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Abstract ─ A compact tri-band miniaturized antenna 

with parasitic element loading is proposed for small 

form factor devices. Firstly, the dual-band antenna is 

proposed. Based on the theory of characteristic mode 

(TCM), the resonant of the metal loop decreases by 

adding three identical square monopole on the other side 

of the substrate. By exciting one of three square 

monopoles, the other two monopole treating as parasitic 

units, can lower the Q factor of the monopole and 

enhance the bandwidth of the antenna. Then, the tri-band 

antenna is proposed. By adding metal patches on the side 

of the parasitic elements, the higher order of the metal 

loop is excited and the new resonant point is created. 

With the adoption of the TCM, two degenerate modes 

are separated by adding metal strips on the metal loop to 

enhance the bandwidth of the low band. Also, the same 

way is carried out to decrease the electric size of the 

antenna and the size of the proposed structure meets the 

requirement of the electric small antenna. To verify the 

performance, the proposed antenna is fabricated and 

tested. The measured results are in agreement with 

simulated results. 

Index Terms ─ Bandwidth enhancement, electrically 

small antenna (ESAs), miniaturized size, tri-band. 

I. INTRODUCTION
In our daily life, many wireless devices have been 

successfully deployed in a wireless communication 

system such as laptops, Global Positioning System, 

Bluetooth. Recently, many researchers attach more 

attention to the electric small antenna for a huge demand 

for the small form factor devices applied in the smart city. 

A widely recognized fact is that the electric small 

antenna possesses the characteristic of 1k a  . Many 

technologies have been developed to decrease the size of 

the antenna. Grounding on the analysis and calculation 

of CRLH LT theory [1], the antenna designed based 

on CRLH metamaterial possesses the characteristic of 

electric small size. Folded patch [2-4], defected ground 

plane [5-7], and virtually shorting pin [8,9] are three 

techniques to decrease the size of the antenna. By 

combining three approaches, the antenna in [8] achieves 

size reduction more than 80% compared to the 

conventional half-wave patch antenna. Moreover, the 

employed of a high permittivity substrate to miniaturize 

the size of antenna report in [10] and a size reduction 

more than 80% is achieved. 

Also, the multi-band antenna is required to satisfy 

the requirement of the equipment in different 

applications. Till now, the variously printed antenna has 

manufactured for the multi-band application. In paper 

[11-13], the different shapes of metal were printed on the 

front and back sides of the substrate to produce diverse 

resonance. The diode serving as a configuration structure 

makes the antenna resonance in the upper and low band 

[14]. With high and low voltage, the resonant frequency 

of the antenna is varied to generate different resonant 

modes. In terms of Babinet theory, slot [15] is treated as 

the dipole. Therefore, the same way is carried out in the 

slot antenna to generate multi-band. 

Although many methods have been adopted in 

multi-band miniaturized antenna, there still exist some 

problems. In [16-19], various complex printed shapes 

were employed to achieve multi-band characteristics. 

With those shapes utilized, it’s difficult to design and 

optimize the antenna. In [20], the dual-band patch 

antenna achieves a 74% miniaturized ratio at 2.4 GHz, 

but the -6 dB impedance bandwidth of the antenna is 

40 MHz at the 2.4 GHz and 1.5 GHz at 5.2 GHz. 

In this paper, a compact tri-band miniaturized 

antenna is proposed to reduce the electric size and 

enhance the bandwidth of the antenna. With the TCM 

adopted, it’s easy and accurate to design and optimize 

the antenna. With three square monopoles adding, the 

resonant point of the antenna in the low band decrease, 

and the bandwidth of the antenna in the high band 

increase. In addition, two metal patches add on the side 

of the parasitic elements to generate the high order mode 

of the metal loop. Finally, the performance of the 

antenna in each band can be efficiently controlled by 

adding strips on the metal loop. The proposed antenna 

possesses with simple structure meeting the requirement 

of the WLAN/WiMAX application. 
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II. ANTENNA DESIGN 

A. Antenna geometry and evolution steps 

Figure 1 is the drawing of the proposed antenna 

(26.4×26.4×1mm3). The dielectric serving as the 
substrate of the antenna is FR-4. The height of substrate 

and copper are 1mm and 0.018mm respectively. Figure 

2 depicts the four steps to designing the proposed compact 

tri-band miniaturized antenna. The curves presenting in 

Fig. 3 (b) are the reflection coefficient of the antenna with 

a different structure. The label of curves in Fig. 3 (b) 

corresponds to the label in Fig. 2. To explore the working 

principle of the proposed antenna, the characteristic mode 

analysis (CMA) use here to analyze the performance of 

the antenna with the adoption of CST MICROWAVE 

STUDIO. 
 

