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ABSTRACT In this paper, a magneto-electric (ME) dipole antenna excited by two slots through a printed 

ridge gap waveguide (PRGW) is presented. This antenna, which operates in the Ka-band, is considered as a 

dual complementary source (DCS), and exhibits a higher gain and a wider impedance bandwidth, compared 

to conventional ME dipoles. The proposed antenna has an impedance matching bandwidth with |S11| < −10 

dB from 24.5 to 40 GHz with a stable gain of 10±1 dBi over the 25-35 GHz band. Moreover, by integrating 

horizontally three layers, each with an array of 4×10 split-ring resonator (SRR) unit cells on top of the 

DCS-ME dipole antenna, the realized gain is increased while maintaining the impedance bandwidth of the 

antenna. The antenna was fabricated and measured to confirm the simulation results. The fabricated 

prototype has a size of 1.1×1×0.58 λ
3
 (at 30 GHz) and exhibits a measured impedance bandwidth in excess 

of 50%, from 24 to 40 GHz, a maximum measured gain of 14.2 dBi at 35 GHz, and a measured radiation 

efficiency of 93% at 30 GHz.  

INDEX TERMS 5G wireless networks, high gain magneto-electric dipole antenna, millimeter-wave 

antennas, printed ridge gap waveguide (PRGW), split-ring resonator (SRR). 

I. INTRODUCTION 

Recently, millimeter-wave (mm-wave) frequencies have 

attracted worldwide attention due to the demand for wide 

operating bandwidths (BW), necessary for fifth generation 

(5G) mobile communications. 5G will bring mobility to mm-

wave communications as the next generation wireless 

network. Compared to current cellular networks, it will serve 

more people, reduce latency, increase capacity and provide 

ubiquitous mobile services at much higher speeds than 

conventional base stations. The Ka-band at 26.5 – 40 GHz is 

one of the promising frequency bands in 5G for video 

streaming and internet-of-things (IoT) applications [1-3]. 

However, the propagation loss due to atmospheric absorption 

at these frequencies is large compared to lower frequencies 

with larger wavelengths. To address this issue, antenna 

designers have focused on designing high-gain antennas. The 

proposed antenna is assumed to be embedded in portable 

wireless systems, such as handset devices. Therefore, such 

antennas should be designed with high efficiencies, high gain 

and a wide bandwidth. Different approaches have formerly 

been reported to design high-gain and wide bandwidth 

antennas operating at millimeter-wave frequency bands [4]. 

For instance, the authors in [5] have integrated a perforated 

dielectric superstrate over a 2×2 dense square dielectric patch 

antenna with a maximum gain of 16 dBi. However, the 

impedance bandwidth is only 15.4% in the frequency range of 

26.5-30.8 GHz, which is not suitable for 5G applications. 

Loading the antenna with a frequency-selective surface (FSS) 

superstrate [6] or a high refractive-index metamaterial [7] are 

two other methods recently introduced. However, the 

aforementioned techniques have narrow impedance and gain 

bandwidths, in the range of 10% at 28 GHz and 60 GHz, 

respectively. An aperture-coupled patch antenna with a 

superstrate layer has been designed at 60 GHz to achieve a 

maximum gain of 14.6 dBi [8]. Nevertheless, the impedance 

bandwidth corresponds to only 6.8%. Most importantly, a 

microstrip line has been used for feeding the antenna at 

millimeter-wave bands, which incurs more losses. To 
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circumvent this issue and obtain a higher efficiency, a 

corrugated Vivaldi antenna fed by a substrate-integrated 

waveguide (SIW) line operating in the Ka-band has been 

proposed in [9], whose maximum gain corresponds to 13.2 

dBi at 34 GHz. However, the antenna is bulky and exhibits a 

high SLL.  

The gap waveguide transmission line, which has 

remarkable low-loss properties at mm-wave frequencies, has 

been introduced in [10-14] to overcome the problem of good 

electrical contact and to achieve higher efficiency compared 

to microstrip line and SIW technology. 

 Printed ridge gap waveguide (PRGW) is a light and low-

cost technology that has been recently used to improve mm-

wave antenna performance. Various directive antennas and 

arrays based on PRGW have been proposed with high gain 

and wide impedance bandwidth characteristics. A dual-layer 

FSS Fabry–Perot cavity with PRGW at 60 GHz has been 

introduced in [15], where the antenna has a 20.4% impedance 

bandwidth, 12.2% 3-dB gain bandwidth and a maximum gain 

of 15.6 dBi at 60 GHz. However, the antenna‟s height 

corresponds to 1.6 wavelengths (λ) at 60 GHz, which is 

bulky. To increase the antenna gain, the authors in [16] have 

proposed a quasi-curved reflector excited by an SIW line. 

Nevertheless, the maximum gain is 17.6 dBi at 60 GHz, the 

height of the antenna is 1λ, the matching bandwidth 

corresponds to 24%, and the 3-dB gain bandwidth is 12%. To 

further improve the 3-dB gain bandwidth, a magneto-electric 

(ME) dipole antenna with a fork shaped PRGW feed line 

loaded with three layers of split-ring resonators (SRRs) was 

introduced in [1]. The proposed antenna has a 24.2% 3-dB 

gain bandwidth, a 34% impedance matching bandwidth, and a 

11.8 dBi maximum gain.  

To further enhance the impedance matching and the 3-dB 

gain bandwidth, which is crucial for mm-wave 5G 

applications, this work employs the technique of dual 

complementary sources (DCS) proposed in [17]. The 

proposed DCS-ME dipole antenna is realized by two 

magnetic dipoles consisting of two pairs of slots with a 

0.75λ (at 30 GHz) separation and two electric dipoles 

consisting of four patches which are connected to the ground 

plane using vias, as illustrated in Fig. 1. A fork-shaped 

transmission line based on PRGW is used to excite the 

DCS-ME dipole antenna. Moreover, to further increase the 

antenna gain, three layers of 4×10 SRR unit cells are located 

symmetrically on top of the antenna. The SRR layers act as 

a mu-near zero (MNZ) medium and improve the realized 

peak gain up to 14.2 dBi at 35 GHz, without affecting the 

reflection coefficient of the antenna and with a SLL less 

than -12 dB in the H-plane over the whole frequency band. 

