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Abstract This work proposes a microstrip antenna array 
with a 2 × 2 radiating trapezoidal patch with a defected 
ground structure (DGS) in a 30 × 70 × 1.6  mm3 size. This 
design is aimed at impedance bandwidth improvement by 
comparing the array with a single radiating element with dif-
ferent DGS possibilities. The ground defected with a square-
shaped structure is symmetrically etched at the center verti-
cally on the ground between the unit elements. In the first 
layer of 2 × 2, the spaces between individual elements have 
been maintained as sufficient to minimize mutual coupling, 
and in the second row of the array, it has been reduced with 
many trials. As compared to an antenna array without DGS, 
the introduction of DGS shows an increase in bandwidth 
from 85.5 (1.84–1.93 GHz) to 123.9 MHz (2.59–2.71 GHz) 
without increasing its total size. DGS with a single square 
at the center shows the lowest return loss (− 35 dB) at the 
highest operating frequency (2.87 GHz), with an operating 
band of 2.81–2.93 GHz.

Keywords Defected ground structure · Gain · Impedance 
bandwidth · Surface current · Far-field pattern · Biomedical 
applications

Introduction

Antennas for multiple input/multiple output (MIMO) [1] 
with microstrip arrays are nowadays best suited for high-
performance wireless communication. Modern internet apps 
tune to specific frequencies by means of Wireless Fidelity 
(Wi-Fi) relays, which support many wireless applications. 
Microstrip antennas, which provide proper matching with 
suitable frequencies, are widely used for internet applica-
tions due to their low cost and compact profile [2]. Micro-
strip antennas contain a radiating patch in a rectangular, cir-
cular, or other unique shape. The substrate has now been the 
focus of much research to cover one or more frequencies [3]. 
High gain [4], easy fabrication [3], and wider bandwidth [5] 
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make the Vivaldi antenna more suitable than other-shaped 
microstrip antennas for wireless millimeter-wave communi-
cation. The transmission capacity of Vivaldi antennas can be 
further improved by the proper selection of radiating shape 
combinations like comb-shaped slits and radiating section 
nesting [6].

By introducing alternative forms to flaws in the ground, 
microstrip array antennas intended for 5G (Fifth Genera-
tion) communications systems can perform better [7–10, 
10], and [11]. Previous research has suggested a number of 
techniques to increase the isolation between elements in an 
array without making the microstrip antennas larger overall 
[1]. The large space requirement due to periodic structure 
and expensive fabrication in EBG bring much attention to 
defected ground structure (DGS) [12]. By creating holes and 
slots in the ground with different shapes, such as spirals, one 
can lessen the reciprocal interaction between the elements 
[13], C [14], V [15], U [16], and H shapes [17], ring [18], 
and dumbbell [19] at selected positions in the ground.

DGS, started in 1999 [20], introduces disturbances in 
radiating current or in the ground planes to improve antenna 
performance [21]. Not only for bandwidth enhancement, 
DGS can also be used for UWB (Ultra-WideBand) notch 
band introduction [22], to isolate high polarization [23], for 
dual-frequency applications [24], mutual coupling reduction 
[25], and multi-band applications [26]. Though the back-
ward radiation leads to constraints on applications, DGS can 
be widely used in amplifiers [27], antennas [28], and filters 
[29] for enhancing the selected behavior of devices.

The recent research has been analyzed as follows: One 
way to decrease the mutual coupling between elements is 
to introduce ground defects with different shaped holes and 
slots. For example, one can place a dumbbell slot at a spe-
cific position in the ground and use two parallel coupled line 
resonators (PCR) to decouple in a two-element array with a 
U shape [16]. The optimization procedure for the shape and 
location of DGS in an inverted F-planar antenna has been 
presented in [30]. Though various feeding techniques like 
aperture coupling, proximity coupling, and coaxial probes 
are frequently used due to their ease of integration and fabri-
cation [31], in order to reduce size, microstrip antenna arrays 
were introduced in [32] for use in the S band at 2.2 GHz on 
Duroid substrate, but the size miniaturization increases the 
cost of gain reduction. Two patches with slot-array DGS 
parallel to each antenna element on the ground plane have 
been presented in [33] for mutual coupling reduction, but 
with a bigger size of 120 × 205  mm2. The DGS has been 
used to improve the gain [34] and reduce the magnitude and 
number of side lobes as well.

