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     Abstract—A new dual-fed dual-frequency antenna that 

integrates a microwave hollow dielectric resonator antenna (DRA) 

with a high-gain millimeter-wave dielectric Fabry-Perot resonator 

antenna (FPRA) is investigated. To obtain the dual-frequency 

operation, the dielectric and air regions of the hollow DRA are 

designed to satisfy the resonance condition of the FPRA. The DRA 

and FPRA are excited by a strip and a WR-34 waveguide, 

respectively. For demonstration, a prototype that covers both 

2.4-GHz and 24-GHz ISM bands was fabricated and tested. The 

S-parameters, radiation pattern, antenna gain, and antenna 

efficiency are studied, and reasonable agreement between the 

measured and simulated results is found.  

 

Index Terms—Dielectric resonator antenna, Fabry-Perot 

resonator antenna, dual-frequency antenna. 

I. INTRODUCTION 

Since Long et al. [1] showed that dielectric resonators (DRs) 

can be used as effective radiators, DR antennas (DRAs) have 

been investigated extensively by many researchers [2]–[7]. 

Today, dual-frequency wireless communication systems are 

widely employed, motivating the study of dual-frequency DRA 

[8]–[10]. A common technique is to use more than one 

resonator. For example, a DRA is combined with a C-shape slot 

resonator to obtain a dual-frequency operation in 2.4-GHz and 

5.8-GHz WLAN bands [8]. Alternatively, a higher-order mode of 

DRA can be used to avoid using a second resonator. This idea has 

been demonstrated in [9], where a single rectangular DRA is 

excited in its TE111 and TE113 modes simultaneously, 

supporting the 1.5-GHz GPS and 2.4-GHZ WLAN bands. 

Similarly, the HEM111 and HEM113 modes of a cylindrical DRA 

have been designed in [10] to cover the 1.8-GHz DCS and 

2.4-GHZ WLAN bands. 

All the dual-frequency DRAs as mentioned above are 

single-fed designs with limited frequency ratios. However, a 

large frequency ratio will be needed when a system is required 

to operate in both microwave and millimeter-wave bands. Very 

recently, a dual-fed dual-frequency antenna with a large 

frequency-ratio has been investigated by the authors [11]. It 

integrates the microwave parallel-plate waveguide resonator 

antenna with the millimeter-wave Fabry-Perot resonator 

antenna (FPRA) that consists of a pair of completely reflective 

parallel plates [12]. The FPRA in [11] has a measured antenna 

gain of ~11 dBi. It is for low-gain applications, such as mobile 

communications where large coverage is desired. However, a 
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high-gain millimeter wave antenna is needed for some 

applications such as point-to-point communications. A 

straightforward way to obtain high gain radiation is to employ 

an antenna array, at the expense of increasing the design 

complexity and cost. As an alternative, FPRA [13] –[20] with a 

partially reflective plate parallel to the ground plane can be 

used to obtain a high antenna gain. The partially reflective plate 

can contain a metallic periodic array [13]–[17] or be simply a 

dielectric slab [18]–[20]. The radiation source of a FPRA can 

be a simple low-gain radiator such as a dipole or waveguide. 

The excited waves are reflected back and forth between the 

partially reflective plate and ground plane, with leakage into the 

upper half space through the partially reflective plate. For the 

FPRA with a dielectric slab, its antenna gain can be enhanced at 

a desired angle by designing the thickness of the dielectric slab 

and the separation between the slab and ground plane [19]. 

Since both the DRA and FPRA can be directly made of 

dielectric, it is possible to integrate them together on a single 

dielectric block.  

The hollow DRA is commonly found in DRA designs 

because it can give a wider bandwidth than that of the solid 

counterpart [21]. In addition, its hollow region can be used to 

provide additional packaging function, e.g., packaging an 

amplifier [22], coupler [23, 24], and also light source [25, 26].  

The aim of this work is to present a simple and compact 

dual-frequency antenna with a large frequency ratio, fabricated 

using a single hollow dielectric block [27].  This hollow 

dielectric block serves as the resonator for the microwave DRA 

and the superstrate for the millimeter-wave FPRA, 

respectively.  The antenna gain of the latter part is higher than 

that of [11] by 6 dB.  

To demonstrate the idea, a dual-fed dual-frequency antenna 

covering the 2.4-GHz and the 24-GHz ISM bands was designed 

and fabricated. It was simulated using ANSYS HFSS and the 

simulations agree reasonably well with measurements.  

