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ABSTRACT: This paper aims to design and analyze a tri-band Differential Shifted-Feed Microstrip Grid Array Antenna (DSF-MGAA)
with eight parasitic elements to achieve better return loss and isolation characteristics and improved antenna gain at various frequency
ranges in the Golden band, X-band, and Ku band. The nonuniform grid element is excited through two 180-degree out-of-phase signal-
carrying feed lines with the LC matching network to provide better impedance matching. The antenna provides a minimum peak return
loss of —17.88dB, —27.13dB and —26.7 dB at 7 GHz, 9 GHz and 12.2 GHz. Measured results show a good agreement with the simulated
results. Parasitic elements incorporated provide a maximum gain of 17.2 dBi. The results confirm that the proposed antenna suits for
high-frequency applications such as 6G communication, Space and Defense application, and VSAT (Very Small Aperture Terminal)

networks.

1. INTRODUCTION

he need for high-performance antennas has recently grown
Textremely fast with the development of wireless commu-
nications technology and increasing demands for fast, stable
data transmission. From satellite transmissions and radar in-
stallations to television broadcasting and next-generation 5G
networks, contemporary communications depend heavily on
efficient antennas [5, 16, 18]. Microstrip antennas have also
emerged as an ideal solution for most of these areas because
they are low-profile, lightweight, and easy to integrate into elec-
tronic systems [5,14,19,20]. However, despite their perva-
siveness, microstrip antennas often struggle with one main con-
cern — impedance matching at high frequencies. If impedance
is not matched, it can lead to unwanted reflections of the signal,
and hence there will be a loss of signal and a decrease in system
performance.

To overcome this, scientists have sought new designs beyond
the conventional microstrip patch. One such design is the DSF-
MGAA with an LC matching network. This is a new design in
employing a nonuniform grid array, which enhances impedance
matching and minimizes signal loss — both of which are im-
portant for high-frequency applications [1, 2, 6]. In addition to
DSF-MGAA designs, grid-array structures have also been ex-
plored for switched-beam and beam-steering mm-wave appli-
cations, and also it may enhance gain and bandwidth using a
nonuniform grid and multiple parasitic patches [22-24]. The
differential feeding method also provides improved symme-
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try and isolation, which is particularly useful in complicated
systems where interference and coupling can be troublesome
[1,9,13,20,21]. Another important development comes by the
use of parasitic elements — small, correctly placed patches that
do not directly couple to the feed but influence the antenna per-
formance. The elements can be utilized to control and steer
radiated energy, to enhance gain and directivity without sig-
nificant enlargement in the size of the antenna [3,4, 15]. Al-
though the aforementioned approach provides a better response,
further impedance matching may be achieved by including an
LC matching network. Parasitic element combined grid array
structures have demonstrated very significant enhancements in
bandwidth as well as in total efficiency [2, 3, 14]. For instance,
recent work has shown how nonuniform grid arrays can fa-
cilitate wideband filtering antennas with good performance in
compact design [2, 8]. Parasitic patches have also been found
by other researchers to boost MIMO antenna systems signifi-
cantly, improving isolation and gain [3]. Further studies have
shown the utility of inductive grid-array metasurfaces for cre-
ating low-profile, electrically small, and wideband antennas
[7,8, 11, 12], while dual-band differentially-fed filtennas have
demonstrated high selectivity and low cross-polarization ideal
for multi-band applications [9, 10, 17].

This paper presents the design technique and performance of
an eight parasitic patch DSF-MGAA, designed specifically to
operate in the Ku-band frequency range. The antenna has a sig-
nificant gain of 17.2 dBi, which is a testament to its suitability
for use in several high-frequency applications. The following
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FIGURE 1. Antenna configuration and dimensions of (a) uniform-MGAA, (b) nonuniform-MGAA, and (c¢) nonuniform-MGAA with eight parasitic

patches.

sections will detail the design methodology, simulation results,
and practical implications of the DSF-MGAA.

2. ANTENNA DESIGN AND OPERATING PRINCIPLE

2.1. Configuration and Principle of Operation

Figure 1(a) presents the structural layout of the uniform
Microstrip Grid Array Antenna (MGAA), implemented on
a grounded RT/duroid 5880 substrate characterized by a
dielectric constant of 2.2, a loss tangent of 0.0009, and a
substrate length and width denoted by L & W. The uniform
MGAA is designed initially. By modifying the dimensions of
the uniform MGAA, it can be transformed into a nonuniform
MGAA as shown in Fig. 1(b). The detailed dimensions of the
proposed nonuniform MGAA is given in Table 1. Additionally,
a differential shifted feeding scheme is implemented, along
with eight parasitic patches, as depicted in Fig. 1(c).

