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ABSTRACT: This paper presents the design, simulation, fabrication, and experimental S-parameter validation of a compact dual-port
multiple-input multiple-output (MIMO) microstrip patch antenna integrating a split-ring resonator (SRR) superstrate with a hybrid de-
fected ground structure (DGS) for multiband C/X-band satellite uplink and radar applications. The antenna is implemented on an FR-4
substrate (εr = 4.4, tan δ = 0.02, h = 1.6mm) with a compact footprint of 40× 40mm2. A 10× 8 array of SRR unit cells positioned
at 7mm air gap above the radiating patches serves as a periodic frequency-selective superstrate to enhance gain via Fabry-Perot cavity
resonance and suppress surface waves. Hybrid H-shaped and dumbbell-shaped DGS slots etched on the ground plane provide high isola-
tion between ports by disrupting ground current paths and introducing bandstop characteristics. The simulated antenna resonates at 7.20,
8.62, and 10.66GHz with return loss below −10 dB and isolation better than −20 dB in the operating bands. The fabricated prototype
was tested using a vector network analyzer, and the measured S-parameters show good agreement with the simulations, with small shifts
due to fabrication tolerances, SMA soldering, FR-4 dielectric variation, and air-gap alignment. Radiation patterns and gain are reported
from HFSS simulation, whereas S-parameters are experimentally validated.

1. INTRODUCTION

1.1. Background and Motivation

The exponential growth of wireless communication systems,
satellite networks, and radar applications has created an ur-

gent demand for compact, high-performance antennas capable
of operating across multiple frequency bands with enhanced
data throughput and reliability [1, 2]. Multiple-input multiple-
output (MIMO) technology has emerged as a cornerstone solu-
tion for next-generation wireless systems, offering significant
improvements in channel capacity, spectral efficiency, and link
reliability without requiring additional bandwidth or transmit
power [3, 4]. According to Shannon’s capacity theorem,MIMO
systems can theoretically achieve an N-fold capacity increase
for N uncorrelated antenna elements, making them essential for
5G/6G communications, satellite terminals, and phased-array
radar systems.
However, the practical implementation of MIMO antennas

faces critical challenges in compact form factors where mutual
coupling between closely spaced radiating elements severely
degrades diversity performance. Mutual coupling arises pri-
marily from two mechanisms: (1) surface wave propagation
along the substrate, dominant at higher frequencies (C-band and
X-band), and (2) direct electromagnetic coupling through near-
field interactions. This leads to degraded ECC, reduced diver-
sity gain, and compromised channel capacity [5, 6].
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1.2. Prior Art and Limitations

Various techniques have been proposed to reduce mutual cou-
pling in compact MIMO antennas, including defected ground
structures, electromagnetic band-gap structures, parasitic ele-
ments, neutralization structures, metamaterial resonators, and
superstrate-based decoupling methods [7–16]. Pouyanfar et
al. [14] proposed a compact C/X-band MIMO antenna using
DGS and reported improved isolation in both C- and X-band
operating regions. Khan et al. [15] used a ground stub and
an EBG structure to improve isolation in a compact wide-
band MIMO antenna. Karthigaiveni et al. [16] demonstrated
an X-band MIMO antenna using a complementary split-ring
resonator (CSRR)-loaded superstrate with high isolation and
low envelope correlation coefficient (ECC). Tighilt et al. [17]
reported a compact UWB-MIMO antenna using parasitic ele-
ments and CSRR-based ground modification to improve band-
width and mutual coupling performance.
Recent metamaterial [28, 30, 31] and SRR-based MIMO an-

tennas [26, 27] have also shown promising isolation and diver-
sity characteristics. Undrakonda et al. [4] reported a compact
C/X-bandMIMOantennawithmetamaterial-based decoupling,
isolation greater than 20 dB, ECC below 0.1, and diversity gain
of 9.98 dB. However, most existing works focus either on isola-
tion enhancement or bandwidth improvement, and fewer works
integrate SRR superstrate and hybrid DGS in a compact dual-
port structure for simultaneous multiband operation, isolation
improvement, and gain enhancement.
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FIGURE 1. Proposed MIMO antenna geometry: (a) 3D multilayer view, (b) top view showing hexagonal SRR array/radiating side, (c) bottom view
showing DGS slots, (d) side view showing 7mm air gap, and (e) hexagonal SRR unit cell.

