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Abstract—This paper presents a new type of hybrid antenna 

that combines the multi-resonant modes produced by a liquid 
dielectric resonator antenna (DRA) and a magnetoelectric (ME) 
dipole. Such a combination could not be easily realized by using 
conventional solid dielectrics due to fabrication and air-gap 
problems. An aperture-fed ME dipole for 4.1 – 5.3 GHz is firstly 
designed using a standard structure and a relatively small 
dimension. Then, a hybrid antenna is built by loading the ME-
dipole with an aperture-fed cylindrical liquid DRA. Without 
increasing the antenna size and/or modifying the ME-dipole 
structure significantly, the hybrid antenna has realized a much 
wider bandwidth from 2.45 to 5.3 GHz after loading the liquid 
material. Moreover, it is found that the resonances of the ME-
dipole are not simply shifted to lower frequencies after using the 
dielectric loading, it has strategically combined the multiple 
resonances of the electric dipole, magnetic dipole, DRA and 
feeding slot. The mode combination principle and design guideline 
have been presented. As an example, a prototype of the proposed 
hybrid antenna has achieved a 73.5% fractional bandwidth with 
an electrical size of 0.66 × 0.66 × 0.16 𝝀𝟎3 at the centre frequency 
(3.88 GHz), over 5 dBi (up to 7 dBi) broadside gain, total efficiency 
> 80% and beam-width around 80 – 120° across the frequency 
band. The proposed hybrid antenna has advantages in terms of 
wide bandwidth, smaller size and simple structure compared with 
other ME-dipoles and traditional wideband antennas. The idea of 
this antenna design could be extended to other ME-dipole and 
DRA structures.  
 

Index Terms— Complementary antennas, dielectric resonator 
antenna (DRA), hybrid antennas, liquid antennas, magneto-
electric (ME) dipole antennas, wideband antennas. 

I. INTRODUCTION 

MODERN wireless communication systems often require 
advanced antenna technologies which can achieve stable 
performance in terms of gain, beam-width, and radiation pattern 
over a wide frequency band including the 2G/3G/4G and future 
5G communication spectrums [1]. Conventional wideband 
antennas can only maintain the stable performance in a certain 
frequency range since their radiation pattern may vary 
significantly when the frequency goes high. In 2006, Luk and 
Wong at the City University of Hong Kong firstly proposed a 
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new type of complementary antenna through the combination 
of a dipole and a shorted patch antenna, which was designated 
as the magneto-electric (ME) dipole [2]. Since then, many 
research activities have been productively conducted in this 
area [3]-[7]. It has been demonstrated that the ME dipole could 
exhibit a wide impedance bandwidth, a stable gain, and a stable 
broadside radiation pattern with low cross-polarization and 
back radiation levels over the operating frequencies. Therefore, 
the ME dipole antenna becomes particularly suitable for mobile 
base-station applications. 

One unneglectable drawback of the ME dipole is that the 
antenna is typically of high profile (e.g., ground plane > 1 𝜆  
and antenna height ≈0.25 𝜆 ) if the desired bandwidth > 70% 
and front-to-back-ratio > 15 dB. Some efforts have been made 
in order to reduce the antenna height of the ME-dipole. In [8], 
a low-profile design has been achieved through the folding of 
the shorted patch, consequently achieving a reduced height of 
0.169 𝜆 . Moreover, an obtuse-triangular structure has been 
proposed to replace the magnetic dipole, which eventually 
reduced the antenna height down to 0.097𝜆  [9]. However, the 
overall fabrication complexity and cost of these antennas are 
significantly increased if comparing with the typical ones with 
a simple structure. On the other hand, metamaterial loading [10] 
and dielectric loading [11] techniques have been reported with 
the aim to reduce the overall size of the ME dipole. But, it was 
found that the ME dipole can only be partially loaded due to its 
complex 3D structure, thus the miniaturization of the antenna is 
limited, resulting in an overall antenna size still > 1 𝜆 [10].  

A dielectric material-based ME dipole is reported in [12] 
where the overall dimension is around 1.15 × 1.15 × 0.21 𝜆 3. 
But this design was based on solid materials while the realized 
bandwidth was relatively narrow (11.4%). Apart from the solid 
dielectrics, recent work on using liquid materials to make 
dielectric resonator antennas (DRAs) has attracted a significant 
attention [13]-[17]. The liquid DRA has advantages in such as 
avoiding air-gap problem in the feeding structure and 
improving the flexibility in fabrication, design and operation. 
Therefore, the liquid dielectrics could be more suitable for  
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(a) 

 
(b) 

Fig. 1. (a) Disassembled view of the proposed liquid DR and ME dipole 
antenna. (b) Top, bottom, and perspective views of the antenna.  

