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Abstract In this research work, T-Shaped Monopole (TSM) Multiple input multiple 
output (MIMO) antenna with connected ground is designed and analyzed for wire-
less local area network (WLAN) and X-band satellite communication applications 
concurrently. Each TSM applied for MIMO configuration, consists of T-shaped as 
a main radiator which further is branched into two asymmetrical inverted-F shaped 
radiators on each side forming a cactus shaped structure and a partial ground plane 
to achieve impedance matching characteristics. The cactus shaped MIMO antenna is 
excited by 50  Ω microstrip feed line to induce two resonances at 5.20 GHz in lower 
frequency (FL) band and 9.70 GHz in upper frequency (FU) band. Further analysis 
confirms that fractional impedance bandwidth (FIB) of 10.60% (4.90–5.45 GHz) 
and 27.80% (8.72–11.55 GHz) are achieved in FL and FU band, respectively with 
minimum mutual coupling of −20 dB, gain 3 dBi and efficiency of 65% in both the 
desired operating bands. Moreover, the MIMO diversity parameters are also analysed 
for the validation of MIMO applicability. 

Keywords Monopole antenna · WLAN · X-band · MIMO · And microstrip feed 
line 

1 Introduction 

In the presence of global pandemic COVID 19, MIMO technologies incorporating 
multiband antennas plays a very significant role to implement the concept of “Learn
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from home” and “work from home”. Therefore, with the support of MIMO tech-
nology, this paper presents the design and analysis of two port cactus shaped 
MIMO antenna for wireless and satellite communication applications. Recently, 
a lot outstanding research efforts have been bestowed on the development of 
single/multiband/MIMO antenna [1–10]. 

A MIMO antenna incorporating two antenna array elements operating in X-band 
is revealed in [1]. An electronic band gap (EBG) structure is utilized to realize high 
isolation upto −22 dB in the working band of (8.00–12.00 GHz). However, the MIMO 
antenna possess the size of 55 × 49 mm2 and is printed on FR-4 substrate having 
thickness of 1.6 mm. However, the EBG structure always require a size greater than 
0.1λ, which makes the structure complicated in practical implementation. This in 
turn affects the radiation features of the complete wireless devices. In order to reduce 
the size of antenna array as well as complexity and also to operate the antenna array 
in X band similar to [1], a microstrip fed patch antenna with the size of 43 × 43 
mm2 is described in [2]. The described antenna is printed on expensive Rogers RT 
duroid 5880 substrate having thickness of 1.27 mm. However, while forming MIMO 
configuration, the antenna elements need to be closely packed with the conductive 
elements which leads in deteriorating the performance of MIMO antenna. Apart from 
the above, the antennas reported in [1–2] operate in single band only. An orthogonally 
placed, two port microstrip fed MIMO antenna operating in WLAN/INSAT/Super 
extended-C band is revealed in [3]. Here, in this antenna a parasitic rectangular strip 
and slots are inserted in the ground which helps to improve isolation upto 16 dB. 
Further, an orthogonal arrangement of antenna elements radiates orthogonally with 
each other which results in reduction of mutual coupling of antenna elements. A 
two element MIMO antenna working in (6.30–12.50 GHz) covering entire X-band 
application is reported in [4]. In this antenna an air gap in the radiator of antenna 
element is introduced which offer minimum isolation of −35 dB in the functioning 
band. However, MIMO antenna has footprint of 66 × 23 mm2 and is engraved on 
expensive 3.2 mm thick RT duroid substrate. To minimize the fabrication cost of 
the antenna, a four port MIMO antenna with minimum isolation of −20 dB for 
simultaneous functioning in entire sub 6 GHz and WLAN band is reported in [5]. 
The size of reported antenna is 30 × 40 mm2 and designed on cost effective FR-4 
substrate of 1.6 mm. 