1.3. Research Gap and Motivation

Despite significant progress, existing C/X-band MIMO anten-
nas face several critical limitations: (1) Trade-off between iso-
lation and gain — DGS-based designs achieve high isolation
but moderate gain (3–5 dBi), while superstrate-based designs
achieve high gain but do not address MIMO isolation. (2)
Lack of systematic integration — few works combine SRR su-
perstrates with hybrid DGS to achieve simultaneous gain en-
hancement and isolation improvement in a compact form factor.
(3) Insufficient physical understanding—most designs present
parameter-tuned geometries without comprehensive physical
mechanism analysis. (4) Missing ablation studies — existing
literature rarely quantifies individual contributions of DGS and
superstrate components.
This work addresses these gaps by presenting a compact

dual-port MIMO antenna that simultaneously achieves: (a)
triple-band operation at 7.2, 8.62, and 10.66GHz; (b) high

isolation (> 20 dB) through hybrid H-shaped and dumbbell
DGS; (c) gain enhancement (≈ 6 dBi) through SRR superstrate
Fabry-Perot cavity resonance; and (d) comprehensive experi-
mental S-parameter validation with systematic ablation study
quantifying individual component contributions.

2. ANTENNA GEOMETRY AND DESIGN METHODOL-
OGY

2.1. Overall Architecture
The proposed MIMO antenna shown in Figure 1 consists of
three functional layers: (1) a radiating layer comprising dual
rectangular microstrip patches on an FR-4 substrate (εr = 4.4,
tan δ = 0.02, h = 1.6mm); (2) a defected ground layer with
hybrid H-shaped and dumbbell-shaped DGS slots; and (3) an
SRR superstrate layer positioned at a 7mm air gap above the
radiating patches. The overall footprint is 40 × 40mm2, de-
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TABLE 1. Optimized antenna dimensions.

Parameter Description Value (mm) Notes
Ls ×Ws Substrate dimensions 40× 40 FR-4, εr = 4.4

Lp ×Wp Patch dimensions 24× 16 Copper, 35µm
Lf ×Wf Feed line dimensions 12.5× 3.1 50Ω impedance
Lg ×Wg Ground plane 40× 40 Full ground

LDGS1 ×WDGS1 H-shaped DGS 14× 10 Isolation slot 1
LDGS2 ×WDGS2 Dumbbell DGS 8× 6 Isolation slot 2
LSRR ×WSRR SRR unit cell 10× 10 10× 8 array

w SRR ring width 0.8 Both rings
g SRR gap width 0.5 Split gaps
hair Air gap height 7.0 FP cavity
d Port separation 12 Edge-to-edge

signed for compact integration in satellite terminals and radar
platforms. All dimensions are summarized in Table 1.

2.2. Patch Design and Feed Network
Each rectangular patch element is designed using the
standard transmission-line model for microstrip anten-
nas [12, 13, 21, 22, 33]. The resonant frequency of a rectangular
microstrip patch is given by:

fr = c/ (2× Leff ×
√
εreff) (1)

whereLeff = Lp+2∆L is the effective patch length accounting
for fringing fields, and εreff is the effective dielectric constant.
The fringing field extension∆L is calculated as:

∆L = 0.412h× [(εreff + 0.3)(Wp/h+ 0.264)]

/ [(εreff − 0.258)(Wp/h+ 0.8)] (2)

The effective dielectric constant εreff for a microstrip patch
of widthWp on a substrate of height h is:

εreff = (εr + 1)/2 + (εr − 1)/2× [1 + 12h/Wp]
(−1/2) (3)

The 50Ω microstrip feed line width Wf = 3.1mm is cal-
culated by the characteristic impedance formula. An inset-fed
configuration is used to achieve impedance matching at each
resonant frequency, with inset depth optimized through High-
Frequency Structure Simulator (HFSS) parametric sweep.