A prototype of the antenna was fabricated and measured, 

achieving an impedance matching in the frequency range of 

24-40 GHz, with a 3-dB gain bandwidth of 40% (26-39.8 

GHz). The proposed DCS-ME dipole antenna provides a 

16% improvement in both impedance and 3-dB gain 

bandwidths, compared to the ME dipole antenna reported in 

[1] with the same height of 0.58λ in the broadside direction, 

and a peak gain enhancement of 2.4 dBi. 

 
II. DCS-ME DIPOLE ANTENNA  

Recently, the magneto-electric dipole antenna has attracted 

much attention due to its advantageous characteristics, such as 

a wide impedance bandwidth, high front-to-back ratio, and 

low cross-polarization levels. The concept of a ME dipole 

antenna is based on exciting a magnetic dipole and an electric 

dipole simultaneously, which makes identical H- and E-

planes and stable radiation patterns [18]. The ME dipole 

designs implemented by PRGW technology thus far in the 

literature have been interpreted as only one complementary 

source, which consists of one electric dipole and one 

magnetic dipole [1], [18], whereas the proposed ME dipole 

fed by PRGW is interpreted as two complementary sources. 

The DCS-ME dipole antenna can achieve simultaneously a 

high gain and a wide impedance bandwidth. It has stable 

radiation patterns with low SLLs throughout the Ka-band, 

while maintaining a low profile for 5G applications. This 

advanced performance cannot be achieved at the same time 

by conventional ME dipoles. 

A.  OPERATING MECHANISM AND DESIGN  

The 3D view with the detailed dimensions of the DCS-ME 

dipole antenna fed by PRGW and loaded by a three-layer 

4×10 array of split-ring resonator unit-cells is shown in Fig. 

1(a). The antenna consists of four layers which the first, 

second, and third layers are Rogers 3003 and the fourth 

layer is RT/duroid 6002 with relative permittivities of 3 and 

2.94, respectively. The mushroom-like structures acting as 

electromagnetic bandgap (EBG) cells are placed on the first 

layer surrounding the printed ridge waveguide, to mitigate 

surface-wave propagation from the ridge in unwanted 

directions, as shown in Fig. 1(b). The EBG cells are 

designed according to [1] to achieve a frequency stopband in 

the Ka-band. A fork-shaped transmission line is located on 

the second layer as shown in Fig 1(a) and its dimensions are 

demonstrated in Fig 1(b). The third layer is used as a spacer 

to maintain a constant air gap smaller than a quarter 

wavelength on top of the mushroom unit cells, along with 

the upper metal plate to create an EBG that supports quasi-

TEM propagation. A 50-Ω microstrip transition line is 

located on the bottom of the third layer to transfer the input 

power towards the fork-shaped transmission line. The 

parallel plate is the ground plane of the fourth layer.  

    In general, slot antennas are resonant structures, therefore 

they have a narrow impedance bandwidth. To increase the 

bandwidth, a dual complementary source ME dipole antenna 

is used. The DCS-ME dipole antenna is implemented using 

two identical 0.38λ × 0.16λ (3.8 mm × 1.6 mm) rectangular 

slots as two magnetic dipole sources with a separation of Ls 

= 0.37λ, which are etched in the ground plane of the fourth 

layer. The design frequency was chosen as 30 GHz. The 

electromagnetic waves propagate from the feedline towards 
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the broadside (z) direction with equal amplitude and phase 

through these slots. Moreover, four horizontal patches with 

dimension of 0.44λ × 0.16λ (4.4 mm ×1.6 mm) are printed 

on the top side of the fourth layer. Every patch is connected 

to the ground through a vertical metallic via with a radius of 

0.068λ, as shown in Fig. 1(a). It is noted that in order to 

form an electric dipole, the phase difference between the 

two grounded patches should be 180 degrees. Fig. 2(a) and 

(b) show the current distributions on the horizontal patches 

in the xy plane and on the vertical vias in the zy plane, 

respectively at 30 GHz. In Fig. 2(a) the first layer of the 

proposed antenna that consists of the EBG unit cells is 

hidden to illustrate better the current distribution vectors. As 

shown in Fig. 2(a) and (b), the current on each vertical via 

or horizontal patch has an analogous current in the opposite 

direction on the opposite side. Therefore, each pair of 

grounded patches behaves as a planar electric dipole. In this 

way, each slot and pair of grounded patches act as a 

complementary source magneto-electric dipole antenna, and 

in this design two of the complementary sources are fed in 

phase using the aforementioned fork-shaped transmission 

line, forming a dual complementary source magneto-electric 

dipole (DCS-ME dipole) antenna. Moreover, an analysis of 

the current distributions on the electric dipoles at the 

additional frequencies of 26 GHz and 38 GHz, above and 

below the design frequency, reveal a similar distribution, 

where the currents on the horizontal patches are oppositely 

directed, thus verifying that each pair of the grounded 

patches acts as a planar electric dipole for a wide frequency 

range around the design frequency of 30 GHz. 

