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Abstract: This paper encompasses the numerical analysis involved with the Electromagnetic (EM) full-wave 

simulation tool Advanced Design System (ADS) which uses the Method of Moment (MOM) and Finite Element 

Method (FEM). MOM is utilized to solve Maxwell’s equations which are transformed into integral equations before 

discretization and boundary conditions are applied while FEM computes the electrical behavior of the high frequency 

EM wave distribution, and then analyze the antenna parameters. The main objective is to investigate the effect of 

reactive loading on the microstrip patch surface which is used to control the behavior of the impedance bandwidth and 

obtain dual-band frequency operation. The study further examines how the perturbed patch antenna design targets the 

operating frequencies of 2.4 GHz and 5.8 GHz for possible range and speed. The proposed method provides insight into 

the analysis of the mathematical model employed in attaining the Driving Point Impedance Function (DPF) of the E-

patch microstrip patch antenna. This approach was done to quantify the reduction in reflections for improved Radio 

Frequency (RF) network output.  

 

Index Terms: Driving Point Function, Dual Band, Finite Element Method, Input Impedance, Method of Moment, 

Microstrip Patch Antenna, Reactive Loading. 

 

 

1.  Introduction 

Microstrip patch antennas have become attractive planar candidates in varieties of commercial applications such as 

satellite and mobile communication. Microstrip antennas are capable of single and multiple frequency operation and are 

mechanically robust when mounted on a rigid surface [1]. Microstrip patch antennas can be reconfigured based on their 

mode of operation and shape selection, designs can then become versatile depending on the application requirement [2]. 

Although patch antennas are advantageous, however, they exhibit substantial drawbacks such as narrow impedance 

bandwidth, low-power handling capacity, low gain, poor polarization purity, spurious feed radiation, and the associated 

manufacturing tolerance issues [3]. These problems are mostly inherent based the patch antenna shape, size and relative 

permittivity of the substrate. 
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The microstrip antenna consists of two thin metallic layers separated by a dielectric substrate, with one layer as the 

radiating patch, and the other as the ground plane [4]. The radiating element is the conductor patch found on top of the 

dielectric substrate, while a conductive layer is also used as the ground plane, which is found on the other end of the 

substrate. Several materials such as copper, gold, or aluminum are used as metallic layers and varieties of dielectric 

materials ranging from 2.2 ≤ 𝜀𝑟 ≥ 12 are available for designing MSA.  

The substrate height plays a vital role in antenna characteristics such as producing narrow frequency bandwidths, 

which are not entirely appreciated for numerous applications. The MSA bandwidth is directly proportional to the height 

of the substrate and several methods can be employed to improve the bandwidth. Also, the characteristics of the antenna 

do not solely depend on the antenna elements but are influenced by the transmission line when combined with the 

antenna. Usually, the input impedance of the MSA is complex, while the characteristic impedance is real and generally 

50 . With this, impedance matching becomes tough; causing voltage standing waves on the transmission line, and then 

resulting in low impedance bandwidth [3]. 

The radiation mechanism of a patch antenna demonstrates the cause of the challenge that results in the fringing 

effect with respect to the voltage and current relationship on the antenna. The patch antennas are half-wavelength long 

and are terminated in an open-circuit with the current at maximum or peak at the center of the patch, and the voltage 

zero at the center of the patch. This generally implies that the current and voltage will be 90 degrees out of phase. The 

voltage is maximum positive at the beginning of the patch and minimum negative at the end of the patch, while the 

current is maximum at the center of the patch and zero at both the beginning and the end of the patch. Impedance 

matching can be achieved since the impedance distribution is maximum at both the patch edges and minimum at the 

center. Therefore, there will be a point which lies on the surface of the radiating patch where the impedance will be 50 

. Hence an iterative approach can be applied to locate the position of 50  using coaxial probe feed [5]. 