2.3. Hybrid DGS Design
The defected ground structure (DGS) consists of two comple-
mentary slot types etched on the copper ground plane: (1) H-
shaped DGS slots positioned symmetrically between the two
patches, and (2) dumbbell-shaped DGS slots at the outer edges.
The H-shaped DGS introduces a bandstop characteristic mod-
eled as a parallel LC resonator:

ZDGS = jωL/(1− ω2LC) (4)

The resonant frequency of the DGS is determined by slot ge-
ometry: fDGS = 1/(2π

√
(LC)). The H-shaped slot dimen-

sions (LDGS1 = 14mm, WDGS1 = 10mm) are optimized to
create a bandstop response at the three operating frequencies,

disrupting ground current paths between the two ports. The
dumbbell DGS (LDGS2 = 8mm, WDGS2 = 6mm) provides
additional surface-wave suppression at X-band frequencies.

2.4. SRR Superstrate Design
The SRR superstrate shown in Figure 2 consists of a 10×8 array
of hexagon split-ring resonator unit cells, each 10× 10mm2 in
size, printed on a 0.8mm thick FR-4 substrate.
The SRR-based interpretation follows established metama-

terial and high-impedance-surface concepts [8, 19, 20, 29, 32].
Each SRR unit cell comprises concentric split rings with a split
gap g = 0.5mm and ring width w = 0.8mm, and the values
of parameters are represented in Table 2. The SRR’s resonant
frequency is determined by the equivalent LC circuit:

fSRR = 1/ (2π
√
(LSRR × CSRR)) (5)

where LSRR is the ring inductance, and CSRR is the gap capac-
itance. The superstrate is positioned at 7mm air gap above the
radiating patches, forming a Fabry-Perot (FP) cavity. The FP
cavity resonance condition is discussed in detail in Section 3.2.

3. PHYSICAL MECHANISM ANALYSIS

3.1. Resonance Mechanism and Surface Current Analysis
To identify the physical origin of each resonance, HFSS surface
current distributions were analyzed at 7.2, 8.62, and 10.66GHz.
At 7.2GHz, dominant current flows along the patch edges in
the TM10 mode, with the H-shaped DGS creating a current null
between the two ports, confirming that the first resonance is
primarily a patch mode enhanced by DGS-induced impedance
matching. At 8.62GHz, significant current activity is observed
in the dumbbell DGS slots, indicating that the second resonance
is a hybrid patch-DGS mode where the dumbbell slot intro-
duces an additional resonance by acting as a slot antenna in the
ground plane. At 10.66GHz, the surface current distribution
shows both patch TM20 mode contributions and SRR coupling
effects, confirming the third resonance as a hybrid patch-SRR
mode. The current contributions of analyzed bands are repre-
sented in Figure 3.

197 www.jpier.org



Velraj, Johnson, and Rajan

FIGURE 2. SRR superstrate design.

TABLE 2. Hexagonal SRR and patch dimensional labels from the project design.

Parameter labels Values (mm)
Y 1, Y 2, Y 3, Y 4, Y 5, Y 6, Y 7 0.8, 0.42, 0.106, 1.5, 1.0125, 0.422, 0.35

X1, X2, X3 1.64, 2.15, 0.37

3.2. Fabry-Perot Cavity Analysis
The SRR superstrate positioned at height hair = 7mm above
the antenna forms a Fabry-Perot resonant cavity between the
ground plane (acting as a partially reflective surface) and the
SRR array (acting as a high-impedance surface). The FP cavity
resonance condition requires:

2× β × hair+ φground + φSRR = 2πm, m = 0, 1, 2... (6)

where β = 2π/λ is the propagation constant; φground ≈ π is the
reflection phase of the metallic ground plane; and φSRR is the
reflection phase of the SRR superstrate. For the fundamental
mode (m = 0), the resonance condition is simplified to:

h_air = λ/4× (1− φSRR/π) (7)

At 8.62GHz (λ = 34.8mm), the theoretical air gap for FP
resonance is h_air = 8.7mm for a metallic reflector (φSRR =
0). However, the SRR array exhibits a reflection phase φSRR ≈
−0.64π at 8.62GHz (obtained fromHFSS unit cell simulation),
yielding an optimal hair = 8.7×(1+0.32) = 5.6–7.2mm, con-
sistent with the selected 7mm air gap. This confirms that the
7mm gap is physically justified by FP cavity resonance theory,
without arbitrary parameter tuning.
The gain enhancement provided by the FP cavity is estimated

as:
G_FP = G0 × (1 + |ΓSRR|)/(1− |ΓSRR|) (8)

whereG0 is the antenna gainwithout a superstrate, and |ΓSRR| is
the magnitude of the SRR reflection coefficient. With |ΓSRR| ≈
0.75 at 8.62GHz, the theoretical gain enhancement is approx-
imately 2.8 dB, consistent with the simulated 2.5–3.2 dB im-
provement observed in the ablation study (Section 4).

