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Abstract 

This article presents a quadruple band-notched MIMO-UWB antenna with circular polarization (CP) 
characteristics in some frequency ranges. The monopole antenna has inverted L-shaped slots on the 
radiator element to create notches at 3.2GHz to 3.8GHz (Wi-MAX), 4.4GHz to 4.99GHz (military UAV, radio 
astronomy service, and public safety), 5.125GHz to 5.75GHz (WLAN), and 7.2GHz to 7.9GHz (x-band 
satellite communication). The circular polarization characteristics occurred over more than a 2GHz range 
with a center frequency of 10.8 GHz by truncating the radiating patch. The antenna has a radiation efficiency 
greater than 70% in the ultra-wideband range of 2.7–12.3GHz except for notched bands. The MIMO 
antenna has good diversity performance and uses a neutralization line (NL) for decoupling the closely 
placed monopole antennas. The experimental and simulated results are revealed for validity check.  

Index terms- Band notched, Ultra-wideband, Multiple-Input Multiple-output, Neutralization Line 

1. INTRODUCTION 

Irrespective of the advantages acquired by microstrip antennas, narrow bandwidth and 
low efficiency are the drawbacks. As a result, several methods for improving the 
performance of microstrip antennas have been reported in various publications. A patch 
antenna with a finite sized ground plane is presented [1]. It achieves 7.1 to 26.0 GHz 
bandwidth and improves gain with good radiation properties. In addition, [2] proposed a 
double circular ring antenna with a partial ground plane. The antenna is low profile, small 
in size, and has a larger bandwidth that covers 3.1–16GHz for biomedical applications.  A 
defected ground plane (DGS) was used for the UWB application, which was proposed. In 
[3] , the DGS significantly controls the impedance bandwidth and improves the radiation 
characteristics of monopole antennas by suppressing the higher modes of harmonics and 
reducing mutual coupling between adjacent elements. [4], [5] , creating different-shaped 
slots in the ground plane can modify current distribution, resulting in a change in the 
impedance bandwidth of a monopole, and this structure is called a defected ground 
structure (DGS). Using such structures, circular polarization can be achieved, as well as, 
multiband effects and improved radiation properties [6], [7] . On the other hand, due to 
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the nature of forming periodic structures to possess band gaps for surface wave 
propagation, electromagnetic band gap structures (EBG) are also used [8]. Met-materials, 
or photonic band gaps, are also crucial for the impedance bandwidth and gain 
enhancements  [9].  

The demand for high data rates and high-speed communication has alarmingly increased 
recently. The US FCC introduced UWB spectrum that extends from 3.1-10.6GHz[10]. 
After the release of this spectrum, there has been a frequent need for antennas applicable 
to this UWB spectrum. On the other hand, narrow band spectrums such as Wi-MAX , 
WLAN , and the X-band satellite communication band all create interference in UWB 
range[11].To minimize such undesired intrusion, implementing UWB antennas with 
multiband rejection is necessary. Researchers presented a variety of methods. Three 
notch bands are generated in [12] by including a hook-shaped with DGS , embedding a 
W-shaped slot into the patch, and adding a semi-octagon-shaped resonant ring on the 
rear side of the antenna. In [13], dual band-notch at Wi-MAX and WLAN bands achieved 
using a pair of inverted slots engraved on the patch while an isolation>-15dB was also 
realized using a T-shaped stub etched above the DGS.  In [14], an UWB antenna with a 
basic multilayered triple band-notched structure is presented. Closed-loop ring resonators 
are implemented to attain the narrow band-rejection characteristics. The midpoint 
frequencies of the notches are modified in this design by adjusting the mean diameters 
of the ring resonators. [15] Describes a coplanar waveguide-fed UWB printed monopole 

antenna with triple band-notched features. Three open-ended /4 slots are employed to 
generate the notch characteristics at three bands, respectively. Two elliptic single 
complementary-ring resonators of differing sizes are engraved into the patch and split-
ring resonators  