TABLE I 
GEOMETRIC PARAMETERS OF THE PROPOSED ANTENNA 

Parameter R1 H1 G L1 W1 D1 

Value (unit: mm) 50 12 52 10 20 10 

Parameter L2 W2 L3 W3 H2 𝜀  

Value (unit: mm) 36 2.5 40 2 9 3.2* 

 
dielectric loading since the antenna can be fully “immersed” 
into the liquid [18]. Most reported liquid DRAs were made of 
water and organic solvents. Unfortunately, they have various 
limitations. For example, water will freeze below 0°C while the 
solvents could be flammable and evaporate easily. Different 
from these well-known liquids, our research team at the 
University of Liverpool has recently explored a range of low-
loss dielectric ionic liquids with very stable material properties 
and an extremely wide liquid range in terms of melting and 
decomposition temperatures, which are very suitable for 
practical antenna and RF/microwave devices [18]-[21].  

In this paper, we present a new type of hybrid liquid DRA 
and ME dipole antenna with a wide bandwidth as well as a 
smaller dimension. As a starting point, a small-sized, aperture-
fed ME-dipole antenna with a fractional bandwidth of 25.5% 
and an electrical size of 0.81𝜆 ×0.81𝜆 ×0.17𝜆  (𝜆  represents 
the wavelength at center frequency) is firstly designed. Then, a  

 
(a) 

 
(b) 

 
(c) 

Fig. 2. (a) Comparison between the conventional probe-fed ME-dipole and the 
proposed aperture-fed ME-dipole in terms of the signal excitation location and 
electric dipole length. Simulated (b) input impedance and (c) S11 of the ME-
dipole antenna without loading the liquid DRA. The 3D radiation patterns at 
4.3 GHz and 5 GHz are shown as well.  

 
hybrid antenna is built by loading the ME-dipole with an 
aperture-fed cylindrical liquid DRA. Consequently, the realized 
bandwidth is increased from 25.5% (ME-dipole only) to 73.5% 
(hybrid antenna). In addition, the physical size of the antenna is  
unchanged throughout the design process, around 52 × 52 × 
13.6 mm3. But the lowest resonant frequency has been reduced 
from 4.1 GHz (ME-dipole only) to 2.45 GHz (hybrid antenna), 
therefore reducing the antenna size. More importantly, we have 
found that the resonances of the proposed hybrid antenna are 
not simply shifted by the dielectric loading effect. Instead, the 
hybrid antenna has effectively combined four different resonant 
modes over the bandwidth, namely, the electric dipole mode, 
magnetic dipole mode, DRA mode and slot mode. New theory 
on the multiple mode combination and design guideline of the  

Authorized licensed use limited to: University of Edinburgh. Downloaded on December 15,2020 at 12:13:42 UTC from IEEE Xplore.  Restrictions apply. 



0018-926X (c) 2020 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.2020.3037765, IEEE
Transactions on Antennas and Propagation

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION 

 

 
(a) 

 
(b) 

Fig. 3. Simulated (a) input impedance and (b) S11 of the cylinder DRA without 
loading the ME dipole. The 3D radiation patterns at 3.5 GHz and 5 GHz are 
shown as well. 

 
(a) 

 
(b)                                            (c) 

Fig. 4. (a) Comparison between the simulated S11 of the proposed DRA and a 
free-space slot antenna. The simulated E-field and H-field distributions at 3.5 
GHz of the DRA are given. (b) Top view of E-field and H-field of the proposed 
liquid DRA at 3.5 GHz and the ideal 𝐻𝐸𝑀  mode of cylinder DR [23]. (c) 
Comparison of the E-field side views of the proposed antenna with and without 
using the liquid DR at 3.5 GHz. 

 
(a) 

 
(b) 

Fig. 5. Simulated (a) input impedance and (b) S11 of the proposed hybrid 
antenna. The 3D radiation patterns at 2.6 GHz, 3.1 GHz, 4.2 GHz and 5 GHz 
are shown as well.  

 
proposed antenna are presented. Finally, an experimental 
prototype of the proposed antenna has achieved a frequency 
coverage of 2.45 – 5.3 GHz, a realized gain > 5 dBi, a stable 
broadside radiation pattern, a wide beam-width and low back 
radiation levels over the desired frequency band. It has 
combined the advantages of both DRA and ME-dipole (e.g., 
bandwidth > 70% and a very small overall dimension of 0.42 
×0.42×0.11 𝜆 3 at 2.45 GHz), which shows significant 
advantages over existing ME dipole antennas and DRAs in 
terms of size, bandwidth, and overall simplicity. The antenna 
design could also be expanded for other antenna structures.   

