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Compact wideband and high gain 
horn slot antenna array fed by 
printed ridge gap waveguide for X 
band applications
Mahboubeh Taraji1, Elham Baladi2 & Marco A. Antoniades1

The design and implementation of a wideband low-loss H-plane horn slot antenna array excited by a 
2-by-2 bottom-fed planar corporate feeding network is presented in this paper. The feeding network 
is presented by a 2-by-2 symmetric power dividing system designed to feed a 2-by-2 slot antenna 
array from bottom. The feeding network is realized using printed ridge gap waveguide technology as 
a magnetic ground, to suppress surface wave propagation and to enable quasi-TEM wave propagation 
along the microstrip feed. Each of the power-divider branches in the feeding network excites a slot, 
while maintaining the impedance bandwidth of the original unloaded power divider. The feeding 
mechanism and H-plane horn elements help to control the sidelobe levels and increase the overall 
gain. The measured results are in good agreement with the simulations, with an impedance bandwidth 
of over 58.5%, covering the entire X-band, with a peak gain of 14.1 dBi at 10 GHz, and a measured 
radiation efficiency greater than 86% throughout the operating frequency range, with a peak of 99% 
at 10 GHz. These are significant improvements compared to an impedance bandwidth of less than 25% 
and a gain of 11 dBi for the antenna array without the horn elements. The antenna has a compact size 
of 4.8 × 4.8 × 1.5 cm2 or 1.6λ0×1.6λ0×0.5λ0 at 10 GHz.

Keywords  Printed ridge gap waveguide (PRGW), Quasi-TEM, Stopband, Slot antenna array, H-plane horn

The rapid development of wireless and satellite communication systems has led to an increasing interest in high-
performance antennas at high frequency bands1–3. A key method for enhancing antenna performance is the use 
of horn elements, which offer advantages such as a simple design, high gain, wide bandwidth, and high power 
handling capacity. Horn antennas can be incorporated into planar structures at high frequencies, offering the 
advantages of planar integration4–6, light weight and cost-effectiveness. Typically, horn antennas are designed 
based on the optimum horn criterion to maximize gain for a given aperture size, as the aperture size directly 
influences the antenna’s highest achievable directivity. However, horn antennas are typically made of bulky 
waveguide structures, which limit their applications in planar integrated systems. Additionally, the propagation 
losses, fabrication cost and complexity are greater at high frequencies compared to the low-frequency bands. In 
array configurations with numerous radiating elements, the maximum gain is often constrained by the insertion 
loss of the feed network7.

Therefore, to overcome these issues, a competition has arisen among technologies which offer lower cost, 
lower losses, and simpler fabrication of feeding networks. The investigation among methods to employ a 
promising feeding network shows that the performance of microstrip feeding networks is severely limited at 
high frequencies due to the high dielectric and radiation losses, significant dispersion, and surface waves7–11. 
In contrast, conventional hollow waveguide technology works effectively at higher frequencies with low 
radiation losses and high Q-factors; however, this comes at the cost of increased design complexity and cost 
as the frequency increases12,13. Another popular feeding network at high frequencies is substrate integrated 
waveguide (SIW)technology14–16, which has electrical characteristics similar to traditional rectangular 
waveguides and planar configurations, such as low loss, compact profile, and easier integration with planar 
circuits. These properties make SIW structures more desirable than microstrip or coplanar transmission lines to 
design efficient antenna arrays for high frequency applications. Although SIW has a better radiation efficiency 
compared to its counterparts, its dielectric loss becomes problematic if it is applied to large high-gain antenna 
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arrays17–19. Therefore, an alternative guiding structure, namely ridge gap waveguide (RGW) was introduced in20 
for microwave and millimeter-wave applications.

RGW structure consists of two parallel-plates: a top metal plate that acts as a perfect electric conductor 
(PEC), and a bottom metal plate covered with periodic textured “bed of nails” representing a perfect magnetic 
conductor (PMC)21. The air gap between these parallel plates is usually smaller than a quarter-wavelength to 
create a parallel-plate bandgap. By adding a wave-guiding structure, such as a ridge, between the PEC-PMC 
plates, a quasi-TEM mode can propagate along the guiding structure between the PMC and the top PEC plate. 
This waveguide has considerable advantages compared to microstrip line and SIW feed networks, including 
lower losses, higher power handling capability, excellent isolation properties, easy manufacturing, and easy 
integration, and has been used in many applications to design microwave components and devices22–24.