II. ANTENNA DESIGN 

Figure 1 shows the configuration of the dual-fed 

dual-frequency antenna. A microwave hollow cylindrical DRA 

with a radius of RS, height of HS + HC, and dielectric constant of 

r is placed on an aluminum square ground plane with a side 

length of LG and thickness of HG. A hollow cylindrical region of 

radius RC and thickness HC is fabricated at the bottom of the 

DRA. Generally, a hollow region can widen the bandwidth of a 

DRA at the cost of increasing its crosspolar field of radiation 

pattern.  But for the current design, the aim of introducing this 

hollow region is to obtain a millimeter-wave FPRA mode in 

addition to the microwave DRA mode. To enhance broadside 

radiation of the FPRA part, the heights of the hollow (HC) and 

dielectric parts (HS) should be given by [19] 

     
   

 √  
 
   

 
                                  (1) 

   
   

 
                                   (2) 

where n, m are integers (m is odd), and λg and λ0 are resonant 

wavelengths in the dielectric and air, respectively. From (1) and 

(2), it is obvious that increasing m and n will increase the 

heights of the superstrate (HS) and hollow region (HC), 

respectively. Since m and n do not affect the resonant frequency 

of FPRA, they are usually set as m = n = 1 in the conventional 
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FPRA design for convenience. It is known that the gain of 

FPRA can be enhanced by increasing the cross-sectional area of 

superstrate [20] and therefore the cross-sectional area is 

maximized in our design. The DR was fabricated from a 

dielectric bar with a cross-sectional area of 5050mm
2
 and the 

radius of the DR is chosen as RS = 24mm in our design. The 

heights of the hollow region (HC) and dielectric superstrate (HS) 

were designed using λ0 = 12.50 mm at frequency f = 24 GHz. 

Using m = n = 1 gives HC = 6.25 mm and HS = 1.19 mm. 

However, with these heights the resonant frequency of the 

DRA is much higher than 2.4 GHz. It needs to increase the DR 

size in order to decrease the resonant frequency to 2.4 GHz. It 

was found that the resonant frequency of the DRA is close to 

2.4 GHz when m = 11 (corresponding to HS = 12.99 mm). In 

this case, the maximum simulated gain of FRPA is found at 

24.25 GHz, which is the upper frequency of 24-GHz ISM band 

(24-24.25 GHz). This deviation from 24 GHz can be expected 

because the theory assumes an infinite lateral structure but our 

structure is finite. To shift the maximum-gain frequency closer 

to 24.0 GHz, we increase the values of HC and HS to 6.30mm 

and 13.10 mm, respectively, which gives λ0 = 12.60 mm or f = 

23.80 GHz. This frequency is slightly lower than 24 GHz to 

compensate for the small (upward) frequency shift in the 

simulated result. 

In this study, the DRA is excited in its HEM11  mode by a 

vertical excitation strip of length LS and width WS. The 

excitation strip is cut from a piece of adhesive copper tape and 

stuck onto the DR directly. It is soldered to the connector pin of 

the DRA port. For the FPRA, it is fed by a WR-34 waveguide 

below the ground plane as shown in Fig. 1. 

Figure 2 shows the prototype of the dual-frequency antenna. 

The S-parameters and input impedance of the DRA were 

measured with an Agilent E5071C network analyzer, and its 

radiation pattern, realized gain, and antenna efficiency were 

measured by a Satimo StarLab system. For the FPRA part, it’s 

the S-parameters were measured using an E8361A network 

analyzer, whereas the radiation pattern and realized gain were 

measured with an NSI measurement system. Since the NSI 

system cannot measure antenna efficiency directly, the total 

efficiency of the FPRA was obtained from the ratio between the 

measured realized gain and directivity. The results of the DRA 

and FPRA parts will be given in the next two sections.  

 
 

(a) 

 

   
(b) 

Fig. 1.  Configuration of dual-frequency antenna: LG = 100 mm, HG = 4 mm, RC 

= 23 mm, RS = 24 mm, HC = 6.30 mm, HS = 13.10 mm, r = 7,0 = 1, n = 1, m 

= 11, 0 = 12.60 mm,      √  ⁄        mm, LS = 15.5 mm, and WS = 2 

mm. (a) Side view. (b) Top view. 

 

  
(a)                                                      (b) 

 
Fig. 2. Photos of fabricated dual-frequency antenna prototype. (a) Perspective 

view of antenna. (b) Perspective view below ground plane. 