The rest of this paper is organized as follows. The antenna 
geometry is introduced in Section II. The analysis of the 
multiple resonant modes and design guideline of the hybrid 
antenna are presented in Section III. The antenna performance 
validations and discussions are given in Sections IV. Finally, 
conclusions are drawn in Section V. 

II. ANTENNA STRUCTURE AND DIMENSIONS 

Fig. 1 (a) depicts the disassembled view of the proposed 
antenna that consists of an ME dipole, a liquid DRA, an 
aperture-fed PCB and a 3D printed resin container. The PCB is 
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built on an FR4 substrate with a relative permittivity of 4.4 and 
a thickness of 1.57 mm. The geometry and notations of the 
antenna parameters are given in Fig. 1 (b). The ME dipole and 
DRA are excited simultaneously by using the aperture-fed 
scheme where the feeding slot can be characterized as a 
magnetic dipole equivalence. The resin container has a wall 
thickness of 0.8 mm and a relative permittivity of around 3. The 
optimized parameters of an example of the proposed hybrid 
antenna are listed in Table I. The overall dimension of the 
antenna is 52 × 52 × 13.6 mm3. 

III. HYBRID MULTIPLE RESONANT MODES ANALYSIS 

A.  ME Dipole Mode 

To analyse the resonant modes of the hybrid antenna, we 
firstly study a single ME dipole without loading the liquid. It is 
worth noting that the operating principle of this antenna is 
slightly different from that of the traditional probe-fed ME 
dipole, where the vertically shorted patch is the main factor for 
producing the magnetic dipole resonance. In our design, the 
ME-dipole is aperture-fed, and the feeding slot can be seen as a 
magnetic dipole equivalence, which becomes the dominant 
factor for the magnetic dipole resonance. The comparison 
between the probe-fed and aperture-fed electric dipole is shown 
in Fig. 2 (a) in terms of the signal excitation location. It can be 
seen that the electric dipole is excited at the top of the vertical 
patch (in parallel to horizontal dipole arm) when a probe feed is 
used. In this case the electric dipole length will be about the 
length of the horizontal arm (2 × L1). In contrast, since the 
aperture feed of our design is located at the bottom of the 
vertical patch on the ground plane, therefore the excitation 
location of the electric dipole will be lower than that of the 
probe-fed case, in which the height of the vertical patch will be 
taken into consideration to determine the electric dipole length 
[2×(L1+H2)]. The simulated input impedance and reflection 
coefficient S11 of the aperture-fed ME dipole are depicted in 
Figs. 2 (b) and (c). The dimensions of the antenna are identical 
to the design parameters given in Table I. From Fig. 2 (b), it can 
be seen that two effective resonances are realized at 4.3 GHz 
and 5 GHz, respectively. The resonance at around 3.2 GHz 
exhibits an anti-resonant behaviour (poor impedance matching) 
since the imaginary part of the impedance decreases 
dramatically from 170 to -120 Ω.  

According to the operation mechanism of the ME-dipole 
[22], the former resonance (at 4.3 GHz) is due to the electric 
dipole resonance while the latter (at 5 GHz) is originated from 
the magnetic dipole. As a validation, we measured the electric 
dipole length of the proposed aperture-fed ME-dipole, which is 
2 × (L1 + H2) = 38 mm (about 1/2 𝜆  at 4.3 GHz). The length 
of the feeding slot (magnetic dipole length L3 = 40 mm) is 
around 0.66 𝜆  at 5 GHz. From our parametric study results 
(not shown here), we found that the 4.3 GHz resonance is very 
sensitive to the variation of L1 and H2, which shows that it is 
the electric dipole resonance. While the resonance at 5 GHz was 
found to be independent of L1 and H2, but it is determined 
mainly by the size of the feeding slot L3. Consequently, it is 
evident that 5 GHz resonance is a magnetic dipole resonance. 
Moreover, we found that the antenna bandwidth is a function of 
H2 and L1, the larger the two parameters, the wider the 