The working principles of the original ME dipole antenna 

[1] with a single excitation and the proposed ME dipole 

antenna with a dual excitation are shown in Fig. 3(a) and (b), 

respectively. The original ME dipole was interpreted as a 

single complementary source composed of a magnetic dipole 

and an electric dipole, as demonstrated in Fig. 3(a). The two 

dipoles are collocated and excited with equal phase and equal 

amplitude. In this paper, two excitation sources are used in the 

design of a DCS-ME dipole antenna based on PRGW. Similar 

to the conventional ME dipole, the two vertical portions 

consist of two metallic vias and rectangular patches are 

connected to the ground plane to form an electric dipole. By 

using two excitation sources with a certain separation, two 

magnetic dipoles can be obtained. By varying the separation 

between the complementary sources, the characteristics of the 

total field of the antenna can be controlled and optimized. In 

the presented structure, the best antenna performance is 

obtained with a 0.75λ (center-to-center) distance between the 

two excitation sources. The antenna presented in this work is 

a dual complementary source of the original ME dipole of [1] 

that exhibits a higher gain, while maintaining excellent 

radiation characteristics, including a wide bandwidth and low 

back radiation. 

The simulated reflection coefficient and realized gain of the 

proposed slot antenna with and without the electric dipoles 

are presented in Fig. 4. It can be seen that the impedance 

matching and realized gain are significantly improved by 

loading the electric dipoles along with the PRGW. 

Considering a |S11| ≤ −10 dB matching level, the proposed 

antenna achieves a   48% (24.5 - 40 GHz) bandwidth and a 

10.8 dBi maximum gain, which are 20% and 2.6 dBi higher, 

respectively, than the bandwidth and maximum gain of the 

ME dipole antenna in [1] before the SRR has been added. 

 
(a) 

 
(b) 

FIGURE 1.  (a) 3-D view of the proposed dual complementary source 
magneto-electric (DCS-ME) dipole antenna loaded with three SRR layers, 
and (b) geometry of feed network below the slots (dimensions are in 
wavelengths (λ) at 30 GHz).        
 

 
(a) 

 
(b) 

FIGURE 2. Current distribution on the electric dipoles in (a) the xy 
plane, and (b) the zy plane at 30 GHz. 
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FIGURE 3.  Principle of operation of (a) the original magneto-electric 
dipole antenna with single excitation used in [1], and (b) the proposed 
magneto-electric dipole antenna with dual excitation. 

 

 
                                                        (a)       

 
                                    (b) 
FIGURE 4.  (a) Reflection coefficient and (b) realized gain of the 
proposed antenna with and without the electric dipoles.    

  

B. GEOMETRICAL PARAMETERS STUDY 

To understand the impact of the different ME dipole 

geometrical parameters on the reflection coefficient and 

realized gain, parametric studies of the geometrical 

parameters were performed by sweeping one of the 

parameters while the others were kept constant. The 

simulated results for the variations of the reflection 

coefficient |S11| and realized gain of the antenna are depicted 

in Fig. 5 and 6, for different values of the coupling slot size 

(Xs, Ys) and the distance between the slots (Ls), 

respectively. As depicted in Fig. 5, an impedance bandwidth 

of more than 16 GHz can be achieved by tuning Xs and Ys, 

while they have a minor effect on the realized gain. As 

shown in Fig. 6, the distance Ls between the slots is the key 

parameter that controls the impedance bandwidth and the 

gain bandwidth, with the optimum value being Ls = 3.7 mm 

(0.37λ).  

Furthermore, to understand the effect of the patch 

dimensions on the antenna performance, another parametric 

study was carried out. This demonstrated that by varying the 

width and length of the patches, the impedance matching of 

the antenna is mainly affected and a negligible effect was 

seen on the antenna gain. 

 

 
                                                      (a)                                                         

 
                                                      (b) 
FIGURE 5.  (a) Reflection coefficient and (b) realized gain of the ME 
dipole antenna for different sizes of coupling slot.   
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                                                 (a)                                                      

 
                                               (b) 

FIGURE 6.  (a) Reflection coefficient and (b) realized gain of the ME 

dipole antenna for different values of the distance between the slots, Ls. 
 
III. SRR UNIT CELL DESIGN 

To further enhance the antenna gain, an array of split ring 

resonators (SRRs) was integrated on top of the ME dipole 

antenna. The implemented SRR needs to have a broad 

bandwidth in terms of the low value of permeability in the 

entire Ka-band. Fig. 7 shows the configuration of the 

proposed SRR, which is a modified shape of the SRR used in 

[19]. The structure is printed on one side of a 0.254 mm thick 

RT/duroid 5870 substrate with a relative dielectric constant of 

2.33. The dimensions of the unit-cell are: r1 = 0.65 mm, r2 = 

0.74 mm, d1 = 0.5 mm, and d2 = 0.08 mm. Fig. 8 shows the 

reflection and transmission coefficients of the proposed SRR, 

which were extracted using Ansys HFSS by applying PEC, 

and PMC boundary conditions in the xz and xy planes of the 

unit cell, respectively, while two wave ports were located in 

the yz planes.  

Fig. 9 shows the effective relative permeability of the 

proposed unit-cell as a function of frequency, where it can be 

observed that its value is less than one throughout the Ka-

band. Therefore, the SRR acts as mu-near zero (MNZ) 

medium in the Ka-band frequency range, when the H-field is 

normal to the axis of the SRR unit cell.  

    The mechanism of gain enhancement is based on the one 

described in [20-21], where an epsilon-near-zero medium was 

located in front of a horn antenna to achieve a plane wave on 

the antenna aperture and improve the gain. This can be 

applied here in a dual manner, by loading an MNZ medium in 

front of the ME dipole antenna, thus increasing the gain due 

to the small phase shift on the antenna aperture. This can be 

explained by calculating the phase of the total transmission 

coefficient in terms of (d/λ) with a low permeability when the 

TE waves emanate from the antenna source through the SRR 

layers. The total transmission coefficient is given as follows: 

       
(     ) (     

(      ))                                    (1) 

Where     √        represents the wave number 

along the z-direction and t1, t2, and r correspond to the 

transmission and reflection coefficients, respectively, of the 

incident wave at z = 0 and z = d, as shown in Fig. 1. As 

explained in [22], if the phase of the total transmission 

coefficient given by (1) for different values of permeability 

(μMNZ) is calculated in terms of the electrical thickness of the 

MNZ slab (d/λ), the phase shift is lower when the value of 

permeability is less than one.  As a result, the MNZ region 

provides phase compensation in the antenna-radiating 

aperture and increases its gain. 

