gains in bandwidth, radiation perfor-
mance, port isolation, and a 30 dB reduction in radar cross section at 6.0 GHz. The work concentrates on polar-
ization control and low observable characteristics rather than survivability in reentry conditions. Nimbolkar et
al. [21] reviewed the concepts of using alternatives to metamaterial based antennas and noted that while sev-
eral of the concepts show promise from a theoretical point of view, from an operational point of view, practical
realizations often suffer from low efficiency and limited adoption in operational systems.

2. Method

The Sharp-Notch Split-Ring Metamaterial Reentry Antenna (SSM-RA) is realized as a compact dual band con-
figuration tailored for C-band operation in plasma prone reentry scenarios. The structure is engineered to preserve
stable radiation characteristics, reliable impedance matching, and efficient power transfer through the combined
use of angularly distributed SRR slots, a defected ground structure (DGS), and an electromagnetic bandgap (EBG)
pattern. Full wave simulations are performed in Ansys HESS, and the final layout is confirmed through fabrication
and measurement. Unless otherwise specified, all linear dimensions are given in millimetres (mm) and correspond
directly to the geometric parameters defined in the HFSS model.

2.1. Antenna Design

The SSM-RA adopts a dual layer arrangement with a top radiating patch and a bottom defected ground plane
printed on an Arlon 10FR substrate. The design layout is shown in Figure 1. Figure 1a depicts the sharp notch SRR
patch, where a symmetrically slotted geometry supports angular resonance and polarization diversity. Figure 1b
illustrates the defected ground structure that incorporates an EBG pattern to suppress surface waves. The geometry
is shaped around the angular placement of the slots, concentric ring contours, and a symmetric EBG arrangement
to obtain directional radiation and dual band operation. The principal dimensions and material parameters follow
the HFSS implementation and are detailed in the subsequent subsections.
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Figure 1. Design layout of the SSM-RA antenna: (a) angularly slotted SRR radiating patch; (b) defected ground with
EBG configuration.

2.2. Substrate and Material Selection

The antenna uses an Arlon 10FR substrate with relative permittivity €, = 10.2 and low loss tangent, selected
for its thermal stability under reentry conditions. The high dielectric constant enables wavelength compression
and supports miniaturization of the radiating element. The substrate dimensions are Lg,;, x W, x hgp = 47.1 x
47.7 x 1.2 mm3, where hg,, = 1.2 mm is the thickness applied in both HFSS simulations and the fabricated proto-
type. This footprint accommodates the SRR patch, EBG cells, and feed structure while remaining compatible with
representative thermal protection system tiles.

2.3. Sharp-Notch SRR Radiator Design

The SRR patch consists of a circular ring with outer radius r,,, = 23 mm and ring width wy;,; = 2.5 mm. The
effective radius r in the analytical model is taken as

Tout T Tin
2
where ry, = r,y; = Wying and r is converted to metres when used in closed form expressions. Rectangular slots of 5 x 3
mm? are etched at 60° angular intervals to excite multiple resonant modes with higher quality factors. This angular
slot configuration increases the effective current path length and enhances angular polarization performance.
The fundamental resonant frequency f, of the SRR element can be approximated by:

Cc

- 2nr ’Seff

where ¢ = 3 x 108 m/s is the speed of light in vacuum, r is the average effective radius of the SRR expressed in
metres, and &g is the effective permittivity of the surrounding dielectric medium. Equation (1) links the physical
ring dimensions defined in HFSS to the target resonance in the C-band.

fr (1)

2.4. EBG-Backed Defected Ground Structure

To reduce surface wave excitation and improve radiation efficiency, an EBG backed defected ground plane is
implemented on the bottom layer. The ground is partially metallized and patterned with periodically arranged slots
that act as resonant LC cells. Each EBG unit cell is characterized by an equivalent inductance Lg and capacitance Cg,
which depend on the slot length, width, and periodicity. The slot and periodicity values used in HFSS are specified
in millimetres and mapped directly to the physical layout.