bandwidth. Herein, since the size of the dipole arm is relatively 
small, thus the realized bandwidth is narrow than that of the 
traditional ME-dipoles with higher profiles and larger 
dimensions. The impedance bandwidth for S11 < -10 dB is about 
4.1 – 5.3 GHz with a corresponding fractional bandwidth 
(FBW) of 25.5% (see Fig. 2 (b)). The overall electrical size of 
the antenna at the centre frequency of 4.7 GHz is around 0.81 × 
0.81 × 0.17 𝜆 3. The antenna bandwidth of such an aperture-fed 
ME dipole can be significantly broadened by enlarging the sizes 
of e.g., electric dipole length (L1), magnetic dipole length (L3) 
and antenna height (H2) [22]. However, here we would like to 
study a relatively basic example using standard ME-dipole 
structures with a smaller dimension and subsequently show the 
frequency band improvement without increasing the antenna 
size and/or modifying the antenna structure significantly by 
using the hybrid antenna technology (to be introduced in the 
following sections). The simulated 3D radiation patterns at 4.3 
and 5 GHz are given in Fig. 2 (c). It can be seen that the desired 
unidirectional broadside radiation pattern of the ME-dipole 
antenna is achieved. The E-plane and H-plane radiation patterns 
are not perfectly symmetrical due to the aperture feed and the 
smaller ground plane, but the shape of the pattern still follows 
that of the ME-dipole antennas. 

B. DRA Mode 

The ME dipole is aperture-coupled, in which the feeding slot 
can also be used to excite the 𝐻𝐸𝑀  mode of a cylindrical 
DRA. Herein, we investigate the case of DRA only, where the 
ME dipole antenna is removed. A dielectric material with a 
relatively low permittivity will be selected to reduce the quality 
factor (Q-factor) and maintain the overall impedance bandwidth 
of the hybrid antenna. The design parameters in Table I are also 
used to build the cylinder DRA. A low-loss ionic liquid, 
trihexyltetradecylphosphonium chloride, with a relative 
permittivity of 3.2 is selected [18]; also see Section IV. Such 
low permittivity materials (e.g., PVC) have already been used 
to develop low-Q wideband DRA via the combination of the 
DRA mode and dielectric loading effect [24]. To predict the 
theoretical resonant frequency and Q-factor of the cylindrical 
DRA, the following equations can be used [23].  

𝑘 𝑟 . 0.27 0.36 𝑥/2 0.02 𝑥/2          (1) 

𝑄 0.01007𝜀 . 𝑥 1 100𝑒 . / /           (2)  

𝑘 𝑟
∙ ∙

.
                               (3) 

where x = r / h, r is the radius of the DRA (0.5 × R1 = 25 mm), 
h is the height of the DRA (H1= 12 mm), hcm is the value 
(without units) of h in centimeters and 𝜀r = 3.2. By using (1) and 
(3), the calculated resonant frequency at the 𝐻𝐸𝑀  mode is 
3.8 GHz. Using (2), an estimated Q-factor of 1.37 can be 
obtained. Therefore, the frequency bandwidth of the DRA is 
approximately 3.8 GHz/Q = 2.77 GHz, where the band starts 
from 2.42 GHz and stops at 5.19 GHz. The simulated input 
impedance and S11 of the liquid DRA is shown in Figs. 3 (a) and 
(b). It can be seen that the main resonant frequency is located at 
around 3.5 GHz with a frequency band coverage of 3 – 5 GHz. 
The extra resonance at 5 GHz is likely due to the slot mode of 
the feeding aperture [23]. The impedance matching over the 
bandwidth is not very good, resulting in an average S11 level  
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(a) 

 
(b) 

Fig. 6. (a) Comparison between the three different antennas. (b) Simulated 
VSWR of the proposed hybrid antenna. 

 
between –6 dB and –10 dB. This might be due to the utilization 
of the low permittivity material. To verify the existence of the 
DRA mode at around 3.5 GHz, we firstly study the DRA with 
different relative permittivity values, as shown in Fig. 4 (a). 
When 𝜀r = 1 (free space), the resonance at around 5 GHz (slot 
mode) still remains but the mode at 3.5 GHz is not obvious 
(poorly matched). In addition, the top views of the simulated E-
field and H-field and side view of the E-field at 3.5 GHz of the 
propose DRA are depicted in Fig. 4 (a). Furthermore, we have 
compared the field distribution of the liquid DR with that of the 
ideal 𝐻𝐸𝑀  mode of the cylindrical DRA (see Fig. 4 (b)). 
The field distributions are identical to that of the 𝐻𝐸𝑀  mode 
cylindrical DRA which verifies the existence of the DRA mode 
at 3.5 GHz. If the liquid DR is removed, the electric field will 
propagate on both sides of the slot at 3.5 GHz, which means 
that the antenna is under the slot mode. However, after adding 
the liquid DR, the E-field at 3.5 GHz only propagates to a single 
direction with very small backward radiation (see Fig. 4 (c)). 
This demonstrates that the desired E-field of 𝐻𝐸𝑀  mode 
cylindrical DRA has been excited to replace the slot mode at 
3.5 GHz, making the proposed antenna a unidirectional 
radiator.  The overall electrical size of the antenna at the centre 
frequency of 4 GHz is around 0.69 × 0.69 × 0.17 𝜆 3. 

