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Abstract— In this manuscript, a planar slot array antenna with 

an innovative method is designed at a 10 GHz centrecentre 

frequency. The designed antenna is manufactured on PCB. In 

this antenna, the input power enters the microstrip line, then 

this power enters the empty SIW (ESIW) structure via 

transition and then this structure fed the eight radiation slots 

on the antenna. The geometry of the ESIW structure is 

designed as a tapered substrate, which eliminates the 

interference effects of higher-order modes with the dominant 

mode, thus providing extreme antenna radiation power. The 

techniques used in feeding the radiation elements have 

acceptable effects on the impedance bandwidth and radiation 

efficiency. The designed antenna feeding bandwidth is 2 GHz, 

also the antenna fractional bandwidth is 7.5%. All simulations 

were performed using CST Studio Suite software. The antenna 

radiation gains and efficiency are 13.8 dB and about 92% at 10 

GHz, respectively. The configured antenna dimension is 222.75 

× 40 × 4.4 mm3.  
 

Index Term: Microstrip; tapered substrate; slot array antenna; 

substrate integrated waveguides (SIW); Empty SIW; via 

transition.    
 

I. INTRODUCTION 

 

          ue to the rapid move toward 5G and 6G technologies , 

          the expansion of data transmission in wireless 

communication, the attention of investigatorshas been 

directed to the function of the antenna as the main part of a 

communication system [1]. For this reason, microstrip 

structures as a low-cost and integrable platform have been 

developed in different types of communication 

equipmentequipment such as antennae [2-4], filters [5-7], 

absorbers [8-11], sensor [12-16] and oscillator [17-19].  

Despite the numerous and well-known advantages of the 

microstrip structure, the desire to use other existing 

structures such as different types of substrate-integrated 

waveguides (SIW), has led RF circuit designers to hybrid 

structures. These composite structures require proper 

connections and transitions [20].  

In recent years, slot array antennas have received much 

attention in radar and monopulse applications due to their 

simple geometry and high efficiency [21-23]. In this class of 

applications, non-planar structures such as waveguides and 

coaxial lines are used, which are bulky and costly [24-27]. 

Planar transmission lines have been proposed to solve the 

challenges of non-planar structures [28-31]. 

The integrated planar and non-planar transmission line 

requires be careful machining process as well as mass 

manufacture at microwave and millimeter wave frequencies 
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is expensive. Today has been designed inexpensive and 

compact systems such as SIWs that have been highly 

regarded by researchers [32-34].  SIWs have been used due 

to their low-cost construction and higher quality factors than 

planar and non-planar transmission lines. One of the features 

of this technology is that it uses the advantages of waveguides 

and microstrip, but it does not include the problems caused 

by them [35-39]. The SIW structures are composed of a 

dielectric and metal vias, which form the overall wall of the 

structure. The utilization of dielectric in these structures 

imposes constraints on the structure. One of these constraints 

is the increase in losses in the structure, which led to a 

decrease in the gain of antennas based on these structures. 

Another constraint that can be expressed for this type of 

structure is the cost of using a dielectric for these structures 

to solve the problem of losses in SIW structures, new 

structures have been introduced in which air has been used 

instead of dielectric, which is why these structures are called 

air-filled SIW or empty SIW (ESIW).  

The advantages of using ESIW structures instead of SIW 

are lower losses, higher quality factors, and an easier 

manufacturing process. ESIW structures compared to classic 

waveguide structures can integrate with low prices, also these 

structures have all the benefits of the classical waveguide and 

SIW structures [40-43]. Also, slot array antenna based on 

ESIW structure for 5-G, and MIMO applications are 

introduced in [44, 45].  

This planned antenna is a suitable array for X-band radar 

applications due to its specifications. This article is separated 

into the following sections: First part, the performance of the 

feed is examined, with a parametric study. The next section 

compares the simulation and fabrication results and compares 

the antenna with previous work. Finally, the general 

conclusion of the work is stated.  

II.  TOPOLOGY OF FEEDING STRUCTURE 

Three components make up the suggested slot array 

antenna power supply. A microstrip line serves as the first 

component and allows input power to enter the structure. The 

power then uses a transition to enter the ESIW structure. The 

outside substrate contains the integrated microstrip line, 

which is coupled to the inside substrate by a transition and 

fastened to the PEC plate using radiating slots. The dielectric 

tapper shape causes more coupling as well as more power 

transfer to the radiation slots. The purpose of investigating the 

feeding structure is to obtain the effect on the slot array 

performance. The feeding structure dimension has been 

displayed in Fig. 1.  
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Fig. 1. Details of the proposed planar slot array antenna with feeding structure dimensions: (a) exploded view, (b) side view, (c) 3-D overview. 