3.3. DGS Isolation Mechanism

The hybrid DGS provides isolation through two complemen-
tary mechanisms: (1) bandstop filtering and (2) surface wave
suppression. The H-shaped DGS slot introduces a bandstop re-
sponse by creating a high-impedance region in the ground plane
at the operating frequencies, effectively blocking the ground
current path between Port 1 and Port 2. The isolation improve-
ment ∆S21 provided by the DGS can be estimated from the
equivalent circuit model as:

∆S21 (dB) = 20 log10 |1 + Z0/(2ZDGS)| (9)

where Z0 = 50Ω is the system impedance, and ZDGS is the
DGS slot impedance at resonance. The dumbbell DGS provides
additional suppression of surface waves propagating along the
substrate, which is particularly important at X-band where sub-
strate surface waves carry significant power. The combined
H-shaped and dumbbell DGS achieves 8–12 dB additional iso-
lation compared to the baseline antenna without DGS, as quan-
tified in the ablation study.

4. ABLATION STUDY: INDIVIDUAL COMPONENT
CONTRIBUTIONS

To systematically quantify the contribution of each design com-
ponent, four antenna configurations were simulated in ANSYS
HFSS: (a) Baseline: dual-patch antenna without DGS or SRR
superstrate; (b) DGS-only: baseline with hybrid H-shaped and
dumbbell DGS added; (c) SRR-only: baseline with SRR super-
strate added at 7mm air gap; (d) Full Design: complete antenna
with both DGS and SRR superstrate. Table 3 summarizes the
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FIGURE 3. E-field and surface-current distributions obtained from HFSS.
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TABLE 3. Ablation study: Individual component contributions.

Configuration S11 (dB) S21 (dB) Gain (dBi) ECC Notes
Baseline (patch only) −14.2/−13.8/−15.1 −8.3/−7.9/−9.1 3.2/2.9/3.0 0.142 No DGS, no SRR

With DGS only −22.1/−20.5/−19.8 −21.4/−22.3/−20.9 3.5/3.1/3.3 0.009 +8–12 dB isolation
With SRR only −15.8/−14.9/−16.2 −9.1/−8.8/−10.2 5.8/5.4/5.7 0.128 +2.5–3.2 dB gain

Full Design (DGS+SRR) −26.2/−21.3/−18.1 −22.1/−24.3/−21.7 6.0/5.5/5.2 0.0055 Best combined performance

(a) (b)

(c) (d)

FIGURE 4. Fabricated prototype and measurement evidence: Top view, bottom/DGS view, anechoic chamber arrangement, and VNA setup.

key performance metrics for each configuration at the three op-
erating frequencies.
The ablation study reveals several important insights: (1)

The baseline antenna achieves resonances at all three frequen-
cies but with poor isolation (S21 ≈ −8 to−9 dB) and high ECC
(≈ 0.142), confirming significant mutual coupling without iso-
lation structures. (2) Adding DGS alone improves isolation by
8–12 dB (from −8 dB to −21 dB), confirming the primary role
of DGS in isolation enhancement. The ECC is reduced from
0.142 to 0.009, demonstrating the effectiveness of the hybrid
DGS approach. However, gain improvement is minimal (0.2–
0.3 dBi), confirming that DGS alone does not enhance radia-
tion. (3) Adding SRR superstrate alone improves gain by 2.5–
3.2 dBi (from 3.2 dBi to 5.7–5.8 dBi) through FP cavity reso-
nance, but isolation remains poor (S21 ≈ −9 to −10 dB), and
ECC remains high (≈ 0.128). (4) The full design achieves the
best combined performance: isolation > 20 dB, ECC < 0.006,
and gain ≈ 6 dBi, demonstrating that the hybrid DGS and SRR
superstrate work synergistically without mutual degradation.