 

 
FIGURE 7. Geometry of the proposed split-ring resonator unit-cell. 
 

  
FIGURE 8.  S-parameters of the proposed SRR unit-cell. 
 

 
FIGURE 9.  Effective relative permeability of the proposed SRR unit-cell.   
 
IV. ANTENNA GAIN ENHANCEMENT 

The DCS-ME dipole can be regarded as a quasi-TE source, 

where the H-field is along the direction of propagation. To 

induce a current on the SRR and excite the Lorentzian 

magnetic resonance, the realized H-field of the electric dipole 

should be polarized perpendicular to the axis of the SRR unit 

cells (along the z-direction). Furthermore, the E-field should 

be polarized along the plane of the unit-cell (y-axis). 

Therefore, to enhance the antenna gain, three layers that each 
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consist of a 4×10 array of SRR unit-cells, were symmetrically 

mounted above the antenna, as shown in Fig. 1. Adding the 

SRR layers on top of the antenna not only has the effect of 

increasing its gain, but also affects its impedance matching; 

therefore, the size of the SRR layers, their number and 

relative separation had to be optimized. This was carried out 

using the HFSS optimization tool together with geometrical 

parameter studies. 

    The SRR superstrate was separated from the DCS-ME 

dipole by a 2.2 mm air gap (0.22λ at 30 GHz). In this design, 

the optimum distance between the SRR layers was initially 

chosen to be 0.08λ using initial simulation data from HFSS. 

To find the optimum number of SRR layers and maximize the 

realized gain as well as the impedance bandwidth, geometric 

parameter studies were undertaken. The resultant reflection 

coefficient and realized gain of the antenna in terms of the 

number of SRR layers, are shown in Fig. 10 (a) and (b), 

respectively. According to Fig. 10 (a), loading a one-layer 

SRR, degrades the impedance matching in the lower 

frequency band. On the other hand, loading four layers results 

in a better impedance matching. However, as shown in Fig. 

10 (b), when just one layer is loaded on the antenna, up to 3.3 

dBi gain enhancement is achieved in the range of 27–38 GHz 

compared to the unloaded case. In addition, increasing the 

SRR layers in the z-direction from 1 to 3 results in an 

improvement of the gain in the upper frequency bands (30-38 

GHz). Adding four or more SRR layers degrades the realized 

gain in the upper band. Considering the antennas matching 

and realized gain, the antenna with three SRR layers was 

selected as the final design. By loading three SRR layers on 

top of the antenna, the antenna is matched below −10 dB from 

24–40 GHz, which corresponds to a 50% matching 

bandwidth. Moreover, a 3-dB gain bandwidth of 41% over 

the frequency range of 25–38 GHz is obtained, with a 

maximum realized gain of 14 dBi at 35.5 GHz which is up to 

6.8 dBi gain enhancement compare to the unloaded case, as 

shown in Fig. 10 (b). One of the challenges in these antenna 

structures is to determine the amount of the space between the 

layers and the number of SRRs in each layer. Each layer 

consists of m × n SRRs. Different values of m were 

investigated, and it was found that a value greater than m = 4 

did not change significantly the maximum achieved gain. 

This was because a value of m = 4 effectively covered the 

aperture of the underlying DCS-ME dipole antenna in one 

dimension (in the y-direction). Therefore, for m = 4, an 

investigation was carried out to find the optimum number of 

SRR rows (n) in each layer. Fig. 11 shows that increasing the 

number of n from 6 to 12 has the most impact on the realized 

gain and the best performance is obtained for n = 10 rows of 

SRRs. Therefore, the final design chosen was for an array of 4 

× 10 SRRs. Finally, if the space between the SRR layers (d) 

is increased, there is a corresponding increase in the antenna 

gain at the upper frequency band (30-37 GHz) and better 

impedance matching in the lower frequency band (25-30 

GHz). For instance, if d = 0.06λ, the resulting peak gain is 

12.7 dBi at 36 GHz. Moreover, it is observed that if the gap is 

increased to 0.08λ, the realized gain is enhanced up to 1.3 

dBi. Therefore, to achieve the most comprehensive trade off 

in terms of gain and impedance matching, 0.08λ (0.8 mm) 

was selected as the optimal size of the gap between the layers. 

 
                                                  (a)  

 
                                 (b) 
FIGURE 10.  Simulated (a) reflection coefficient and (b) realized gain of 
the DCS-ME dipole antenna for different numbers of SRR layers.  

 
                                            (a)                                                      

 
                                              (b) 
FIGURE 11.  (a) Reflection coefficient and (b) realized gain of DCS-ME 
dipole antenna for different numbers of SRR rows (n) in each layer.  
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V. EXPERIMENTAL RESULTS  

To validate the performance of the proposed high-gain 

antenna, a prototype was fabricated and measured. The 

photograph of the fabricated antenna with the three embedded 

SRR layers as loading elements is shown in Fig. 12. The SRR 

layers are held on top of the antenna by inserting them inside 

rectangular cuts which are etched on two vertical walls on 

two sides of the DCS-ME antenna. Multiple plastic screws on 

the edges of antenna substrates are used to properly align the 

fabricated parts together. The third layer of the DCS-ME 

dipole consists of a 50-Ω microstrip line on the bottom and a 

ground plane on the top plate, which were lengthened by 5 

mm to support the coaxial 2.92-mm end-launch connector. 