The approximate cutoff frequency f. of the EBG bandgap region is given by:

1

- 2nJL,C,
where Lg and Cg are the equivalentinductance (in henries) and capacitance (in farads) of a single EBG cell. Equation
(2) provides a guideline for choosing the slot dimensions and periodic spacing used in the HFSS model so that the

surface wave bandgap overlaps the desired C-band operating frequencies. The angularly arranged defected regions
help redirect energy into the main lobe and contribute to the observed gain enhancement.

fe (2)
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2.5. Microstrip Feed Line and Impedance Matching

The radiator is excited by a 3 x 12 mm? microstrip feed line implemented on the top surface of the substrate.
Effective impedance matching is required to ensure efficient power transfer and reduced reflections. The charac-
teristic impedance Z of the feed is approximated by:

, 60 (8h w ;

where h is the substrate height and w is the microstrip width, both in metres in the analytical formula. In the
implemented design, h = 1.2 mm and w = 3 mm, which correspond to the HFSS geometry and yield a characteristic
impedance close to 50 Q. Equation (3) is used during initial sizing of the feed, after which fine tuning is performed
in HFSS to obtain the desired VSWR response in both operating bands.

2.6. Fabrication

To validate the simulation results, the SSM-RA prototype is fabricated using standard PCB photolithography
on Arlon 10FR with &, = 10.2 and thickness hg,, = 1.2 mm, identical to the HFSS model. The antenna layout is first
generated in a CAD environment with all feature sizes specified in millimetres. The copper patterns are realized
through UV exposure and chemical etching. The sharp notch SRR geometry is etched on the top layer, while the
defected EBG backed ground is formed on the bottom layer. A 50 Q0 SMA connector is soldered to the microstrip
feed line with the center pin connected to the strip and the outer conductor bonded to the ground plane. Figure 2
shows the fabricated prototype, where Figure 2a presents the top view of the SRR radiator and Figure 2b presents
the bottom view of the defected ground with the connector. The close agreement between the fabricated dimensions
and the HFSS model supports reliable comparison between simulated and measured performance.

——— .
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Figure 2. Photographs of the fabricated SSM-RA antenna: (a) radiating patch layer with sharp-notch SRR geometry;
(b) defected ground layer with SMA connector.

2.7. Measurement Setup

The fabricated prototype was characterized using a Keysight two-port Vector Network Analyzer (VNA). A full
one-port calibration was performed with an open-short-load standard at the SMA reference plane to eliminate
cable and connector effects. During S;; measurements, the antenna was mounted on a low dielectric foam block
to reduce scattering from nearby objects, and the coaxial feed was fixed to avoid movement during the sweep. All
measurements were carried out from 3 to 6 GHz with an intermediate-frequency bandwidth of 1 kHz. The mea-
surements were performed in a controlled laboratory environment with stable temperature and limited external
interference, which supports a reliable comparison between simulated and measured responses.

3. Results
3.1. 2D Gain and Directivity Analysis

The SSM-RA antenna was evaluated in Ansys HFSS to characterize its radiation behaviour across the C-band
from 3 GHz to 6 GHz. Figure 3 presents the 2D variation of peak gain and directivity with frequency. Two dominat-
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ing resonances are detected at 3.7 GHz and 5.05 GHz. At the first resonance (F1), the antenna has a maximum gain
of 3.0078 dB with a maximum directivity of 4.7435 dB, which is an indication of effective radiation and moderately
shaped beam suitable to the telemetry in the first phase of the reentry. At the second resonance (F2), the peak gain
is enhanced to 4.6324 dB and the peak directivity is boosted to 5.2206 dB, which belongs to the improvement of
energy concentration and increase of transmission efficiency in thermally stressed conditions. The frequency re-
sponse confirms the role of the angle based sharp notch SRR configuration and the EBG assisted ground in strength-
ening the radiation performance. The close spacing between gain and directivity values at both resonances implies
low losses, consistent impedance matching, and stable directional behaviour, which together support plasma re-
silient communication during reentry.

Ansys
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Figure 3. Gain and directivity of the proposed SSM-RA antenna over the 3 GHz to 6 GHz band.

3.2. 3D Directivity Analysis

The directional characteristics and spatial concentration of the SSM-RA antenna were further examined through
3D directivity plots at 3.7 GHz and 5.05 GHz, as shown in Figure 4. These patterns, obtained from HFSS simulations,
describe the main beam orientation and angular confinement under plasma prone reentry conditions. At 3.7 GHz,
the antenna provides a peak directivity of 4.74 dB, as shown in Figure 4a. The pattern exhibits a nearly symmetric
main lobe along the forward axis, with side lobes kept at a moderate level, which supports stable telemetry links
during the initial stage of reentry. At 5.05 GHz the peak directivity is increased to 5.22 dB as illustrated in Fig-
ure 4b. The main lobe becomes more confined and strongly oriented in the forward direction which is good for
deeper reentry segments where higher plasma density becomes a propagation loss aggravating factor. The pattern
has a stable elevation profile, which helps to maintain angle coverage during vehicle attitude changes. Taken to-
gether, these characteristics point to the fact that the antenna maintains directional communication capability in
high speed, high temperature reentry conditions.
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Figure 4. 3D directivity patterns of the SSM-RA antenna: (a) at 3.7 GHz with a peak directivity of 4.74 dB; (b) at
5.05 GHz with a peak directivity of 5.22 dB.
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3.3. 3D Gain Distribution Analysis