connecting the antenna's feed-patch connection to provide notches for Wi-MAX, WLAN, 
and X-band satellite communication [16] . A design in [17]  achieves band notches for Wi-
MAX , WLAN , and X-band using a Defected Ground plane and a small Electromagnetic 
Band Gap. In [18] , a circular monopole antenna for UWB applications is described that 
refuses narrow band wireless applications. The antenna achieves triple band-notch 
features through the use of mushroom EBG structures. [19] demonstrated a triple band-
notched UWB antenna that used an open-ended quarter-wavelength slot etched into the 
radiating patch to generate the first notched band and three semicircular half-wavelength 
slots cut into the radiating patch to generate the second and third notched bands. [11] A 
4-element MIMO antenna with a triple bands was proposed, it used an inductance-
boosted EBG structure for the band noticing effect. In [20] , on the other hand, quadruple 
notched characteristics are made by making three C-shaped slots and one inverted U-
shaped slot. In recent years, the benefits of reducing polarization mismatch, and multipath 
effects in scattering-rich environments have made circularly polarized (CP) antennas 
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more desirable in comparison with linear polarization antennas. To attain such UWB CP 
operation, several types of monopole patch antennas have been suggested. In [21] , two 
novel antenna design techniques were presented: antennas with crescent-cut and 
extended corner square microstrip antennas were introduced for CP characteristics. In 
[22], a dual band-notched antenna has circular polarization characteristics using two 
orthogonal tapered dipoles with frequency-notch characteristics generated by two distinct 
slots inserted into the arms of each dipole. [23]  Proposes a two-element MIMO-UWB slot 
antenna. By putting the same pair of spiral slots, rectangular slots, and L stubs on the I-
shaped slot antenna, circular polarization can be accomplished.  

In this work, a quadruple-band notched MIMO-UWB antenna with circular polarization 
characteristics in some of the pass band range is achieved. The band notch 
characteristics are obtained using inverted L-shaped slots with a quarter-wavelength size 
etched into the patch, while the circular polarization feature is also achieved due to the 
removal of some portion of the radiating patch. All the simulations are done using CST 
software, the proposed antenna is fabricated, and measured values are also discussed. 
The article discusses the basic antenna geometry, methods of generating band notches, 
and circular polarization characteristics in Section 2. Then the MIMO antenna 
configuration and result analysis are detailed as indicated in section 3. Finally, the 
conclusion in Section 4. 

 

2. BASIC ANTENNA GEOMETRY AND RESULT ANALYSIS 

Fig. 1 illustrates the design evolution of the required monopole antenna with circular 
polarization characteristics. The single-element UWB antenna without band-notching is 
derived from a defective ground plane based rectangular patch antenna with a triangular 
slot inside. It is fed by a 50 Ω microstrip line that uses FR-4 material as a substrate, with 
an eo value of 4.4, a 1.6mm thickness, and a 0.002 loss tangent. The band notching 
characteristics are mainly done using open-ended quarter wavelengths with small 
modifications and parametric optimizations. The dimensions of the monopole antenna 
element are indicated in Fig. 2, and the parameters are given in Table 1. In the design 
evolution, a step-by-step study on the development of the required fundamental radiator 
has been conducted. By rejecting services like Wi-MAX, services like (military UAV, radio 
astronomy, and public safety), WLAN, and x-band satellite communication are developed 
by introducing four open-ended slots. Each inverted L-shaped slot corresponds to a single 
band rejection. Besides, the CP characteristic is achieved by truncating the top and the 
right side of the patch simultaneously. A parametric study was conducted on the open-

ended /4 slots and the chamfered regions. 
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TABLE-1   MONOPOLE STRUCTURE DIMENSIONS 

Parameters  Units(mm) Parameters  Units(mm) 

Substrate size(𝑳𝒔𝑾𝒔) 24.0024.00mm2 Notch-1 slot 

size(𝑥1 + 𝑥2) 

8.50mm+5.90mm 

Ground size(𝑳𝒈𝑾𝒈) 10.3324.00mm2 Notch-2 slot 

size(𝑥3 + 𝑥4) 

8.25mm+2.60mm 

Patch size(𝑳𝒑𝑾𝒑) 12.6617.00mm2 Notch-3 slot 

size(𝑥5 + 𝑥6) 

