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Abstract 

This paper presents the design and mathematical analysis of a fully efficient meander 

line edged microstrip patch antenna with square slotted Electromagnetic Bandgap (EBG) 

structure in Advance Design System-2016(ADS-2016). The proposed antenna is designed 

to have gain, directivity of 9.7dBi and cross polarization of -50dB at 17.92GHz which 

indeed makes it suitable for ISM/WLAN applications. Moreover, the simulation and 

mathematical results are in good agreement. 
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1. Introduction 

Design of wireless communication systems needs to be compatible and efficient. Along 

with many compatible radio amplifiers and mixers, planar antennas are also proposed which 

can be easily integrated with the transceiver. Many planar antennas like microstrip patch, 

Planar Inverted F-Antenna (PIFA) are used to achieve compactness and ease of integration. 

Microstrip patch antennas are widely used in many applications due to their ease of 

fabrication, compactness and planar nature [1]. Microstrip patch arrays are used in satellite 

transceivers due to the beamforming ability. A wide variety of patch antennas like the 

circular, bow-tie, and triangular are proposed to meet specifications such as wide bandwidth, 

high gain, polarization diversity and circular polarization. These antennas are highly 

directional and their gain varies from 4dBi to 7dBi depending on the shape of the patch. 

Gain and bandwidth are inversely proportional and there should be a trade-off between gain 

and bandwidth. These usually suffer from low bandwidth and high losses.  Gain increases 

if the proper phase of excitation is provided to the patch array. Apart from patch arrays, 

slotted patches can be used in order to increase the gain at the cost of bandwidth [2]. 

Gain and directivity depend on the shape of the slot and the position of the slot. A multi 

slotted antenna is proposed to achieve gain of 9.4dBi and bandwidth of 0.58GHz in [3]. 3-

dB bandwidth in azimuth and elevation planes is 60.88𝑜  and 39𝑜  respectively. The 

bandwidth and gain of a slotted patch antenna can also be increased by shorting the patch 

and the ground. This special feature is utilized in Planar Inverted F-Antenna (PIFA) [4]. A 

slot is made in the PIFA which makes the antenna to achieve a bandwidth of 1GHz at 

0.89GHz and 1.93GHz respectively in [5]. Gain and bandwidth are varied by changing the 

length and width of shorting plate. The grooved slot antenna is proposed to achieve a 

bandwidth of 1.5GHz with a gain of 6dBi and reasonable Specific Absorption Rate (SAR) 

in [6]. The gain and bandwidth can be varied by varying the position of the shorted plate. 

This not only increases the above specifications but also compatibility. The electrical length 

of these antennas is reduced making them compatible at the expense of efficiency. These 
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antennas have the capability to produce wide bandwidth in multiple bands. Circular shaped 

fractal PIFA antenna provides high efficiency and gain [7]. Reducing the area of the ground 

plane increases the efficiency and gain.  The variation of position of shorting plate has no 

impact on gain and efficiency [8]. Varying the substrate features also affect the 

specifications of an antenna [9].  Multiple shorted pins PIFA is proposed where the side 

walls are covered with Perfect Electric Conductor (PEC) in [10]. Substrate inside the 

antenna box is tempered so as to improve the bandwidth and gain. The Antenna is tuned 

and bandwidth is enhanced using shorting straps [11]. The antenna consists of dual elements 

with dual shorting pins surmounted on a folded ground plane which acts as a perfect PEC 

case in [12]. Planar antennas are often prone to surface waves which severely affect the 

gain of these antennas. 

In order to prevent the surface waves, the ground of planar antenna is drilled exactly 

below the antenna. This type of ground is named as Defective Ground Structure (DGS). 

DGS patch antennas reduce surface waves with the reduction in efficiency and increase in 

the side lobes [13]. Different shapes of DGS planar antennas are proposed in order to reduce 

the unwanted radiations. The variation in the size and positions of slots on the ground plane 

will shift the frequency of operation with the degradation in the performance of an antenna. 

Another method to reduce the surface waves is to place slots periodically on the ground 

plane except on the area below the planar antenna which is kept unetched. This type of 

structure is called electronic band gap structure [EBG] [14-17]. Planar antennas with EBG 

structures often provide high gain. Simple EBG Planar antennas can only possess high 

efficiency at L, S and C bands respectively [18-19]. At the upper band of extremely high 

frequencies, EBG planar antennas provide high directivity with low efficiency and therefore 

the gain of these antennas decreases at the Ku, K, Ka bands etc. Usually antennas become 

electrically small when the operating frequency shifts towards higher bands. Ohmic losses 

also increase at higher bands and thereby decreasing the efficiency of the antenna. 