Figure 1 shows the relationship of the current (I), voltage (V), and impedance (Z) on an open-end microstrip patch. 

The current is maximum at the center of the patch and minimum at the edge of the parallel plate. However, the voltage 

is maximum positive at one end and minimum negative at the other end, but minimum at the center of the patch plate. 

The impedance is the ratio of V to I on the patch and this suggests a possible suitable point for matching these antenna 

types. 

 

 

Fig. 1. Current, Voltage and Impedance variation along the patch length.  

For an antenna to radiate, either the current or the voltage is added up in phase. The patch acts as a parallel plate 

microstrip transmission line, where is wavelength in the dielectric medium. The fringing fields are responsible for 

radiation and exist at the edge of the parallel plate [6].  

These fields are in the same direction, and this is due to the Rectangular Microstrip Patch Antenna (RMSA) current 

and voltage not adding up in phase but canceling out each other. This leads to field distribution on the patch antenna 

with the field not abruptly stopping at the patch end but creating a horizontal component adding up in phase. These are 

known as the fringing fields, which are the reasons behind the microstrip patch antenna radiation [7]. Figure 2 shows 

the side view of the patch antenna with the E-fields shown underneath. Since fringing fields are both in the +y direction, 

the fringing E-fields at the patch end add up in phase giving rise to radiation. 

 

 

Fig. 2. Fringing field effect. 
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2.  Literature Review  

a) Full-wave Numerical Analysis 

The Advanced Design System (ADS) converts the design into a mesh and computes a number of segmentation 

based on the size of the design. After the segmentations, the ADS helps in calculating the EM wave distributions and 

then compute the radiation pattern, impedance, return loss, and the VSWR. The ADS uses the Method of Moment 

(MOM), along with the Finite Element Method (FEM).  

The ADS CAD uses MOM to solve Maxwell’s equations which are transformed into integral equations before 

discretization and boundary conditions are applied while FEM is used to generate the Electromagnetic Field (EMF) 

solution from which the scattering parameters can be computed. The FEM splits the problem space into thousands of 

regions by representing the EMF in every single element with a local function. During the simulation, the FEM divides 

a geometric model automatically into a large number of tetrahedral, formed by four equilateral triangles, wherever a 

single tetrahedron is found. A value of the vector field quantity (H-field or E-field) at a specific location inside each 

tetrahedron is interpolated from the vertices of the tetrahedron. 

Once a mesh has been created, some basis functions are then defined for each tetrahedron. The basis function, Wn, 

defines the condition concerning the nodal location in the general mesh of the tetrahedral, based on the input problem. 

The accuracy of the solutions depends on a number of individual elements present; also, every single tetrahedron needs 

to occupy a region that is small enough for the field to be sufficiently interpolated from the nodal values [2]. The basis 

functions are multiplied by the field equation, which conforms to Maxwell’s relation according to Eq. (1). 
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The outcome of the basis function Wn multiplied by the field equation where, 𝜇𝑟 , 𝐸⃗ , K0 and  𝜀𝑟  are relative 

permeability, vector wave equation, free space wave number and relative permittivity as represented by Eq. (2).  
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The resulting Eq. (2) is then written using Greens function and divergence theorem and equated to excitation 

boundary terms, according to Eq. (3):  
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The electric field vector 𝐸⃗  can now be expressed as a summation of unknown complex coefficient𝑠, 𝐼𝑚 multiplied 

by the current on the object using the same basis function that was employed to generate an initial series equation 𝑊𝑚, 

as described by Eq. (4) [2]: 
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The basis functions can be useful over a limited range of a piecewise linear function structure, which can be a 

sinusoidal or triangular in nature according to Eq. (5).  
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Hence, the resulting equations do permit the solution of the unknown coefficients 𝐼𝑚 ,  to find the electric fields on 

a Perfect Electric Conductor (PEC) surface. When the value has been calculated using the solver, the entire process can 

be carried out for a second adaptive pass. The matrix equation is obtained using the unit current on each basis function, 

suppose that a linear equation is considered, as represented by Eq. (6). 