It was suggested in [35] to use a triple-layered patch 
antenna that has two slots carved into the bottom layer of 
the structure to provide a steady, symmetrical radiation pat-
tern with a large bandwidth. In order to lessen the mutual 

coupling across dual-feed sites of circularly polarized micro-
strip antennas with an optimal axial ratio, a T-shaped defec-
tive ground structure (DGS) is given in [36]. In order to 
improve communication capacity in various applications, 
multi-input and multi-output (MIMO) antennas [37–39] 
were created in [40]. However, they also introduce cou-
pling issues between array members, which would nega-
tively impact their performance. In [41], a double-layered 
DGS arrangement is suggested as a compact antenna design 
solution for microstrip patch antennas. The equivalent cir-
cuit model is used to analytically explain the size reduction 
that results with the additional resonating LC elements. A 
metamaterial-inspired antenna array with DGS and sub-
wavelength slots is suggested in [42] for use in the millim-
eter-wave to terahertz (THz) spectrums. A microstrip wire 
connects each radiating element in the array to the others.

To add to the literature on bandwidth enhancement meth-
ods, in this paper, we have proposed a simple, low-cost, low-
profile trapezoidal-shaped microstrip antenna array with dif-
ferent DGS. With a square-shaped defect, the array that is 
being exhibited is created on an inexpensive FR4 substrate, 
which employs a significant improvement in bandwidth. By 
comparing two DGS array antennas with a single radiation 
patch of the same shape and same dimension, the operating 
frequency shift (from 1.77 to 2.87 GHz), reduction in return 
loss (from − 26 to − 36 dB), improvement in bandwidth 
(from 85 to 121 MHz), increase in E-field (from 15,654 
(V/m) to 35,492 (V/m)), and increase in H-field (from 56 
(A/m) to 149 (A/m)) have been achieved in the trapezoidal 
patch antenna array (TPAA) with single-square etching in 
the ground.

Antenna Structure and Dimensions

According to the analytical study, obtaining resonance is 
mostly independent of the patch width, and by utilizing 
mathematical modeling and previously developed math-
ematical formulas, one may determine the patch width for 
a given frequency. Apart from the width W, the radiating 
patch’s length W has a dominant impact on the antenna’s 
performance.

The width and length of the radiating patch in (1) and 
(2), respectively, are denoted by W and L, wherein c is the 
speed of light, fo is the center frequency, εr is the relative 
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dielectric constant, and ΔL is the change in length. It is 
possible to formulate the effective dielectric constant, εeff, 
as

where h represents the substrate thickness. The antenna’s 
electrical dimension appears bigger than its physical dimen-
sion due to the fringing field surrounding the radiating patch. 
The following illustrates how the fringing field’s action 
changes the length of ΔL:

The extant formulas are suitable for traditional rec-
tangular radiating patches; nevertheless, the suggested 
antenna’s geometric dimensions and form were attained 
through the process of modification, testing, and operation. 
Enhanced impedance matching throughout the operational 
frequency bands is achieved by optimizing the microstrip 
line’s dimensions through design and simulation.

With optimized measurements as indicated in Table 1, 
the suggested trapezoidal patch antenna array (TPAA) is 
seen in Fig. 1. Using a FR4 substrate with 4.3 permittivity, 
1.6 mm thickness, 0.025 loss tangent, and a 0.025-mm-
thick copper conductor, the suggested construction is 
sketched out. As seen in Fig. 1a, the optimal dimension 
of the array front view has been determined to be whole 
ground at first and half ground up to the radiation edge. To 
achieve compact size, the front view is tried with a 2 × 2 
array of the same size, four trapezoidal-shaped radiating 
elements with full ground, as shown in Fig. 1b.

With FR4 substrate on one side and 0.025-mm cop-
per foil on the other, the finished 2 × 2 TPAA has dimen-
sions of 30 × 70 × 1.6  mm3. Finally, the same front view is 
retained as in Fig. 1b, and DGS is introduced at the center 
with single-square etching as in Fig. 1c and with two addi-
tional squares as shown in Fig. 1d. The four structures 
considered for comparison are summarized below:

(3)�
eff

=
1

2

(
�r + 1

)
+

1

2

(
�r − 1

)
√

|
|
|
|

(
1 +

10h

W

)|
|
|
|

(4)ΔL = 0.412h

(
�e + 0.3

) [
(W∕h) + 0.264

]

(
�e − 0.258

) [
(W∕h) + 0.8

]

Table 1  Dimensions (in mm) of the proposed structure

Parameter Value Parameter Value Parameter Value

W 30 L 70 W4 15
Wf 7 Lf 20 L5 2
G 05 Ltri 44 L4 10
Wp 10 Lp 21 W2 6.5
W1 2.5 L1 6 L2 7

Fig. 1  Proposed TRAA with front and back views having a single 
element half ground up to radiation edge, b full ground, c partial 
ground DGS, d partial DGS with additional squares
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Fig. 2  a Z and Y comparison, 
b power and loss simulation, 
c time signals of array with 
half ground and DGS having 
additional squares
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• Figure  1a: Basic antenna with single trapezoidal 
patch and ground up to radiating edge of dimension 
30 × 70 × 1.6  mm3.