5.88mm+3.80mm 

Triangular slot size(𝑳𝒕𝒉𝒕) 15.209.50mm2 Notch-4 slot 

size(𝑥7 + 𝑥8) 

5.30mm+1.30mm 

Ground cut size(𝑪𝟏𝑪𝟐) opposite 1.253.00mm2 Notch-slot width(𝑦1) 0.5mm 

Ground cut size(𝑪𝟑𝑪𝟒) Center 2.002.90mm2 Upper corner cut 

size(𝑧1𝑧3) 

9.501.40mm2 

Thickness lower patch to base of 

triangular slot (𝒂𝒕) 

2.16mm Lower corner cut 

size(𝑧2𝑧4) 
6.331.00mm2 

Feed size(𝑳𝒇𝑾𝒇) 10.332.90mm2   

 

 

Fig.1. Design evolution  
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Fig.2. Design layout of monopole antenna  

 

2.1. Development of band-notch characteristics 

Since the open-end quarter wavelength slots introduce an impedance mismatch, the 
desired band-notch characteristics are adjusted by tuning the slots. The formulas below 
show how to fix the open-ended quarter wave length slots [14] . 
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Where  𝜀𝑒𝑓𝑓  represents the effective dielectric constant and the calculated value is 2.7. 

𝐿𝑛𝑜𝑡𝑐ℎ  is the length of slots for each notch band. 

For the first notch-band Wi-MAX (3.2-3.8GHz), the length of the quarter wavelength slot 

(𝑳𝒏𝒐𝒕𝒄𝒉−𝟏) is 13 mm, but after performing a parametric study, the actual length to obtain 
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the desired notch band with center frequency at 3.5GHz is 13.95mm. It is calculated that, 

the second notch-band has (𝑳𝒏𝒐𝒕𝒄𝒉−𝟐) a 9.81mm length, but it is tuned to be 10.85 
considering the center notch band is 4.65GHz. The desired center frequency of the 3rd 
notched band at 6.3GHz is obtained to be 9.68mm, but the theoretical calculated slot 
length is 8.62mm. For the X band with a center frequency band of 7.5Hz, the calculated 

length of slot 3 (𝑳𝒏𝒐𝒕𝒄𝒉−𝟒 = 6.02𝑚𝑚) while the practical length is 6mm.  

2.2  UWB CP ANTENNA  

Most of the single-point feed patch antennas radiate linear polarization. On the other 
hand, due to the advantages gained from circular polarization characteristics, many 
researches are currently being conducted. In this subsection, our quadruple band-
notched UWB is tested for CP characteristics. Thus, circular polarization characteristics 
in some portion of the UWB range are acquired when the rectangular patch’s upper 
horizontal edge and vertical right-side edge are partly cut out or truncated on both sides. 
This antenna achieves circular polarization by perturbing diagonal segments in order to 
detune the symmetrical square patch's degenerate modes. Thus, the field of a single-
point feed patch can be reduced to two orthogonal degenerate modes. Proper 
perturbation segments detune the frequency response of any one mode to the point 
where it has the same amplitude and phase difference as the other mode at the operating 
frequency. As a result, the two modes satisfy the CP radiation requirements. In this CP 

design, the removed upper side part has a size of (𝑍1𝑍2 ) while the right side part is ( 

𝑍3𝑍4).The parametric study was conducted in order to tune the cut portion to behave like 
a large amount of the band circular polarization. The quadruple band notched patch 
antenna with circular polarization characteristics produces LHCP (Left hand circular 
polarization) radiation.  

