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ABSTRACT This paper presents a novel low-profile high gain frequency reconfigurable patch antenna 

with unidirectional radiation pattern by using a grid-slotted patch with tunable varactors loading. The 

antenna consists of two stacked substrates and three metal layers. A grid-slotted patch with two tunable 

varactors is placed on the top layer, a microstrip line is placed in the middle of two substrates, and the 

ground plane is on the bottom layer. A single DC voltage applied on two varactors is used to control the 

working frequencies of the proposed antenna. By altering the bias voltage, the working frequency of the 

proposed antenna can be continuously changed within a wide range from 2.45 GHz to 3.55 GHz. The 

antenna maintains broadside radiation and stable radiation pattern in all the operating modes. The measured 

antenna gain of the proposed antenna rises from 4.25 dBi to 8.49 dBi with the working frequency increases 

from 2.45 GHz to 3.55 GHz. Compared to other frequency-reconfigurable antennas available in the 

literature, the proposed antenna has advantages of a wide frequency tuning range over a bandwidth of 

1.45:1, high frequency selectivity, low profile (0.016 free space wavelength at 2.45 GHz), high gain, stable 

unidirectional pattern, simple structure, and low cost. These advantages make it a promising candidate for 

cognitive radio and future wireless communication systems. 

INDEX TERMS Continuously tuning, frequency reconfigurable antenna, varactors. 

I. INTRODUCTION 

Recently, frequency reconfigurable antennas have obtained 

increasing attention because they are in great demand for a 

variety of multiple frequency systems and cognitive radio 

systems which can improve spectrum efficiency [1]. Good 

frequency selectivity, stable radiation patterns, and wide 

frequency tuning range are desired for frequency-

reconfigurable antennas. Meanwhile, with small size, low-

profile, simple structure, and low cost, frequency 

reconfigurable antennas can be easily integrated in the 

wireless system. 

Physically reconfigurable antennas [2, 3] and electrically 

reconfigurable antennas [4-6] are two major types of 

frequency reconfigurable antennas [7]. Despite the 

advantages of low insertion loss and high reliability, the 

physically reconfigurable antennas, also known as 

mechanically reconfigurable antennas, are difficult to tune 

and hardly applied in fast time varying control [8]. 

Electrically reconfigurable antennas based on the use of 

electrically controlled devices are desired in many 

applications due to high switching speed, simple structure 

and relatively low price. 

Tunable varactors, tunable materials and switches 

including RF-MEMS switches and PIN diodes are usually 

used to design electrically frequency reconfigurable antenna 

[9]. Various microstrip reconfigurable antennas have been 

applied as they have advantages of low cost, low profile and 

ease of fabrication [10-16]. In [10], five RF p-i-n diode 

switches are placed on a slot under a microstrip patch 

antenna to achieve frequency reconfigurable between nine 

discrete bands. The microstrip patch antenna is switched to 

slot antenna as the operational frequency decreases. In [11], a 

four states frequency reconfigurable antenna is reported by 

loading three PIN diode switches on the radiation patch of a 

compact microstrip antenna. By changing the states of the 

switches, the four different resonant frequencies are obtained. 

A microstrip slot antenna using the RF MEMS switches have 

been presented to achieve operating frequency band changing 
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between 2.45 GHz and 5.2GHz [12]. One common problem 

for these reconfigurable antennas based on switches is that 

the working frequency cannot be tuned continuously. The 

switch elements providing the ON/OFF functions only 

facilitate fixed band, therefore, those antennas cannot obtain 

a frequency-agile property to continuously shift the 

operational bands across the entire sensing band.  

A continuously frequency tunable antenna is reported in 

[14]. A trimmer is used to control the operational frequency 

of a microstrip antenna. The trimmer, acting as a tunable 

capacitor soldered to the microstrip feed line, needs to be 

rotated manually to change the capacitance. The working 

band can be altered continuously from 2.6 GHz to 3.35 GHz, 

translating into a 1.28 reconfigurable frequency ratio. By 

loading ferroelectric varactors along a slot loop, a frequency-

reconfigurable antenna is designed [15]. The reconfigurable 

frequency ratio is 1.36. The gain of the antenna is lower than 

-3 dBi due to the very compact size of antenna and loss of the 

FE varactors. A slot antenna with two varactor is reported in 

[17] and the simulated result shown a wide tuning range of 

1.56:1. Due to the omnidirectional radiation pattern, the peak 

gain of the antenna is from 1.1 to 2.4 dB. Wideband dipole 

antenna or monopole antenna mounted above an active FSS 

reflector has been presented to achieve the continuous 

frequency tuning in [18, 19]. Due to the in-phase reflection of 

the FSS, the backward radiation can be avoided and the 

profile of the antenna can be reduced dramatically. However, 

a large physical length is usually required to obtain a tunable 

FSS reflector. 

