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ABSTRACT. In this paper, dielectric resonator antenna (DRA) fabricated using neodymium (Nd) doped on 

barium titanate powder (Ba(1-x)NdxTiO3) with x values varying from 0, 0.01, 0.03, 0.05, 0.07 and 0.10 via sol-

gel process was investigated. Ba(1-x)NdxTiO3 in cylindrical shape with high dielectric constant and low loss 

tangent was used. A simple microstrip line was utilized as a feeder to ease the fabrication process. A 

comparative study of the various dope values of Nd with the same dimensions in terms of resonant frequency, 

return loss, bandwidth as well as radiation pattern were analyzed. Operational frequency of DRA was found 

to be tunable using different values of doped Nd, but the radiation patterns of the DRA were not very 

different. This antenna is suitable for use in X-band applications. 
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1. INTRODUCTION 

The field of microwave communication has gone through exceptional growth for the last two decades. 

This is driven by the latest trend of technology miniaturization which demands the enhancement of 

technology versatility to accommodate various technological constraints. The dielectric resonator antenna 

(DRA) is seen as the most adaptable antenna which can be integrated with any applications [1]. One of the 

most attractive features of DRA is its adjustability in terms of shape, dimensions and permittivity of dielectric 

resonator [2-4]. As permittivity increases, the size of DRA decreases since both parameters are inversely 

proportional to each other. Additional advantages are various feeding methods which is strongly associated 

with modes being excited, wide range of dielectric constant from different dielectric materials, as well as 

lightweight and low loss characteristics [1,3,5,6].    

Adjustability the resonant frequency is critical in DRA design. This offers a certain degree of freedom to 

incorporate DRA with tunable devices. A metallic plate attached to the dielectric resonator provides 

significant effect in varying the resonant frequency of the DRA [1,7,8]. The  biggest the metallic plate on top of 

the DRA, the larger the shift of resonant frequency which can be obtained [9]. Besides changing the diameter 
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of the metal plate, varying its height can also allow changes in frequency [10]. Moreover, the height of the 

metal plate has greater effect towards resonant frequency of the DRA compared to the diameter. Resonant 

frequency of the DRA is a function of material permittivity as well as structural parameters. A set of different 

resonant frequencies is generated from dielectric resonators (DR) having different permittivity [11]. Adding 

an additive to the dielectric resonator will modify the dielectric properties of DR. In previous work [12-15], 

the presence of additive in BaTiO3 was reported to affect the permittivity and loss tangent of DR. This in turn, 

influences the DRA’s resonant frequency.   

The common practice in producing dielectric resonators for antenna application is through the 

conventional solid state reaction process [16-18]. Kumazawa and Masuda [19] reported the fabrication of 

barium titanate thin film using sol-gel techniques. Bijumon et al. [20] reported an integrated DRA for system-

on-chip applications by sol-gel composites. None were purely fabricated from sol-gel since the bulk dielectric 

resonator was made using wet mixing process. The sol-gel process is preferred due to its inherent advantages 

such as high homogeneity and purity, lower processing temperature, and fine particle size, as compared to 

the co precipitation and wet mixing methods [21]. However, there are very little reports about the 

characteristics of DRA fabricated using the sol gel method. Hence, in this paper, the compact and low profile 

DRA fabricated from BaTiO3 material through sol gel process is reported. The effect of Nd dopant on the 

BaTiO3 DRA performance was also investigated.  

2. MATERIALS AND METHODS 

A pellet was prepared from pure and Nd doped BaTiO3 using the sol gel method. The value of the Nd 

additive was varied from 0, 0.01, 0.03, 0.05, 0.07, 0.10 and 0.13. BaTiO3 powders were derived using the sol-

gel method instead of the conventional method which involved mixing and milling processes. The solid state 

reaction of BaTiO3 DR was studied by means of XRD and SEM. HP4291B RF Impedance Analyzer (1 MHz -1.8 