 

( )L W f                                                                                        (6) 

 

 



Full-Wave Numerical Analysis of Dual-Band E-Patch Antenna and Reactive Loading Technique to  

Ascertain the Impedance Driving Point Function 

Volume 13 (2023), Issue 3                                                                                                                                                                       29 

Where L is the linear operator transfer function, W is the unknown function to be determined and f is the excitation 

function representing the source. The objective is to determine W once L and f are specified. The solution is determined 

by the summation of unknown complex coefficients, 𝐼𝑚: m = 1, 2…M multiplied by the current on the object using the 

same basis function employed to generate the initial series equation 𝑊𝑚: 𝑊1,𝑊2,𝑊3…. in the domain operator of a 

linear function. In effect, this is achieved by expanding the function W using a series of the known basis functions given 

by Eq. (7): 

 

m m

m

W I W                                                                                        (7) 

 

Furthermore, the expanding function, W is replaced in Eq. (6) by Eq. (7) with the linearity of L in use; this leads to 

Eq. (8): 
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The issue now becomes how to determine the unknown coefficients 𝐼𝑚. Hence, a second set of weighting or testing 

functions, 𝑁𝑛: 𝑁1, 𝑁2, 𝑁3… is chosen in the L domain to form an inner product where n = 1, 2…N according to Eq. (9). 
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The inner product of Eq. (9) is performed for n = 1 to N to give the matrix described by Eq. (10) [2]: 
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Or the matrix equation can be expressed in a more compact form according to Eq. (11): 

 

[ ][ ] [ ]mn m nZ I V                                                                                   (11) 

 
This leads to the definition of important parameters, as presented in Eqs. (12), (13) and (14) [2]: 
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Hence, the unknown function W can be approximately obtained using Eqs. (7) and (19). From Eq. (11), it is 

possible to generalize the eigenvalue problem considering the operator Z as described by Eq. (15):  

 

( )( ) ( )( )n n nZ j v W j                                                                              (15) 

 
The eigenvector [𝑗𝑛] can then be considered as the eigen currents for the conducting surface defined by the 

impedance operator Z. From this point, the boundary condition on the PEC surface can now be enforced by Greens 

function expressed in Eq. (3), and the general impedance operator Z according to Eq. (16).  
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Where 𝑗𝑠 characterizes the patch surface current and the Poynting function output is a ratio of 𝑃𝑠𝑡𝑜𝑟𝑒𝑑  to 𝑃𝑟𝑎𝑑  given 

by Eq. (17) [10]: 
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From Eq. (14), the general expression for the eigenvalue is obtained; it is then linked with the Lagrange multipliers 

according to Eq. (18): 
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In order to solve for the eigenvectors and eigenvalues, the process of discretization of the operator Z is carried out. 

The matrix form of the eigenvalue is represented by Eq. (19): 
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From this point, several steps are omitted for brevity following the Foster reactance theorem and antenna Q. Here, 

W = 𝑤𝑒 or 𝑤𝑚 which stands for total stored electric or magnetic energy in the volume surrounding the radiator as given 

by Eq. (20) to (22) [10].  
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Hence, it is possible to replace 𝑛 in the expression for 𝑄𝑛 as presented in Eq. (23): 
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By replacing this term means that the current mode is frequency-dependent; also, the 𝑛𝑡ℎeigenvalue of 𝑛  is 

related to 𝑄𝑛 and the bandwidth 𝐵𝑊𝑛 as given by Eq. (24): 
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This relationship determines how small or big the fractional bandwidth is at a specific antenna frequency if the 

associated value of 𝑄𝑛is low or high. 

b)  Related works  

This aspect presents the review of existing research works concerning the microstrip patch antenna. Quite a few 

authors reported different methods and contributions, which form a good background for this paper. For instance, a 

compact rectangular slot patch antenna for dual-frequency operation using the inset feet technique was presented [11]. 