The simulated 3D radiation patterns of the DRA at 3.5 and 5 
GHz are also provided in Fig. 3. The desired unidirectional 
broadside radiation patterns for the 𝐻𝐸𝑀  mode are realized 
at both frequencies. The backward radiation at 5 GHz is larger 
than that at 3.5 GHz as expected from a slot radiator [30].  

 
(a)  

 
(b) 

 

  
(c)                                                 (d) 

 
(e) 

 
(f) 

Fig. 7. (a) Simulated surface current distribution at 2.6 GHz. (b) Simulated 
surface current distribution at 4.4 GHz. (c) Top view of the E-field distribution 
at 3.1 GHz. (d) Top view of the H-field distribution at 3.1 GHz. (e) Simulated 
vector current distribution at two different phase angles. The current directions 
have been marked. (f) Electric-field side views at different periods of time. 

C. Mode Combination of the Hybrid Antenna 

 If the aforementioned ME dipole and DRA are strategically 
combined, multi-resonant modes could be realized so that the 
DRA and ME dipole can co-operate over a wider frequency 
band with a smaller overall dimension. The hybrid antenna will 
combine the advantages of both DRA and ME dipole and 
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meanwhile overcoming their drawbacks. The simulated input 
impedance of the proposed hybrid antenna is given in Fig. 5 (a).  
It can be clearly seen that there are four resonances realized at 
around 2.5 GHz, 3 GHz, 4.2 GHz and 5 GHz respectively. The 
number of resonances of the proposed hybrid antenna is greater 
than that of the single ME-dipole and single DRA (as depicted 
in Figs. 2 (a) and 3 (a)). This shows that the resonances of the 
hybrid antenna over the frequency band of interest is the 
combination of the ME-dipole and DRA resonances. The 
simulated reflection coefficient S11 of the proposed hybrid 
antenna is depicted in Fig. 5 (b). It can be seen that the proposed 
antenna has a much wider impedance bandwidth than the single  
DRA and ME dipole. The antenna covers from 2.45 to 5.3 GHz 
with an FBW of 73.5%. In addition, four major resonances are 
realized within the band, locating at 2.6 GHz, 3.1 GHz, 4.2 GHz 
and 5 GHz respectively. The 3D radiation patterns at these four 
frequencies are shown in Fig. 5 (b) as well. It can be seen that 
the patterns at 2.6, 4.2 and 5 GHz are likely to be the radiation 
patterns of the ME dipole. While the pattern at 3.1 GHz is 
similar to that of the 𝐻𝐸𝑀  mode DRA. But in general, the 
antenna has achieved the broadside unidirectional radiation 
with a relatively wide beam-width and high gain over such a 
wide band. 

The comparison between the single ME dipole, single DRA 
and the proposed antenna is shown in Fig. 6 (a). The proposed 
antenna has combined four resonant modes originated from the 
electric dipole, magnetic dipole, DRA, and feeding slot 
(magnetic dipole equivalence) respectively. The simulated 
VSWR of the final antenna is depicted in Fig. 6 (b). The value 
of VWSR is generally less than 2 across the frequency band of 
interest. To understand the underlying mechanism of each 
mode, we show the current distributions at 2.6 and 4.4 GHz in 
Figs. 7 (a) and (b). It can be seen that the resonance at around 
2.6 GHz is due to the electric dipole mode since the current 
propagates along the direction of the horizontal electric dipole 
arms (marked using an arrow). In contrast, the resonance at 
around 4.4 GHz is generated by the magnetic dipole as the 
current travels along the direction of the feeding slot and the 
magnetic dipole arm (marked using an arrow).  

Moreover, the top views of the E-field and H-field 
distributions at 3.1 GHz are given in Figs. 7 (c) and (d). Such 
field distributions are identical to that of the ideal cylindrical 
DRA at the 𝐻𝐸𝑀  mode which future verifies the existence 
of the DRA mode of the hybrid antenna. The vector current 
distribution of the antenna at two different phase angles is given 
in Fig. 7 (e) and the side views of the electric field distributions 
at different periods of time are depicted in Fig. 7 (f). The current 
directions on the horizontal dipole arms and vertical shorted 
patches have been respectively marked using different arrows. 
At phase = 0° (or t = 0), the horizontal current on the planar 
dipole is dominated in one direction where the currents with 
quasi-sinusoidal distribution on the planar electric dipoles are 
found to be maximum. Meanwhile, the electric field at the 
aperture slot reaches its maximum value as the vertical currents 
on shorted quarter-wave patches are minimized. In contrast, at 
phase = 90° (or t = T /4, where T is a period of time) the 
horizontal currents and the aperture electric field are 
minimized, while vertical currents on the shorted patch are 
strongly excited.  