• Figure 1b: 2 × 2 TPAA of the same dimension as in Ant.1 
with bottom fed and full ground.

• Figure 1c: TPAA with similar front panel as in Ant.2, 
center fed and single-square DGS at center.

Fig. 3  Simulated return loss 
and VSWR of TRAA with a–d 
half ground, b and e full ground 
and DGS, c and f comparison 
for two DGS, respectively
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• Figure 1d: TPAA with similar front panel as in Ant.3, 
center fed and two additional squares on both sides of 
single-square DGS as in Ant.3.

Results and Discussion

The four configurations of antennas designed have been 
simulated using CST software to analyze their electrical 

properties. The antenna consists of approximately 50-Ω 
impedance microstrips fed at the input port.

To retain a good trade-off between the loss and power 
propagation of two impedances of 30 Ω and 77.5 Ω, the 
middle characteristic impedance of 50 Ω has been analyzed 
in terms of impedance, admittance, power, loss, and time 
signals for the antenna array, with DGS having additional 
squares as shown in Fig. 2. From Fig. 2a, it is clear that 
for a single element half ground up to the radiation edge 

Fig. 3  (continued)
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at 2.65 GHz, the input impedance is maintained nearly at 
46.03 Ω. At this resonant frequency, the power received is 
equal to 0.5 W, with minimum power absorption at the input 
port (0.472 W) and other ports (0.027 W), as depicted in 
Fig. 2b. Good impedance matching between input and out-
put has been evident, with negligible phase delay (0.15 W) 
at output and minimum reflection at the feeding point, as 
shown in Fig. 2c.

The simulated return loss and VSWR are compared, as 
seen in Fig. 3, to guarantee the least reflection of the pro-
posed antenna array. It is evident from Fig. 3a that a single-
element TRAA with half ground up to radiation edge oper-
ates at 1.77 GHz with a − 36-dB return loss, 274 MHz of 
bandwidth, and a 1.034 VSWR.

The resonance frequency is 2.55 GHz, with an unsatis-
factory retune loss when the ground is fully at the array’s 
backside. At the working frequency of 2.872 GHz, it has 
improved to − 34.87 dB when DGS with partial ground 
has been introduced, as shown in Fig. 3b. Further analysis 
has been made with the introduction of additional squares 
in the ground, and operating bandwidth improvement up 

to 123 MHz has been achieved with return loss (− 35 dB), 
and VSWR (1.03) at 2.87 GHz has been achieved and is 
improved up to 418 MHz for array with DGS having addi-
tional two squares as depicted in Fig. 3c.

The validation of these analyses has been done in terms 
of VSWR with an acceptable value below 1.1 for all struc-
tures, as shown in Fig. 3d–f for all structures. The size of 
the ground plane did not significantly determine the per-
formance of the antenna from the standpoint of impedance 
matching and VSWR; rather, the antenna’s location on the 
ground plane did matter more. The array with a complete 
ground plane has a lower value for its VSWR (1.033 at 
1.77 GHz), and the array with a DGS having a single square 
in the ground has a value of 1.04 at 2.87 GHz, which is bet-
ter with respect to the higher resonant. The VSWR has not 
varied much among the proposed structures.

The surface current distribution for each of the four struc-
tures in Fig. 4 has been simulated in order to examine the 
isolation behavior of the proposed DGS. The current den-
sity is lower (44.26 A/m) in an array with half ground for a 
single element and 133.10 A/m in an array with complete 

Fig. 4  Simulated current distribution of proposed structures a single trapezoidal element, b array of four elements, c array with DGS, d array 
with DGS and additional square at ground
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ground, according to these perspectives in Fig. 4a and b. The 
array with DGS has achieved a 100.22 A/m current density 
for a single square, compared to a 99.68 A/m value with 
more etching using two squares in the ground, as depicted in 

Fig. 4c and d, respectively. Hence, it is clear that there is no 
deviation in current density with more etching in the ground.

Figure 5 shows the radiation pattern of four structures 
at their respective resonant frequencies for the E-plane and 

Fig. 5  H-plane and E-plane 
far-field polar patterns of the 
suggested structures a single 
element partial ground, b array 
with full ground, c array with 
DGS, d array with DGS and 
additional squares
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H-plane. Figure 5a and b shows the gain plot for a half-
ground single radiating electromagnetic antenna for Τ and 
θ of 0°, 90°, 180°, and 270°. The data indicate that the side 
lobe level is − 3.8 dB with a 55° main lobe orientation. 