 

The equations (1) and (2) have been used to calculate the 

effective width and relative permittivity of the microstrip line. 

To obtain the microstrip line impedance used equations in 

[46] 

 

𝑊𝑒𝑓𝑓 =0.536 𝑊𝑀𝑆𝐿 + 0.6                                                               (1) 

 

𝜀𝑟,𝑒𝑓𝑓 ≅ 0.475 𝜀𝑟 + 0.67                                           (2)                              

              

𝑍𝑜1 =
1

2𝜋
 × √

𝜇

𝜀𝑜𝜀𝑟𝑒𝑓𝑓
 ln (

4ℎ1

𝑊𝑒𝑓𝑓
)                                                   (3) 

 

The calculated values of equations (1) and (3) and the 

structure dimensions are given in Table I. The dielectric 

material used is Rogers RO4003C with a relative permittivity 

of (𝜀𝑟 = 3.55). The heights of the microstrip line dielectric and 

the proposed ESIW dielectric are 0.8 and 2.4 mm, 

respectively. The conductor thickness is 0.035 mm in the full 

wave simulation. 

TABLE I 

The Planned Antenna Dimensions. 

Param Value unit Param Value unit 

L1 10 𝑚𝑚  𝜀𝑟𝑒𝑓𝑓 2.75 F/m 

L2 25.5 𝑚𝑚 h1 0.8 𝑚𝑚 

rvia 0.5 𝑚𝑚 Wmsl 1.61 𝑚𝑚 

Lstl 3.45 𝑚𝑚 Lmsl 10 𝑚𝑚 

h2 2.4 𝑚𝑚 W1 40 𝑚𝑚 

ZO1 50 𝛺 W2 12.7 𝑚𝑚 

Ls 40 𝑚𝑚 Ws 6.35 𝑚𝑚 

L3 212.75 𝑚𝑚 W3 21.7 𝑚𝑚 

According to the structure geometry shown in Fig. 1, the 

input power passing through the transmission lines transfers 

to the and dielectric environment by using the design via 

transition. An overview of the planned slot array structure is 

presented in Fig. 1(c). The 𝜆𝑔 can be obtained from equation 

4. 
 

𝜆𝑔 =
2𝜋

√(
𝜀𝑟(2𝜋. 𝑓)2

𝑐2 ) − (
𝜋
𝑎

)2 

                                                  (4) 

 

 
(a)                                                             (b) 

 
(c)                                                           (d) 

 

 
(e)                                                            (f) 

 

Fig. 2  Scattering parameters (𝑆11, 𝑆21) with the variation of (a, b) via 
radius, (c, d) 𝐿𝑠𝑡𝑙, (e, f) taper dielectric length. 
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A parametric investigation was performed on the 

transmission line parameters to adjust the operating 

frequency more precisely. The designed antenna is simulated 

with full-wave CST software. The results are reported based 

on the variation of antenna dimension (width and length) in 

Fig. 2. 

The results related to the via radius variation are reported 

in Figure 2(a, b). The S11 response best obtained with 2 GHz 

bandwidth for via radius is 0.5 mm.  In Figure 2(c, d), by 

increasing or decreasing the Lstl that causes a change in via 

transition position as a result, it has changed the return loss 

and insertion loss. When the value of Lstl is 3.45 mm, S11 

and S21 are -15 dB and -3 dB, respectively. In Figure 2(e, f), 

by changing the 𝐿2 length, the appropriate 𝑆11 value is obtained. 

When the length of the taper dielectric section is 25.5 mm, 

impedance bandwidth, and return loss are 2.1 GHz and -20 dB, 

respectively. 

In this parametric study, the change in via transition 

position and the taper dielectric section length (L2) has a 

greater effect on this design. The distance of each slot with 

the next slot is set to λg/2. Furthermore, the last slot to the 

side wall distance is λg/4. 

The slot array antenna bandwidth with the suggested 

feeding structure is 750 MHz, as indicated in Figure 2C, 

where the simulated values of S11 are obtained at 10 GHz. 

Additionally, the efficiency and radiation gain are 92% and 

13.8 dBi, respectively.  

The efficiency of aperture and radiation are two features 

to obtain a high radiation gain.  The antenna aperture 

efficiency can be obtained from equation (5): 
 

𝜂𝑎 =
𝐺×𝜆0

2

4×𝜋×𝐴
                                                                              (5)           

 

Where ηa is the efficiency of the antenna aperture. A, G, 

and λ0 are the aperture area, the antenna gains, and the free 

space wavelength respectively. 