The reported RGW-based antenna array solutions in the literature25–27, suffer from the grating lobe problems, 
which restrict their application. In addition, loading the subarray increases the height of the antenna and adds 
complexity to the design. For instance, an RGW-based planar slot array antenna was presented in25 with a 
maximum gain of 12.2 dBi over a frequency range of 12–15 GHz and a 21% return-loss bandwidth. The antenna 
size is large due to using a rectangular waveguide from the bottom plane with a complicated fabrication process 
of the RGW structure. A similar concept was reported in26 at 60-GHz with a 17% return-loss bandwidth. In this 
case also, a transition to rectangular waveguide for excitation has increased the antenna size and using RGW 
has led to fabrication complexity. In27, an array of horns was implemented on top of the slot antennas, and was 
excited using a classical ridge gap waveguide, termed an inverted microstrip gap waveguide, with a 10% return-
loss bandwidth and a maximum gain of 25 dBi for a 4-by-4 array. However, the antenna presented in27 suffers 
from high grating lobes (about −8 dB), an aperture efficiency of less than 63%, a large total size of 8λ × 8λ at 10 
GHz, and increased design and fabrication complexity, which is commensurate for large arrays.

The need for high-accuracy machining via computer numerical control (CNC) for the feeding layers of RGW 
structures, has led researchers to propose printed ridge gap waveguides (PRGW), which employ a planar structure 
for the design and fabrication of high-frequency integrated circuits and systems28–31. The notable benefit of 
PRGW is its standard PCB fabrication process. The textured metal nails of RGW are replaced by mushroom-
like electromagnetic bandgap (EBG) structures realized using printed circuit board (PCB) implementations. 
Since the electromagnetic waves propagate only through the air gap, the dielectric losses in the substrate are 
negligible32. The use of PCB manufacturing techniques allows for low-cost mass production, easy integration 
with other circuit components, such as filters and antennas, and facilitates the development of highly integrated 
systems.

In this paper, we present PRGW based planar 2-by-2 H-plane horn array antenna with wide impedance 
bandwidth and high efficiency. The radiating performance of the antenna is improved for operation at X-band (8–
12 GHz), which is suitable for telecommunication and biomedical systems. We have employed a new symmetric 
feeding mechanism in this work, which eliminates the need for a complicated microstrip transition design, 
and results in a more compact and efficient antenna. T-shaped ridges under the slots are used to enhance the 
impedance matching and achieve a wide impedance bandwidth over the entire X-band. Subsequently, directive 
H-plane horn elements are placed above the slots to improve the antenna gain with sidelobe levels below −15 
dB and −10 dB for the E- and H-planes, respectively, while the overall impedance bandwidth of the antenna is 
optimized. Additionally, physical insight into the antenna design is provided throughout the design process. In 
contrast to the works presented in25–27,33,34, the antenna proposed here has many significant advantages in terms 
of size, return-loss bandwidth, and far-field characteristics, and introduces a very simple configuration with low 
complexity in terms of design and fabrication. Table 1 shows a comparison between the measurement results of 
the proposed array antenna and some array antennas reported in25,27,33,34. The slot array antenna presented here 
has the widest bandwidth, highest gain, and smallest size between the mentioned antennas in Table 1.

The paper is organized as follows: First, the main design concept of the PRGW technology is discussed and 
the dispersion analysis using the Ansys HFSS eigen-mode solver is presented. Then, the design and simulation 
of a 2-by-2 PRGW feeding network, and the design procedure of the 2-by-2 H-plane horn slot antenna array 
are described. Next, the experimental results including return loss, gain, efficiency, and radiation patterns of the 
proposed antenna are presented. Finally, conclusions are drawn.

Unit cell analysis and stopband studies
PRGW structures are typically used to form a stopband to prohibit the propagation of electromagnetic waves in 
unwanted directions and to allow the propagation of a quasi-TEM wave along the ridge. The principal step to 
generate a stopband in a desired frequency range is to first determine lower and upper limits of the operating 
frequency band., Then, the frequencies that define the stopband region can be considered as a function of the 
geometric parameters of the airgap and the periodic structure35.