Likewise, Fig. 5b–d shows the gain for an array with two 
squares, a full-ground four-element array, and an array with 
a sine square. It is evident from the comparison that antenna 
arrays featuring a single-square DGS produce superior 
outcomes in terms of minimal side lobe level (− 0.9 dB), 
higher directivity (3.92 dB), and maximum E-field strength. 
Though the gain has not increased much, we are able to 
retain the maximum gain of 4.98-dBi DGS for bandwidth 
improvement. The gain has not been compromised for the 
improvement of bandwidth and has been maintained from 
3.92 to 3.8 dBi for DGS with single- and two-square DGS.

The two-square DGS antenna array’s 3D far-field radia-
tion pattern at 2.65 GHz, with a maximum gain of 3.8 dBi, is 
displayed in Fig. 6. It shows that the maximum gain has been 
spread out in most of the region, which is indicated by the 
red color, with the gain above − 18 dBi in the lower region 
below the center. The outer region covers the maximum 
gain, and gain converges to the minimum value toward the 
center. The electrical parameters of four structures simulated 
in this paper are compared in Table 2.

Table 2’s comparison makes it evident that we have 
achieved compactness by combining four radiating ele-
ments in the same 30 × 70 × 1.6   mm3 dimension with 
bandwidth improvement and gain maintenance. Hence, 
we conclude that we achieved a compact size, high band-
width, and good radiation antenna array for low-fre-
quency airport surveillance radar applications from 2.65 
to 2.93 GHz, specifically for modem uplink transmission 
at 2.8 GHz. Table 3 presents a written comparison of 
the different radio antennas and our suggested construc-
tions’ performance. From this table, it is delineated that 
our proposed trapezoidal transmitting shape achieves the 
highest elevated 3-dB transfer speed with a single com-
ponent (85.5 MHz) and encourages the transfer speed 

Fig. 6.  3D radiation pattern of two-square DGS antenna array

Table 2  Performance comparison of four structures proposed in this 
work

Parameters Ant.1 Ant.2 Ant.3 Ant.4

Return loss (dB) − 35.58 − 26.18 − 34.69 − 26.15
Operating/cutoff frequency 

(GHz)
1.774 1.891 2.872 2.656

Operating bandwidth (MHz) 274 85.5 121.6 123.9
VSWR 1.034 1.103 1.0375 1.1036
Surface current (A/m) 44.26 133.10 100.22 99.68
Directivity (dBi) 4.175 4.980 3.920 3.80
Side lobe level (dB) − 3.8 − 8.8 − 0.9 − 1.9
Main lobe direction (deg) − 55 4 − 51 141
H-field (A/m) 56.63 160.52 149.83 129.58
E-field (V/m) 15,654 36,093.4 35,492.9 44,156.5
Impedance BW % 15.44 4.521 4.233 4.66

Table 3  Comparing this work’s 
performance to that of other 
arrays in references (NS: Not 
Specified)

Ref. Size DGS shape 10-dB 
BW 
(MHz)

Return 
Loss (dB)

F
(GHz)

Substrate Gain
(dB)

[31] 1 × 3 T-shaped 86 − 25 4 FR4 3.94
[30] 1 × 3 Circular meandered rings 116 − 19 2.5 FR4 3
[34] 1 × 2 Slot 617 − 48 5.8 Dielectric 6.7
[32] 2 × 1 Reduced ground 100 − 17 2.4 RT Duroid 1.93
[33] 1 × 2 Slot NS − 31 1.25 Taconic 0.3
[16] 1 × 2 U shape 350 − 30 2.45 FR4 NS
This work 2 × 2

(Ant.2)
(Ant.2)

Square 85.5 − 26 1.89 FR4 4.98

2 × 2
(Ant.3)

121.6 − 34 2.87 FR4 3.92

2 × 2
(Ant.4)

123.9 − 26 2.66 FR4 3.8
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to be expanded to 123.9 MHz for clusters in the same 
measurement.

Conclusions

The proposed work shows that the antenna array with a 
single-square DGS achieves a higher operating frequency 
of 2.87 GHz, a minimum return loss of − 35 dB, and a 
0.12-GHz bandwidth with low cost and size, a simple pro-
file, and easy configuration for compact wireless devices. 
The maximum impedance bandwidth of 274  MHz is 
achieved by adding ground up to the radiating edge struc-
ture, with a minimum bandwidth of 86 MHz in the full-
ground array. Since the structure is compact and the FR4 
substrate is low-cost, low-frequency applications between 
1.77 and 2.65 GHz can make use of the suggested antenna 
arrangement. In future, our antenna array will be designed 
for flexible materials for biomedical applications and 
tested for verification.
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