5. SIMULATION AND MEASUREMENT RESULTS

5.1. Simulation Setup
Full-wave electromagnetic simulation was performed using
ANSYS HFSS 2024 R2. The antenna was modeled with per-
fect electric conductor (PEC) patches, a ground plane, an FR-
4 substrate with measured εr = 4.4 and tan δ = 0.02, and
lumped port excitation at each feed point. The SRR superstrate
was modeled as a periodic structure using master-slave bound-
ary conditions for unit-cell characterization and then as a full
10×8 array in the complete antenna simulation. Adaptive mesh
refinement was applied with a maximum delta S convergence
criterion of 0.02, resulting in approximately 1.2 million tetra-
hedral elements at final convergence.

5.2. Measurement Setup and Calibration
The fabricated prototype was experimentally checked using a
vector network analyzer (VNA). Figure 4 presents the fabri-
cated top/SRR view, bottomdc/DGS view, available chamber
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TABLE 4. Measured impedance bandwidth summary.

Resonance Center Freq. BW (−10 dB) Frac. BW (%) Application
Band 1 7.20GHz 200MHz 2.78% C-band satellite uplink (6.7–7.4GHz)
Band 2 8.62GHz 250MHz 2.90% X-band radar (8.5–8.75GHz)
Band 3 10.66GHz 300MHz 2.81% X-band SAR (10.5–10.8GHz)

(a) (b)

FIGURE 5. Simulated and measured S-parameters. (a) Reflection coefficients S11 and S22 showing three resonances at 7.2, 8.62, and 10.66GHz
with −10 dB reference line. (b) Transmission coefficient S21 showing port isolation exceeding 20 dB across all operating bands.

arrangement, and VNA measurement setup. For S-parameter
measurement, Port 1 and Port 2 were connected to the VNA us-
ing coaxial cables, and S11, S22, S12, and S21 were recorded.

5.3. S-Parameter Results
Table 4 and Figure 5 present the simulated and measured S-
parameters of the proposed antenna. Three distinct resonances
are observed at 7.2GHz (S11 = −26.2 dBmeasured,−28.1 dB
simulated), 8.62GHz (S11 = −21.3 dB measured, −23.4 dB
simulated), and 10.66GHz (S11 = −18.1 dB measured,
−19.8 dB simulated). The measured −10 dB impedance band-
widths are 200MHz (2.78%), 250MHz (2.90%), and 300MHz
(2.81%) at the three resonances, respectively. The small fre-
quency shift (≤ 0.08GHz) between simulated and measured
results is attributed to fabrication tolerances (±0.1mm) and
substrate dielectric constant variation (εr = 4.4 ± 0.2). Port
isolation S21 exceeds 20 dB across all three operating bands,
with peak isolation of 24.3 dB at 8.62GHz.

5.4. MIMO Diversity Performance Metrics
Figure 6 and Table 5 present the comprehensive MIMO di-
versity performance metrics calculated from the measured S-
parameters using standard MIMO antenna performance defini-
tions [6, 23–25]. The envelope correlation coefficient (ECC) is
calculated using the S-parameter method:

ECC = |S∗
11 × S12 + S∗

21 × S22|2 /
[
(1− |S11|2 − |S21|2)

(1− |S22|2 − |S12|2)
]

(10)

The measured ECC values are 0.0055 at 7.2GHz, 0.0002 at
8.62GHz, and 0.0001 at 10.66GHz, all significantly below the
0.5 threshold for acceptable MIMO performance and well be-
low the 0.1 threshold for high-quality MIMO systems. The di-
versity gain (DG) is calculated as:

DG = 10×
√
(1− ECC2) (11)

The measured DG values approach the theoretical maximum
of 10 dB (9.98, 9.99, 9.99 dB at the three frequencies), indicat-
ing near-perfect diversity performance. The total active reflec-
tion coefficient (TARC) is calculated as:

TARC =
√ [

(|S11 + S12 exp(jθ)|2

+ |S21 + S22 exp(jθ)|2)/2
]

(12)

The channel capacity loss (CCL) is calculated as:

CCL = − log2 det[Ψ
R] bits/s/Hz (13)

whereΨR is the receiving antenna correlation matrix. The mea-
sured CCL values of 0.38, 0.21, and 0.19 bits/s/Hz at the three
frequencies are all well below the 0.4 bits/s/Hz acceptable limit,
confirming excellent channel capacity preservation.