The radiation pattern measurements were carried out in a 

compact-range anechoic chamber as shown in Fig. 13. A horn 

antenna was used as a transmitter at the focal point of the 

reflector to convert the spherical waves to plane waves 

towards the antenna under test (AUT) in the receive mode. 

Due to the measurement system‟s physical limitations, the 

far-field measurements were carried out by moving the DCS-

ME dipole antenna along with the horn antenna in a limited 

angular range of -90
o
 to +90

o
 in the upper hemisphere. The 

measured and simulated normalized radiation patterns of the 

antenna loaded with SRRs in the H- and E-plane at the 

frequencies of 26, 28, 30, 33, 35, and 38 GHz are shown in 

Fig. 14 and Fig. 15, respectively. The results show a stable 

radiation pattern in the entire frequency range, and good 

correlation between the measured and simulated results. In 

addition, the measured cross polarization and side-lobe levels 

are less than -15 dB and -12 dB, respectively, over the entire 

frequency band in the H-plane. The measured and simulated 

reflection coefficient of the DCS-ME dipole antenna with and 

without the SRR layers are plotted and compared in Fig. 16. 

An Agilent 8722ES S-parameter network analyzer was used 

for the measurements. It can be observed that both the 

measurement and simulation results are in general in good 

agreement. The small discrepancy between the simulated and 

measured results can be attributed fabrication and assembly 

errors, such as misalignments between the various substrate 

layers, and during the placement of the SRRs on top of the 

antenna. 

Measurements of the antenna gain with and without the SRR 

layers in the Ka-band were carried out using the gain-

comparison method with a known standard-gain horn antenna 

as a reference. Furthermore, the effect of connector loss was 

taken into consideration from the measured magnitude of the 

insertion loss of the back-to-back transition presented in [1] 

for calculating the measured gain. Fig. 17 shows the measured 

and simulated realized gain, along with the measured 

radiation efficiency. It shows that the measured gain of the 

SRR-loaded antenna, varies from 12.2 dBi to 14.2 dBi over 

the frequency range of 26-38.6 GHz. The gain is significantly 

enhanced in the upper frequency band with a peak gain of 

14.2 dBi at 35 GHz, demonstrating a 4.5 dBi gain 

improvement compared to the unloaded case. The measured 

radiation efficiency is more than 80% over the 26–37.5 GHz 

frequency band. The figure illustrates an acceptable 

agreement between the measurement and simulation results. 

The discrepancies can be attributed to fabrication tolerances, 

dielectric losses, surface waves, and the effect of the high-

frequency end-launch connector. 

The performance of the presented DCS-ME dipole antenna 

is compared with the antennas implemented by different 

technologies in Table I. It can be seen that the DCS-ME 

dipole antenna has a 40% 3-dB gain bandwidth and a 50% 

impedance bandwidth, which is more than the impedance and 

3-dB gain bandwidths of all the antennas presented in Table I. 

Most importantly, the total height of DCS-ME dipole antenna 

corresponds to 0.58λ at 30 GHz, which is less than the height 

of PRGW slot antenna based on PRS with 1.6λ at 60 GHz 

[15]. Furthermore, the DCS-ME dipole has larger 3-dB gain 

and impedance bandwidths compared to the quasi curve 

reflector based on PRS, which has 12% and 24% gain and 

impedance bandwidths, respectively [16].  

 

 
FIGURE 12.  Photographs of the fabricated DCS-ME dipole antenna 
loaded with SRR layers. (a) Top view, (b) 3D view without the 3 SRR 
layers, and (c) 3D view where the 3 SRR layers are clearly shown.  

 

 

 
FIGURE 13.  Compact-range radiation pattern measurement setup. 

 

Reflector 

AUT 
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FIGURE 14.  Measured and simulated normalized radiation patterns of 
the DCS-ME dipole antenna loaded with SRRs in the H-plane at (a) 26, (b) 
28, (c) 30, (d) 33, (e) 35, and (f) 38 GHz. 

 

 

 
FIGURE 15.  Measured and simulated normalized radiation patterns of 
the DCS-ME dipole antenna loaded with SRRs in the E-plane at (a) 26, (b) 
28, (c) 30, (d) 33, (e) 35, and (f) 38 GHz. 

 

 
FIGURE 16.  Simulated and measured reflection coefficient of the DCS-
ME dipole antenna with and without the SRR layers. 

 

 
FIGURE 17.  Measured and simulated realized gain along with the 
measured radiation efficiency as a function of frequency of the DCS-ME 
dipole antenna.  
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TABLE I 

COMPARISON OF THE PROPOSED ANTENNA WITH OTHER WORKS 

Ref. 

(Year) 

Frequency 

(GHz) 

Technology Antenna type Impedance 

bandwidth 

Peak 

Gain 

(dBi)  

3-dB Gain 

bandwidth 

SLL H-

plane 

(dB) 

Maximum 

radiation 

efficiency 

Area Height 

[1]  

(2016) 

28 PRGW ME dipole loaded 

with 3-layer SRR 

34%  

 

11.8 24.2%  

 

-15  90%  0.7×1 λ2 0.58λ 

 

[15] 

(2017) 

60 PRGW Slot antenna 

loaded with 2-
layer PRS  

20.4% 

 

15.6 12.2% -7  98% 1.66×1.4 

λ2 

1.6λ 

 

[16] 

(2019) 

60  SIW Quasi curve 

reflector based on 
PRS  

24% 17.6  12% -5  76% 4.6×4.6 λ2 1λ 

 

[23] 

(2016) 

28 SIW 2 × 2 array 

antenna 

14.28% 

 

13.5 6.89% 

 

-10  92% 2.19×1.3 

λ2 

0.05λ 

[24] 

(2018) 

26 SIGW ME dipole  29% 

 

10 17.14% 

 

-15  NA 1.1×1.1 λ2 0.14λ 

[25] 

(2018) 