The authors focused on miniaturized antenna design having a size of 44 x 41 x 1.6 mm
3
.  The microstrip feed line 

method was used in conjunction with standard mathematical models, employed to identify the input impedance point. 

The approach involved the use of full-wave simulation, and the result showed a return loss of – 19.6 dB and a VSWR of 

1.303 at 2.4 GHz, with – 17.5 dB and 1.301 at 5.2 GHz applicable to WLAN and Bluetooth technology. In another 
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paper, A compact design and simulation of rectangular multiband and ultra-wideband microstrip patch antenna with 

circular polarization has also been presented [12]. The design focused on achieving an ultra-wideband with less noise 

interference for applications in wireless local area network and satellite communication represented by S, C and X 

bands. The antenna resonates primarily in S, C, and X frequency band regions having notches at 2.6 GHz, 5.0 GHz, 6.5 

GHz, and 10.8 GHz. The return loss is approximately less than – 10 dB for a large band characterized as an ultra-

wideband antenna.  

Also, the modeling and simulation of a rectangular microstrip antenna was presented [13]. This paper looks into 

the problem of single patch antenna low gain using a Matlab working environment. Basically, different dielectric 

constants were analyzed for 3 different antennas to identify the maximum gain and best return loss. In this study, the 

Transmission Line Model (TLM) and cavity models were used to analyze the Rectangular Microstrip Patch Antenna 

(RMSA).  The 3 different antennas operate at 10 GHz, 2.40 GHz and 2.25 GHz having a simulated return loss of - 10.6 

dB, - 25.8 dB and - 42.6 dB respectively. In another research work, the design and simulation of a compact dual-band 

microstrip patch antenna for WiMAX and Wi-Fi applications was presented [14]. The author focused on achieving an 

improved gain and polarization purity. The antenna was designed using RT /duroid substrate having a 10.2 dielectric 

constant. The method employed truncated edges and offset feeding process with operating frequencies at 3.65 GHz and 

5.42 GHz. the simulated result shows a return loss of – 24.6 dB and -25.6 dB having a peak directivity and gain of  4.92 

dBi and 4.51 dBi. A dual-band was achieved for different applications. 

3.  Methodology 

This part of the study provides an insight into the analysis of the mathematical model employed and the impedance 

matching criterion associated with the process of attaining the DPF of the E-patch microstrip patch antenna.  

The presence of the parallel symmetrically slit cut at the boundaries of the microstrip antenna equally acts as a slot; 

loading them on the patch also alters the Characteristic Mode (CM) [8]. The created slots are incorporated to perturb the 

flow of current which introduces reactive load distribution to the antenna structure and by varying them influences the 

behavior of the eigenvalue and the current distribution. This gives rise to a series equivalence inductive and capacitive 

load to the patch input impedance when in close proximity to the probe feed. The equivalent capacitance counteracts the 

introduced inductive part giving rise to a second-order mode.  

Looking into the analysis of reactive loading it is possible to generalize the eigenvalue problem considering the 

operator Z as described by Eq. (25): 

 

( )( ) ( )( )n n nZ j v W j                                                                             (25) 

 
Where Z, 𝑗𝑛, 𝑣𝑛 and W is characterized by impedance operator, eigenvector, eigenvalue and the weighing operator. 