Mathematical analysis is often carried out before antenna can be designed, simulated and 

realised practically. Antennas are analysed using many mathematical methods [12] like 

Green’s function, Finite Difference Time Domain Method (FDTD), full wave analysis, 

Finite Element Method (FEM), Method of Moments (MoM) etc. In [13-14], the radiating 

structures are analysed mathematically using Green’s functions. Dyadic Green’s functions 

are derived for a slot using Helmholtz’s equation as a base. Dyadic Green’s functions are 

used for the computation of electric and magnetic fields. 

This paper presents the designs and analysis of meander line cornered microstrip patch 

antenna with square slotted EBG at 17.92GHz with improved gain, directivity and 

efficiency. 

 

2. Design of Proposed Antenna 

Meander antenna is electrically small antenna. A basic meander line consists of a set of 

horizontal and vertical lines. Efficiency of a meander line antenna depends on the number 

of turns of a meander. Moreover, the resonant frequency of the proposed antenna depends 

on the spacing between the meander lines. Figure.1 shows the layout in Advanced Design 

System-2016 of the proposed antenna with length equal to 7.7mm and width equal to 

11.1mm calculated from the below design equations. Antenna is mounted on the EBG of 

length (L) equal to 19.25mm and width (W) equal to 27.75mm. EBG slots of square type 

with side (a) of 1mm. Spacing (s) between two EBG slots is chosen to be 0.2mm. Meander 

lines are placed at the corners of the patch. Width (𝑤1) and length (𝑎𝑜) of the meander lines 

are 0.762mm and 1.24mm respectively. 

RT-Rogers/duroid 5880 (𝜀𝑟 = 2.2) is used as a substrate which is sandwiched between 

EBG structure and the proposed patch antenna with the height of 2.54mm respectively. 

Moreover, a notch is made on the non-radiating side of the patch with the width and length 

(t) of 0.762mm and 1.52mm respectively.  Inset feed is used to excite the antenna with the 
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feed line having length (𝑙𝑜) and width (𝑤𝑜) of 2.24 mm and 1.2 mm respectively. Inset into 

feed is inserted to chosen to have depth and length of 0.12mm and 0.23mm respectively. 

 

The design equations of inset fed microstrip patch antenna are: 

∆𝐿
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‘h’ is the height of the substrate 

‘𝑊𝑝’ is the width of the patch 

‘𝜀𝑒𝑓𝑓’ is effective dielectric constant 

‘𝐿𝑝’ is the length of the patch 

‘∆𝐿’ is the normalized extension length 

‘𝑓𝑟’ is the resonant frequency 

‘c’ is the velocity of light 
 

 

Figure 1. Layout of the Proposed Antenna 

Figure 2 (a) & 2(b) shows the 3-D model and top view of the proposed patch antenna. 

The whole structure is designed on an infinite ground assumed to be a perfect electric 

conductor. 
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Figure 2(a). 3-D Model of the Proposed Patch Antenna 
Figure 2(b). Top View of the Proposed Patch Antenna 

EBG structures are periodical slots composed of metallic elements. The purpose of these 

structures is to create the forbidden band of frequencies in which surface waves cannot 

propagate. Microstrip patch antennas suffer from surface waves as the excited signals are 

reflected by the patch and get trapped inside the substrate. These waves reduce antenna 

efficiency and gain, limit bandwidth, increase radiation in the non-radiating edges of the 

patch, increase cross polarization levels, and limit the bandwidth of microstrip antennas. 

When the antenna operates in the forbidden gap of frequencies, gain, bandwidth and 

radiation efficiency decreases. An antenna that is placed on a low-permittivity dielectric 

substrate may couple power into substrate modes. The band gap formation in EBG is due 

to the interplay between macroscopic and microscopic resonances of a periodic structure 

[24, 25]. The periodicity governs the macroscopic resonance or the Bragg resonance, the 

lattice resonance, whereas the microscopic resonance is due to the element characteristics, 

and it is called the Mie resonance [23]. 