Ref. Array type Feed network Impedance bandwidth Radiation efficiency Gain Total size
25 2-by-2 RGW 21% at Ku-band NA 12.2 dBi (4 elements) 7 × 7 × 2 cm3

27 4-by-4 IMGW 10% at X-band 70% 25 dBi (16 elements) 24 × 24 × 4 cm3

33 2-by-2 Waveguide 10% at X-band NA 13.8 dBi (4 elements) 6.5 × 6.5 × 2.7 cm3

34 2-by-2 SIW 13% at X-band NA 10.9 dBi (4 elements) 11 × 11 × 0.32 cm3

This work 2-by-2 PRGW 58.5% at X-band 86% 14.1 dBi (4elements) 4.8 × 4.8 × 1.5 cm3

Table 1.  Comparison of the proposed array antenna with some reported array antennas.
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In Fig. 1a, the dispersion diagram of an infinite periodic structure without a ridge has been evaluated and 
demonstrated. The unit cell is printed on a Rogers 5880 substrate with εr = 2.2, tan δ = 0.0009 and thickness 
t = 1.575 mm. The dispersion diagrams are obtained using the Ansys HFSS Eigenmode solver. It is noticeable 
that a wide stopband appears from around 7 to 13 GHz to prohibit surface waves from propagating in the X 
band. As shown in Fig. 1b by adding a microstrip line to the periodic structure, a quasi-TEM mode appears 
between the conducting microstrip line (green printed ridge) and the top metal plate (removed for clarity). The 
dispersion diagram in Fig. 1b comprising the first nine modes, illustrates the realized bandgap of the periodic 
structure over 7.6–13 GHz. The rectangular waveguide modes below 7.6 GHz are perturbed by the presence of the 
ridge. Besides, another mode appears at 13 GHz as a higher-order parallel plate mode. Thereby, the dimensions 
for the parameters specified in Fig. 1c are chosen in order to generate a stopband covering the whole X-band.

Symmetric feeding network
To design the 2-by-2 planar corporate feeding network, first we designed the PRGW structure to work in the 
X-band, as described in previous section. Then, we designed a 2-by-2 power dividing network using microstrip 
feed lines, and a T-shaped section was used at the end of each feed line section to obtain better impedance 
matching, as shown in Fig.  2a, b. The usual excitation technique for a 2-by-2 corporate feeding network in 
PRGW technology is using a transition mechanism from the edge of the board. This technique shown in Fig. 2a, 
besides adding more losses, especially due to scattering at the connection point of the PRGW and the transition, 
causes extra design and manufacturing complexity and reduces the frequency bandwidth. Moreover, direct input 
coupling between the microstrip feed line and the radiating elements breaks the elements’ symmetric excitation 
and creates higher side-lobes. In Fig. 2b , we have incorporated a new method of excitation using a coaxial feed 
from the bottom of the board. This is inherently a symmetric excitation, resulting in a more compact structure, 
while eliminating the aforementioned-coupling and parasitic scattering issues associated with the technique 
shown in Fig. 2a . When a conventional feeding mechanism is used, the slots are not excited uniformly and 
symmetrically. The field distribution on one slot is different from its neighbour, and the fields do not have the 
ideal T E10 mode distribution on each of the slots. This is because a) the slots have different distances from the 
input feed line, and b) some slots are excited directly from the edges of the power guiding lines instead of being 
fed by the T-shaped feed section right below the center of the slot. This affects the field distributions on the slots 
and creates undesired modes, which has the consequence of unwanted sidelobes and a degradation of the main 
far-field beam. However, in our proposed feeding mechanism, all slots are fed in a similar fashion from the same 
T-shaped impedance matching section below the center of each slot. Both the unwanted modes due to indirect 

Fig. 1.  Dispersion diagrams of (a) infinite periodic unit cell, indicating its stop band, (b) finite parallel-plate 
PRGW structure including a microstrip line of width 1 mm as a ridge, (top metal plate is removed for clarity). 
(c) Geometry of the periodic pattern. The dimensions are h = 0.5 mm (gap height), d = 0.76 mm (via 
diameter), a = 3.55 mm (patch width), p = 3.8 mm (patch periodicity), t1 = 1.575 mm, and t2 = 0.778 
mm.

 

Scientific Reports |        (2025) 15:17627 3| https://doi.org/10.1038/s41598-025-99482-y

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


coupling (from the power guiding section) and the non-uniform excitation of the slots are eliminated. This 
results in increased energy directed towards the main lobe, leading to increased antenna gain, and a reduction of 
the sidelobes compared to the conventional feeding method.