 
(a)                                    (b) 

                      
(c)                                    (d) 

 

Fig. 1. Topology of the proposed antenna: (a) top view, 

(b) bottom view, (c) top view of the fabricated antenna, 

and (d) bottom view of the fabricated antenna. 
 

 
  Ant. 1          Ant. 2           Ant. 3         Ant. 4 

 

Fig. 2. Four steps to design the proposed antenna. 
 

B. Theory of characteristic mode 

Basing on the method of moment (MOM) which is 

the mathematical concept, a unified matrix approach 

treating for field problems is given in [21]. And, the 

theory and the computation of CMs for conducting 

bodies are given in [22] and [23]. Then, TCM applied in 

a dielectric and magnetic material is given in [24].  

To summary, the TCM gives three important indices 

𝜆𝑛 , 𝛼𝑛  and Modal significance (MS) to judge the 

performance of the characteristic mode. 

𝜆𝑛  called eigenvalue represent the degree of 

resonant at nth modes. The value of 𝜆𝑛  is calculated  

by equation: 𝑋(𝐽𝑁) = 𝜆𝑁𝑅(𝐽𝑁), where 𝑋(𝐽𝑁) and 𝑅(𝐽𝑁) 
are the imaginary and real parts of the impedance at the 

corresponding mode in matrix Z. The corresponded 

mode is likely to resonate when 𝜆𝑛 approaches zero. 

𝛼𝑛 called the weighting coefficient obtain from the 

equation: 𝐽 = ∑𝛼𝑁𝐽𝑁, where J is current on conducting 

bodies when an electric field impress and 𝐽𝑁 is a series 

of complete orthogonality eigenfunctions. 

The resonant frequency and the resonant degree of 

characteristic mode can also be judged from the value of 

MS. The value of MS is calculated by the equation: 

𝑀𝑆 = |1/(1 + 𝑗𝛼𝑁)|. The corresponded mode is likely 

to resonate when MS approaches one. 

 
C. The mechanism of Ant. 1 

The loop antenna widely applies to the wireless 

communication system. Here, we put a loop on the 

surface of the substrate. 

The value of Gl is determined by: 

4
0

c
Gl

f


 ,                                (1) 

where c is the speed at which light travels in a vacuum, 

f0 is the frequency where the eigenvalues of the Ant.1 

equal to zero. The value of Gl is related to the value of G 

and Gw giving by: 

2

G Gw
Gl


 .                               (2) 

Figure 3 (a) shows the eigenvalues of the proposed 

structure Ant. 1 with the adaptation of TCM. We can 

notice that the curves of the two eigenvalues coincide 

with each other and the value of eigenvalues equal to 

zero at 3.1 GHz. Therefore, the metal loop possesses two 

degenerate modes at 3.1 GHz. 

 

 
       (a)                                       (b) 

 
Fig. 3. The curve of the antenna: (a) eigenvalues of the 

metal loop, and (b) reflection coefficient of antennas. 

 
D. The mechanism of Ant. 2 

By adding three square metal patches in Ant. 1, the 

electrical size of the antenna decreases, and the 

bandwidth of the antenna in the upper band increases. 

The size of the square metal patch is determined by: 
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where f1 is the resonant frequency of the Ant. 2 in the 

upper band. 

As showing in Fig. 4 (a), with three monopoles 

loading, the point where eigenvalues equal to zero, varies 

from 3.1 GHz to 2.7 GHz in the low band. When three 

monopoles loading on the surface of the substrate, it can 

change the impedance characteristic of the metal loop 

leading to the resonant point decrease. 

 

 
(a)                                      (b) 

 

Fig. 4. Eigenvalues of the antenna: (a) Ant. 2 in the low 

band, and (b) Ant. 3 in the middle band. 
 

 
(a)                    (b)                    (c) 

 

Fig. 5. Simulated eigencurrent distribution of Ant. 2 at 

2.7 GHz: (a) Mode 1, (b) Mode 2, and (c) Mode 3. 

 

To enhance the impedance bandwidth in the upper 

band, the parasitic loading technique studying in paper 

[25] use here. By exciting one of three square metal 

patches, the other two metal patches treating as parasitic 

units, can lower the Q factor of the monopole and 

enhance the bandwidth of the antenna in the upper band. 