60 SIGW 1 × 4 slot linear 

antenna array 

20.34% 

 

10.8 17% -15  90% 4.47×2.4 

λ2 

0.2λ 

[26] 

(2008) 

30  Conical horn EBG antenna 

excited by horn  

1.68% NA 4% -45  81% 7.05×7.05 

λ2 

0.58λ 

[27] 

(2017) 

60 Microstrip 

line 

Patch antenna 

loaded with PRS 

13% 16.4  8% -15  NA 2.8×2.8 λ2 0.6λ 

[28] 

(2016) 

11  Microstrip 

line 

Patch antenna 

loaded with phase 

correcting surface 

8% 20.7 6.4% -22.4  NA 6×6 λ2 0.75λ 

This 

work 

30  PRGW DCS-ME dipole 
loaded with 3-

layer SRR 

> 50% 

 

14.2 40% 

 

-12 93% 1.1 ×1 λ2 0.58λ 

 

VI. CONCLUSION 

In this paper, a dual complimentary source magneto-electric 

(DCS-ME) dipole antenna excited by a printed ridge gap 

waveguide (PRGW) has been presented for wideband and 

high gain mm-wave applications in the Ka-band. It has been 

shown that by applying the DCS technique, the ME dipole 

antenna can achieve better radiation characteristics than 

conventional ME dipoles. Moreover, to improve the antenna 

gain for operation over the Ka-band, SRR superstrates have 

been used. A series of studies have been conducted to 

optimize the superstrate size and the height of the separating 

air gap. The fabricated DCS-ME dipole antenna operating at a 

design frequency of 30 GHz demonstrates a low profile and 

excellent performance, including an impedance bandwidth in 

excess of 50%, from 24 to 40 GHz, a 3-dB gain bandwidth of 

40%, with a measured peak gain of 14.2 dBi at 35 GHz, and 

symmetrical cardioid radiation patterns with low cross 

polarization levels. The proposed antenna is a good candidate 

for 5G applications, since it can meet future increasing 

consumer demands and technical requirements for antennas 

with wide bandwidths, high gain, low loss, compact size, and 

ease of fabrication. 

REFERENCES 
[1] A. Dadgarpour, M. S. Sorkherizi and A. A. Kishk, “Wideband, low 

loss magneto-electric dipole antenna for 5G wireless network with 
gain enhancement using meta lens and gap waveguide technology 

feed,” IEEE Trans. Antennas Propag., vol. 64, no. 12, pp. 5094–

5101, Dec. 2016.  
[2] Y. Li and K.-M. Luk, “60-GHz dual-polarized two-dimensional 

switch beam wideband antenna array of aperture-coupled magneto-

electric dipoles,” IEEE Trans. Antennas Propag., vol. 64, no. 2, pp. 
554–563, Feb. 2016 

[3] Y. Li and K. W. Luk, “A 60-GHz wideband circularly polarized 
aperture coupled magneto-electric dipole antenna array,” IEEE 

Trans. Antennas Propag., vol. 64, no. 4, pp. 1325–1333, Apr. 2016 

[4] L. Lu, K. Ma, F. Meng, and K. S. Yeo, “Design of a 60-GHz quasi-
yagi antenna with novel ladder-like directors for gain and 

bandwidth enhancements,” IEEE Antennas Wireless Propag. Lett., 

vol. 15, pp. 682–685, Jun. 2016. 
[5] M. Asaadi and A. Sebak, “Gain and bandwidth enhancement of 2×2 

square dense dielectric patch antenna array using a holey 

superstrate,” IEEE Antennas Wireless Propag. Lett., vol. 16, pp. 
1808–1811, March. 2017. 

[6] M. Borhani Kakhki, M. Mantash, A. Kesavan, M. M. Tahseen, and 

T. A. Denidni, “Millimeter-Wave Beam-Tilting Vivaldi Antenna 
with Gain Enhancement using Multi-layer FSS”, IEEE Antennas 

Wireless Propag. Lett., vol. 17, pp. 2279-2283, Oct. 2018. 

[7] A. Dadgarpour, B. Zarghooni, B. S. Virdee, and T. A. Denidni, 
“Improvement of gain and elevation tilt angle using metamaterial 

loading for millimeter-wave applications,” IEEE Antennas Wireless 

Propag. Lett., vol. 15, pp. 418–420, 2016.  
[8] H. Vettikalladi, O. Lafond, and M. Himdi, “High-efficient and high-

gain superstrate antenna for 60-GHz indoor communication,” IEEE 

Antennas Wireless Propag. Lett., vol. 8, pp. 1422–1425, 2009. 
[9] J. Puskely, J. Lacik, Z. Raida, and H. Arthaber: “High-gain 

dielectric-loaded Vivaldi antenna for ka-band application,” IEEE 

Antennas Wireless Propag. Lett., vol. 15, pp. 2004–2007, April 
2016. 

[10] P.-S. Kildal, “Artificially soft and hard surfaces in 
electromagnetics,” IEEE Trans. Antennas Propag., vol. 38, no. 10, 

pp. 1537–1544, Oct. 1990. 

[11] A. Zaman and P.-S. Kildal, “Wide-band slot antenna arrays with 
single layer corporate-feed network in ridge gap waveguide 

technology,” IEEE Trans. Antennas Propag., vol. 62, no. 6, pp. 

2992-3001, Jun. 2014 
[12] E. Rajo-Iglesias and P.-S. Kildal, “Numerical studies of bandwidth 

of parallel-plate cut-off realised by a bed of nails, corrugations and 

mushroom-type electromagnetic bandgap for use in gap 
waveguides,” IET Microw., Antennas Propag., vol. 5, no. 3, pp. 282–

289, Feb. 2011. 