The RF input is applied from the bottom through a coaxial feed using a 50 Ω SMA panel mount Jack connector 
with a 4-hole flange (Amphenol RF, Part#132108), soldered to the signal line, which then splits the power into 
the two main microstrip branches. Then, the next two power dividers are used to equally split the wave along 
each of the four smaller feed networks with equal phase, denoted as ports number 2–5 (P#2–5) in Fig. 2b . The 
matching at each section is obtained by using multiple stepped microstrip line impedance transformers. The 
S-parameters of the microstrip-PRGW transition branches of the planar feeding networks shown in Fig. 2a, b 
are illustrated in Fig. 2c, d , respectively. Comparison of these two plots verifies that our presented method of 
excitation from the bottom of the board removes the parasitic scattering issues related to the transition from 
the edge of the board, and demonstrates a wide impedance bandwidth covering the whole operation frequency 
with an input reflection coefficient less than − 20 dB ( S11 ≤ −20 dB), and Sij = −6 dB, where j = 1, and 
i = 2, 3, 4, and 5.

Design of H-plane horn slot antenna array
The proposed antenna based on PRGW contains four layers which are illustrated in Fig. 3a . Layer 2 acts as an 
artificial magnetic conductor (AMC) consisting of a mushroom-like EBG connected by vias through a Rogers 
5880 substrate (shown in the light-blue colour) to its ground plane on Layer 1. The microstrip feeding network 
described in Section III is located on Layer 3 on top of a second Rogers 5880 substrate (also shown in a light-
blue colour). Figure 3b shows the details of the 2-by-2 corporate feed network design. We designed microstrip 

Fig. 2.  Geometry of the 2-by-2 PRGW corporate feeding network excited from (a) the edge of the board 
at Port#1 (P#1), and (b) the bottom of the board at P#1 using a coaxial feed. The top metal plate has been 
removed to show the feeding structure. (c) S-parameters of the 2-by-2 PRGW corporate feeding network 
excited from the edge of the board. (d) S-parameters of the 2-by-2 PRGW corporate feeding network excited 
from the bottom of the board.
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feed lines with different lengths and widths, and we added a T-shaped section at the end of each feed line section 
under the slot apertures to obtain better impedance matching. There is a limitation regarding the spacing between 
adjacent elements. In broadside arrays, the distance between adjacent elements should be less than λ0 to avoid of 
grating lobes. Here, we selected six rows of patches between adjacent elements. Therefore, we designed a 2-by-2 
element array excited with equal amplitude by a symmetric feeding network with an element spacing of 23 mm, 
which is about 0.76 λ0. The microstrip feed network is separated from the slot plane in Layer 4 by a 0.5 mm air 
gap. All parameters were first designed in Keysight-Advanced Design System (ADS) and then optimized using 
an Ansys-HFSS full-wave analysis. Since the field propagates in the air gap, the free-space wavelength at 10 GHz 
was considered for the initial ADS design. Furthermore, a pad was added in the center of the feeding network, 
as shown in Fig. 3b , to account for the fabrication requirement of soldering the SMA connector pin to the two 
central microstrip lines. The four slot array elements excited by the quasi-TEM mode realized using PRGW 
technology are shown in Fig. 3c . The center-to-center distance between the slots is close to one wavelength at 10 
GHz. Since the impedance matching of the slot antenna was insufficient to span the entire 8–12 GHz frequency 
range, a horn element was added to the antenna to improve the impedance matching and far-field parameters 
inspired by prior work on dipole-fed integrated horn antennas at millimeter-wave frequencies4–6.

Horn antennas can be used to improve the antenna’s gain, efficiency, and impedance bandwidth4. Therefore, an 
H-plane horn is presented here and placed on top of each slot element to control the side-lobe levels and improve 
the gain. Figure 4a shows the final design of the 2-by-2 H-plane horn slot antenna array with an aperture size of 
each horn element of 0.7λ0 × 0.38λ0, where λ0 represents the wavelength in free space corresponding to the 
central frequency, to guarantee an element spacing of 0.7λ0 across the operating band, which is small enough 
to avoid grating lobes over a wide-band, optimizes overall impedance bandwidth, enhances the aperture phase 
uniformity, and consequently the antenna gain. The total size of the array is 1.6λ0 × 1.6λ0, which corresponds 
to 4.8 × 4.8 cm2. Metallic blocks have been placed on the four sides of the antenna to hold up the top metal 
plane consisting of the slot and horn elements, as well as to make the fabrication process simpler.