The array's physical aperture dimension is 222.75×40 

mm2. The array peak measured gain is 13.8 dB at 10 GHz. It 

is equal to 20% aperture efficiency. 

III.  MANUFACTURING PROCESS AND 

MEASUREMENT RESULTS 

Proposed antenna with feeding structure manufactured on 

PCB. According to the standard available as well as easier 

embedded of the transmission line inside the substrate, three 

dielectric layers have been used in the antenna fabrication. In 

Figure 3a, three layers are coupled on top of each other, and 

the substrate's thickness value is 0.8 mm. By making regular 

holes in the second and third layers and with solder wire 

connected the microstrip line to the conductor plate. 

Adjusting screws are used to mount the antenna plates on top 

of each other. 

The antenna S-parameters were measured with a network 

analyzer, Agilent-E8361C PNA, as shown in Fig. 3b. There 

was an appropriate match between the measurement and the 

simulation results.  

 

 
(a) 

 
(b) 

  

Fig. 3   Photograph of the designed array antenna prototype (a) The not 

assembled layers of structure, (b) S-parameter measurement setup. 

 
In Fig. 4, the S11 value difference between simulation and 

measurement is less than 5 dB. This difference can be seen in 

similar research, which is due to defections metallization, and 

dimensional errors that generally occur during the antenna 

manufacturing process. Of course, this difference has not 

caused a noticeable change in the designed frequency band of 

the proposed antenna. 
 

 
Fig. 4   Comparison of measurement and simulation results of S11. 
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Fig. 5   The radiation pattern measurement in an anechoic chamber. 

The manufactured array's radiational pattern was tested in 

an antenna chamber as shown in Figure 5. The measure and 

simulation of co- and cross-polar antenna far field radiation 

patterns for E-plane (EP) and H-plane (HP) at 9.8 GHz and 

10 GHz are illustrated in Fig. 6.  

The Figs show that, particularly at the antenna back-lobe, 

there is not much of a discrepancy between the measured and 

predicted radiation pattern of the antenna. 

 
(a)                                                      (b) 

 

 
(c)                                                         (d) 

 

Fig. 6   The simulation and measurement of co-polar and cross-polar 

radiation patterns: (a) E-Plane @ 9.8 GHz, (b) H-Plane @ 9.8 GHz (c) E-

Plane @ 10 GHz, (d) E-Plane @ 10 GHz. 

This difference is more tangible in the cross-polar. The 

main error is related to the unwanted items in the 

measurement setup, as well as the stretching of the cable at 

some angles during the test. 

 

TABLE II 
Comparison Between the Planned Structure and Recently Published Results. 

 

  NA: Not Available

 

The ESIW structure and the via transition are two 

characteristics of the feeding structure in this article. 

Compared with other slot array antennas based on SIW and 

ESIW, (Table II) the proposed antenna has high radiation 

efficiency and better impedance bandwidth than the recently 

published results. In this design the gain and efficiency are 

better than in other references, however, the design frequency 

is at 10 GHz. 

The feeding structure is an appropriate candidate for 

engendering many applications, which can straightforwardly 

be applied in corporate feed and greater arrays for microwave 

devices. This feeding structure, can be generalized to higher 

frequencies such as 5G applications. 

IV.  CONCLUSION 

A novel slot array antenna design is proposed, which is fed 

to the ESIW structure via a microstrip line. Power is moved 

via transition in this antenna from the microstrip to the ESIW 

structure. At 10 GHz, the antenna gain is 13.8 dB and the 

fractional bandwidth is 7.5%. The configured dimension is 

222.75×40×4.4 mm3. This design can be used in X-band radar 

applications. In this article, by reducing the size and 

modifying the structure geometry, impedance bandwidth has 

the optimal response in addition to a good result in efficiency 

and gain. The other advantage of antenna manufacturing by 

the PCB process is the high-power availability. 

 

References [46] [47] [48] [49] [50] [51] This work 

Antenna type 
H-plane 

Horn ESIW 
ESIW 

SIW cavity 

backed slot  
SIW SIW AFSIW ESIW 

Freq. (GHz) 15 28 10.2 24.0 10.0 30.5 10.0 

FBW (%) 2.66 6.8 2.57 1.7 6 8.7 7.5 

Elements no NA NA 1×4 4×32 4×4 1×4 1×8 

Efficiency (%) 89 91 85 67 NA 97.4 92 

Gain (dBi) 8.55 8.55 7.4 22.8 15.7 11.5 13.5 
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