TABLE 1. Antenna parameters and dimensions (in mm)

b c d e f g h
5 145 08 |04 18] 3 |08 0.8
7 L p q W | x Y t
04 | 70 145 | 85| 70 | 30 | 30 | 0.787

2.2. Design of Uniform-MGAA

The uniform MGAA consists of 25 short segments, each with
a length d,, and a width w,, as well as 24 long segments that
have a length d, and a width w,,, Fig. 1(a). To simplify the
design, the antennas utilize two 50-ohm coaxial connectors for
excitation. Nevertheless, other feeding techniques can also be
applied.

The uniform MGAA showcases multi-band activity,
with —28.8290dB for return loss (Sj;) at 7.55GHz and
—25.6259 dB at 11.35 GHz,as shown in Fig. 2(a). Along with
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this, the respective values of S,; at 7.55 GHz and 11.35 GHz
are —30.330dB and —23.633dB, as depicted in Fig. 2(b).
Although there is support by the antenna in multiple frequency
bands, these two frequencies show better performance.

Figure 3 indicates that the antenna also provides port-to-
port isolation at different frequency bands. From Figure 3, it
is clear that isolation values of —25.1588 dB, —27.9449 dB,
and —24.6855 dB are achieved at 9.20 GHz, 14.05 GHz, and
13.35 GHgz, respectively.

Figure 4 illustrates the three-dimensional gain radiation pat-
tern of the antenna described. The antenna’s peak gain is
4.7 dB, and the radiation concentrates predominantly in the up-
per hemisphere, which indicates a directional radiation pattern.

2.3. Design of Nonuniform MGAA

Nonuniform MGAA structure: The grid units are made to tran-
sition from uniform to nonuniform spacings across the array.
The center elements are lengthened and the edge ones short-
ened, introducing structural asymmetry that individualizes res-
onant frequencies, broadens the overall bandwidth, and en-
hances inter-element isolation — hence enhancing multi-band
and MIMO performance. The feed points are also redesigned
to further enhance the antenna response.

Figure 5(a) indicates that the antenna demonstrates effective
operation across various frequency bands with high-quality res-
onant dips at 11.99 GHz (—28.58 dB), 12.25 GHz (—28.13 dB),
and 13.53 GHz (—25.63 dB). The simulated So5 parameter plot
demonstrates clear resonant dips at 8.98 GHz, 11.90 GHz, and
14.11 GHz with return loss measures of —20.40 dB, —28.33 dB,
and —22.80dB, respectively, as illustrated in Fig. 5(b). Such
low S11 and Sy, values demonstrate effective power transfer
and minimal signal reflection.

Figure 6 indicates that the antenna has good port isolation
for a variety of frequency bands. More surprisingly, isola-
tion values of —23.7271dB at 9.6188 GHz, —30.5441dB at
13.8225 GHz, and —24.1378 dB at 16.1025 GHz are obtained.
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FIGURE 2. Simulated reflection coefficients. (a) S11 and (b) S22 of uniform-MGAA.
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FIGURE 3. Simulated isolation (S12 and S21) of uniform-MGAA.
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FIGURE 5. Simulated S-parameter. (a) S11 & (b) S22 curve of the nonuniform MGAA structure.

2.4. Design of DSF Nonuniform MGAA

To achieve better impedance compatibility and overall perfor-
mance of the nonuniform MGAA, a differential shifted feeding
(DSF) mechanism and eight parasitic patches are utilized. The
DSF is used to provide a 180° phase difference across bands at
the same time, essentially enhancing impedance matching and
greatly increasing bandwidth, especially around the frequency
band of 14 GHz. Additionally, the eight parasitic elements of
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size 14.5mm in length and 8.5 mm in width are strategically
placed within the structure to improve electromagnetic cou-
pling and surface current distribution. These enhancements all
lead to greater antenna gain, improved radiation efficiency, and
greater applicability in high-frequency operations.