III. DRA RESULTS 

The result of the microwave DRA part is discussed first. 

Figure 3 shows the measured and simulated input impedances, 

with reasonable agreement between simulation and experiment. 

Two resistance peaks are observed from the figure. As will be 

shown in a parametric study shortly, the first peak is caused by 

the DR HEM11 mode whereas the second peak is affected by 

the loading strip. The measured (simulated) resonant 

frequencies (zero reactance) for the first and second peaks are 

given by 2.60 (2.54) GHz and 3.47 (3.28) GHz, respectively. 

Since reflection coefficient is of practical interest, it is also 

shown in the inset. With reference to the inset, the measured 

and simulated 10-dB impedance bandwidths (|S11|<-10 dB) are 

30.77 % (2.31-3.15 GHz) and 32.73 % (2.30-3.20 GHz), 

respectively, with the discrepancy caused by experimental 

tolerances including the machining error of 0.1mm. Two local 

minima can be observed, giving a wide impedance bandwidth 

that covers both the 2.4-GHz ISM band (2.40-2.48GHz) and the 

TDD-LTE band (2.496-2.690 GHz). It is worth mentioning that 

the second local minimum is introduced by the excitation strip. 

Figure 4(a) shows the simulated internal fields of the DRA at 

the first local minimum (2.53 GHz) and typical internal HEM11 

-mode fields are observed. Figure 4(b) shows the simulated 

internal fields at the second local minimum (2.94 GHz). As can 

be seen from the figure, the fields are similar to those at the first 

local minimum. It shows that the fields are strongly influenced 

by the HEM11 mode. 
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Fig. 3. Measured and simulated input impedances of DRA. The inset shows the 

measured and simulated reflection coefficients. The parameters are the same as 
Fig. 1. 

 

The length LS of the excitation strip was studied. Figure 5 and 

the inset show the simulated input impedance and reflection 

coefficient for LS = 13.5, 14.5, and 15.5 mm, respectively. As 

can be observed from the figure, when LS increases from 13.5 

mm to 15.5 mm, the frequency of the first resistance peak 

remains almost unchanged but that of the second peak 

decreases significantly. It shows that the first peak is due to the 

HEM11 mode of the DR whereas the second peak is influenced 

by the strip loading. With reference to the inset, it is easy to 

match the DRA by changing the strip length.  

 

  
(a)                                               (b) 

Fig. 4. Simulated internal E-fields of DRA at x = 0 (side view) using HFSS. (a). 

2.53 GHz (b) 2.94 GHz. The parameters are the same as Fig. 1.  

 

 
Fig. 5. Simulated input impedance of DRA for different strip lengths of LS = 
13.5, 14.5, and 15.5 mm. The inset shows the corresponding reflection 

coefficients. Other parameters are the same as Fig. 1. 

 

Figure 6 shows the measured and simulated antenna gains of 

the DRA in the boresight direction (q = 0), with reasonable 

agreement between them. With reference to the figure, the 

ranges of the measured and simulated gains across their 

impedance passbands (|S11| < -10 dB) are 6.34-8.21 dBi and 

5.98-8.23 dBi, respectively, with variations of less than 2.5 dB 

for both cases. At 2.4 GHz, the measured and simulated gains 

are 6.81 dBi and 6.83 dBi, respectively, which are reasonable 

for DRA. 

Figure 7 shows the measured total efficiency of the DRA 

with mismatch included. With reference to the figure, the total 

efficiency varies between 84.1 % and 98.5 % across the 

impedance passband. At 2.4 GHz, the total efficiency is given 

by 94.1 %, showing that the hollow DRA is a high efficient 

antenna as expected. 

 

 
Fig. 6. Measured and simulated antenna gains of DRA in boresight direction (θ 
= 0o). The parameters are the same as Fig. 1. 

 
Fig. 7. Measured total efficiency of DRA with parameters given in Fig. 1. 

 

Figure 8 shows the measured and simulated radiation 

patterns of the DRA at frequencies of 2.45 GHz, 2.75 GHz and 

3.05 GHz. With reference to the figure, broadside radiation 

patterns are observed, which further verifies that the DR is 

excited in its HEM11 mode. It can be seen from the figure that 

the simulated results agree reasonably well with the measured 

ones. Since the feeding strip lies in the y-z plane, the E-plane 

field pattern has a weak crosspolarized field but is slightly 

asymmetric. The asymmetry becomes more obvious in Figure 

8(c) due to an increase in the loading effect of the strip. For the 

H-plane result, the field pattern is symmetric but the 

crosspolarized field is now stronger. It is worth mentioning that 

the crosspolarized field is stronger than that of the solid DRA 

[10] due to the presence of the hollow region. Nevertheless, in 

each case, the crosspolarized field in the boresight direction (q 

= 0) is weaker than its copolarized counterpart by at least 20 dB, 

which is desirable. 