[13] E. Rajo-Iglesias, M. Ebrahimpouri, and O. Quevedo-Teruel, 
“Wideband phase shifter in groove gap waveguide technology 

implemented with glidesymmetric holey EBG,” IEEE Microw. 

Wireless Compon. Lett., vol. 28, no. 6, pp. 476–478, Jun. 2018 

https://ieeexplore.ieee.org/author/37296223000


This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/.

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/ACCESS.2020.2982937, IEEE Access

 Author Name: Preparation of Papers for IEEE Access (February 2017) 

 

 10                                                                                                                                                                                                                                                             VOLUME XX, 2017                                           

[14] M. Vukomanovic, J.-L. Vazquez-Roy, O. Quevedo-Teruel, E. Rajo-
Iglesias, and Z. Sipus, “Gap waveguide leaky-wave antenna,” IEEE 

Trans. Antennas Propag., vol. 64, no. 5, pp. 2055-2060, May 2016. 

[15] H. Attia, M. L. Abdelghani, and T. A. Denidni, “Wideband and high-
gain millimeter-wave antenna based on FSS Fabry-Perot cavity,” 

IEEE Trans. Antennas Propag., vol. 65, no. 10, pp. 5589-5594, Oct. 

2017. 
[16] Q. -Y, Guo and H. Wong, “Wide band and high gain fabry-perot 

cavity antenna with switched beam for millimeter-wave application,” 

IEEE Trans. Antenna Propag., vol. 67, no. 7, pp. 4339 - 4347, Jul. 
2019. 

[17] H. W. Lai, K. K. So, H. Wong, C. H. Chan, and K. M. Luk, 

“Magnetoelectric dipole antennas with dual open-ended slots 
excitation,‟‟ IEEE Trans. Antennas Propag., vol. 64, no. 8, pp. 

3338–3346, Aug. 2016. 

[18]  M. M. M. Ali and A.-R. Sebak, “2-D scanning magnetoelectric 
dipole antenna array fed by RGW butler matrix,” IEEE Trans. 

Antennas Propag., vol. 66, no. 11, pp. 6313–6321, Nov. 2018. 

[19] A. Dadgarpour, B. Zarghooni, B. S. Virdee, and T. A. Denidni, 
“One- and two-dimensional beam-switching antenna for millimeter-

wave MIMO applications,” IEEE Trans. Antennas Propag., vol. 64, 

no. 2, pp. 564-573, Feb. 2016. 
[20] A. Dadgarpour, A.A. Kishk, and T.A. Denidni, “Gain enhancement 

of planar antenna enabled by array of split-ring resonators”, IEEE 

Trans. Antennas Propag., vol. 64, no. 8, pp. 3682–3687, Aug. 2016. 
[21] A. Dadgarpour, M. S. Sorkherizi, and A. A. Kishk, “High-efficient 

circularly polarized magnetoelectric dipole antenna for 5G 

applications using dual-polarized split-ring resonator lens,” IEEE 
Trans. Antennas Propag., vol. 65, no. 8, pp. 4263–4267, Aug. 2017. 

[22] D. Ramaccia, F. Scattone, F. Bilotti, and A. Toscano, “Broadband 

compact horn antennas by using EPS-ENZ metamaterial lens,” IEEE 
Trans. Antennas Propag., vol. 61, no. 6, pp. 2929–2937, Jun. 2013. 

[23] P.-N. Choubey, W. Hong, Z.-C. Hao, P. Chen, T.-V. Duong, and J. 

Mei, “A wideband dual-mode SIW cavity-backed triangular-
complimentary split-ring-slot (TCSRS) antenna,” IEEE Trans. 

Antennas Propag., vol. 64, no. 6, pp. 2541–2545, Jun. 2016. 

[24] D. Shen, C. Ma, W. Ren, X. Zhang, Z. Ma, and R. Qian, „„A low-
profile substrate-integrated-gap-waveguide-fed magnetoelectric 

dipole,” IEEE Antennas Wireless Propag. Lett., vol. 17, no. 8, pp. 

1373–1376, Aug. 2018. 
[25] J. Zhang, X. Zhang, and A. A. Kishk, “Broadband 60 GHz antennas 

fed by substrate integrated gap waveguides,” IEEE Trans. Antennas 

Propag., vol. 66, no. 7, pp. 3261–3270, Jul. 2018. 
[26] R. Chantalat, C. Menudier, T. Monediere, M. Thevenot, P. Dumon, 

and B. Jecko, “Enhanced EBG resonator antenna to feed a reflector 

antenna in Ka band,” IEEE Antennas Wireless Propag. Lett., vol. 7, 
pp. 349– 353, 2008. 

[27] D. Abbou, T. P. Vuong, R. Touhami, F. Ferrero, D. Hamzaoui, and 

M. C. E. Yagoub, “High-gain wideband partially refelcting surface 
antenna for 60 GHz systems,” IEEE Antennas Wireless Propag. 

Lett., vol. 16, pp. 2704-2707, 2017.  

[28] M. U. Afzal and K. P. Esselle, „„A low-profile printed planar phase 
correcting surface to improve directive radiation characteristics of 

electromagnetic band gap resonator antennas,‟‟ IEEE Trans. 
Antennas Propag., vol. 64, no. 2, pp. 276–280, Feb. 2016 

 

Mehri Borhani Kakhki received the B.Sc. 

and M.Sc. degrees in telecommunication 
engineering from University of Sistan and 

Baluchestan and Semnan University, Iran, in 

2012 and 2015, respectively. She is currently 
pursuing the Ph.D. degree with the Institut 

National de la Recherche Scientifique, 

Université du Québec, Montreal, QC, 
Canada.   

Her main field of research includes 

microwave/millimeter-wave reconfigurable antennas, array antennas, 
MIMO antennas, as well as RF/microwave components for wireless 

communications systems. Her current research interests include millimeter-

wave high-gain antenna and beamforming networks. 
 