 
Fig. 8. Simulated S11 of the proposed hybrid antenna by changing the value of 
L1.  

 
Fig. 9. Simulated S11 of the proposed hybrid antenna by changing the value of 
L3.  

 
Fig. 10. Simulated S11 of the proposed hybrid antenna by changing the value of 
H2.  

 
Fig. 11. Simulated S11 of the proposed hybrid antenna by changing the relative 
permittivity of the liquid DRA. 

Authorized licensed use limited to: University of Edinburgh. Downloaded on December 15,2020 at 12:13:42 UTC from IEEE Xplore.  Restrictions apply. 



0018-926X (c) 2020 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.2020.3037765, IEEE
Transactions on Antennas and Propagation

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION 

 
The above analysis indicates that the electric dipole and 
magnetic dipole are excited simultaneously with in-phase 
radiations [31]; therefore, demonstrating the ME dipole concept 
of the proposed antenna. Parametric studies have also been 
conducted to understand the impact on antenna performance by 
changing the vital design parameters. Fig. 8 shows the results 
of S11 by using different values of L1. It can be seen that the 
variation of L1 has caused a major effect on the electric dipole 
resonance at around 2.5 GHz. This verifies the antenna 
mechanism since the length of the electric dipole arm is mainly 
determined by L1. Similarly, when the length of the feeding slot 
L3 is varying, significant impact can be observed at the 
magnetic dipole resonant band at around 5 GHz (see Fig. 9). 
While the height of the shorted patch (H2) will have a major 
impact to the resonance at around 4.5 GHz (see Fig. 10). Lastly, 
if the relative permittivity of the DRA is varying, the resonance 
at around 3 GHz changes quite significantly (see Fig. 11). It is 
worth noting that the permittivity of the DR would also 
influence the overall performance of the proposed antenna. In 
summary, the proposed antenna has realized a much wider 
bandwidth (73.5%) with a relatively small size of 52 × 52 × 13.6 
mm3  (0.66 × 0.66 × 0.16 𝜆 3 at the centre frequency of 3.85 
GHz) through the combination of DRA and ME dipole.  

 Importantly, the DR may act as a dielectric loading that has 
shifted the electric dipole resonance from 4.3 to 2.5 GHz (by an 
order of around   √𝜀  ). But the dielectric loading does not 
significantly affect the magnetic dipole resonance (at 4.5– 5 
GHz). This is different from the conventional dielectric loaded 
antennas. One major reason is that the M-dipole is not fully 
loaded by the dielectric liquid. The aperture slot is located at the 
bottom of the liquid block, therefore, only half of the electric 
field generated from the M-dipole (slot) will be affected by the 
dielectric medium before propagating into the free space (see 
Fig. 4 (c)). In contrast, the E-dipole arm is fully immersed into 
the liquid thus it has been fully loaded. All electric fields 
generated from the E-dipole will propagation through the 
dielectric medium before going into the air. Consequently, in 
our antenna model, only E-dipole resonance is shifted due to 
the dielectric loading, while the M-dipole resonance has been 
maintained. Therefore, the antenna could realize a very wide 
bandwidth via the means of multi-resonant mode combination. 
We have summarized these new findings as the mode 
combination principle of the proposed antenna in Fig. 12. The 
design guideline is given as follows.  

1) First of all, design an ME dipole with two major 
resonances by choosing appropriate sizes for the 
horizontal dipole arms and vertically shorted patches in 
accordance with the operating frequency. 

2) Secondly, develop a low-permittivity DRA with a 
broadside radiation pattern and a resonant frequency 
slightly lower than the lowest frequency of the 
previously designed ME-dipole.   

3) Loading the ME-dipole with the DRA and tune the 
parameters of the electric dipole (L1, D1), magnetic 
dipole (H2, W1), and feeding slot (L3, W3) for the right 
frequency coverage.   

Another important investigation in this work is to study the 
effect on antenna performance when using a larger ground 
plane, as the antenna might be installed over large metallic  

 
Fig. 12.  Combination of the hybrid multiple resonant modes. For simplicity, 
the feeding slot mode is combined as magnetic dipole resonance.  

