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Abstract 
 

Characteristic mode analysis of a stepped impedance 

resonator (SIR) coupled dual-band dipole antenna is 

presented in this paper. Characteristic mode theory is 

effectively used to understand the resonant mechanism of 

the antenna. The antenna prototype is realized on the 

double-sided FR4 substrate of dielectric constant 4.4 and 

loss tangent 0.025. The proposed dual-band antenna 

resonates at 2.45 GHz and 5.5 GHz with an impedance 

bandwidth of 90 MHz and 1.6 GHz, respectively. 

 

1 Introduction 
 

In modern antenna engineering, the characteristic mode 

analysis is efficiently utilized to design and optimize 

antennas and antenna arrays for their clear physical insight 

[1-5]. The greatest advantage of characteristic mode 

analysis over other conventional approaches is that it can 

provide an excellent physical interpretation of radiating 

structures without excitations. This source-free method is 

recently used to investigate the resonant mechanism and 

radiation behavior of many planar antennas [6, 7]. In the 

present wireless communication systems, the 2.4 GHz, 5.2 

GHz, and 5.8 GHz ISM bands are highly demanded and 

widely used for various applications such as wireless local 

area networks, Bluetooth, and wireless printers. Owing to 

the higher demand of this application bands, dual-band 

antennas are investigated. Planar inverted F antennas [8, 9] 

and slot antennas [10, 11] are designed to achieve dual-

band operations. Planar inverted F antennas are realized 

with a large ground plane, which makes the antenna 

complex and bulkier. Capacitive coupling in fractal 

antenna offers a dual-band operation [12] and a shorted 

parasitic element is used to achieve a dual-band operation 

in monopole antenna [13]. A planar dipole antenna and a 

folded SIR parasitic element provide dual-band frequency. 

The electrical size of the antenna is very small and gives 

good impedance bandwidth of 90 MHz and 1.6 GHz in a 

lower and higher band, respectively. The characteristic 

mode analysis is productively utilized to explain the 

resonant mechanism of the proposed antenna. 

 

2 Antenna Geometry 
 

The geometry and optimized dimensions of the proposed 

SIR coupled dual-band antenna is shown in Figure 1. The 

antenna optimizations are performed using full-wave 

electromagnetic simulation software CST microwave 

studio. The optimized antenna is fabricated on a low-cost 

FR4 substrate of thickness 1.6 mm. The photograph of the 

fabricated prototype is shown in Figure 1(c). The proposed 

antenna has an overall dimension of 40 x 25 x 1.6 mm3. 

The design of the antenna is started with a planar dipole 

antenna of length 17 mm and width of 2 mm. This planar 

dipole antenna resonates at 5.5 GHz. As shown in Figure 

1, the dipole arm is realized as a double-sided structure to 

reduce the return current. The lower resonance frequency 

at 2.45 GHz is achieved by using a folded SIR structure as 

a parasitic element to the planar dipole antenna. The SIR 

structures have the advantages of the compact shape and 

spurious frequency control. The two important physical 

parameters, such as impedance ratio (K) and length ratio 

(αl), determine the resonance frequency of a SIR. The 

impedance ratio and length ratio of the SIR structure can 

be expressed as [14]. 
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Where the Z1 and Z2 are the characteristic impedances of 

the width Wt and Wv as given in Figure 1. For the proposed 

design, K and αl are 0.81 and 0.62, respectively, which 

resonates at 2.45 GHz. 
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Figure 1. Geometry of the proposed antenna (a) Top view 

(b) Bottom view (c) Photograph of the fabricated 

prototype. (The optimized design parameters are Ls=40 

mm, Ws=25 mm,  La= 8.5 mm, Lb= 11.2 mm, Lc= 6.65 mm, 

Ld= 6 mm, Lf= 7 mm, Wf= 3 mm, Wt= 0.2 mm, Wu= 2 mm 

and Wv= 0.8 mm,) 

 

3 Characteristic Mode Analysis 
 

Characteristic mode analysis (CMA) is widely utilized to 

understand the radiating structures' physical mechanism 

[15]. CMA is a powerful tool for the design and analysis of 

many challenging antennas and antenna arrays. The most 

significant advantage of this analysis is that it can provide 

various inherent resonant modes and the antennas' radiation 

mechanism without any excitation. With this physical 

understanding of the antenna resonance, it is possible to 

optimize the antenna dimensions for desired resonant 

modes. This versatile modal analysis tool can also provide 

information regarding the feed point. Usually, the places 

having maximum current densities are chosen for the exact 

location for feed.  In this study, the resonant mechanism of 

the dual-band antenna is analyzed using characteristic 

mode analysis. Three merit parameters are analyzed to 

explain the physical mechanism of the antenna. These 

parameters are eigenvalue, modal significance, and 

characteristic angle. 
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Figure 2. Characteristic mode analysis curves for the first 

two resonant modes of the proposed antenna. (a) 