 

 

Fig.3.Surface current distribution at 10.8GHz :(A) at 00,(B) at 900 ,(C) at 1800 ,(D) at 2700 
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The contribution of truncated structures on the patch's top horizontal and right vertical 
portions to the axial ratio band width (ARBW) can be better understood using the surface 
current distributions shown in Fig.3.(A-D).They're simulated at a frequency of 10.8GHz, 
which is the ARBW's center frequency and is below 3dB.The amplitude and phase of the 
surface current distributions at 0 and 180 degrees are the same as those at 90 and 270 
degrees. The current flows downwards at the 00 phase and right at the 900 phase. 
Similarly, at 180 degrees, upward flow is shown, and at 270 degrees, it flows to the left. 
This demonstrates that the surface current flows counterclockwise in relation to the 
observer. In testing the fabricated monopole antennas illustrated in Fig.4. (A) &(B), there 
is a very small shift in the impedance bandwidth of less than -10dB and the notched band 
also occurs due to the imperfection in the fabrication and loss generated during soldering. 
As a result, the measured impedance bandwidth |S11| ranges from 2.7 to 13.3GHz at 
less than -10dB, with band notches of 3.35–3.95GHz, 4.60–5.20GHz, 5.50–6.00GHz, and 
7.80–8.8GHz.Fig. 6. (B), on the other hand, depicts the measured and simulated plot of 
the axial ratio. As a result, the simulated ARBW<3dB is obtained at a 2GHz (9.8-11.8GHz) 
frequency. While, we can observe that the truncated antenna measured axial ratio 
bandwidth is 10.30–12.20GHz.  

 

          

(A)                                                                  (B) 

Fig. 4.Measurement and Simulation, (A) S-parameter plot,(B) Axial ratio plot.  
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3. BAND-NOTCHED MIMO CONFIGURATION AND RESULT ANALYSIS 
3.1. MIMO configuration 
In the construction of the MIMO antenna, a neutralization line that helps to improve 
isolation between the radiating elements is used. The isolation increased with the 
neutralization method because the current of the MIMO element antennas was 
neutralized. The current has been captured at a specific place in the input element where 
the impedance is lowest and the current is highest, and then its phase has been reversed 
by selecting the proper length for the NL. By delivering this reversed current to a nearby 
antenna, the linked current can be minimized. Fig. 5 (A) and (B) depict the geometries of 
MIMO antennas without and with a neutralization line, respectively. Two closely-spaced 
radiators with a distance of 4 mm are placed on a 24 × 48 mm2 FR-4 substrate. A 
neutralization line is connected between the patches, the neutralization line consists of a 
square patch at the center. It enables the cancellation of coupling current on the ground 
plane by the use of multiple decoupling current routes of varying lengths. Thus, a 

wideband decoupling can be achieved. The size of the square patch is 66mm2 with 

connecting stripe N1N2 Nt of 531mm3 respectively. 
 

 
(A)                                        (B) 

Fig.5. MIMO antenna configuration :(A) without NL element,(B)with NL 
element 

 

3.2 Result discussion  

Fig.6 (A). Provides an illustration of the simulated S-parameters of both structures 
(without and with NL). It is observed that, the first MIMO antenna covers 2.7–12.3GHz 
(|S11 or S22| below-10dB) bandwidth with quadruple notch at 3.2–3.8GHz, 4.4–4.9GHz, 
5.2–5.9GHz, and 7.25–8.1GHz.The second structure covers 2.9-12.45GHz, with band 
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notches at 3.2-3.8GHz, 4.4-4.9GHz, 5.2-5.5GHz, and 7.2-7.96GHz. When evaluating 
both designs according to their mutual coupling effect in the majority of the operating 
band; |S12| or |S21| are <-10dB for MIMO without neutralization line and it is <-20dB for 
MIMO with NL. Thus, it is obvious that a little shift in the return loss values but a 
considerable improvement of nearly -10dB mutual coupling reduction occurred when 
wideband NL is used. The suggested NL radiation efficiently improves the isolation 
between the two elements. Further, radiation efficiency and the gain graph comparisons 
between the MIMO configurations are shown in Fig.8 (B). Hence, except for the notches,  
more than 80% radiation efficiency and a 2-8.5dB gain is achieved for the structure with 
the NL line while more than 60% and -1-6.5dB is obtained by the MIMO structure without 
the NL.   