A co-simulation environment was established in ANSYS
Electronics Desktop by combining High Frequency Structure
Simulator (HFSS) with Circuit Designer to simulate the DSF-
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FIGURE 6. Simulated isolation S12 of non uniform MGAA.
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FIGURE 7. (a) LC network and (b) shows the LC network connected to both input ports of the MGAA to symmetrically improve impedance matching

and support differential feeding.

based nonuniform Microstrip Grid Array Antenna (MGAA). In
this setup, an RF signal is provided at the input port and passed
through a circuit block (Circuit2-U1), which is constructed as
an LC matching network, as shown in Fig. 7(a). This circuit
is connected to the HFSSDesign2 block, which simulates the
electromagnetic (EM) response of the antenna structure, includ-
ing differential feeding. The output of the HFSS block is then
fed through a second circuit block (Circuit2-U2) and exits at
the output port, as shown in Fig. 7(b). This combined simula-
tion approach enables complete performance analysis through
circuit-level and full-wave EM simulations in a single step,
enabling precise characterization of return loss, isolation, and
overall antenna performance.

The comparison of the the nonuniform MGAA without and
with differential shifted feeding antennas is illustrated in Figure
8, and better bandwidth and performance are clearly indicated
using the given method.

The comparison illustrates the efficiency of differential
shifted feeding (DSF) in improving antenna performance.
Without DSF, the return loss at 14.0474 GHz is —11.0921 dB,
which represents moderate impedance matching, with
a simulated —10dB impedance bandwidth of 13.74 to
14.0474 GHz. With DSF, several resonant dips are seen,
such as —22.1140dB at 8.8271 GHz and a much deeper
—38.0427dB at 14.0872GHz. The corresponding —10dB
impedance bandwidth is from 13.54 to 14.45 GHz, as indi-
cated in Fig. 8(a). This significant improvement at around
14 GHz attests to improved impedance matching and a broader
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operational bandwidth, proving the advantages of the DSF
method.

Figure 8(b) indicates that without DSF, the isolation at
14 GHz is —4.2774 dB, while with DSF, it improves consid-
erably to —20.2514 dB at 14.0872 GHz, reflecting less mutual
coupling between ports. By suppressing unwanted coupling
effectively, the DSF method provides improved signal integrity
and increased isolation.

Compared to the conventional uniform grid structure, the
proposed nonuniform grid structure has multiple peak mini-
mum reflection coefficient values, as shown in Fig. 9. With-
out DSF, the antenna exhibits a peak gain of 10.6dB and a
less focused, wider radiation pattern. When DSF is introduced,
the gain increases to 17.2 dB and is more focused in its radi-
ation, as shown in Figs. 10 (a) & (b). This demonstrates that
the parasitic elements and the DSF are important in increas-
ing gain and directionality factor of the antenna. DSF may al-
ter the amplitude and phase distribution of the radiated fields
over the aperture. By appropriately positioning and dimension-
ing the DSF elements to half a wavelength, the fields scattered
from the DSF add constructively in the main radiation direc-
tion, which narrows the main beam and increases the effective
aperture, thereby enhancing gain and directivity.

In conjunction with DSF implementation, an LC match-
ing network is utilized in order to further improve impedance
matching, as indicated in Fig. 7(b). This pairing brings the an-
tenna impedance closer to the conventional 50 {2 standard, thus
increasing power transfer and overall radiation performance.
The efficiency of this method is illustrated by comparing the
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FIGURE 8. Comparison of the nonuniform MGAA with and without differential shifted feeding (DSF). (a) Simulated reflection coefficient (S11),
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FIGURE 10. (a) and (b) illustrate the 3D gain patterns of the antenna in the presence and absence of DSF.

input impedance (Z-parameter) at 14 GHz: without DSF, the
impedance is 17.0482 (), which means poor matching, while
with DSF, it becomes much better at 53.5539 {2 — much closer
to the target value — leading to more efficient operation at this
frequency.

The directivity comparison between the two configurations
at 14 GHz (® = 180) as illustrated in Fig. 11.

Without DSF, the antenna has reduced peak directivity and
increased side lobes, which means that it is less efficient in ra-
diation in the target direction. On the other hand, with DSF,
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increased main lobe and suppressed side lobes are noted, lead-
ing to enhanced beam steering performance at 14 GHz.

The present distribution of the DSF-MGAA, as presented in
Fig. 12, shows that the most intense electric field levels — and
by extension of the highest surface currents — are at the cen-
tral feed lines and major radiating elements, shown by the red
and orange areas. These are the main radiation sources because
of the differential feeding approach. The parasitic patches sur-
rounding it, with moderate field intensities (yellow to green),
display induced currents due to mutual coupling, which con-
tribute to enhancing radiation pattern control and overall gain.