To accommodate the advantages of coplanar waveguide (CPW) fed tech-
nique, a two port MIMO antenna covering the bandwidth of sub-6 GHz/Wi-Fi-
5/V2X/DSRC/Wi-Fi-6/INSAT-C is reported in [6]. The reported MIMO antenna 
uses FR-4 substrate and has designed volume of 32 × 22 × 0.8 mm3. A triple band 
microstrip fed arc shaped antenna with inverted L-shaped stubs is communicated 
in [7]. The reported antenna operates in WLAN (2.48–2.4835, 5.15–5.875 GHz) 
and X-band (7.25–7.75 GHz) for wireless and satellite communication applications. 
However, the reported antenna is effective to partial bandwidth requirement of X-
band. In order to cover the entire bandwidth of X-band, a coaxial fed S-shaped 
patch antenna is reported in [8]. The size of antenna is 20 × 17.2 mm2 and is built 
on economical 1.6 mm FR-4 substrate. However, the prob feeding technique may
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result in fabrication difficulty and spurious radiation. A multiband and compact flex-
ible ultra-wide band (UWB) antenna and CPW fed antennas are reported in [9–10]. 
However, the antenna [9–10] are single antenna element and does not provide high 
data rates and low latency. 

In this manuscript, a dual band cactus shaped monopole MIMO antenna with 
connected ground and high isolation for wireless and satellite communication appli-
cations is proposed. This cactus shaped MIMO antenna consists of two antenna 
elements with a minimum footprint of 30 × 30 mm2 for each element. To reduce 
a mutual coupling between the cactus shaped antennas, two symmetrical inverted 
U-shaped structure are introduced from ground planes. The proposed cactus shaped 
MIMO antenna is designed, analyzed and simulated using CST software to operate in 
FL (4.90–5.45 GHz) and FU (8.72–11.55 GHz) with minimum isolation of −20 dB. 

The manuscript is arranged as follows: Sect. 2 illustrates the layout and evolution 
mechanism of single cactus shaped antenna, Sect. 3 explains the MIMO geometry 
with decoupling structure, Sect. 4 gives insights on results and discussion. To prove 
the novelty and contribution, a performance comparison is presented in Sect. 5 and 
finally, paper is concluded in Sect. 6. 

2 Layout and Evolution Mechanism of Cactus Shaped 
Antenna 

The simplified design layout of single monopole antenna is depicted in Fig. 1 for 
wireless and satellite communication operation. The proposed antenna consists of

(a) (b) 

Fig. 1 Geometry and layout of proposed cactus shaped antenna (all dimensions in mm) a Front 
view b Back view



74 J. Kulkarni et al.

T-shaped main radiator which is further branched into two asymmetrical inverted-
F shaped radiators on each side, forming a cactus shaped structure and a partial 
ground plane to achieve impedance matching characteristics. The proposed single 
cactus shaped antenna is designed on FR-4 substrate having a size of 30 × 30 mm2 

(thickness 0.8 mm, loss tangent 0.025 and dielectric permittivity of 4.3.

2.1 Evolution Mechanism of Proposed Cactus Shaped 
Antenna 

The evolution mechanism of proposed cactus shaped antenna is illustrated in Fig. 2. 
For analyzing the operating mechanism of proposed cactus shaped antenna, the reflec-
tion coefficient curve (S11) dB of each step is depicted in Fig. 2. Initially, to achieve 
bandwidth of X-band (FU) band, a feed line with an inverted F-shape structure on 
right side as shown in Fig. 2 is excited by 50 Ω microstrip feeding line. Due to proper 
impedance matching and accurate feeding arrangement, the step-1 is able to induce 
a resonance at (10.70–11.30 GHz) which can be easily noted from Fig. 2. However, 
the induced bandwidth is very less. Therefore, in order to enhance the impedance 
bandwidth of setp-1, a step-2 is developed where, another inverted-F shaped struc-
ture to left of step-1 is branched out without disturbing the feeding position as shown 
in Fig. 2b. The corresponding S11 curve of step-2 is shown in Fig. 2. It is noted that 
the step-2 is able to enhance bandwidth in the frequency range of (8.72–11.55 GHz)
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Fig. 2 Step wise design of proposed antenna
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because the elongation of current path flowing through all radiator for longer time. 
The step-2 antenna could operate in FU band with frequency range of (8.72–11.55 
GHz), conforming the bandwidth need of X-band.