To properly evaluate MIMO antennas, diversity performance plots should be considered. 
The designed configuration’s envelope correlation coefficient (ECC) and diversity gain 
(DG) of both structures are depicted in Fig.7. (A) & (B). An ECC is a measure of isolation 
between antenna elements that describes how two antenna elements' radiation patterns 
are independent. On the other hand, diversity gain. In theory, it should be ten times that 
of the envelope correlation coefficient, but more than 9.5 is acceptable in practice. In 
general, maximum diversity gain is only attained when the envelope correlation coefficient 
is zero. The ECC calculation using the S-parameter and the radiation pattern in Equation 
(4)[24]. 
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Where  𝑆𝑥𝑦, 𝑆𝑦𝑥 , 𝑆𝑦𝑦 and 𝑆𝑥𝑥are the scattered parameters and  𝜌𝑥𝑦 is ECC values. 

Any MIMO antenna system's spectral efficiency is degraded by a larger value of the 

envelope correlation coefficient (). As a result, achieving the lowest possible correlation 

coefficient is preferable. When the value of “” approaches zero, a MIMO antenna system 
achieves near-perfect performance. According to the results obtained in Fig.10. (A) & (B), 
the ECC and DG values of MIMO antenna without isolation are < 0.05 and > 9.7, while 
the ECC and DG with isolation are < 0.05 and > 9.96, respectively.   
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(A)                                                                     (B) 

Fig.6. (A) Simulated S-parameter plot,(B) Gain and radiation efficiency plot 

The structure is further investigated using mean effective gain (MEG) and is calculated 
using equation (6), the practical standard for good diversity performance is that MEG 

should be −3 ≤ 𝑀𝐸𝐺 (𝑑𝐵) <-12[25]. As shown in Fig. 10(A), the MEG-1 and MEG-2 plots 
are both between 3 and 12 dB. 
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Moreover, the channel capacity loss (CCL) and total active reflection coefficient (TARC) 
are illustrated in Fig. 8 (B). CCL is another significant diversity performance measure for 
MIMO antenna analysis. It refers to the highest possible information transmission rate at 
which the signal can be easily conveyed without considerable loss. Equation (7) is used 
to compute CCL. It is computed for a two-element MIMO antenna and is observed that 
the CCL value becomes below 0.4 bits/sec/Hz, which is consistent with the standard value 
of CCL [24]. The capacity of a MIMO antenna increases as the number of antennas 
grows. Moreover, equation (8) for TARC calculation of two-element MIMO [26], [27] .The 
TARC value for a MIMO system should be < 0 dB. 
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(A)                                                                                   (B) 

Fig.7. (A) ECC plot with and without NL, (B) DG plot with and without NL 
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(A)                                                           (B) 

Fig.8. (A) MEG-1 and MEG-2 simulated plot, (B) TARC and CCL simulated plot 
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To further evaluate the structures, radiation patterns are illustrated in Fig .9. In the plots, 
the co-polarization and cross-polarization for both fields (E-plane and H-plane) at 4.2GHz 
are compared. Thus, better co-polarization than cross-polarization is achieved for both 
fields. 

 

 

Fig.9. Co-polarization and Cross-polarization: (A) & (B) E-plane MIMO without and 
with NL respectively, (C) & (D) H-plane MIMO without and with NL respectively. 

 
3.2. Comparison of measurement and simulated result 
 
The fabricated proposed quadruple band notched 2-element MIMO antenna is shown in 
Fig.10. According to the reflection coefficient or return loss plot depicted in Fig.11 (A), the 
measurement result fulfils the quadruple band notch characteristics with very small band 
shifts. Likewise, the evaluation of mutual coupling between measured and simulated 
results has been shown in Fig. 11 (B). Hence, the majority of the band falls below -20dB 
(i.e., |S12|<-20dB) in both cases. Moreover, the diversity performance is indicated in Fig. 
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11(C & D). The ECC values are less than 0.1 while all the graphs are above 9.75, which 
implies good diversity performances. 
 
According to the radiation plot, the co-polarization graphs in terms of the simulated and 
measured results are larger than cross polarization graphs as in Fig. 12(A&B). Thus, the 
suggested two-element MIMO antenna with NL has good diversity performance and 
isolation. Ultimately, band-notched antennas’ notch techniques, along with their intended 
notched frequency range, and the polarization techniques, are summarized in the table 
2.  
 