WWwWw.jpier.org



Progress In Electromagnetics Research C, Vol. 164, 96-104, 2026

PIER C

Directivity Plot 4

Without DSF

With DSF

FIGURE 11. Directivity.

E Field [Vim]

14302.3066
13348.9014
12395.4971
114420918

104386365
95352813
8581.6760

7626.4712
66750659 .
57216611
4768.2559 ’
3814.8508
2861.4458
1908.0406 &
9546356

- - -

FIGURE 12. E-field representation.

Lower field intensity areas (blue) reflect the fringing fields re-
sponsible for bandwidth enhancement. The measured symmet-
rical current distribution confirms the balanced operation of
the array and highlights the successful interaction between the
driven and parasitic elements that are responsible for the en-
hanced performance of the antenna.

3. MEASUREMENTS AND RESULTS

This part presents a comparative investigation of the simulated
and measured results for the nonuniform Microstrip Grid Array
Antenna (MGAA) structure with Differential Shifted Feeding
(DSF) and eight parasitic elements. Fig. 13 shows photographs
of the fabricated antenna prototype. The antenna testing setup
is depicted in Fig. 14, where a Vector Network Analyzer (VNA)
is used to test important performance parameters, such as return
loss, isolation, and Voltage Standing Wave Ratio (VSWR). The
antenna is connected through SMA connectors, and differen-
tial feeding is achieved with paired cables. The VNA measures
the parameters across a frequency band of 1-16 GHz and fa-
cilitating the evaluation of impedance matching and the overall
operating performance of the antenna.

101

FIGURE 13. Photo of fabricated antenna.

FIGURE 14. Testing of antenna in Vector Network Analyzer.

3.1. Reflection Coefficient

Simulated and experimental results for return loss (S1;) char-
acteristics of the suggested DSF-based nonuniform Microstrip
Grid Array Antenna (MGAA) are shown in Fig. 15(a). The
antenna shows broadband operation over the frequency band
2-16 GHz. In the simulated response, clear-cut resonant dips
are seen at 8.83 GHz (—22.11dB), 11.07 GHz (—24.82dB),
and 14.09 GHz (—38.04 dB), with the —10 dB impedance band-
width covering from 13.54 GHz to 14.45 GHz, which reveals
excellent impedance matching. The experimental results also
reflect strong resonance properties, with return loss values of
—28.13dB at 13.07 GHz and —26.83 dB at 13.58 GHz. Its cor-
responding —10 dB bandwidth is around 11 GHz to 15.4 GHz,
which proves its broadband nature and validates the efficient
radiation and impedance matching of the antenna.

The Sy, parameter, depicted in Fig. 15(b), indicates return
loss at port 2 in both simulated and measured responses. The
simulated curve has resonating dips at 8.83 GHz (—28.12dB),
10.06 GHz (—23.31dB), 12.97GHz (—19.84dB), and
14.25 GHz (—27.18 dB). The measured ones are also substan-
tially close to them with return loss of —28.77 dB at 13.67 GHz
and —22.02 dB at 14.09 GHz, ascertaining good port isolation
and broadband characteristics of the antenna.

3.2. Isolation

The S12 parameter plot, as given in Fig. 16, indicates the isola-
tion among the feed points of the MGAA within the 2—16 GHz
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FIGURE 15. Simulated and measured. (a) Reflection coefficients (S11) & (b) reflection coefficients (S22) of the DSF-based nonuniform MGAA.
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FIGURE 16. Simulated and experimental isolations.

frequency range. From the simulated response, the antenna re-
alizes an isolation of —20.25dB at 14.09 GHz and —23.37dB
at 15.5 GHz, showing moderate suppression of mutual coupling
among the ports. Conversely, the measured values show con-
siderably improved isolation, with —47.44 dB at 14.09 GHz and
—27.68 dB at 15.5 GHz. This high measured port isolation is an
indication of good decoupling, which is a key requirement for
MIMO systems to provide low inter-port interference and better
diversity performance.

3.3. VSWR

The simulated VSWR at port 1 of the suggested antenna is
less than the traditional limit of 2 over a very broad frequency
range, reflecting good impedance matching and minimal mis-
match losses, especially at higher frequencies. The values show
minor variation but remain within acceptable limits over the 6—
16 GHz range. The measured VSWR also exhibits this pattern,
with values remaining near 1 over the same frequency range, as
shown in Fig. 17(a). This indicates very effective power trans-
fer and very good impedance matching in real-world applica-
tions.