Once W is known, it is possible to solve the eigenvalue problem which is characterized by Eq. (26): 
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The eigenvectors and eigenvalues are complex since (Z) is symmetric on the patch surface. Hence, it is likely to 

consider the (R) operator as the weighting function, which makes Eq. (27) the new eigenvalue problem. 
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By expanding the Z operator and substituting Z = R + jX, 𝑣𝑛= 1 + 𝑗

𝑛
, Eqs. (28), (29) and (30) are obtained, 

where 𝑛 represents the 𝑛𝑡ℎ eigenvalue.  
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The eigenvalue weighted problem is then gotten by canceling out the like terms:  
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Hence, by slot perturbing the PEC surface of the patch, there is an induction of a reactive load distribution to the 

antenna structure and this influences Eq. (31): 
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[ ][ ] [ ][ ]L n n nX X j R j                                                                        (31) 

 

A new  𝑛 is the 𝑛𝑡ℎ eigenvalue of the loaded system, which is further simplified to get Eq. (32): 
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Eq. (32) can be inductive or capacitive, and it is apparent that the reactive load effect on the patch surface affects 

the behavior of the eigenvalue and the current distribution. The resonant frequencies of the CM can now be controlled 

for values of , and when they are being increased or decreased. Subsequently, the impedance equivalent circuit of a 

parallel RLC Network is as described by Eqs. (33), (34), (35), (36), (37) and (38). Since the impedance Z is frequency-

dependent it has both magnitude and phase. Also, Z behaves similarly to a resistor R when combined in series or 

parallel. Where Zeq, represents the parallel equivalence of ZR, ZL, Zc identified as the impedance of resistor, impedance of 

inductor and capacitor [15]. 
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From this point, Eq. (37) is multiplied by c to eliminate fractions 
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Hence Eq. 38 is the resulting equivalent impedance of a single RLC circuit. Hence, a dual band antenna is 

achieved when quite a number of resonances are adjacent to each other.  This is represented in Foster canonical 

impedance form, where the parallel RLC cells are connected in series 𝑍𝑒(𝑆) represents the equivalent driving point 

transfer function as described by Eq. (39): 
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Hence, these parameters ( 𝐿𝑝,𝑅,𝐿1,
𝐶1,

𝐿2,𝐶2 ) are calculated using the iterative method to achieve an optimal 

impedance match.  

Figure 3(a) shows the geometric effect and the equivalent circuit of the radiating patch antenna, categorizing the 

frequency region domain. Figure 3(b) shows the equivalent Foster canonical impedance circuit which depicts the effect 

of the perturbed patch. 

 

 
(a) 

 
(b) 

Fig. 3. (a): The E-patch equivalent circuit, (b): The equivalent Foster canonical impedance circuit 

4.  Result and Discussion 

Figure 4 shows several structural modifications of the E-patch which result in determining the performance of the 

return loss and the impedance bandwidth. The antenna parameters were synthesized using the full-wave method 

because the numerical analysis of the problem provides the most accurate solution for the radiation and the impedance 

matching. Some parametric changes were introduced to the initially designed antenna to achieve the mentioned output.  

 

      
Case (a)                                                                 Case (b) 

 

 



Full-Wave Numerical Analysis of Dual-Band E-Patch Antenna and Reactive Loading Technique to  

Ascertain the Impedance Driving Point Function 

34                                                                                                                                                                       Volume 13 (2023), Issue 3 

      
Case (c)                                                                     Case (d) 

Fig. 4. Several Structural modifications of the E-patch  

The parametric analysis in figure 5 employed the TML mathematical approach to obtain the arbitrary design 

parameters. The results show the return loss versus frequency magnitude for several cases of the modified E-patch 

microstrip antenna.  

 

 

Fig. 5. Return Loss versus Frequency for various parameters 

Table 1. Various parameters and effects 

 

Patch (d) as presented in Table 1 is the proposed antenna optimal parametric result. This plot result shows the 

performance characteristics as presented by Figure 6 which shows the result of the return loss (S11) plot versus 

frequency at 2.4 GHz and 5.8 GHz. From the S11 parameter variation plot, it is observed that the lower frequency band 

resonates at 2.4 GHz with a return loss of - 40 dB, while the upper-frequency band resonates at 5.8 GHz with a return 

loss of - 35 dB. Also, the antenna fractional bandwidth is not less than 10%. The lower the return loss value, the better 

the performance of the antenna in terms of radiation.  