 

Abdolmehdi Dadgarpour received Ph.D. 
degree in telecommunications from the 
Energy, Materials and Telecommunications 
Center, Institut National de la Recherche 
Scientifique, University of Quebec, Montreal, 
QC, Canada, in 2015. He is currently a Post-
Doctoral Fellow with Concordia University, 
Montreal.  

Dr. Dadgarpour was a recipient of the Fonds 
de Recherche du Québec Nature et 
Technologies (FRQNT) Postdoctoral 

Fellowships award with first rank. His current research interests include 
metasurface and metamaterials for beamforming applications and the 
design and analysis of high-gain millimeter-wave antenna arrays. 

 

Marco A. Antoniades (S‟99–M‟09–SM‟17) 

received the B.A.Sc. degree in electrical 

engineering from the University of Waterloo, 

ON, Canada, in 2001, and the M.A.Sc. and 

Ph.D. degrees in electrical engineering from 

the University of Toronto, ON, Canada, in 

2003 and 2009, respectively.      
 He is the Director of the Microwaves and 

Antennas Laboratory, and an Assistant 

Professor in the Department of Electrical, 
Computer and Biomedical Engineering at 

Ryerson University, Toronto, ON, Canada. His 

research interests include engineered electromagnetic materials 
(metamaterials/metasurfaces), electrically-small antennas, 

adaptive/reconfigurable antennas, RF/microwave circuits and devices, 

implantable/wearable antennas, microwave imaging, wireless power 
transfer, and radio-frequency identification. 

 Dr. Antoniades was a recipient of the Academic Excellence Award from 

the Hellenic Canadian Federation of Ontario in 2003, the First Prize in the 
Student Paper Competition at the 2006 IEEE AP-S International 

Symposium on Antennas and Propagation (AP-S/URSI), a Best of IEEE 
Computer Architecture Letters Award in 2018, and a Teaching Innovation 

Award from the University of Cyprus in 2018. He served as an Associate 

Editor of IET Microwaves, Antennas and Propagation from 2014 to 2018, 
as the Conference Chair of the 2015 Loughborough Antennas and 

Propagation Conference (LAPC), and on the Steering Committee for the 

2010 IEEE AP-S/URSI International Symposium. He is a member of the 
IEEE AP-S Education Committee and serves as a Co-Chair of the 

Technical Program Committee for the 2020 IEEE AP-S/URSI International 

Symposium. He is an Associate Editor of the IEEE TRANSACTIONS ON 

ANTENNAS AND PROPAGATION, and the IEEE ANTENNAS AND WIRELESS 

PROPAGATION LETTERS. 

 
Abdel R. Sebak (F‟10) received the B.Sc. 
degree (with honors) in electrical engineering 

from Cairo University, Cairo, Egypt, in 1976 

and the B.Sc. degree in applied mathematics 
from Ein Shams University, Cairo, in 1978. 

He received the M.Eng. and Ph.D. degrees 

from the University of Manitoba, Winnipeg, 
MB, Canada, in 1982 and 1984, respectively, 

both in electrical engineering. From 1984 to 

1986, he was with Canadian Marconi 
Company working on the design of microstrip 

phased array antennas. From 1987 to 2002, he 

was a Professor with the Department of Electronics and Communication 
Engineering (ECE), University of Manitoba.  

He is a Professor with the Department of Electrical and Computer 

Engineering, Concordia University, Montreal, QC, Canada. His research 
interests include phased array antennas, millimeter-wave antennas and 

imaging, computational electromagnetics, and interaction of EM waves 

with engineered materials and bio electromagnetics. 
 Dr. Sebak has served as the Chair for the IEEE Canada Awards and 

Recognition Committee from 2002 to 2004 and as the Technical Program 

Chair for the 2002 IEEE CCECE Conference and the 2006 URSIANTEM 
Symposium. He is the Technical Program Co-Chair for the 2015 IEEE 



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/.

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/ACCESS.2020.2982937, IEEE Access

 Author Name: Preparation of Papers for IEEE Access (February 2017) 

 

 

VOLUME XX, 2017 11 

ICUWB Conference. He is a Member of the Canadian National Committee 
of International Union of Radio Science (URSI) Commission B. He was the 

recipient of the 2000 and 1992 University of Manitoba Merit Award for 

outstanding Teaching and Research, the 1994 Rh Award for Outstanding 
Contributions to Scholarship and Research, and the 1996 Faculty of 

Engineering Superior.  
 

Tayeb A. Denidni (M‟98–SM‟04– F‟19) 

received the M.Sc. and Ph.D. degrees in 
electrical engineering from Laval University, 

Quebec, QC, Canada, in 1990 and 1994, 

respectively. He was a Professor with the 
Engineering Department, Université du 

Quebec in Rimouski, Rimouski, QC, Canada, 

from 1994 to 2000, where he founded the 
Telecommunications Laboratory. Since 2000, 

he has been with the Institut National de la 

Recherche Scientifique (INRS), Université du 
Quebec, Montreal, QC, Canada. He founded 

the RF Laboratory with INRS-EM, Montreal.  

He has extensive experience in antenna design and is leading a large 
research group consisting of three research scientists, eight Ph.D. students, 

and two M.Sc. students. His current research interests include 

reconfigurable antennas using EBG and FSS structures, dielectric resonator 
antennas, metamaterial antennas, adaptive arrays, switched multi-beam 

antenna arrays, ultrawideband antennas, microwave, and development for 

wireless communications systems.  
Dr. Denidni served as an Associate Editor of the IEEE TRANSACTIONS ON 

ANTENNAS AND PROPAGATION from 2008 to 2010. From 2005 to 2007, he 

served as an Associate Editor of the IEEE ANTENNAS WIRELESS 

PROPAGATION LETTERS. Since 2015, he has served as an Associate Editor 

of IET Electronics Letters. 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 