The VSWR plot of port 2, Fig. 17(b), shows both simulated
and measured results over the 1-16 GHz frequency range. The
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simulated VSWR is as low as 1.87, showing good impedance
matching and acceptable reflection levels, especially in the
higher frequency range. The VSWR value also measured from
the realized antenna improves the simulated response further
to a lowest value of 1.8, thus verifying successful impedance
matching and effective power transfer under real conditions.
The observed performance validates the antenna’s effectiveness
for high-frequency applications, covering Ku-band very effec-
tively.

3.4. Comparison and Discussion

Table 2 gives a comparative overview of the major performance
parameters of the proposed DSF-MGAA from both simulated
and experimental data. The simulated frequency range is be-
tween 8 GHz and 16 GHz, whereas the measured frequency
range is slightly shifted, ranging from 11 GHz to 16 GHz. The
simulated response shows a minimum return loss of —38.04 dB,
while the measured return loss is —28.13 dB, both reflecting su-
perb impedance matching. The simulated VSWR is 1.86, with
a better measured value of 1.31, implying improved efficiency
in power transfer in actual implementation. Additionally, the
simulated port isolation is —20.25 dB, while it greatly improves
to —47.44 dB in the measured data, ascertaining robust port de-
coupling and establishing the antenna as appropriate for MIMO
applications.

The difference between measurement and simulation return
loss variability is primarily as a result of PCB fabrication tol-
erance and solder flaws of the connectors, which would lead to
shifts in frequency as well as increased signal losses.

TABLE 2. Simulation and measurement comparisons of DSF MGAA.

Simulated Measured
Parameters
result result
e
Operating | ¢ -, 16GHz | 11 GHz-16GHz
Frequency
Return Loss —38.0427dB —28.127dB
VSWR 1.86 1.31
Isolation Loss —20.2514dB —47.4359 dB
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TABLE 3. Comparisons of DSF MGAA for uniform vs nonuniform grid structures.

Operating .
Antenna BW Gain
Reference frequency .
structure (%) (dBi)
(GHz)
Uniform Grid/
[1] nor B 3.7/28.5 34/45 | 8.98/19.2
two parasitic patch
Thi N iform/
18 | onuntiorm 11GHz-16GHz | 28.12 17.2
Work eight parasitic patch

With respect to [1], in which a uniform grid is utilized
with two parasitic patches with operation at two narrow bands
(3.7 GHz with bandwidth 3.4% and 28.5 GHz with bandwidth
4.5%) and provides gains of 8.98 dBi and 19.2 dBi, respec-
tively. In the proposed work, nonuniform spacing may be cho-
sen so that some cells resonate or couple more strongly at one
band and others at the second band, and similarly at the third
band, hence, aiding the tri-band operation, and more parasitic
patches provide additional degrees of freedom in lengths and
positions to generate multiple closely spaced resonances. Dis-
tributed parasitics help control the phase front and aperture il-
lumination more finely, leading to higher gain. This yields a
wider bandwidth of 28.12% and high gain of 17.2 dBi over the
band, and this comparison is illustrated in Table 3. Improved
impedance matching, wider bandwidth, and high-gain stability
are achieved by the new configuration and larger parasitic ele-
ment count, which improve the design for wideband and high-
frequency operations.

4. CONCLUSION

The proposed antenna designed from a uniform to a nonuniform
Microstrip Grid Array Antenna (MGAA) is achieved through
different spacings and positions of the elements, such that there
would be more flexibility in controlling high-frequency reso-
nant properties. The addition of Differential Shifted Feeding
(DSF) greatly enhances performance, with a simulated return
loss of —38.04 dB and isolation of —20.25 dB at 14.0872 GHz,
reflecting very good impedance matching and lower mutual
coupling. In measurement, the antenna shows a return loss of
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—28.77dB, isolation of —47.44dB, and VSWR of 1.31, as-
certaining solid real-world performance. The measured band
ranges from 11 GHz to 15.5 GHz, with a wide frequency band
useful in many high-frequency applications. The insertion of
eight parasitic elements further enhances the design by increas-
ing the gain to 17.2 dB and minimizing beamwidth, thereby in-
creasing directivity and suppressing side lobe. In addition, an
LC matching network is utilized to achieve impedance match-
ing close to 50-ohm. Collectively, these enhancements validate
the antenna’s applicability in high-frequency systems, ensuring
high gain, wide bandwidth, improved impedance matching, and
improved isolation characteristics.
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