When the two resonances coincide, the structure possesses a band gap having maximum 

width. The electromagnetic nature of a surface is predictable from the reflection phase 

characteristics, such that a 180° reflection phase implies a perfect electric conductor (PEC) 

surface and a 0° reflection phase resembles a perfect magnetic conductor (PMC) surface. If 

a plane wave is normally impinged upon a PEC, the total tangential field must be zero in 

order to satisfy the boundary condition. Thus, the reflected field and the incident field 

should have the opposite signs, resulting in a reflection coefficient of −1. The reflection 

phase is 180° for the PEC case. Similarly, for a PMC, the reflected field and the incident 

field should have the opposite signs whereas the reflected field and the incident field have 

the same signs. As a result, the reflection coefficient is equal to +1, and the corresponding 

reflection phase is 0° for PMC case [26]. Depending on the structural characteristics and 

polarization of the wave, one of the stop band resonance mechanisms can dominate over 

the other [4]. 

At the stop band, the structure will reflect back all electromagnetic waves, whilst at other 

frequencies, it will act as a transparent medium. EBG structure consists of three portions: a 

metallic ground, a substrate on which the periodic metallic patches are surmounted. The 

proposed EBG structure is designed to have side ‘a’, spacing between the slots ‘s’, substrate 

height ‘h’ and dielectric constant ′εr′. When the periodicity (a + s) is small compared to the 

operating wavelength, the operation mechanism of the proposed EBG structure can be 

explained using an effective medium model with lumped LC elements. The capacitor 

results from the gap between the patches and the inductor results from the current along 
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adjacent patches. Capacitor results due to the air gap of the slot and inductor results due to 

the current flow in the adjacent slots. 

Impedance and resonant frequency of the parallel LC circuit are calculated given by: 

Z = 
jωL

(1−ω2LC)
                                                                                                                          (6) 

𝜔𝑜 =
1

√LC
                                                                                                                            (7) 

C = 
aεo(1+εr)

[πcosh−1[
s+a

a
]]

                                                                                                                (8) 

L = µoh                                                                                                                              (9) 

 

3. Cavity Model of the Proposed Antenna 

The whole patch is analyzed using cavity model by considering later as rectangular 

resonator and Figure.3 shows the proposed patch with a single meandered line. The metallic 

patch forms a resonant cavity [20]. Top, bottom, and sides of the cavity are formed by the 

patch, ground and edges of the patch respectively. The edges of the patch act approximately 

as an open-circuit boundary. The energization of the patch will establish a charge 

distribution on the upper and lower surfaces of the patch as well as on the surface of the 

ground plane [21-22]. Hence, the patch acts approximately as a cavity with tangential 

electric and magnetic fields absent on the top, bottom, and sides of the cavity. ‘P’ is the 

observation point from where the far fields are observed. Radiated fields of patch and the 

meander line are superimposed at ‘P’. Electric field is directed towards z-axis i.e., E⃗⃗ =
 z̅Ez(x, y). The z-component of electric field satisfies Helmholtz’s equation: 

 

∂2EZ

∂x2
+

∂2EZ

∂y2
+ kc

2EZ = 0 

 

Using the boundary conditions, currents at the edges of the patch are zero and voltages 

on the patch are zero. 

 

Therefore, EZ = Eo cos (
mπx

𝑙+𝑎𝑜
) cos (

nπy

𝑤+2𝑤′
) 

 

Where 𝑙, 𝑎𝑜, 𝑤 and 𝑤 ′ are the lengths and widths of patch and meander lines as shown in 

Figure 1. 

 

Patch is in the X-Y plane, the radius vector ŕ = xa̅x + ya̅y and n̅ is the unit vector the 

XY plane. n̅ =  a̅z 

 

Converting radius vector into spherical coordinates, 

r = sinθcosϕa̅x +  cosθcosϕa̅y + cosθa̅z  and dS = dxdy 

 

Dθ(θ, ϕ) =  Eo
𝑤𝑙

2
sinc((𝑙 + 𝑎𝑜)sinθcosϕ)sinc((𝑤 + 𝑤′)cosϕ)a̅θ                              (10) 

Dϕ(θ, ϕ) = Eo
𝑤𝑙

2
sinc((𝑙 + 𝑎𝑜)sinθcosϕ)sinc((𝑤 + 𝑤′)sinθcosϕ)a̅ϕ                       (11) 

 

Magnetic vector potential is given by   

A = G (r, ro)[−Dx(θ, ϕ)a̅z + Dz(θ, ϕ)a̅x], where G (r, ro) is Green’s function given by 
e−jβr

4πℇr
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Eθ = Eo
jω𝑤𝑙e−jβr

4πℇr
sinc((𝑙 + 𝑎𝑜)sinθcosϕ)sinc((𝑤 + 𝑤′)cosϕ)                                   (12) 

Eϕ = Eo
jω𝑤𝑙e−jβr

4πℇr
sinc((𝑙 + 𝑎𝑜)sinθcosϕ)sinc((𝑤 + 𝑤′)cosθsinϕ)                           (13) 

 

 

Figure 3. Meandered Line Microstrip Patch Antenna 

4. Results and Discussions 

Figure 4 shows the magnitude plot of reflection co-efficient of the proposed antenna. A 

reflection co-efficient of -10.166dB is obtained at 17.92GHz.  