The three dimensional gain distribution of the SSM-RA were evaluated at the two major resonant frequencies
to evaluate the radiation efficiency and also the spatial energy concentration, as depicted in Figure 5. HFSS sim-
ulations give the gain envelopes at 3.7 GHz and 5.05 GHz. At 3.7 GHz, the antenna has a peak gain of 3.01 dB, the
distribution of which is shown in Figure 5a. The gain pattern has a balanced pattern with moderate forward em-
phasis, ideal for telemetry and tracking during mid phase reentry. At 5.05 GHz, the peak gain increases to 4.63 dB,
as presented in Figure 5b. The gain lobe becomes more focused and directional, which benefits high frequency link
stability in more thermally severe reentry stages. The resulting radiation signatures demonstrate strong electro-
magnetic efficiency and consistent behaviour under plasma interaction. These results support the conclusion that
the sharp notch SRR loading and EBG ground configuration provide a measurable gain enhancement in both target
C-band windows.
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Figure 5. (a) 3D gain pattern of the SSM-RA antenna at 3.7 GHz with a peak gain of 3.01 dB; (b) 3D gain pattern at
5.05 GHz with a peak gain of 4.63 dB.

3.4. Impedance Matching Analysis

The impedance characteristics of the SSM-RA antenna were examined on the Smith chart across the operating
band. Figure 6 shows the impedance trajectory, with markers placed at the two resonant frequencies of 3.7 GHz and
5.05 GHz. At 3.7 GHz, the antenna presents a normalized complex impedance of approximately 0.9714 + 0.0563;,
which lies very close to the chart center and indicates excellent matching. The small reactive part signifies near
resonant behaviour and efficient power transfer at the first resonance. At 5.05 GHz, the impedance is 0.8467 +
0.2109i. Although slightly displaced from the centre, this point remains within the acceptable matching region and
supports low reflection with satisfactory input impedance at the higher band. The overall response shows that
the metamaterial inspired configuration together with the chosen feed geometry provides wideband impedance
matching that supports dual band operation in the reentry link.

Impedance Plot

100 90 80
110 i 70
00 7 |

Name Freq [GHz] [ Ang Mag RX | 120 60
m1 3.70 | 115.2897 0.0320 0.9714 + 0.0563i 130 . 50
m2 5.05 119.4849 0.1403 0.8467 + 0.2109i| 140 - 2.00° ™, 40

150
Curve Info | / A a5
St(Polylinel_T1,Polyline1_T1)| 160/ A
Setup1 : Sweep I 170 £ 5.00 10
oo 5.00
180 0
P
-170 © -10
G -5.00/
160 © /20
-150 7 -30
140 “0.50 2.00”" -40

o 50
-120 L 00, ol -60
“1%00 .99 -80°7°

Figure 6. Smith chart representation of the SSM-RA antenna impedance.
Note: Markers indicate impedance values at 3.7 GHz and 5.05 GHz.
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3.5. Radiation Efficiency Analysis

Radiation intensity, which is the radiated power per unit solid angle, was used to characterise the directional
performance of the SSM-RA. The variation of radiation intensity between 3 GHz and 6 GHz is given in Figure 7. At
the first resonant frequency of 3.7 GHz, the peak radiation intensity is 0.0016 in arbitrary units which is a moderate
concentration of radiated power and which is consistent with the gain and efficiency reported at this frequency.
At 5.05 GHz the maximum radiation intensity rises to 0.0023, which means a higher concentration of the power
along the main beam direction. This behaviour is consistent with the higher gain and higher efficiency noted at
the second resonance and indicates that the antenna is supporting efficient directional radiation under plasma rich
reentry conditions. The intensity profile at the two resonance points emphasize the contributions of the SRR based
radiator and the EBG ground to the formation of and enhancement of the radiated field.