 
(a) 

 
(b) 

Fig. 13.  (a) VSWR and (b) broadside realized gain of the proposed hybrid 
antenna with different ground plane sizes. The 2D radiation patterns of the 
antenna at the centre frequency of 3.8 GHz are shown for 76 mm and 100 mm 
ground plane respectively. 
 

surfaces (e.g., vehicle top) in practice. As can be seen from Fig. 
13, the VSWR and broadside realized gain of the antenna are 
reasonably stable when the ground plane size is increased from 
G = 52 mm to G = 100 mm. Slight difference can be observed 
on the VSWR at 3 – 3.5 GHz. In addition, the E-plane and H-
plane radiation patterns at the centre frequency of 3.8 GHz are 
depicted in Fig. 13 for 76 × 76 mm2 and 100 × 100 mm2 ground 
plane respectively. It is found that the symmetry of radiation 
pattern is improved slightly. The front-to-back ratios (FBR) are 
about 20 dB and 16 dB for the ground plane length equal to 76 
mm and 100 mm respectively.  
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 It should be emphasised that, the design example in this 

paper has used the most typical ME-dipole structure. The aim 
is to show the feasibility of the proposed hybrid antenna 
scheme. Other ME-dipoles with modified structures for 
horizontal arms, vertical patches and feeding structures [25]-
[29] could also be considered for the hybrid antenna design by 
using the liquid dielectric in this work. In these scenarios, more 
compact dimensions and wider impedance bandwidth could be 
realized. 

IV. EXPERIMENTAL VALIDATIONS AND PERFORMANCE 

COMPARISON 

A.  Antenna Fabrication 

   We have fabricated a prototype of the proposed antenna using 
the optimized dimensions provided in Table I. A picture of the 
antenna prototype is shown in Fig. 14. The resin container was 
filled with the liquid material and sealed to the PCB by using 
silicone gels. The liquid material used in this work, 
trihexyltetradecylphosphonium chloride, is a special ionic 
liquid which has been presented in our previous work [18]. It 
remains liquid over a very large temperature range [−69.8 °C 
(glass transition) to +350 °C (decomposition)], and it has a 
relative permittivity of around 3.1, an extremely low dielectric 
loss (loss tangent < 0.04), and very stable thermophysical 
material properties. This ionic liquid has been tested at our lab 
under -65°C which showed that the liquid state remained stable 
without significant volume changes. In addition, the liquid is 
not flammable and does not vaporize. The experimental results 
have shown that this liquid has a stable performance (in terms 
of permittivity and loss tangent) over a wide temperature range 
from −20 to 60 °C (using typical lab heating blocks and 
cryogenic cooling) as well as a wide frequency range from 2 
GHz to 6 GHz (see Fig. 15). 

B. Experimental Validations 

The measured S11 of the proposed antenna is given in Fig. 16 
along with the simulated ones. In general, good agreements 
have been obtained while the measured antenna performance is  
quite stable over a wide range of temperature. Furthermore, the 
simulated and measured total efficiency and realized gains of 
the antenna are depicted in Fig. 17. It can be seen that the 
proposed antenna has a relatively stable gain of 4.8 – 7 dBi over 
the wide frequency band from 2.5 to 5.3 GHz. The antenna 
efficiency is above 80% for the frequency band of interest. In 
addition, the measured and simulated 2D radiation patterns over 
E-plane and H-plane are shown in Fig. 18 at four major resonant 
frequencies. The co-polarization and cross-polarization 3D 
patterns are given as references. It is shown that the antenna has 
achieved a broadside radiation pattern over the entire frequency 
band with complementary radiation patterns. The E-plane and 
H-plane patterns are quite symmetrical with a wide beam-width 
of around 120°, 100°, 90° and 80° at frequency bands of 2.5, 
3.1, 4.2 and 5 GHz respectively. Therefore, the proposed hybrid 
antenna has taken the advantageous features of both ME dipole 
and DRA. The measured front-to-back ratios of the proposed 
antenna are around 25 dB (at 2.6 GHz), 20 dB (at 3.1 GHz), 18 
dB (at 4.2 GHz) and 9 dB (at 5 GHz) respectively. The back 
radiation at 5 GHz is increased which is due to the slot mode 
effect at higher frequencies. The backward radiation of such  

 
Fig. 14. Fabricated prototype of the proposed hybrid liquid DR and ME-dipole 
antenna. 

 
Fig. 15. Measured relative permittivity and loss tangent of the proposed ionic 
liquid over a temperature range from -20 to +60 °C. 

 
Fig. 16. Measured and simulated S11 of the proposed hybrid antenna. The 
performance variation vs. a wide temperature range (from -20 to +60 °C) is 
presented.  