 

 

Figure 4. Magnitude and Phase Plot of Reflection Co-Efficient 

Increasing number of slots on the ground plane has increased reflection losses to -8.2dB 

at 18 GHz. At the same time decreasing the number slots has degraded gain as well as 

bandwidth. Therefore, iterations are carried in order to obtain good agreement between 

number of slots, gain and bandwidth. Moreover, the operating frequency, gain and 

bandwidth of overall structure depend on the position of the patch on the EBG structure. 
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The proposed choice of slot dimensions highly reduced surface waves. Figure 5 shows the 

3-D plot of the radiation pattern of the proposed antenna and the values of parameters 

related to the radiation pattern. 
 

 

Figure 5. 3-D Plot of Radiation Pattern 

Figure.6 shows the evaluated and simulated results of E fields in E and H-planes from 

the equations (12) & (13) respectively. A change of 0.01mm in the side of the square slot 

shifts the operating frequency by 3GHz with the degradation of both gain and bandwidth. 

Moreover, radiation pattern gets highly affected by the change in the width of the square 

slot. Hence, a trade-off has been maintained to between dimensions of the slot, gain, 

bandwidth and reasonable radiation pattern 

 

 

Figure 6. Evaluated and Simulated Electric Fields 
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Figure 7 shows the consolidated 2-D plot of gain, directivity, co-polarization, cross 

polarization etc. The side lobes are totally suppressed and the directivity is enhanced. The 

efficiency of the antenna varies with the dimensions of meander lines. 
 

 

Figure 7. Consolidated 2-D Plot of all the Parameters of Antenna 

Efficiency of the antenna varies with the spacing between the meander lines. A small 

change in the variation in the spacing increases efficiency by significant change with the 

disturbance in the radiation pattern. A reasonable trade-off is maintained between length, 

width, and spacing between the meander lines so that the antenna parameters are not 

affected. A small change in any of these parameters will affect gain and/or bandwidth and/or 

efficiency and/or radiation pattern. Table.1 shows the various parameters of the proposed 

antenna is presented at the resonant frequency of 17.92 GHz. The polarization of antenna 

depends on the spacing between the meander lines. The cross-polarization increases if the 

meander lines are closer to each other. Hence, proper spacing has been chosen in order to 

cancel out the magnetic fields radiated by the meander lines. The directivity of the proposed 

antenna depends on the length of the vertical line of the meander. Proper lengths of vertical 

lines are chosen in order to obtain high directivity. The use of too many turns in the meander 

lines may degrade gain, bandwidth and operating frequency. The width and length of the 

meander lines decide the input impedance and operating frequency respectively. A change 

of 0.01mm in the widths of the arms of the swastika shifts the operating frequency by 3GHz 

with the degradation of both gain and bandwidth. Moreover, radiation pattern gets highly 

affected by the change in the width of the meander lines. Hence, a trade-off has been 

maintained to between width of the lines, gain, bandwidth and reasonable radiation pattern. 

Table 1. Performance Parameters of the Proposed Antenna 

 

Gain 

(dB) 

(Fig.5) 

 

Directivity 

(dB) 

(Fig.5) 

Reflection 

Coefficient 

(dB) 

(Fig.4) 

     Cross 

Polarization 

(dB) 

(Fig.7) 

 

Efficiency 

(%) 

(Fig.5) 

 

Bandwidth 

(MHz) 

(Fig.4) 

9.7 9.7 -10.166 -50 100 100 
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5. Conclusion 

A high gain meander line cornered patch antenna is presented in this paper. The same 

gain can be achieved using 2-element microstrip patch array at the expense of compactness. 

The meander edged patch antenna provides high gain and efficiency with compactness. The 

above results of the proposed antenna make it suitable for the high data communications 

and especially for the ISM/WLAN applications. The used of unequal length and width in 

the meander lines also improves reflection coefficient. Moreover, the bandwidth can also 

be enhanced by using Split Ring Resonator (SRR) or Complementary Split Ring Resonator 

(CSRR) metamaterials. These materials should be embedded inside the substrate in order 

to achieve the best performance of the proposed antenna. 
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