Ansys

Radiation Efficency HFSSDesignt

F2

Name | X [GHz] Y
F1 | 3.7000 0.6706
F2 5.0500 0.8733

Curve Info
~— RadiationEfficiency
Setup1 : Sweep

0.207

0.00 T ‘
3.00 4.00 5.00 6.00

Frequency [GHz]

Figure 7. Radiation efficiency of the SSM-RA antenna, indicating efficiencies of 67.06 percent at 3.7 GHz and 87.33
percent at 5.05 GHz.

3.6. Radiation Intensity Analysis

Radiation intensity, defined as the radiated power per unit solid angle, was examined to characterise the di-
rectional performance of the SSM-RA. The variation of radiation intensity from 3 GHz to 6 GHz is plotted in Figure
8. At the first resonant frequency of 3.7 GHz, the peak radiation intensity is 0.0016 in arbitrary units, which cor-
responds to a moderate concentration of radiated power and is consistent with the gain and efficiency reported at
this frequency. At 5.05 GHz, the peak radiation intensity increases to 0.0023, indicating stronger power concentra-
tion along the main beam direction. This behaviour is in line with the higher gain and efficiency observed at the
second resonance and shows that the antenna supports efficient directional radiation under plasma rich reentry
conditions. The intensity profile at the two resonance points highlights the role of the SRR based radiator and the
EBG ground in shaping and strengthening the radiated field.
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Figure 8. Radiation intensity of SSM-RA antenna at resonant frequencies: 0.0016 at 3.7 GHz and 0.0023 at 5.05
GHz.
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3.7. VSWR Analysis

Voltage Standing Wave Ratio (VSWR) characterizes the efficiency of power transfer from the source to the
antenna through the feed line. A VSWR of 1.0 corresponds to ideal impedance matching with negligible reflection.
As shown in Figure 9, the SSM-RA antenna maintains a low VSWR across the 3 GHz to 6 GHz band. At 3.7 GHz,
the measured VSWR is 1.0661, which indicates near ideal matching and very small reflected power at the first
resonance. At 5.05 GHz, the VSWR is 1.3264, which remains well within the commonly accepted limit of 2.0 and
confirms satisfactory matching at the higher band. The low VSWR values at both resonant frequencies support the
suitability of the antenna for dual band reentry communication with stable impedance behaviour.

Ansys
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Figure 9. VSWR of the SSM-RA antenna, showing values of 1.0661 at 3.7 GHz and 1.3264 at 5.05 GHz.

3.8. Return Loss Analysis

Return loss describes the amount of power reflected at the antenna input due to impedance mismatch and
provides a frequency domain view of resonance quality. Figure 10 shows the return loss behaviour of the SSM-
RA antenna from 3 GHz to 6 GHz. At 3.7 GHz, the simulated return loss reaches 29.8976 dB, which indicates very
small reflection and strong resonance in the lower band. This value is significantly better than the conventional
10 dB criterion that is often used for acceptable matching. At 5.05 GHz, the return loss is 17.0598 dB, which still
corresponds to good matching and reliable high frequency operation. The return loss profile confirms that the
antenna supports dual band operation with efficient energy coupling at both resonances. The observed behaviour
highlights the contribution of the sharp notch SRR radiator and the EBG assisted ground in reducing reflection
under dynamic flight conditions.
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Figure 10. Return loss characteristics of the SSM-RA antenna at 3.7 GHz and 5.05 GHz.
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3.9. 2D Plane Radiation Pattern Analysis

The spatial radiation characteristics of the SSM-RA antenna were further studied using 2D polar plots of the
electric field components Ey and Ey at the two resonant frequencies. Figure 11 presents the simulated patterns
at 3.7 GHz and 5.05 GHz for selected ¢ and 6 planes. At 3.7 GHz, the patterns display complex lobe structures in
both the E plane and H plane, with asymmetric side lobes and a slightly distorted main lobe that are typical of SRR
loaded configurations. Forward radiation remains dominant and the cross polarization levels stay within accept-
able bounds, which supports telemetry coverage with moderate pattern complexity. At 5.05 GHz, the radiation
pattern becomes more focused and symmetric. The main lobe is clearly defined with reduced distortion and im-
proved control of back lobe radiation. The distributions of E, and E, are more confined, which indicates stronger
directional gain and improved pattern integrity in the upper band. Overall, the 2D patterns show predictable and
well controlled radiation in both operating bands, with a balanced trade-off between gain, coverage, and direction-
ality.
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Figure 11. 2D radiation patterns of the SSM-RA antenna: (a) at 5.05 GHz for several ¢ and 6 cuts; (b) at 3.7 GHz
for the corresponding angular cuts.