The -10dB impedance bandwidth of Ant. 2 covering 

the frequency of 2.52 GHz-2.87 GHz (WiMAX band) 

and 4.84 GHz-5.72 GHz (WLAN band) is shown in Fig. 

3 (Ant. 2). Moreover, the antenna possesses with 

omnidirectional radiation pattern in the low band. For the 

upper band, the antenna is provided with a 4.09 dBi peak 

gain at 5.5 GHz. 

 

E. The mechanism of Ant. 3 

In the process of CMA [26], the shorting pin  

and capacitance are traditional ways to modulate the 

performance of the antenna. Here, we add the patches on 

the side of the parasitic metal patches to vary the 

performance of the Ant. 2. In comparison with the curve 

of Ant. 2 in Fig. 3 (b), the curve of Ant. 3 changes greatly 

in the middle and up band, while the curve of Ant. 3  

remains the same in the low band. 

For the low band, the current distribution of the 

characteristic mode presents in Fig. 5. Few currents 

distribute on the right side of the PEC where two metal 

patches are added. Therefore, the metal patches have less 

influence on the current distribution of Mode 2, and the 

performance of the antenna remains unchanged. 

For the upper band, the antenna work in monopole 

mode. The metal patches adding to the side of the 

monopole influence the impedance of two parasitic 

radiators. Therefore, the impedance matching of the 

antenna becomes worse and the impedance bandwidth of 

the antenna becomes narrow in the upper band. 

 

 
 (a)                           (b) 

 

Fig. 6. Simulated eigencurrent distribution: (a) Mode 2 

of Ant. 3 at 4.5 GHz, and (b) Mode 4 of Ant. 1. 

 

In the middle band, the CMA uses here to figure out 

the new mode. Judging from the eigenvalues in Fig. 4 

(b), we can conclude that Mode 2 contributes to the 

antenna resonant in the middle band. Furthermore, the 

eigencurrent of the metal loop’s high-order is given to 

prove that Mode 2 is the high-order mode of the metal 

loop. As we can see from Figs. 6 (a) and (b), the primary 

current distribution of two modes is similar by 

contrasting the maximum current in each arm. However, 

the current distribution is unbalanced in each arm of the 

Mode 2 showing in Fig. 6 (a). And, the monopole and 

metal patches loading are the main reasons leading to the 

unbalanced distribution of the current. 

 

F. The mechanism of Ant. 4 

The curve of the reflection coefficient in Fig. 3 (b) 

illustrates that the Ant. 3 is a tri-band antenna and 

possesses narrow bandwidth in the upper band. 

Therefore, we can take some measures to improve the 

impedance bandwidth in the upper band. The strips 

adding on the metal loop is shown in Fig. 2 (Ant. 4)  

for changing the impedance of monopole. With the 

adaptation of CAM, we figure out the function of strips 

adding in the different places separately. 

In the low band, Mode 2 and Mode 3 contribute  

to the resonance of the antenna according to the 

eigenvalues in Fig. 4. As we can see from Fig. 5, the strip 

X1 and X3 add to the maximum current distribution of 

Mode 2 and the minimum current distribution of Mode  

3 while the strip X2 adds to the minimum current 
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distribution of Mode 2 and the maximum current 

distribution of Mode 3. With the strip adding to the 

minimum of current distribution, the impedance of the 

metal loop changes leading to the mode resonant point 

shifts to low frequency. 

Therefore, the performance of Mode 2 has a relation 

to the strip X2. Also, the performance of Mode 3 has a 

relation to the strip X1 and X3. To verify this point of the 

view, the strips X1, X2 and X3 add separately in Ant. 3. 

And the reflection coefficient and modal significance of 

Ant. 3 with strips X1, X2 and X3 adding separately shows 

in Fig. 7. 

The strip X1 with the length of 10mm adds in Ant. 3. 

In Fig. 7 (b), the frequency of Mode 3 shifts to low band 

equal to 2.34 GHz which corresponded to the resonant 

point showing in the red line of Fig. 7 (a). Moreover, the 

frequency of Mode 2 shifts lightly. 

Add a strip X2 with a length of 8mm to Ant. 3. In Fig. 