GHz) was used to determine dielectric properties of the sample. The fabricated pellet was later attached to 

the grounded dielectric substrate for the completion of the DRA. The antenna structure is shown in Fig. 1. It 

consists of cylindrical pellets which are of radius = 10.07 mm and thickness = 1.2 mm.  The pellets were 

placed on the 50 Ω microstrip line of length = 40 mm and width = 1.9 mm. The dimension of the microstrip 

line was calculated using an impedance calculation tool in the computer simulation technology (CST) 

software.  For modeling purposes, a CST software which contains a frequency and time domain solver was 

used. The preferred feeding technique in this design is microstrip line due to its simplicity and direct 

excitation to DRA. The microstrip line had a 50 Ω impedance which was printed on a grounded substrate of 

permittivity ε = 3.38 and size of 50 mm × 40 mm × 0.813 mm. The positions of both DR and 50 Ω microstrip 

line were centered on the substrate board. To obtain optimum coupling, the position of each DR was varied 

provided that HEM11d mode excitation was not disturbed. Once fabricated, DRA must be attached to the 

substrate. The air gap surface between the DRA and substrate can affect the measurement results.  To do so, a 

nonpermanent adhesive i.e. a silicon sealant was used to bond the DRA in place. The level of this silicon 

sealant should be as thin as possible. The 50 Ω microstrip line is soldered to the compatible subminiature 

version A (SMA) connector. The measurements on resonant frequency return loss and bandwidth of DRA was 

done using HP8720D Network Analyzer (50 MHz to 20 GHz). Radiation patterns for both pure BaTiO3 DRA 

and Nd doped BaTiO3 DRA were also measured using Agilent Spectrum Analyzer 8565E.  The first part of the 

measurement deals with the investigation on the pure BaTiO3 pellet in DRA. The measurement consists of the 

modeling design, and a comparison of measurement results to highlight the potential of BaTiO3 pellet 

synthesized via sol-gel in DRA application. Later, the same measurement used on the DRA was repeated for 

the Nd doped BaTiO3. The amount of additive was varied and a comparison on the effect of the additive was 

done.  
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 Field characteristics inside the cylindrical DRA can be analyzed using a magnetic wall model [22]. The 

normal mode excitation for the cylindrical DRA with direct microstrip coupling is HEM11d mode. 

Consequently, the resonant frequency of the cylindrical DRA can be predicted from the separation equation as 

shown in Eq. 1 [1,22].  
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where c is the velocity of light in free space and f is frequency. kr and kz are the wavenumbers inside the 

cylindrical DR in r and z directions, respectively. The equation is as below: 

                                                           kr =  
a

X vp
                                                            (2) 

                                                           kz = 
 


d

m

2

12 
                                                     (3) 

After rearrangement of Eq. 1, the resonant frequency of  mode fvpm is given as:  
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and when both Eqs. 2 and 3 are substituted into Eq. 4, the theoretical resonant frequency is given as Eq. 5:  
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where Xvp is the root satisfying the characteristic equation.   

 

 
Fig. 1 Structure of the BaTiO3 DRA, (a) simulated and (b) fabricated 

3. RESULTS AND DISCUSSION 

In order to analyze the performance of a BaTiO3 pellet as the dielectric resonator in a DRA application, 

measurements of several parameters of the antenna were done. Fig. 2 shows simulated and measured input 

impedance on the Smith chart for the pure BaTiO3 DRA. The range of frequency starts from 8 GHz to 10 GHz. 

It is noted that both impedance loops are close to the prime center of the Smith chart which represents 50 + j 

0 Ω. The simulated result has an input impedance of 54.30 - j 1.70 Ω, while the measured input impedance is 

48.27 - j 2.64 Ω. This shows that the DRA which utilizes the pure BaTiO3 pellet has good impedance matching 

with the simulated one. This is because the value of measured input impedance is the closest to the prime 

center of the Smith chart. It shows that pure BaTiO3 pellet fabricated using the sol-gel process can have good 

impedance matching in real antenna applications.  

 In correlation with the Smith chart, return loss curves are given in the Fig. 3. It shows measured and 

simulated return loss as a function of frequency for the DRA which uses pure BaTiO3 pellet.  As can be clearly 
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seen, the measured DRA attained a return loss of -31.18 dB at a frequency of 8.71 GHz. It gives a -15 dB 

bandwidth of 700 MHz or 8.03%, whereas the simulated resonant frequency shifted to the lower frequency at 

8.99 GHz with -21.64 dB. The impedance bandwidth is around 380 MHz or 4.22%. As can be concluded from 

the curves, the significant dissimilarity between these two DRA is the impedance bandwidth. 