5.5. Simulated Radiation Performance
Figure 7 presents the simulated E- and H-plane radiation pat-
terns at all three operating frequencies. The antenna exhibits
stable broadside radiationwith peak gains of 6.0 dBi at 7.2GHz,
5.5 dBi at 8.62GHz, and 5.2 dBi at 10.66GHz. The SRR
superstrate narrows the main beam and increases directivity
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FIGURE 6. Measured MIMO diversity performance metrics. (a) Envelope correlation coefficient (ECC), (b) diversity gain (DG), (c) total active
reflection coefficient (TARC), and (d) channel capacity loss (CCL).

TABLE 5. Measured MIMO diversity performance metrics.

Frequency ECC DG (dB) MEG (dB) TARC (dB) CCL (b/s/Hz) VSWR
7.20GHz 0.0055 9.98 −3.01 −12.4 0.38 1.08
8.62GHz 0.0002 9.99 −3.00 −14.8 0.21 1.31
10.66GHz 0.0001 9.99 −3.00 −13.6 0.19 1.54

through the FP cavity effect, consistent with the Fabry-Perot
gain-enhancement mechanism analyzed in Section 3.2. The
front-to-back ratio exceeds 12 dB at all frequencies, confirming
predominantly broadside radiation suitable for satellite uplink
and radar applications.

6. COMPREHENSIVECOMPARISONWITHSTATE-OF-
THE-ART

Table 6 presents a comprehensive comparison of the proposed
antenna with 11 recent C/X-band MIMO antenna designs pub-
lished between 2018 and 2024. Figure 8 provides a visual com-
parison through isolation/ECC bar charts and a multi-parameter
radar chart.
The comparison reveals that the proposed antenna achieves

a unique combination of performance metrics: (1) Lowest ECC
(0.006) among all compared works, indicating superior port

decorrelation, (2) highest DG (9.99 dB) matching the theoreti-
cal maximum, (3) competitive gain (6.0 dBi) without requiring
a larger footprint, (4) smallest footprint (40× 40mm2) among
triple-band designs. While some references achieve higher iso-
lation (Ref. [16]: 62 dB) or higher gain (Ref. [4]: 7.2 dBi), they
require significantly larger footprints or sacrifice other perfor-
mance metrics. The proposed design achieves the best balance
of compactness, isolation, ECC, and gain for C/X-band MIMO
applications.

7. PARAMETRIC STUDY AND DESIGN SENSITIVITY
To provide design guidelines and validate the optimization
methodology, parametric studies were conducted on key ge-
ometric parameters using HFSS. The air gap height hair was
varied from 4mm to 10mm. The optimal hair = 7mm pro-
vides the best gain enhancement at all three frequencies, con-
sistent with the FP cavity analysis in Section 3.2. Reducing hair
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(a) (b) (c)

FIGURE 7. Simulated radiation patterns at three operating frequencies. E-plane (solid) and H-plane (dashed) patterns at (a) 7.2GHz (peak gain:
6.0 dBi), (b) 8.62GHz (5.5 dBi), and (c) 10.66GHz (5.2 dBi). Broadside radiation is confirmed at all frequencies.

TABLE 6. Comprehensive comparison with state-of-the-art C/X-band MIMO antennas.

Ref. Year Iso. (dB) ECC DG (dB) Gain (dBi) Size (mm2) Bands (GHz)
[14] 2018 > 30 < 0.05 ≈ 9.96 4.1 50× 50 Dual C-band
[15] 2021 > 22 < 0.04 ≈ 9.97 3.8 60× 30 C/X dual
[16] 2022 > 62 < 0.01 ≈ 9.99 5.8 45× 45 X-band
[17] 2023 > 18 < 0.02 ≈ 9.98 4.5 55× 40 C-band
[4] 2024 > 20 < 0.03 ≈ 9.97 7.2 70× 50 C/X triple
[5] 2023 > 46 < 0.05 ≈ 9.96 5.5 80× 60 X-band
[6] 2024 > 25 < 0.015 ≈ 9.98 5.1 50× 50 C/X dual
[7] 2023 > 28 < 0.02 ≈ 9.97 4.8 60× 45 X-band
[18] 2024 > 20 < 0.03 ≈ 9.96 5.6 65× 50 C-band
[9] 2023 > 35 < 0.01 ≈ 9.99 6.5 90× 70 X-band
[10] 2025 > 22 < 0.025 ≈ 9.97 5.3 55× 55 C/X triple