Figure 4b shows the cross sections of the antenna, together with the details of the geometry of the horn 
element. The horn antenna increases the effective radiating aperture of the underlying slot antenna. The increased 
uniformity of the field distribution on the aperture of the horn, and the smoother impedance matching to free 
space compared to the slot, improve the overall gain and bandwidth. A modal analysis was carried out to verify 
that the horn dimensions are effective to propagate the first mode. Multiple modes can be excited on the slot due 
to reflection and scattering of the fields between the slot and the feed line. The slot supports propagation of the 
T E10 mode only, while higher order modes are evanescent, as shown in Fig. 5a . Without the horn, choosing 
larger slot sizes makes the matching to free space difficult and reduces the bandwidth. Therefore, the slot size 
is not increased any more, and the bottom aperture of the horn is selected to be larger than the slot length in 
the x-direction. This enables propagation of the T E10 mode only, as illustrated in Fig. 5b , via a direct coupling 

Fig. 3.  (a) Indicated constituent layers used to realize the PRGW structure. (b) Geometric details of the 2-by-2 
corporate feed network (dimensions are given in mm). (c) Diagram of the complete slot antenna array fed by 
the PRGW feed network.
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mechanism and creates a more uniform field distribution on the horn aperture, which increases the gain. The 
gradual impedance matching to free space, compared to the case of the slot without the horn, increases the 
frequency bandwidth.

Radiation of the second mode (T E20) beyond the slot aperture opening in the xy-plane is given by

	
E⃗ = ŷE0 sin

(
2π

x

a

)
,� (1)

where a is the slot length (Sl) in the x direction.
Based on image theory, the field beyond the slot aperture can be evaluated by finding the radiation of the 

surface magnetic current (36, Sec.3.6)

Fig. 5.  (a) Excited P(propagating)- and E(evanescent)- modes on the slot aperture. (b) Propagating mode 
on the horn aperture. i1 is the port number located on the horn aperture, whereas i2 is the port number 
located on the slot aperture, and j and k are the orders of the modes excited on the horn aperture and the slot, 
respectively.

 

Fig. 4.  Final geometry of the H-plane horn slot antenna array fed by PRGW. (a) 3D view, and (b) side views 
of the antenna with dimensions of Lh = 10 mm (height of horn), Hw = 11.4 mm (width of horn aperture), 
Hl = 22 mm (length of horn aperture), Sw = 4 mm (width of slot), and Sl = 16 mm (length of slot), W1 = 3 
mm.
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M⃗s = 2E⃗ × ẑ = 2x̂E0 sin

(
2π

x

a

)
,� (2)

in free space.
The far field is proportional to L⃗, which is given by

	
L⃗ =

�

Sa

Ms(r′)ejkr′ cos ψ · dS′,� (3)

where Sa refers to the aperture region, k denotes the propagation vector, and 
r′ cos ψ = r′ · r̂ = x̂ sin θ cos ϕ + ŷ sin θ sin ϕ. Hence, from (2) and (3) we can evaluate Lx as

	
Lx = −2aE0

πk
sin

(
ka

2 sin θ cos ϕ
)

k sin θ sin ϕ

sin θ sin ϕ
+ 2jkaE

2πk

cos
(

ka
2 sin θ cos ϕ

)
sin

(
kb
2 sin θ sin ϕ

)

π2 − (ka sin θ cos ϕ)2 .� (4)

At broadside (θ = ϕ = 0), the field calculated from (4) is zero. This means that the second mode will create a 
null at broadside, thus, this should be suppressed as much as possible. Furthermore, by adding a horn on top of 
the slot, the second mode is suppressed further by keeping it in the evanescent state. At the same time, we try 
to avoid designing a long horn to keep the antenna low profile. As shown in Fig. 5b , the T E10 mode is the only 
propagating mode along the horn. As a result, the second mode will continuously decrease along the horn since 
the largest dimension of the horn (the top outer aperture) does not support the T E20 mode.

Figure 6 shows the comparison of the T E10 mode distribution using S-parameter coupling from the input 
port (P#1) to two cases: (i) a second port (P#2) on the slot aperture (without horn), and (ii) a second port on 
the horn aperture (with horn). The figure verifies that using a horn element improves the uniformity of the field 
distribution on the radiating aperture. Concerning the radiation through the horn elements, the height of the 
horn was chosen to be as small as possible (here, 10 mm equal to λ0/3 at 10 GHz) to retain a low profile and 
maintain a small volume.

Experimental results
To validate the performance of the proposed 2-by-2 H-plane horn slot antenna array, the final design was 
fabricated as shown in Fig. 7 and tested. The feeding network was implemented using standard printed circuit 
technology on a PCB, shown in Fig. 7a . The input port was applied from the bottom using an SMA panel mount 
Jack connector with a 4-hole flange, with its center pin soldered to the pad connected to the microstrip lines. 
The slot plane and H-plane horns were made of copper and form the top metal layer, which is connected to the 
ground layer by using metallic blocks and screws at each of the four corners, as shown in Fig. 7b. The antenna 
metallic block was fabricated using a CNC milling machine. Figure 7c, d show the mounting of the AUT in the 
anechoic chamber, and the measurement setup, respectively.