Further, to have another resonance at 5.2 GHz, a horizontal strip is added on top 
of the vertical strip extended from feedline forming a T-shape structure. The length 
of T-shaped radiator to resonate at required frequency is calculated by using below 
Eq. (1) 

λ = C √
εe f  f  f 

(1) 

where in Eq. (1), εe f  f  = εr+1 
2 , εr is dielectric permittivity of FR-4 substrate and C 

is speed of light in 3 × 108 m/s. 
This structure termed as step-3 helps in inducing a resonance at 5.20 GHz covering 

a frequency range of (4.90–5.45 GHz) as shown in Fig. 2. Thus, the proposed cactus 
shaped antenna induces two resonances at 5.20 and 9.70 GHz operating in frequency 
band of FL (4.90–5.45 GHz) and FU (8.72–11.55 GHz), respectively as visualized in 
Fig. 2. 

Further, to perceive more about working principal of proposed cactus shape 
antenna, a surface current distribution (A/m) is analyzed in Fig. 3. From Fig.  3a, 
it is noted that a more amount of current is flowing through T-radiator, confirming 
that this structure contributes to induce a resonance at 5.20 GHz with impedance 
bandwidth of 10.62% (4.80–5.45 GHz). Further, at resonance 9.70 GHz, analyzed 
from Fig. 3b, more amount of current is flowing through two asymmetrical F-shaped 
radiators thus inducing an impedance bandwidth of 27.8% (8.72–11.55 GHz). 

(a) (b) 

Fig. 3 Surface current distribution of proposed antenna a 5.2 GHz b 9.7 GHz
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(a) (b) 

Fig. 4 Geometry and layout of proposed TSM MIMO antenna (all dimensions in mm) a Front 
view b Back view 

3 Proposed Cactus Shaped MIMO Antenna Geometry 

The proposed cactus shaped MIMO antenna has designed footprint of 65 × 
30 mm2(1.12λ × 0.52λ) and comprises of two antenna elements located at an edge-
to-edge distance of 0.12λ (where λ is free space wavelength measured at 5.20 GHz) 
on top layer of FR-4 substrate as depicted in Fig. 4a. Figure 4b depicts that the 
bottom layer of FR-4 substrate which basically consists of two partial ground plane, 
two symmetrical inverted U-shaped structure branched out from the partial ground 
planes. Further, these two inverted-U shaped structures are connected using 4 hori-
zontal strips of 1 × 3mm2 each forming a ladder structure at the centre. This structure 
serves as a decoupling structure to reduce the mutual coupling of antenna elements 
and also enhances the diversity performance of proposed MIMO antenna. 

4 Results and Discussion 

The proposed cactus shaped MIMO antenna design is validated by comparing the 
scattering parameters including reflection coefficient curve and transmission coeffi-
cient curve. However, due to analogy of S11–S22 and S12–S21, only S11 and S12 curves 
are illustrated in Fig. 5. From the Fig. 5, it is visualized that antenna element operates 
in FL and FU bands with the same bandwidth as it is achieved in Fig. 2, while the 
S12 curve shows that the minimum mutual coupling between antenna elements is − 
20 dB in both the operating bands of FL and FU. 

Moreover, to realize the operating mechanism of decoupling structure, an electric 
filed intensity distribution (V/m) is analyzed in Fig. 6. This analysis is performed 
under the condition that when one antenna element (port 1) is active, other antenna 
element (port 2) is matched with 50 Ω load impedance. From Fig. 6, it is visualized 
that both the antenna elements remain protected from electric field of each other as 
amount of current flows through the decoupling structure. 