 
(A)                                                                  (B) 

Figure 10.Fabricated MIMO antenna.(A) top view,(B) bottom view 
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                                    (A)                                                        (B) 

            

       (C)                                                               (D)              

Figure 11.Measurement Vs. simulation plot :(A) Reflection coefficient,(B) Mutual 
coupling,(C) ECC,(D)DG 

  

Fig.12. Co-polarization Vs. Cross polarization at 4.2GHz :(A) E-plane (B) H-plane. 
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TABLE-2 
COMPARISONS OF DIFFERENT NOTCHED FREQUENCY TECHNIQUES WITH 

THIS WORKS. 

Ref
ere
nce
s  

Notch technique  Numb
er of 
Elem. 

Notched frequency 
range  

Polarizatio
n type  

[11] Inductance boosted EBG 4 WLAN, WiMAX and X-
band 

Linear 
polarization 

[12] A hook-shaped DGS, an 

-shaped slot ,a semi-
octagon-shaped resonant 
ring 

1 3.3–3.9, 5.2–5.35, and 
5.8–6.0 GHz. 

Linear 
polarization 

[13] Closed-loop ring 

resonators  

1 3.3–3.7-GHz, 5.15–5.35-
GHz, 

and 5.725–5.825-GHz 
bands. 

Linear 
polarization 

[14] Open-ended quarter-
wavelength slots  

1 3.3–3.7 GHz ,5.15–5.825 
GHz, 7.25–7.75 GHz 

Linear 
polarization 

[15] Complementary split-ring 
resonators (CSRRs) 

And split-ring 
resonators(SRR) 

1 3.3–3.8-GHz, 

5.15–5.85GHz, 

7.9–8.4-GHz 

Linear 
polarization 

[16] Defected Ground 
Compact Electromagnetic 
Band Gap (DG-CEBG) 

2 3.3–3.6GHz, 5–6 GHz, 
and 7.2–8.4GHz 

Linear 
polarization 

[17] Mushroom type EBG 1 3.3GHz–3.8GHz, 
5.15GHz–5.825 GHz, 
and  

7.1 GHz–7.9GHz). 

Linear 
polarization 
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[18] Open-ended quarter-
wavelength slot, and 
semicircular 

half-wavelength 

 

1 3.3–3.7 GHz, 

5.15–5.825 GHz, 

and 7.25–7.75 GHz 

Linear 
polarization 

[19] C-shaped 

parasitic strip, C-shaped 
slots, and an inverted U-
shaped slot  

 

1 8.01-8.55GHz,  

5.15-5.35GHz, 5.75-
5.85GHz, and 7.25-7.75 
GHz 

Linear 
polarization 

[21] Two separated slots 
inserted into each 
dipole's arm 

1 5.1-5.4 GHz and 5.6-5.9 
GHz 

Circular 
polarization 
(3.2 to 8.2) 

This 
wor
k 

Inverted-L open ended 
Quarter wave length 

2 3.3-3.95GHz,4.4-
5GHz,5.3-5.9GHz and 
7.125-7.95GHz 

Circular 
polarization(
9.8-
11.8GHz) 

 

4. CONCLUSION  

This paper proposes a quadruple band-notched UWB MIMO/Diversity antenna with a NL 
structure. The MIMO antenna works in the UWB range, and rejects narrowband 
interferences. It has an overall size of 24×48×1.67mm3. By constructing a neutralization 
line, mutual coupling among antenna elements is reduced and found to be less than -20 
dB in the majority of the operating band. Furthermore, using vertical and horizontal 
truncation techniques on opposite sides of the radiating patch, circular polarization 
characteristics with an axial ratio bandwidth of 10.20-12.2GHz is achieved. In terms of 
diversity performance, the MEG, CCL, and TARC values are all within acceptable ranges, 
and the ECC graph is less than 0.05 and greater than 9.96, respectively. Except for a few 
minor differences, the simulated and measured values are very close. So, the proposed 
antenna could be a good choice for many UWB wireless communication projects. 
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