The design of microstrip patch antennas with varactors is 

studied previously in [20-22]. The operational bands of the 

frequency reconfigurable antennas are controlled by the 

biasing voltages of the varactors. The reconfigurable 

frequency ratios of the tunable operational frequencies in [20] 

and [21] are 1.1 and 1.33, respectively. To further extend the 

tunable range of the microstrip patch antenna, a dual-band 

stacked patch antenna with air substrate is presented in [22], 

and the two working frequencies can be continuously tuned 

within two bands from 1.68 to 1.93 GHz and from 2.11 to 

2.51 GHz. 

In 2014 and 2015, metamaterial-based grid-slotted 

mushroom antenna and microstrip patch antenna are 

extensively reported in [23-26]. The grid-slotted patch can be 

excited by slot patch. By using arrays of sub-wavelength 

patches, the grid-slotted microstrip patch antennas show 

advantages of high gain, low-profile and wide operational 

band. This phenomenon can be considered as the effects of 

surface waves propagating on the finite-sized RIS-based 

antennas [25]. Frequency reconfigurable operation was also 

presented in several research papers based on the concept of 

the grid-slotted microstrip patch antenna [27-30]. However, 

those reconfigurable antennas are mechanically 

reconfigurable antennas.  

In this paper, a low-profile grid-slotted frequency 

reconfigurable antenna is proposed based on our previously 

published conference paper [31]. In the conference paper, 

antenna structure and preliminary simulation results are 

presented. In this paper, the prototype of the proposed 

antenna is fabricated and measured, and further analysis and 

experimental results are given in details. The antenna 

consists of two stacked substrates with the thickness of 1 mm. 

The profile of the proposed antenna is only 2 mm. A grid-

slotted patch with tunable varactors is placed on the top layer. 

By controlling the capacitance of the varactors, the resonant 

frequency of the antenna can be continuously tuned in a wide 

range from 2.45 to 3.55 GHz. High frequency selectivity is 

obtained. Furthermore, the unidirectional radiation pattern of 

the antenna at its tunable resonant frequency stays stable, and 

a good gain, varying from 4.25 dBi to 8.49 dBi, can be 

observed within the wide tuning band. Very simple DC 

biasing circuit is designed to control the varactors and a 

single voltage is enough for antenna frequency tuning.  

II. ANTENNA GEOMETRY 

 

FIGURE 1.  The geometry of the proposed antenna (a = 18 mm, g = 0.4 
mm, ls = 20 mm, lf = 42.5 mm, wf = 3 mm, ws = 3 mm, G = 70 mm). 

 

The proposed antenna consists of three metal layers 

separated by two square F4B substrates with size of 70 × 70 

mm2, relative permittivity of 2.2, loss tangent of 0.002, and 

thickness of 1 mm as shown in Fig. 1. The two substrates are 

stacked together closely and there is no air gap between the 

substrates. A grid-slotted patch works as a radiator is printed 

on the top layer. The patch is divided into 3×3 small patches 

by two horizontal slots and two vertical slots. The size of 

each small patch is a × a, and the width of the slots is g. A 

microstrip feeding line is placed in the middle of the 

substrates with the width of Wf and length of Lf. A metallic 

ground plane with a rectangle aperture-coupling slot etched 

on is printed on the bottom layer. The length of the slot is Ls 

and the width of the slot is Ws. As shown in Fig. 1, two 

varactors are applied on the grid slot patch for frequency 

reconfigurability. The varactor diodes are SMV1405 from 

Skyworks where the capacitance of the diodes changes from 

2.67 pF to 0.63 pF when the reverse bias voltage increases 

from 0 V to 30 V [32]. The cathodes of the varactors are 

soldered to the patches in the first row and the anodes of the 

varactors are soldered to the patches in the second row. The 

gaps between three patches in the first row are bridged by 

two inductors which is placed at the center of edges, and gaps 
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between three patches in the middle row are bridged by two 

inductors as well. Those four inductors with the inductance 

of 33 nH are used in this design to build the DC biasing 

circuit. The patches in the first row or in the second row are 

shorted for DC current and isolated from RF signal by the 

inductors. Two DC lines are connected to the patches in the 

first row and patches in the second row with 33 nH inductor 

chocks to achieve AC/DC isolation. By doing so, the DC 

voltage can be applied on the varactors in parallel through 

two DC lines, and only a single voltage between the DC lines 

is required to control the varactors. 