Figure 7 shows the VSWR plot for the resonant frequencies at 2.4 GHz and 5.8 GHz. The return loss is related to 

the VSWR which shows a variation plot value of 1.020 at 2.4 GHz and 1.036 at 5.8 GHz. This is an acceptable result as 

a VSWR value greater than 2 usually results in antenna performance degradation. By inspecting the reflected S11 

magnitude results, about 2.8 % of the signal goes back to the source and 97.2% of the input signal is successfully 

accepted at the port terminal, while a value of 0.027 was employed to determine the load impedance, whose value is 

52.774. The phase plot for these frequencies is presented in Figure 8.  

 

Patch (a) (b) (c) (d) 

Slot Width  

 (𝑾𝒔) 
4.46mm 4.46mm 4.25mm 4.25mm 

Slot Length (𝑳𝟏) 12.53 mm 14.60mm  14.60mm  13.92mm 

Resonant point 2.4 GHZ, 5.8 GHz 2.4 GHZ, 6.1 GHz 2.6 GHz, 5.8 GHz 2.4 GHz, 5.8 GHz 

Return loss -32 dB, - 14 dB - 22 dB, - 16 dB - 26 dB, - 12 dB -40 dB, - 35 dB 

Comment Non-optimal resonance Miss resonance Miss resonance Optimal resonance 
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Fig. 6. S11 magnitude Versus frequency  

 
Fig. 7. VSWR result plot versus the frequency 

 
Fig. 8. The S11 phase (degree) versus the frequency 

Figure 9 shows the axial ratio plot with theta peak point above 10 dB. This implies that the antenna is not purely 

circularly polarized. The deviation from the circularly polarized field is 3 dB away; this generally means that the 

antenna fields are not pure linearly polarized either but rather have a mixed polarization (i.e. elliptical) effect. Figure 10 

shows the directivity and gain plot and based on this study, the theta peak directivity is 7.4 dBi. It also reveals a peak 

antenna gain of 3 dBi which is capable of covering a distance of about 140 m. 

 

 
Fig. 9. The axial ratio magnitude Versus theta plot 
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Fig. 10. The directivity and gain magnitude versus theta plot 

Figure 11 shows the 3-dimensional view of the electrical field distribution on the surface of the patch. The antenna 

radiates simultaneously and strongly at both 2.4 and 5.8 GHz as the current density is high at the patch mid-region that 

is close to the perturbed start point. Figure 12 shows the normalized 3-D radiation of the E-patch antenna far field. 

 

 

Fig. 11. 3D view of electrical field distribution 

 

Fig. 12. Normalized 3D radiation far field pattern 

5.  Conclusion 

The Advanced Design System (ADS) Full-wave simulation tool converts the design into a mesh, which computes 

numerically utilizing MOM based on the size of MSA and boundary condition. After the segmentation, FEM was 

employed to compute the electrical behavior, EM wave distribution, which in turn calculates the radiation pattern, 

return loss, axial ratio, VSWR and other related parameters. This work presented an in-depth emphasis into the ADS 

CAD EM full wave numerical analysis process, and this involved several theories such as the foster reactance, 

eigenvalue and eigenvector which are all in connection to the microstrip patch antenna modus operandi. The theory of 

characteristic mode was based on eigenvalue and its effect of perturbing the PEC surface of the patch. This introduces 

reactive load distribution to the antenna structure, and this influences the behavior of the eigenvalue and the current 

distribution. The antenna transfer function model was represented through a Foster canonical impedance form, where 

the parallel RLC cells were connected in series. This driving point function was later modified during simulation by the 
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method of iteration to attain a better impedance match. The results obtained are based on the performance of the 

simulated model carried out by ADS. Also, the structural modification method was used to attain the best parametric 

result, i.e. the minimum reflection coefficient. This study found that the effect of changing the slot length and the width 

affects the overall frequency response. 
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