The three-dimensional (3D) and two-dimensional (2D) radiation patterns of the 
proposed cactus shaped MIMO antenna at 5.20 and 9.70 GHz are depicted in Figs. 7
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Fig. 5 S-Parameters of proposed MIMO antenna 

(a) (b) 

Fig. 6 Electric filed intensity distribution (V/m) a When port-1 is excited b when port 2 is excited 

(a) (b) 

Fig. 7 3D radiation pattern of proposed MIMO antenna a Antenna-1 b Antenna-2
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Fig. 8 2D radiation pattern of proposed MIMO antenna 

and 8, respectively. Both the radiation patterns are matched with each other with 
negligible nulls and obtained by keeping only one antenna element active, while the 
other one is terminated with 50 Ω load impedance. At both the resonances, the radia-
tion patterns are just like a monopole, whose co-polar radiation is an omnidirectional 
radiation with higher magnitude than cross polar radiation in the plane at the both 
the resonant frequencies.

The gain and efficiency of the proposed cactus shaped MIMO antenna is shown 
in Fig. 9(a). The minimum gain is 3.5 dBi at 5.2 GHz and 3 dBi at 9.7 GHz, whereas 
radiation efficiency is 65% at 5.20 GHz and 70% at 9.70 GHz. The correlation 
coefficient is an important metric to calculate the diversity performance of proposed 
cactus shaped MIMO antenna and plotted in Fig. 9(b). From this figure, it is visualized 
that the ECC of the proposed cactus shaped MIMO antenna is well below 0.05 
whereas the DG is well above 9.95 throughout the operating band. 

(a) (b) 

Fig. 9 a Gain and efficiency b ECC and DG
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Table 1 Performance comparison of proposed cactus shaped MIMO antenna 

Ref. Antenna 
element 

Band (GHz) Dimension 
(mm2) 

Thickness 
(mm) 

Substrate Gain (dBi) 

[1] Single 8.00–12.00 55 × 49 1.6 FR-4 2.2 

[2] Single 8.00–12.00 43 × 43 1.27 RT-Duroid 7.4 

[3] Two 4.64–9.00 25 × 34.80 1.6 FR-4 4.21 

[4] Two 8.00–12.00 66 × 33 3.2 RT Duroid 6.0 

[7] One 2.28–2.57/ 
5.00–6.27/ 
7.11–7.96 

18 × 34.5 0.8 FR-4 1.0 

[8] Single 8.69–9.14/ 
10.47–11.48/ 
11.53–11.98 

20 × 17.2 1.6 FR-4 2.5 

[9] One 1.33–11.11 35 × 35 0.2 FR-4 3.3 

[Proposed] Two 4.90–5.45/ 
8.72–11.55 

65 × 30 0.8 FR-4 3.0 

5 Performance Comparison of Proposed Cactus Shaped 
MIMO Antenna 

For validating the performance of the proposed cactus shaped MIMO antenna, a 
comparative study is tabulated in Table 1. The parameters considered for performance 
are no. of antenna elements, operating bands, dimension, thickness, type of substrate 
used and gain. 

The advantages of proposed cactus shaped MIMO antenna are as follows: 

1. The proposed MIMO antenna has less dimensions than [4] and cost effective 
than [2, 4]. 

2. The proposed MIMO antenna has two antenna elements as compared with all 
except [3, 4]. 

3. The proposed MIMO antenna operates in dual band unlike [1, 2, 3] with 
relatively thin thickness unlike [4]. 

4. The proposed MIMO antenna exhibit high gain as compared to [1] and [7] 

6 Conclusion 

A cactus shaped monopole MIMO antenna with inverted-U shaped (connected with 
ladder) as a decoupling structure is presented for WLAN and X-band application. 
The proposed cactus shaped MIMO antenna with interconnected ground operates 
at (4.90–5.45 GHz) WLAN and (8.72–11.55 GHz) X-band with minimum isolation 
of −20 dB. The MIMO antenna also exhibit gain of above 3 dBi, efficiency above 
65%, ECC below 0.05 and DG above 9.95 throughout the operating frequency band.
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Finally, a comparison between the current state of art and the proposed cactus shaped 
MIMO antenna is presented. From the comparative study it can be concluded that 
the proposed cactus shaped MIMO antenna a good contender for WLAN and X band 
applications. 
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