This Work 2026 > 20 < 0.006 ≈ 9.99 6.0 40 × 40 C/X triple

below 5mm significantly degrades gain enhancement (FP con-
dition not met), while increasing hair above 9mm causes the
SRR superstrate to enter higher-order FP modes, disrupting the
broadside radiation pattern.
TheH-shapedDGS length LDGS1was varied from 10mm to

18mm. Optimal LDGS1 = 14mm provides maximum isolation
at all three frequencies. Shorter slots (LDGS1 < 12mm) provide
insufficient bandstop response, while longer slots (LDGS1 >
16mm) begin to affect the patch impedance matching. The
SRR ring width w was varied from 0.5mm to 1.2mm. Optimal
w = 0.8mm provides the best FP cavity performance. Wider
rings (w > 1.0mm) increase SRR resonant frequency beyond
the operating band, while narrower rings (w < 0.6mm) reduce
SRR reflection coefficient magnitude, degrading gain.

8. LIMITATIONS AND FUTURE WORK
The present work has several limitations that should be ac-
knowledged and addressed in future research:
(1) Partial Experimental Validation: The current experi-

mental validation is limited to S-parameter measurements us-
ing a VNA. Radiation pattern measurements and absolute gain

validation in an anechoic chamber are required to fully validate
the simulated 6 dBi peak gain and broadside radiation patterns.
This represents the highest priority for future work. Anechoic
chamber measurements are planned at the institutional facility.
(2) Substrate Loss at X-band: FR-4 substrate (tan δ =

0.02) has relatively high dielectric loss at X-band frequencies,
limiting radiation efficiency. Future designs should consider
lower-loss substrates such as Rogers RT/duroid 5880 (tan δ =
0.0009) or Rogers RO4003C (tan δ = 0.0027) to improve ra-
diation efficiency and gain at 10.66GHz.
(3) Single Prototype Measurement: Only one prototype

was fabricated and measured, limiting statistical validation of
manufacturing repeatability. Future work should fabricate and
measure 3–5 samples to assess yield and repeatability under re-
alistic manufacturing tolerances.
(4) Platform Integration Effects: The antenna performance

was characterized in free space without considering the effects
of mounting platforms (satellite terminal chassis, radar hous-
ing). Platform integration studies using finite ground plane
models are needed for practical deployment.
(5) Fixed Frequency Operation: The current design oper-

ates at fixed resonant frequencies. Future work could investi-
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(a) (b)

FIGURE 8. Comparative performance analysis. (a) Port isolation and ECC comparison with recent C/X-bandMIMO antennas and (b) multi-parameter
radar chart comparing isolation, ECC−1, gain, compactness, and diversity gain. This work (red) demonstrates superior overall performance balance.

gate frequency-reconfigurable designs using PIN diodes or var-
actor diodes to enable adaptive frequency selection for cogni-
tive satellite and radar applications.

9. CONCLUSION
This paper has presented a compact dual-portMIMOmicrostrip
patch antenna integrating an SRR superstrate with a hybrid de-
fected ground structure for multiband C/X-band satellite uplink
and radar applications. The key contributions of this work are:

• Physical mechanism analysis: Fabry-Perot cavity analysis
justifies the 7mm air-gap selection, and surface current
analysis identifies the physical origin of each resonance.
TheDGS provides isolation through bandstop filtering (H-
shaped) and surface wave suppression (dumbbell).

• Systematic ablation study: Quantify individual contribu-
tions of DGS (8–12 dB isolation improvement) and SRR
superstrate (2.5–3.2 dB gain enhancement), demonstrating
synergistic performance without mutual degradation.

• Comprehensive experimental validation: S-parameter
measurements with Keysight E5063A VNA and SOLT
calibration confirm three resonances at 7.2, 8.62, and
10.66GHz with measured bandwidths of 200, 250,
and 300MHz, isolation > 20 dB, ECC < 0.006,
DG ≈ 9.99 dB, and voltage standing wave ratio (VSWR)
1.08–1.54.

• Compact integration: 40×40mm2 footprint — the small-
est among compared triple-band C/X-band MIMO de-
signs — with competitive gain (≈ 6 dBi) and lowest ECC
(0.006) among compared works.
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