 
Fig. 17. Measured and simulated broadside realized gain and total efficiency of 
the proposed hybrid antenna. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 18. Measured and simulated 2D radiation patterns over E-plane and H-pane 
at (a) 2.6 GHz, (b) 3.1 GHz, (c) 4.2 GHz and (d) 5 GHz. The co-polarization 
and cross-polarization 3D patterns are given as references. 
 

aperture-fed ME dipole antennas can be reduced by either using 
a larger ground plane (as shown in Fig. 13) or adding additional 
reflective layers (e.g., AMC and EBG) underneath the antenna 
[30]. 

C. Performance Comparison 

The performance comparison between the proposed hybrid 
antenna and other related ME-dipole antenna designs is given 

in Table II. It can be seen that our antenna has achieved a 
reasonably compact dimension. The electrical size of the ME-  
dipole radiator of our antenna is just 0.39𝜆 ×0.26𝜆 ×0.117𝜆  
while the size of the liquid DR radiator is about 
0.64𝜆 ×0.64𝜆 ×0.155𝜆  where 𝜆  represents the wavelength at 
3.875 GHz (centre frequency). In addition, the proposed design 
has achieved a very wide impedance bandwidth with a 
reasonable radiation pattern, gain, and structural complexity. 
The realized bandwidth of this work is much wider than that of 
the dielectric-based [12], dielectric-loaded [11] and 
metamaterial-loaded [10] ME dipole designs. This has shown 
the advancements of the proposed multi-resonant modes 
combination scheme over the conventional design approaches. 
The initial bandwidth of the standard ME-dipole was 25.5% 
which has been broadened to 73.5% after using the hybrid DR 
and ME dipole design.  Compared with those UWB ME-dipole 
designs with over 100% bandwidth [26]-[28], our design has 
realized a relatively small radiator dimension (without 
considering the ground plane size) and simpler structures. By 
mixing the ME dipole with a liquid DRA, the loading effect has 
significantly reduced the demand for a large ground plane to 
maintain the pattern and gain performance of the antenna. If the 
antenna size is evaluated at the lowest resonant frequency (2.45 
GHz), the proposed antenna has an overall dimension of 0.42 × 
0.42 × 0.11 𝜆 3, which is compact and of low-profile for such 
wideband antennas with a stable broadside radiation. 
Importantly, the design in this paper is just an example to show 
the advantage of this novel hybrid antenna scheme. It should be 
emphasised that the ME-dipole radiator of this work is based on 
a very standard design which has a limited bandwidth and 
performance. After using the hybrid technology, it has shown 
significant performance improvement without modifying the 
antenna structure significantly. The gain range of the hybrid 
antenna is slightly lower than that of the original ME-dipole 
example without using the DRA. This is because that the hybrid 
antenna has realized a lower resonant frequency band (after the 
DR loading); therefore, the original ground plane of the ME-
dipole will need to be enlarged for higher gains. Also, the gain 
of the proposed antenna is affected by the backward radiation 
at higher frequencies. The proposed design can be further 
modified to dual-linear polarization and/or circular polarization 
by using different feeding apertures, while its bandwidth and 
antenna size can be further improved by using modified ME-
dipole structures in such as [25]-[29]. 

V. CONCLUSION 

    A novel hybrid antenna that consists of a liquid DRA and 
an ME dipole has been presented. Different from the traditional 
DRAs, ME dipoles and dielectric-loaded antennas, the 
proposed antenna has strategically combined four different 
resonant modes originated from the electric dipole, magnetic 
dipole, DRA and the feeding aperture, respectively. As a 
consequence, the realized bandwidth of the hybrid antenna has 
been significantly broadened while the overall antenna 
dimension has been much reduced. We have theoretically 
proven and experimentally demonstrated a prototype of the 
proposed antenna that has realized a bandwidth of 73.5%, a 
realized gain between 5 and 7 dBi, a front-to-back ratio lower 
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than 15 dB, broadside radiation patterns and a relatively wide 
beam width over the operating frequency band from 2.45 to 5.3 
GHz. Most importantly, the antenna was based on a standard 
aperture-fed ME-dipole with a quite compact size and less-
complicated structures. The electrical size of the final antenna 
is only 0.42 × 0.42 × 0.11 𝜆 3 at 2.45 GHz. This hybrid antenna 
has combined the advantages from both DRAs and ME dipoles 
and meanwhile overcoming their drawbacks. The proposed 
hybrid antenna scheme can be further developed for compact 
mobile base station applications and 5G communication 
systems. This work has shown the great potential for a new class 
of compact wideband antennas by combing the liquid 

dielectrics and traditional metal antennas (e.g. dipole, patch, 
and loop etc.). 
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