 

2 2.2 2.4 2.6 2.8 3 3.2 3.4
-50

0

50

100

150

200

250
 Input impedance ()

Frequency (GHz)

Resistance

Reactance

Frequency (GHz)

2

 |S  | (dB)
11

2.5 3 3.5

-30

-20

-10

0 
Sim.

Meas.

z

y

z

y

 Input impedance ()

2 2.2 2.4 2.6 2.8 3 3.2 3.4
-50

0

50

100

150

200

250

Frequency (GHz)

L  = 15.5mmS

L  = 13.5mmS

L  = 14.5mmS

Resistance

Reactance

 |S  | (dB)
11

-30

-20

-10

0 

2.5 3 3.5

Frequency (GHz)

2

2 2.2 2.4 2.6 2.8 3 3.2 3.4
0

2

4

6

8

 Antenna gain (dBi)

Frequency (GHz)

Sim.

Meas.

2 2.2 2.4 2.6 2.8 3 3.2 3.4
0

20

40

60

80

100

Frequency (GHz)

Antenna efficiency (%)



0018-926X (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2017.2700225, IEEE
Transactions on Antennas and Propagation

 4  

 

 
(a) 

 

 
(b) 

 
(c) 

Fig. 8. Measured and simulated radiation patterns of DRA (a) 2.45 GHz. (b) 

2.75 GHz. (c) 3.05 Ghz. The parameters are given in Fig. 1.  Sim.  

 Meas.  

IV. FPRA RESULTS 

Different from the conventional high-gain FPRA [16, 17], 

the FPRA part uses the sidewall of the hollow region instead of 

spacers (e.g., foam [16] or plastic cylinder [17]) to support the 

dielectric superstrate. To study the sidewall effect on the FPRA, 

a reference FPRA without sidewall was also simulated and 

compared with our FPRA.  

Figure 9 shows the measured and simulated reflection 

coefficients of the FPRA. With reference to the figure, the 

measured and simulated 10-dB impedance bandwidths are 4.67 % 

(23.82–24.96 GHz) and 5.83 % (23.64–25.06 GHz), 

respectively. Both of them cover the entire 24-GHz ISM band 

(24.0–24.25 GHz). For ease of comparison, the simulated 

reflection coefficient of the reference FPRA is also shown in 

the same figure. It can be observed from the figure that the 

simulated impedance bandwidth of the reference FPRA is 4.42 % 

(23.67–24.74 GHz), which is narrower than that (5.83%) of our 

FPRA. It shows that the sidewall of our FPRA can favorably 

increase the impedance bandwidth.  

 

 
Fig. 9. Measured and simulated reflection coefficients of FPRA, along with 

simulated results of reference FPRA without the sidewall. The parameters are 
given in Fig. 1. 
 

Figure 10 shows the measured and simulated antenna gains 

of the FPRA in the boresight direction (q = 0) and reasonable 

agreement between them is observed. With reference to the 

figure, the measured and simulated maximum gains are 17.2 

dBi (at 23.8 GHz) and 18.2 dBi (at 24.15 GHz), respectively. 

The discrepancy is due to experimental imperfections including 

the machining error of 0.1mm. It is noted that the measured 

antenna gain is almost 6 dB higher than that of the FPRA in 

[11]. Again, the simulated result of the reference FPRA is 

shown in the same figure for comparison. As can be observed 

from the figure, the simulated maximum gain of the reference 

FPRA is 17.4 dBi at 24.10 GHz, which is lower than that (18.2 

dBi) of our FPRA by ~0.8 dB. It shows that the sidewall of our 

FPRA can have a positive effect on the antenna gain. It should 

be mentioned that this resonant mode is not due to a 

higher-order DRA mode. To show this, RS is decreased from 24 

mm to 18 mm and the new simulated antenna gain is also in the 

same figure for ease of comparison. As can be observed from 

the figure, the new frequency of maximum gain only slightly 

increases from 24.15 GHz to 24.5 GHz. In other words, a radius 

reduction of 25% leads to an increase of gain frequency by 1.4% 

only, disproving that it is a DRA mode. To further verify that it 

is not the DRA mode but the FPRA mode, the simulated 

antenna gain with m = 1 in the boresight direction (q = 0) is also 

shown in Fig. 10. The maximum gain of 15.4 dBi is found at 24 

GHz, which is close to the frequency of maximum gain with m 

= 11. It indicates that this type of FPRA follows the FPRA 

design equations (1) and (2). 