 

FIGURE 2. The structure of the analyzed grid-slotted patch antenna. 

III. Antenna Design and Theory 

The reconfigurable antenna is based on the study of a grid-

slotted patch antenna. The first step to implement the 

proposed reconfigurable antenna is the design and the 

investigation of a grid-slotted patch antenna as shown in Fig. 

2. The grid-slotted patch antenna in Fig. 2 is a microstrip fed 

aperture-coupled patch antenna. The radiation patch consists 

of an array of 3×3 periodically arranged square patches. As 

the effects of surface waves propagating on the finite-sized 

grid-slotted patches array, the antenna can work effectively 

with higher gain. The analysis and modeling of the surface 

wave resonances on RIS-based antenna were presented 

theoretically and computationally in [33]. The detail design 

principle of the grid slotted patch excited with an aperture-

coupling feeding technique is also described in [24], which is 

the basis of the work. The corresponding antenna 

performance is to be analyzed by considering the dispersion 

property of the capacitor-loaded patch unit cell. The cavity 

model is applicable to the mode analysis of the grid slotted 

patch antenna. By considering the finite-sized capacitor-

loaded patches as a cavity, the surface wave resonance can be 

qualitatively determined by the following equation (1).  

cavL


   (1) 

Where the β respects the propagation constant of the 

surface wave mode and the Lcav is the length of the cavity 

which can be calculated by the number of unit cells N 

multiplied by the cell periodicity (a+g). The dispersion 

diagram of the HIS structure can be calculated with the 

linked boundary condition by using the HFSS software. 

 

 
(a)                                                       (b) 

FIGURE 3.  Simulated |S11| with different values of gx and .gy 
  

 

FIGURE 4.  Antennas with loading varactors. 

 

FIGURE 5.  Simulated |S11| with different loading varactors. 

A grid slot antenna is analyzed firstly, as shown in Fig. 2. 

The simulated |S11| of the analyzed grid-slotted patch antenna 

with different values of gx and gy are presented in Fig. 3. It 

can be seen that, the value of gy influence the resonant 

frequency significantly, while the value of gx can slightly 

affect the resonant frequency. The width of the radiating slot 

gy, which determines the capacitance between adjacent 

patches, can significantly influence propagation constant of 

the surface wave, result in resonant frequency shifting. It can 

be seen that by decreasing the width of the horizontal slot gy, 

the equivalent capacitances across the adjacent patches 

increase and the resonant frequency of the antenna shifts 

toward lower frequencies. The simulated results indicate that 

the resonant frequency can be altered by changing the value 

of the distributed capacitances introduced by the horizontal 

gap. Therefore, by loading additional capacitors between 

patches can tune the working frequency of the grid-slotted 

patch antenna. To verify our concept, the antennas loaded 

with varactors on horizontal slots, acting as tunable 

capacitors are studied. The SMV1405 varactor is selected, 

due to its low series resistance and adequate range of junction 
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capacitance from 0.63 pF to 2.67 pF. A series RLC 

equivalent circuit was utilized to model the varactors. The 

model consists of diode parasitic inductance (Ls=0.7 pF), 

parasitic resistance (Rs=0.8Ω), and junction capacitance (Cj). 

To optimize the location and the number of tunable 

capacitors, three kinds of antennas integrated with varactors 

at different locations as illustrated in Fig. 4 are simulated. 

The simulated |S11| with different values of capacitances of 

the varactors is shown in Fig. 5. It can be seen that antenna I, 

antenna II, and antenna III have tunable working frequency. 

The frequency tuning ranges of the antenna I, antenna II, and 

antenna III are from 2.57 GHz to 3.48 GHz (red lines in Fig. 

5), from 2.62 GHz to 3.51 GHz (black lines in Fig. 5), and 

from 2.11 GHz to 3.14 GHz (blue lines in Fig. 5). The tuning 

ranges of those three antennas are similar except for 

frequency shift. Antenna I has less number of varactors 

compared with antenna II and antenna III which leading to a 

lower cost and simple biasing circuits. To make the proposed 

frequency reconfigurable antenna be cheaper and more 

simple, we finally choose the antenna I which has only two 

tunable capacitors. In addition, two capacitors in antenna I is 

sufficient to control the resonant frequency of the antenna 

within a wide range.  

 

FIGURE 6.  Simulated |S11| with different values of a. 