7 (c), the frequency of Mode 2 shifts to low band equal 

to 2.42 GHz which corresponded to the resonant point 

showing in the blue line of Fig. 7 (a). Furthermore, the 

frequency of Mode 3 shifts lightly. 

Owing to the length of the X3 is short so that the 

resonant point of Mode 2 and Mode 3 shift lightly. 

And the middle band of the antenna is the high  

order mode of the metal loop. Therefore, the resonant 

frequency shifts as the low band. 
 

 
    (a)                                       (b) 

 
     (c)                                       (d) 

 

Fig. 7. The simulated results of Ant. 3 with strip  

loading separately: (a) reflection coefficient, (b) modal 

significance with X1 loading, (c) modal significance with 

X2 loading, and (d) Modal significance with X3 loading. 
 

G. Parametric study 

Parametric studies are carried to improve the 

performance of Ant. 3 with the strips X1, X2 and X3  

loading. 

In Fig. 8, two degenerate modes in the low band 

coincide with the increasing of X2 and separate with the 

increasing of X1 and X3. Therefore, the changes in Fig. 8 

are consistent with the changes in Fig. 7. 

As we can see from Fig. 8 (a), two resonant  

points shift to the low frequency and become closer  

with increasing the length of X1 in the upper band. 

Furthermore, with increasing of X2, the first resonant 

point in the upper band still unchanged and the second 

resonant point in the upper band shifts to the low band 

showing in Fig. 8 (b). According to Fig. 8 (c), the 

performance of the antenna in the upper band is better 

with the shorter length of X3. 

In Fig. 8 (d), the performance of the Ant. 4 in the 

upper band is getting better with the value of the w2 

and l2 changing. 

 

 
      (a)                                        (b) 

 
     (c)                                        (d) 

 

Fig. 8. Reflection coefficient of Ant. 4 with different 

parameters’ value: (a) X1; (b) X2; (c) X3; (d) w2 and l2. 

 

Table 1: The optimized parameters of the Ant. 4 

Parameter Value (mm) Parameter Value (mm) 

G 26.4 b 10.9 

Gw 22.8 h 1 

g 1 l2 0.8 

w 1.92 X1 10 

w1 1.8 X2 8 

w2 1 X3 2.65 

 

III. MEASURED RESULTS 
The optimized parameters are given in Table 1. 

And, to confirm the validity of the design, the proposed 

Ant. 4 is fabricated and measured as shown in Fig. 9. 
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Fig. 9. Measured environment. 

 

 
 

Fig. 10. The measured and simulated S11. 
 

 
   (a)                                              (b) 

 

Fig. 11. The influence of the inductor on the reflection 

coefficient of the antenna: (a) Simulated model 

considering the SMA, and (b) The results of the 

measured and simulated reflection coefficient. 
 

A. S-parameters 

The measured and simulated value of the reflection 

coefficient is presented in Fig. 10. The solid red line 

shows the result of the measured reflection coefficient, 

while the solid blue line exhibits the consequence of the 

simulated reflection coefficient. The measured bandwidth 

where S11<-10dB covers 2.24-2.48 GHz, 3.60-3.85 GHz, 

4.94-6.15 GHz, and 6.40-6.86 GHz. The relative bandwidth 

of the proposed antenna is 10.2%, 6.7%, 21.8%, and 

6.9%.  

The difference between simulated and measured 

results is primarily due to the adding of feeding SMA  

in measurement. The soldering and the adding of the  

SMA introduce extra inductors leading to the reflection 

coefficient of antenna change greatly in the upper band. 

To verify it, the simulated model and result exhibits in 

Fig. 11. As we can see from Fig. 11 (b), the simulated 

result corresponds to the measured result. 

 

B. Radiation performance 

The antenna measurement system SATIMO [27] is 

employed to calculate the performance of the antenna. 

With this equipment, the 2-D electric field data, the 

realized peak gain and the total efficiency are calculated. 

In Fig. 12, the radiation pattern at frequencies of 2.37, 

3.73, 5.31, 5.90 GHz are selected to represent the 

radiation performances of the antenna. In Fig. 12, we  

can come up with that the antenna can achieve 

omnidirectional radiation in the low and middle band. 

For the upper band, the antenna cannot achieve the 

omnidirectional radiation but still acceptable. And this 

phenomenon caused by the strips adding on the metal 

loop to enhance the impedance bandwidth. 