3.10. Simulated and Measured Return Loss Comparison

The antenna design was validated experimentally using a vector network analyzer and the measured return
loss was compared with the HFSS simulation. Figure 12 shows the overlaid curves for the 3 GHz to 6 GHz band.
The simulated response exhibits two notches at 3.7 GHz and 5.05 GHz with return losses of -29.90 dB and -17.06
dB, which confirm strong resonance and good impedance matching in both bands. The corresponding measured
return losses are -13.38 dB at 3.7 GHz and -28.85 dB at 5.0725 GHz. The small shift in resonant frequency and the
differences in notch depth are attributed to fabrication tolerances, soldering variations, and the finite measurement
environment. Even with these deviations, the measured results preserve the dual band response and confirm that
the SSM-RA achieves practical impedance performance suitable for reentry communication systems.
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Figure 12. Comparison of simulated and measured return loss for the SSM-RA antenna.
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3.11. Comparison with Recent Metamaterial Antenna Studies

Recent work on sub 6 GHz antennas has largely focused on compact metasurface or metamaterial inspired
topologies that improve impedance matching and bandwidth while maintaining moderate gain, as summarized in
Table 1. Ram et al. [22] report a circularly polarized metasurface patch at 3.5 GHz with a peak gain of 2.84 dB,
a return loss of -17.3 dB, and a 150 MHz bandwidth, while Fitra et al. [23] present a wearable stacked patch at
the same center frequency with 2.45 dB gain, —21.0 dB return loss, and 200 MHz of useful bandwidth. Asri et
al. [24] propose an X slot patch for sub 6 GHz 5G routers that achieves 2.44 dB gain at 3.5 GHz with -18.9 dB
reflection coefficient and 110 MHz bandwidth, whereas Ram et al. [25] demonstrate a metasurface based circularly
polarized patch at 2.4 GHz with 2.35 dB gain and -19.1 dB return loss across 120 MHz. Infant Leo et al. [26] focus
on a CSRR loaded dual band MIMO configuration at 5.0 GHz that yields a relatively low element gain of 1.42 dB
with -16.5 dB return loss and 95 MHz bandwidth. In contrast, the proposed Sharp Notch Split Ring Metamaterial
Reentry Antenna exhibits 3.01 dB gain at 3.7 GHz and 4.63 dB gain at 5.05 GHz, with return loss values of -13.38 dB
and -28.85 dB and corresponding bandwidths of 180 MHz and 210 MHz, respectively. These results indicate that
the SSM RA offers superior gain at its upper C band resonance and comparable or better impedance performance
relative to recent compact metasurface based designs, while simultaneously providing dual band operation and an
EBG backed defected ground that is tailored for reentry communication scenarios.

Table 1. Comparison of proposed SSM-RA with recent metasurface and metamaterial antennas.

Study Freq (GHz) Gain (dB) S11 (dB) BW (MHz) Method

Ram etal. [22] 3.5 2.84 -17.3 150 CP metasurface patch

Fitra et al. [23] 35 2.7 -21.0 200 Wearable stacked patch
Asrietal. [24] 3.5 2.44 -18.9 110 X slot patch

Ram etal. [25] 2.4 2.35 -19.1 120 Metasurface CP patch

Infant et al. [26] 5.0 1.42 -16.5 95 CSRR loaded dual band MIMO
Proposed SSM-RA 3.7/5.05 3.01/4.63 -13.38/-28.85 180/210 Sharp Notch SRR + EBG DGS

4. Discussion

The evaluated performance of the proposed SSM-RA antenna confirms reliable operation at the designed reso-
nance frequencies of 3.7 GHz and 5.05 GHz. The combined simulation and measurement study supports its suitabil-
ity for high speed aerospace links in plasma influenced reentry conditions. The 2D gain and directivity plots exhibit
clear resonant behavior at both bands, with peak gains of 3.01 dB and 4.63 dB and corresponding directivities of
4.74 dB and 5.22 dB. The small separation between gain and directivity at each resonance indicates low dissipative
loss and efficient conversion of input power into radiated energy. The 3D radiation patterns support this interpre-
tation, with well defined main lobes and controlled sidelobes. At 5.05 GHz, the beam becomes narrower and more
concentrated, which is beneficial for long range telemetry in regions where the plasma sheath introduces addi-
tional attenuation. The E plane and H plane cuts further verify stable angular coverage and consistent polarization
behaviour across the principal field of view.