Figure 11 shows the total antenna efficiency of the FPRA 

obtained from the measured realized gain and directivity. With 

reference to the figure, the highest efficiency of 87.3 % is 

obtained at 24 GHz. This efficiency is higher than that using 

metallic plates [11] because there is no metallic loss in this 

FPRA. 

Figure 12 shows the measured and simulated radiation 

patterns of the FPRA at 24.10 GHz. With reference to the figure, 

broadside radiation patterns are obtained. In each plane, the 

measured and simulated copolarized fields are stronger than 

their crosspolarized counterparts by more than 30 dB in the 

boresight direction. Also shown in the figure is the simulated 

radiation pattern of the reference FPRA. As can be seen from 

the figure, the beamwidths of the reference FPRA are wider 

than those of our FPRA. This is reasonable because the 

reference antenna has a lower antenna gain as found in Fig. 10. 
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Fig. 10. Measured and simulated antenna gains of FPRA. Also shown in the 
figure are simulated results of reference FPRA, of FPRA with RS = 18 mm, and 

of FPRA with m = 1. The parameters are given in Fig. 1. 

 

 
Fig. 11. Measured total efficiency of FPRA with parameters given in Fig. 1. 

 

 

 
Fig. 12. Measured and simulated radiation patterns of FPRA, along with 
simulated result of reference FPRA. All of the results were obtained at 24.10 

GHz. The parameters are the same as in Fig. 1.  FPRA (Sim.)   

 FPRA (Meas.)    FPRA without sidewall (Sim.) 
 

From the study as discussed above, it is clear that the 

millimeter-wave FPRA can achieve a much higher boresight 

antenna gain than that of the microwave DRA. This can be 

understood by comparing the field distributions between the 

two antennas. Figure 13 shows the fields inside the FPRA at 

24.10 GHz. With reference to the figure, strong E- and H-fields 

are found around the boresight direction (z-axis) only, leading 

to a narrow beamwidth and high antenna gain. In contrast, 

strong E-field is observed over a much larger part of the DRA 

(see Fig. 4(a)), which results in a wider beamwidth and hence, a 

lower antenna gain.  

 

 
(a) 

 
(b) 

Fig. 13. Simulated resonant E- and H-fields inside the FPRA using HFSS. (a) 
E-field in x-z plane at time t = 0. (b) H-field in y-z plane at t = T/4. T is the 

period of time. The parameters are the same as in Fig. 1. 

V. CONCLUSION 

A microwave hollow DRA integrated with a 

millimeter-wave dielectric FPRA has been investigated for the 

first time. This integrated antenna provides a dual-frequency 

operation with a large frequency ratio. To demonstrate the idea, 

a prototype operating at 2.4GHz/24GHz was designed, 

fabricated, and tested. The microwave hollow DRA part is 

excited in its broadside HEM11 mode at 2.4 GHz. Reasonable 

agreements between the measured and simulated results has 

been observed. The measured impedance bandwidth, antenna 

gain, and total efficiency are given by 30.77%, 6.81 dBi (at 2.4 

GHz), and 94.1% (at 2.4 GHz), respectively. These results are 

typical for hollow DRA, showing that integrating the DRA with 

the dielectric FPRA does not sacrifice the DRA performance. 

The DRA part can entirely cover the 2.4-GHz ISM band. 

For the FPRA part, the heights of the hollow region and 

dielectric superstrate should be designed as nλ0/2 and mλg/4, 

respectively, with m and n being odd and any integers, 

respectively. Our FPRA is excited at 24 GHz in the mode of n = 

1 and m = 11, with broadside radiation patterns. It covers the 

24-GHz ISM band. Its impedance bandwidth and antenna gain 

were measured as 4.67% and 18.2 dBi, respectively. Again, the 

measured and simulated results have been in reasonable 

agreement. A reference antenna that has no sidewall was also 

considered and compared with our design. It has been found 

that the sidewall of our design can positively increase both the 

impedance bandwidth and antenna gain. 

Finally, it should be mentioned that our design is very simple 

and compact. It is hoped that the idea would be useful for the 

design of dual-frequency antenna.  
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