The total efficiency and peak gain are exhibited in 

Fig. 13. For the low band, the measured value of peak 

gain is lower than the simulated gain of 0.8 dBi owing to 

lower efficiency. 

According to [28], the total efficiency of the antenna 

is determined by the reflection efficiency at the input 

terminals of the antenna, conduction efficiency and 

dielectric efficiency of the antenna. 

And, SATIMO [27] measures the efficiency of the 

antenna according to this principle. This equipment 

measures radiation characteristics and the reflection 

coefficient of the antenna. Then, it calculates radiation 

efficiency by the definition in [28]. 

The antenna is electrically small in the lower band. 

Therefore, the small size of the ground plane leading to 

the currents flows back to the outer conductor surface of 

the cable. According to [29], this phenomenon will cause 

ripples in the radiation pattern. To improve the accuracy 

of the measured results, the feeding cable cover with an 

EM suppressant material [30] to absorb the currents 

flowing back to the outer conductor surface by SATIMO. 

The radiation energy absorbed by an EM suppressant 

material causes a decrease in the measured gain and 

efficiency. 

To verify this point of view, the model of the feeding 

cable used in the Starlab System is built-in HFSS 

according to [30]. The simulated and measured efficiency 

of the antenna in the low band shows in Fig. 13. Owing 

to the feeding cable effects described above, the curve  

of the measured efficiency is corresponding to the 

simulated efficiency with the employ of the cable model 

in the low band. Therefore, we can conclude that the 

feeding cable used in the Starlab System absorbs the 

energy leading to the decreasing of the radiation 

efficiency in the low band. However, this part of the 

energy which absorbs by an EM suppressant material  

is radiated by antenna according to [29] and the gain  

of antenna approach to the simulated value in the 

application. 
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       (a) 

 
       (b) 

 

Fig. 12. The radiation pattern of the proposed antenna: 

(a) xoz plane and (b) yoz plane. 

 

In Fig. 13, the curves of simulated and measured 

results are corresponding better. For the middle band, the 

measured value of peak gain lies between 2.4 and 2.9 dBi 

company with total efficiency vary from 69% to 75%. 

For the upper band, the measured value of peak gain 

ranges from 1.5 to 3.3 dBi with the total efficiency 

fluctuation between 53% and 62%. 

 

 
      (a)                                              (b) 

 

Fig. 13. The simulated and measured results of the 

antenna: (a) peak gain and (b) efficiency.  

Table 2: Performance comparison 

Reference k·a First Band 

Bandwidth 
Total 

Bandwidth 

[9] 1.8 0.8% 3% 

[16] 1.6 4.2% 12.4% 

[17] 1.4 11.2% 20.4% 

[31] 0.9 6% 20.7% 

[32] 1.4 20.3% 32% 

Proposed 0.9 10.2% 45.6% 

 

The measurement characteristics of the proposed 

antenna are utilized to compare with previous works  

in Table 2. All of those multi-band antenna focus on  

the electrical small characteristic in the first band. The 

proposed antenna possesses the lowest value of k  a 

equal to 0.9 when we consider the first band frequency. 

Despite the impedance bandwidth restricted by antenna 

circumscribed sphere’s radius, the proposed antenna 

achieves wider impedance bandwidth up to 10.2% in  

the low band with the smallest electrical size. Besides, 

the proposed antenna also exhibits a wider impedance 

bandwidth compared to the other five antennas when we 

consider the summation of each impedance bandwidth. 

 

IV. CONCLUSION 
A single fed novel structure with wide impedance 

bandwidth and miniaturized size is presented for small 

form factor wireless devices. The monopole serving as 

the radiator in the upper band is properly placed nearby 

the metal loop to decrease the electric size of the antenna. 

Moreover, the metal patches add to excite higher-order 

mode of metal loop leading to another resonance point 

achieved. To realize the better performance in each band, 

the metal strips are introduced to enhance bandwidth and 

decrease the electric size of the antenna. It is observed 

that by altering the performance of the monopole and 

metal loop, the antenna resonant in the WiMAX band 

and achieves better performance in the WLAN band.  

The prototype achieves the miniaturized structure with a  

size of 0.21×0.21×0.008 λ3 and the 10.2% impedance 

bandwidth in the low band. For a middle and upper band 

of the antenna, the measured impedance bandwidth equal 

to 6.7% and 21.8% respectively. 
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