Impedance characteristics follow the same trend of controlled behavior. Smith chart traces cluster near the
center region at both resonances, indicating good matching to the 50 Q) feed. The corresponding VSWR values
remain close to unity, with 1.0661 at 3.7 GHz and 1.3264 at 5.05 GHz, which implies efficient power transfer over
the dual band window. Radiation efficiency increases from 67.06% at 3.7 GHz to 87.33% at 5.05 GHz, consistent
with the observed gain enhancement and reduced loss in the higher band. This improvement is attributed to the
combined effect of the sharp notch SRR topology and the EBG backed defected ground, which suppress surface
waves and limit unwanted leakage. The measured return loss values of -13.38 dB at 3.7 GHz and -28.85 dB at 5.05
GHz agree well with the simulated values of -29.90 dB and -17.06 dB when fabrication tolerances and connector
effects are considered. A quantitative comparison with three recent C-band reentry or plasma tolerant antenna
designs is summarized in Table 1, which places the SSM-RA gain, efficiency, and matching performance within the
context of current literature.

Relative to other contemporary architectures, the SSM-RA provides a favorable balance between gain, effi-
ciency, and structural simplicity. Shishkin etal. [27] report efficiency enhancement in stacked microstrip antennas
that employ volumetric reflectors, whereas the present design attains comparable efficiency without additional
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superstructures. Saxena et al., [28] improve gain in Fabry-Perot cavity antennas but focus on the sensitivity of
performance to partially reflecting surface orientation that may result in loss of stability during attitude changes.
The proposed configuration lowers this sensitivity by using a compact and fully integrated configuration. Tubbal
et al. [29] report gains up to 5 dBi with an efficiency of about 82 percent for 5G and [oT applications. Although
their design is optimized for a different operational scenario, the SSM-RA achieves higher efficiency without the
footprint being too large for the embedding in the reentry thermal protection modules. There is a wideband dis-
cone whose VSWR is less than 3.5 over the band 203-492 MHz described by Gong et al. [30]. By comparison, the
SSM-RA works in the C band and maintains a significantly lower VSWR having tighter impedance control.

The present study also identifies certain limitations which suggest directions for further work. The electro-
magnetic analysis is based on representations of fairly static or slowly varying plasma while a realistic reentry path
is associated with coupled thermal loading, structural deformation and field interaction. These combined effects
can alter the tuning of the antenna, radiation stability and input impedance. In addition, no attention has been paid
yet to the mechanical integration of the SSM-RA with layered or actively cooled thermal protection tiles. Future
investigations will investigate antenna behaviour in plasma wind tunnel experiments, in which thermal and elec-
tromagnetic conditions develop simultaneously. Further work will be conducted towards further miniaturization
with more refined fractal slot layouts and will evaluate reconfigurable metasurfaces for adaptive beam control and
frequency agility at different stages of reentry.

5. Conclusion

This study presented and validated the SSM-RA, a sharp notch SRR based metamaterial antenna with an EBG
assisted defected ground plane, tailored for C-band reentry communication in plasma affected conditions. The
antenna offers dual resonances at 3.7 GHz and 5.05 GHz, with measured peak gains of 3.01 dB and 4.63 dB and
corresponding directivities of 4.74 dB and 5.22 dB. Impedance analysis yielded normalized input values of 0.9714
+ 0.0563i and 0.8467 + 0.2109i, while simulated return losses were —-29.90 dB and -17.06 dB and measured re-
turn losses were —13.38 dB and -28.85 dB at the two bands. The antenna maintained VSWR values of 1.0661 and
1.3264 and achieved radiation efficiencies of 67.06 percent and 87.33 percent with corresponding radiation inten-
sities of 0.0016 and 0.0023 at 3.7 GHz and 5.05 GHz. The 2D and 3D radiation patterns confirmed stable, forward
directed beams with limited distortion. Collectively, these results indicate that the SSM-RA is suitable for aerospace
platforms that require compact, thermally robust, and plasma tolerant C-band antennas for satellite telemetry and
communication on hypersonic or reentry vehicles.
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