Eigenvalue (b) Modal significance (c) Characteristic 

angles 

In the characteristic mode analysis, the eigenvalues (λn) of 

the radiating structure are clearly investigated. The 

magnitude of the eigenvalues provides the resonance 

behavior of the antenna. The eigenvalue of a radiating 

structure ranges from -∞ to ∞. The eigenvalue represents 

the ratio of reactive to radiated power. When the reactive 

power is zero, the modes radiate efficiently. Figure 2(a) 

shows the variations of eigenvalues for the first two 

resonant modes of the proposed antenna.  The resonant 

frequencies are obtained at 2.45 GHz and 5.5 GHz and are 

marked respectively as f1 and f2 in Figure 2(a). The mode 

with eigenvalues greater than zero stores the magnetic 

energy, and these modes are known as the inductive modes. 

The mode stores the electric energy when the eigenvalue 

less than zero, and those modes indicate the capacitive 

mode. 

 

The modal significance (MSn) provides the intrinsic 

property of each resonant modes, and it can be presented as 

[15]  
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The modal significance equation presented in (3) 

transforms the huge range of eigenvalues (-∞, ∞) to a much 

smaller range of (0, 1). The modal significance curve for 

the resonant modes of the proposed antenna is shown in 

Figure 2(b). The mode with modal significance value one 

radiates efficiently. The radiating bandwidth can be 

calculated from half-power points (0.707). The first 

resonance gives a narrow impedance bandwidth of 3.6 % 

from 2.4 GHz (fL1) to 2.49 GHz (fU1), and the second 

resonance provides a wide bandwidth of 29.09% from 4.95 

GHz (fL2) to 6.55 GHz (fU1).  From this radiating 

bandwidth, the modal quality factor can be calculated and 

is given by  
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The modal quality factor indicates how sharp the 

resonance is. For the proposed design, the modal quality 

factor for lower resonance and higher resonance is 27.77 

and 3.43, respectively. 

 

Characteristic angle (βn) is another crucial parameter 

analyzed to explain the resonant behavior of the antenna. 

The characteristic angle is given by  

 

      βn= 1800- tan-1(λn)     (5) 

 

The characteristic angle curve for the first two modes of 

the proposed antenna is shown in Figure 2(c). The 

frequencies correspond to the characteristic angle 1800 

gives the resonance and is marked as f1 and f2 at 2.45 GHz 

and 5.5 GHz, respectively, in Figure 2(c). The lower band 

(fL1, fL2) and upper band (fU1, fU2) frequencies are 

calculated from the characteristic angle 2250 and 1350 

respectively [15]. 

 

The characteristic current distributions for first and 

second resonant frequencies are shown in Figure 3. At the 

lower resonance, the high impedance portion of the folded 

SIR parasitic element holds the maximum current and is 

marked as point B in Figure 3(a). In this case, the current 

direction along the SIR is from A to C with the maximum 

current at B and current nulls at points A and C. This 

distribution of the characteristic current contributes to the 

radiation at the lower resonance. 
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Figure 3. The characteristic current distributions of the 

first two resonant modes of the antenna (a) 2.45 GHz (b) 

5.5 GHz. 

The characteristic current distribution at the higher 

resonance frequency is shown in Figure 3(b). In this case, 

the direction of current along the SIR is from A to B and 

C to B. These currents cancel each other and create a null 

at the center. This shows that SIR parasitic element has 

not much impact on the higher resonance frequency. The 

edges of the planar dipole antenna carry the maximum 

current, contributing to higher resonance radiation. 

 

 

Figure 4. Simulated and measured reflection coefficient of 

the proposed antenna. 

Figure 4 shows the simulated and measured reflection 

coefficients of the proposed antenna. A desirable 

impedance bandwidth of 90 MHz (2.4-2.49 GHz) and 1.6 

GHz (4.95-6.55 GHz) is achieved at the lower and higher 

resonance frequencies.   
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Figure 5. Measured 3D radiation pattern of the dual-band 

antenna using RFxpert (a) 2.45 GHz (b) 5.5 GHz. 

Figure 5 shows the measured 3D normalized radiation 

pattern of the antenna at 2.45 GHz and 5.5 GHz. The 

measured radiation pattern shows that the antenna radiates 

omnidirectionally in the lower band and broadside at the 

higher band. The 3D pattern measurements are carried out 

using EMSCAN RFxpert. 

 

4 Conclusion 
 

The characteristic mode analysis of the SIR coupled dual-

band dipole antenna is presented. The characteristic mode 

theory is productively utilized to understand the resonant 

mechanism of the antenna and calculated the radiating 

bandwidth and modal quality factor. The measured 

impedance bandwidth of the antenna is 90 MHz (2.4-2.49 

GHz) for the first resonance and 1.6 GHz (4.95-6.55 GHz) 

for the second resonance, which covers the 2.4 GHz, 5.2 

GHz, and 5.8 GHz ISM bands. The antenna shows an 

omnidirectional radiation pattern in the lower band and a 

broadside radiation pattern at the higher band. 
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