 
Fig. 3 Input impedance of pure BaTiO3 

The measured bandwidth of BaTiO3 DRA is double that of the simulated bandwidth. In terms of return 

loss, the result shows that both measure lower than -20 dB, indicating that both DRA have low power loss. 

This can be related to the Smith chart as the lower the S11 curve, the closer the impedance loop to the prime 

center of the Smith chart. Generally, both the simulated and fabricated DRAs have different bandwidths due 

to tolerance of the dielectric properties and possession of different frequency resonances. Based on the S11 

curves, it is proven that the BaTiO3 pellet functions as a resonant structure with a specific resonant frequency. 

This is triggered from the internal reflections of electromagnetic waves between the air and pellet boundary. 

This in turn confines the energy within, and in the vicinity of the pellet, therefore forming a resonant 

structure [21].  

 

Fig. 4 Return loss of pure BaTiO3 DRA 

Fig. 4 shows the input impedance of pure and dopant BaTiO3 DRA. All the loops are almost at the center 

of the Smith chart which indicates good matching for the DRA. However, it can be clearly seen that by adding 

dopant (Nd) into BaTiO3 DR, the level of matching was improved. The loop which represents pure BaTiO3 DRA 

is the farthest from the circle of the Smith chart, showing that it has the worst matching level with input 
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impedance of 48.27 - j 2.64 Ω at 8.71 GHz. However, for x = 0.03 and x = 0.05, the DRA has better matching. 

For x = 0.03, the input impedance is near to 50 Ω with 49.95 – j 0.02 Ω. It is almost equivalent to the 0.05 

dopant BaTiO3 DRA with 50.1 – j 0.02 Ω. Hence, it is proven that by introducing the additive Nd into BaTiO3 

DRA, the impedance matching of DRA can be improved.  

 

Fig. 4 Measured input impedance of doped BaTiO3 DRA with (a) 0, 0.01, 0.03 Nd and (b) 0.05, 0.07, 0.10 Nd 

The effect of Nd doped BaTiO3 on the DRA in terms of return loss is shown in Fig. 5. It can be noted that 

different values of Nd as dopant resulted in different resonant frequencies. The lowest frequency belongs to 

the pure BaTiO3 DRA at 8.71 GHz while the highest operational frequency is triggered at 9.27 GHz for 0.07 Nd 

BaTiO3 DRA. This can be explained by the effect of permittivity values for each sample. The higher the 

permittivity, the lower the resonant frequency. According to our previous work [12], pure BaTiO3 pellet has 

the highest permittivity compared to Nd doped BaTiO3 pellets where the lowest permittivity was measured in 

the (x = 0.07) pellet. With regards to return loss, all the curves have values lower than -30 dB. It shows that all 

DRA achieved good matching levels at the respective frequencies where pure BaTiO3 and Nd doped BaTiO3 

DRA performed successfully as antenna elements. The return loss for pure BaTiO3 DRA is the highest with -

31.18 dB, whereas all dopant BaTiO3 DRA measured lower than that. In terms of bandwidth, pure BaTiO3 DRA 

possesses the largest impedance bandwidth with 8.03%, while the x = 0.07 pellet exhibited the lowest 

impedance bandwidth of 3%. As expected, the presence of Nd dopant increases tan loss of BaTiO3 DRA while 

at the same time lowers the dielectric constant.  Generally, the presence of the additive Nd in BaTiO3 pellet 

has improved the reflection coefficient of DRA, altering the resonant frequency and reduced the bandwidth of 

DRA. 

 
Fig. 5 Measured return loss of BaTiO3 DRA with different Nd doped 
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4. SUMMARY 

DRA using BaTiO3 ceramic was designed, fabricated by means of sol-gel process and analyzed. Both 

simulated and measured results were presented, and it was proved that Nd-doped BaTiO3 synthesized using 

the sol-gel process is suitable for DRA applications. The results of resonant frequency show that BaTiO3 pellet 

is a resonant structure with HEM11∂ mode excitation. Good impedance matching and quasi omni directional 

type radiation pattern was exhibited.  The presence of the additive Nd in the BaTiO3 DRA changed the 

resonant frequency. Therefore, the BaTiO3 DRA fabricated via the sol-gel process was successfully proven to 

be applicable in DRA. 
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