The simulated |S11| curves of Antenna I with different 

values of a are plotted in Fig. 6. When the side length of the 

square patch a increases from 17mm to 19 mm, the resonant 

frequency of antenna I with 0.63 pF capacitance loading 

shifts from 3.59 GHz to 3.37 GHz and while the resonant 

frequency with 2.67 pF capacitance loading shifts from 2.67 

GHz to 2.46 GHz. It indicates that the tunable frequency 

band is influenced significantly by the size of the square 

patch. The simulation results also show that the value of a 

can hardly change the bandwidth of the tunable frequency. 

The value of a is chosen to be 18 mm in our design example.  

The design of the frequency reconfigurable antenna is 

based on the antenna I shown in Fig. 4. Two SMV1405 

tuning varactors are used to realize the tunable capacitors 

loading. The voltage-dependent capacitances of varactors are 

used to tune the frequency of the antenna. Six inductors are 

used to provide biasing DC current path. Therefore, a single 

DC voltage is applied on the varactors in parallel. The 

capacitance of the varactors changes from 2.67 pF to 0.63 pF 

when the reverse bias voltage increases from 0 V to 30 V, 

while the working frequency of the reconfigurable antenna 

can be shifted continuously. 

IV. Simulated and Measured Results 

A prototype of the antenna as depicted in Fig. 7 was 

fabricated to verify our design concept. Two SMV1405 

varactors with SC-79 package and six Murata inductors were 

used. The simulation results are obtained by using the full 

wave simulation software CST. The S-parameters were 

measured with the KEYSIGHT E5080A vector network 

analyzer. The antenna gain and radiation patterns were 

evaluated in an anechoic chamber using the Satimo SG 24 

spherical near-field antenna measurement system.  

  
 (a) (b) 

FIGURE 7.  The prototype of the proposed frequency reconfigurable 
antenna. 

A. Impedance Matching  

The simulated and measured |S11| of the proposed antenna 

with respect to six different capacitances or reverse biasing 

voltages of varactors are superposed in Fig. 8. Reasonable 

agreement between simulation and measurement is obtained.  

Table I listed the six operational bands and bandwidths with 

six different reverse biasing voltages applied. The simulated 

and measured results show that by altering the capacitances 

of the varactors on the grid-slotted patch, the resonant 

frequency of the antenna is shifted continuously. The 

working band moves toward high frequency with the 

decrease of capacitances. Good impedance matching is 

observed and the measured bandwidth (BW) is about 3 % at 

each band. Although only six operational states within the 

continuous tuning range is given, the characteristic of 

continuously frequency reconfigurable can be expected. The 

center operational frequency varies from 2.45 GHz to 

3.55GHz as the reverse biasing voltage increase from 0 V to 

30 V. 
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FIGURE 8.  Simulated |S11| with respect to different capacitance of 
varactors. 
 
TABLE 1. Simulated and Measured Working Bands 

Antenna state Band 

1 

Band 

2 

Band 

3 

Band 

4 

Band 

5 

Band 

6 

Biasing voltage, V 0 0.5 1.5 4 10 30 

capacitance, pF 2.67 2.12 1.7 1.25 0.93 0.63 

Mea. Resonant 

Freq., GHz 
2.45 2.57 2.77 2.99 3.23 3.55 

Sim. Resonant 

Freq., GHz 
2.42 2.57 2.69 2.91 3.14 3.46 

Mea. BW (|S11|<-

10dB), % 
3.77 3.05 2.82 2.34 3.11 3.69 

Sim. BW (|S11|<-

10dB), % 
2.70 2.30 1.97 1.62 1.85 3.30 

 

B. Gains and Antenna Efficiency 

Fig. 9 shows the measured broadside gains-frequency 

curves of the antenna with six biasing voltages. It can be 

seen that the proposed antenna has good frequency 

selective characteristic. The measured peak gain rises from 

4.25 dBi to 8.49 dBi as the operational frequency increases 

from 2.45 GHz to 3.55 GHz. The gain fluctuation is on one 

hand due to the electrical size of the antenna aperture 

changed as the free space wavelength is different at 

different frequency. At lower frequency, the electrical size 

of the antenna is smaller than that at higher frequency 

which causes gain drop. On the other hand, the gain 

fluctuation can be attributed to the different radiation 

efficiency at different frequencies.  

 

FIGURE 9.  Measured antenna gain with respect to different biasing 
voltage. 