The S11 was measured using an N5224B vector network analyzer. The simulated and measured reflection 
coefficients are compared in Fig. 8a. An impedance bandwidth of over 58.5% from 7 to 12.8 GHz is achieved, 
which is superior compared to a bandwidth of less than 25% for the antenna without the horns. Therefore, 
this demonstrates that by employing the H-plane horn element, the impedance matching is improved over 
a much larger frequency range. There is good agreement between the simulated and measured results of the 
horn slot antenna array, even though we observed that the matching is sensitive to the quality of the soldering 

Fig. 6.  Comparison of T E10 mode distribution using S-parameter coupling from the input port (P#1) to two 
cases: (i) a second port (P#2) on the slot aperture (without horn), and (ii) a second port (P#2) on the horn 
aperture (with horn).
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contact between the SMA connector and the feed line. The frequency shift between the simulated and measured 
reflection coefficients is mainly due to the manual soldering of the components and inherent PCB fabrication 
tolerances.

To measure the antenna gain, the gain comparison method was used by measuring the received power of the 
AUT and the received power of a reference standard-gain horn antenna, and computing the difference between 
the received power of both antennas. Figure 8b shows that the simulated and measured gain results are in very 
good agreement. The H-plane horn element increases the electrical length and effective aperture, and also 
improves the uniformity of the field distribution on the radiating aperture. All these desired changes improve 
the antenna gain at broadside by 3.1 dB compared to the antenna without the horn element, from 11 to 14.1 dBi 
at 10 GHz, and reduce the sidelobe and backlobe levels. Moreover, an enhanced gain stability for the horn slot 
configuration can be seen from 8 to 12 GHz. Figure 8c shows the measured and simulated radiation efficiency of 
the antenna. The simulated efficiency is above 94%, while the measured efficiency is above 86% over the whole 
X-band. The measured efficiency has been calculated by dividing the measured realized gain by the simulated 
directivity37.

The comparison of the simulated and measured radiation patterns in both the E- and H-planes of the horn 
slot antenna array at various X-band frequencies are reported in Fig. 9a, b, respectively. The results, which are in 
very good agreement with the simulations, demonstrate stable radiation patterns in the entire frequency band. 
Also, the measured sidelobe levels in both the E- and H-planes are less than −15 dB and −10 dB over the entire 
frequency band, respectively. Additionally, the value of the cross-polarization in both planes is more than 30 dB 
below the main lobe over the whole frequency band.

Conclusion
In this work, an innovative 2-by-2 H-plane horn slot antenna array based on PRGW technology with a small size 
and very simple configuration is presented to operate at X-band frequencies. The most prominent advantage of 
PRGW compared to other technologies is low complexity in terms of design and fabrication and the reduction 
of the inter-element coupling effects. In the proposed design, using a symmetric feeding network and adding 
a compact H-plane horn element to each slot antenna increases the antenna’s overall gain and bandwidth. The 
measurement results demonstrate good agreement with simulations over an impedance bandwidth of 58.5%, 
covering a band greater than the X-band frequency range. The antenna exhibits a measured gain of 14.1 dBi at 
the central operating frequency of 10 GHz, which is 3.1 dB higher than the antenna without the horn element. 
Additionally, the measured radiation efficiency is greater than 86% over the entire bandwidth. Based on 
these results, the H-plane horn slot antenna array presented in this work is suitable for use in a wide range of 
applications in the X-band, including wireless telecommunications, radar systems, and biomedical applications.

Fig. 7.  (a) Fabricated prototype of the feeding network. (b) Final assembly of the 2-by-2 H-plane horn slot 
antenna array. (c) Antenna under test (AUT). (d) Measurement setup, where the antenna is tested in the 
receiving mode.
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Fig. 8.  Measured and simulated (a) S11, (b) realized gain, and (c) radiation efficiency.
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Fig. 9.  Measured co- (red solid line), measured cross- (blue dashed line) and simulated co- (green dotted line) 
polarization radiation patterns of the H-plane horn slot antenna array in the (a) E- and (b) H-plane at 8, 9, 10, 
11, and 12 GHz.
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Data availability
All data sets generated or analyzed during this study are available from the corresponding author upon reason-
able request. Please, contact (mtaraji@torontomu.ca).
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