 

TABLE 2. Measured Gains and Efficiency 

Antenna state Band 
1 

Band 
2 

Band 
3 

Band 
4 

Band 
5 

Band 
6 

Sim. Resonant 

Freq., GHz 
2.42 2.57 2.69 2.91 3.14 3.46 

Sim. Gain, dBi 4.26 4.94 4.98 5.92 6.91 7.9 

Sim. Efficiency 55% 57% 59% 64% 70% 82% 

Mea. Resonant 

Freq., GHz 
2.45 2.57 2.77 2.99 3.23 3.55 

Mea. Gain, dBi 4.25 4.96 4.74 5.91 7.31 8.49 

Mea. Efficiency 49% 54% 50% 60% 78% 90% 

 

The measured efficiencies of the proposed antenna are 

shown in Table II. The efficiency of the antenna increases 

from 49 % to 90 % as the resonant frequency increases 

from 2.45 to 3.55 GHz. The return loss, metal loss, 

dielectric losses and ohmic losses of varactors contribute to 

the power loss of the proposed antenna. As the return loss, 

metal loss and dielectric losses (the loss tangent of the 

dielectric is 0.002) are negligible compared with the 

varactors ohmic losses, the ohmic losses of varactors (with 

series resistance of 0.8 Ω) dominate the power loss of the 

proposed antenna. The antenna efficiency changes 

significantly for different DC bias voltage. This is because 

the current distribution is different at different bands as 

shown in Fig. 10. When the antenna is operated at a lower 

frequency (e.g., Band 1), more RF current goes through the 

varactors compared with that at higher frequency (e.g., 

Band 6) can be observed. Therefore, ohmic losses of the 

varactors at lower frequency is more than that at higher 

frequency. The power loss of varactors leads to antenna 

efficiency reduction is the common drawback when the 

varactors are used as tunable capacitors to design 

reconfigurable antennas [5].  



 6 

 

FIGURE 10.  Current distribution of the antenna at different frequency: 
(a) Band 6 (3.46 GHz); (b) Band 1 (2.42 GHz). 

C. Radiation Pattern 

The measured radiation patterns at the measured resonant 

frequencies of six states with simulated radiation pattern at 

simulated resonant frequencies are shown in Fig. 11. Good 

agreement between the simulated results and measured 

results is obtained. The simulated cross polarization levels 

are below -30 dB and the measured cross polarization levels 

are below -20 dB. The measured front-to-rear ratio (F/B) is 

greater than 10 dB at different states. To sum up, this antenna 

is unidirectional and the radiation is stable in a wide 

frequency range.  

  
 H-plane E-plane 

(a)  

   
 H-plane E-plane 

(b) 

 
 (c) 

   
 H-plane E-plane  

(d) 

   
 H-plane E-plane 

(e) 

  
 H-plane E-plane 

(f) 

 

FIGURE 11. Simulated and measured radiation pattern of different states: 
(a) Band 1 simulated result at 2.42 GHz and  measured result at 2.45 
GHz; (b) Band 2 simulated result at 2.57 GHz and  measured result at 
2.57 GHz; (c) Band 3 simulated result at 2.69 GHz and  measured result 
at 2.77 GHz; (d) Band 4 simulated result at 2.91 GHz and  measured 
result at 2.99 GHz; (e) Band 5 simulated result at 3.14 GHz and 
measured result at 3.23 GHz; (f) Band 6 simulated result at 3.46 GHz and 
measured result at 3.55 GHz. 

D. Performance Comparison 

Finally, in Table III, performance of the proposed antenna is 

compared to other continually frequency-reconfigurable 

antennas [14, 15, 17-22, 27]. Despite its compact size and use 

of only 2 varactor diodes, the proposed antenna shows  
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comparatively better performance including wide frequency 

tuning range, high gain, unidirectional radiation pattern, low 

profile, and electrical reconfiguration. In addition, the 

structure of the proposed antenna is very simple, low cost, 

and easy to fabricate. 

 

V. Conclusion 

A novel low profile frequency reconfigurable grid-slotted 

patch antenna is proposed in this paper. Two varactors are 

loaded on the radiation patch to achieve frequency 

reconfigurablity. Biasing circuits are designed to apply DC 

voltage on varactors. Only a single DC biasing voltage is 

used in this design to control the operational frequency of the 

proposed antenna. A prototype is fabricated and measured. 

The measured results show that the proposed antenna has a 

continuously tunable operating frequency ranging from 2.45 

GHz to 3.55 GHz by altering the DC voltage applied on the 

varactors from 0 V to 30 V with an average bandwidth of 3%. 

The measured radiation patterns are stable within the wide 

operational frequency range with a good antenna gain from 

4.2 to 8.5 dBi. With the low profile, compact size, frequency 

reconfiguration and stable unidirectional radiation patterns, 

the proposed antenna can find potential applications for 

cognitive radio and future wireless communications. 
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