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Abstract: This paper introduces an investigation and implementation of integrated SIW 

system using Rogger RT/duriod 5880 substrate of εr = 2.2,tan δ = 0.0009 and thickness 

0.79 mmsimulated using HFSS. The proposed system is an integration of three main mi-

crowave devices: SIW divider/combiner taking a shape of wraparound rhombic with two 

isolated output ports, SIW phase shifter and two arrays of SIW hexagonal diamond of 

lamda shape slots fractal antenna. The divider operates efficiently in five wide bands 

[(9.7-11.36)/ (11.84-12.35)] GHz and [(13.5-14.05)/ (14.55-15.46)/ (15.62-16.7)] GHz for X and 

KU-Band applications respectively. The divider feeds two arrays of SIW fractal array 

antenna of hexagonal shape; one of them has a phase shifted input using SIW phase 

shifter. The proposed system is based on SIW technology to meet the requirement of 

multiple frequency bands for x-band missile guidance, KU-band satellite altimetry and 

wireless communication system applications. The measurement results have been ob-

tained in laboratory using (R&S ZVB 20 vector network analyzer 10 MHz: 20 GHz) with 

agreement between about 11 resonance operating frequencies of the radiating antenna for 

both simulated and measured results. For one watt incident power the obtained antenna 

parameters were found to be 𝑆11 = −43 𝑑𝐵, U=0.72 W/Str., accepted power=0.99 W, ra-

diated power=0.98 W, absolute directivity, D =9.7, absolute gain, G =7.1 and radiation 

efficiency = 98% at f = 13.7 GHz as the most agreement frequency point between simula-

tion and implementation results. 

Keywords: Substrate integrated waveguide; SIW divider/combiner; SIW slot antenna; 

SIW phase shifter; fractal antennas 

 

1. Introduction 

The rectangular waveguide devices manufacturing is rather complicated and more expensive since high preci-

sion mechanical adjustment is needed to obtain the resonant in case of slots at the standing wave peaks. 

Moreover, the integration of these structures with planar components are more difficult and requires sophisti-

cated transitions [1-3]. However, Microstrip technologies are, easy and less expensive compared with wave-

guide technologies, but have the disadvantages of radiation loss and not being shielded [4-7]. A construction of 

metal filled via-hole arrays in substrate and grounded planes is the so-called substrate integrated waveguide 
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(SIW) technology which can be easily integrated with other elements on a single substrate for systems connec-

tion. These systems can be miniaturized into small package of compact size and less cost. It can therefore be 

fabricated using dielectric substrate materials. So, the SIW has wide applications in the design of millime-

ter-wave and microwave devices due to its loss transmission characteristic, compact size, flexibility in the real-

ization of microwave circuits which require a good quality factor and low cost [8-10]. Many devices and com-

ponents for rectangular waveguide technologies can be analyzed, designed, and implemented using SIW such 

as, dividers, combiners, circulators phase shifters and tee planes, slot antennas and other microwave devices 

and components making them simpler to build, lighter, and less expensive than a waveguide device, this is due 

to the close similarity of dispersion and propagation characteristics of both technologies. The SIW phase shift-

ers, dividers, coupler, junctions, circulators, and other microwave components are vital devices in radar system 

applications. Phase shifters are essential for array antenna applications for beam steering using different tech-

niques. Power dividers are passive microwave device used for power division or power combining. In power 

division, an input signal is divided into more signals of lesser power. Three-port divider take the form of 

T-junctions and other forms, while four-port networks take the form of directional couplers and hybrids. Power 

dividers are often 3-dB type for equal division. All these structures can be designed, analyzed, and imple-

mented using SIW technologies [11-13]. 

The progress and development of wireless, satellite communication and military systems and their applications 

is taking place all over the world. Wideband, multiband, lower price, ease of fabrication and small size antenna 

are main objectives for these applications due to their advantages. Fractal antennas are important arrays re-

quired to cover these demands. Fractal antenna has a non-regular and never-ending pattern structures de-

pending on repetition of single patterns over in ongoing feedback loop. Fractal antennas are differing from 

traditional antennas, and they resolve two limitations. The first is the dependence upon the electrical dimen-

sions of the antenna as an antenna parameter. The second is that the size of the antenna is reduced by increasing 

the effective length of fractal structure. Fractal antenna has the advantages of compact size, impedance match-

ing, wideband, multiband, and constant efficiency over large band. However, they have disadvantages of loss 

in gain, numerical limitations and the benefits begin to decrease after first iteration.  

The proposed fractal antenna system can be operated in different frequencies. The obtained frequencies are in 

the X and Ku- band. The different applications of the proposed antenna system in X-band are Military applica-

tions like missile guidance, marine radar systems, air-borne tracking and government applications like remote 

detecting, versatile systems administration, and airborne insight, observation, and surveillance (AISR) which 

rely on government and business satellite frameworks. For Ku-band, which is essentially utilized for satellite 

interchanges, Fixed satellite service (FSS) like television transmission, Broadcast Satellite Service (BSS) like tel-

ecommunication, wireless communication, and Satellite altimetry [14-16]. 

2. The Basic SIW and Rectangular Waveguide Structures 

Due to advantages of SIW technology, especially the minimal radiation loss for high frequency, compact size 

and easy integration with planar structures, it is considered an important and new technology for microwave 

integrated circuits applications. The SIW is considered a quasi-rectangular waveguide (RW) as it is a dielectric 

filled structure with low conducting of (cylindrical or rectangular) via rows instead of metallic walls. Cylin-

drical via arrays are the common in use with diameter d and pitch p between each via where d must be less than 

p, (𝑑 < 𝑃) as 𝑝 < 4𝑑and𝑝 <
𝜆0

2 √휀𝑟 [11-13]. The physical dimensions of SIW structure determine the propagat-

ing𝑇𝐸𝑛,0mode, n=1, 2, with minimal loss. The dominant𝑇𝐸10has minimum cutoff frequency and maximum 

handling power with vertical electric current density on via rows. However, due gaps separation between via 

rows the TM modes cannot be supported in SIW structures because of the strong radiation of longitudinal 

surface current. The cutoff frequency of 𝑇𝐸𝑚,𝑛 mode in the traditional rectangular waveguide can be calculated 

using (1) where, m and n are the number of half waves in x and y direction considering z as the direction of wave propa-

gation. For the 𝑇𝐸10 mode calculations equation(1) is reduced to (2) for the air filled waveguide[17], where c is 

the free space velocity of light (𝑐 = 3 × 108 𝑚/𝑠).So, the dimension 𝑎 = 24.39 𝑚𝑚 for 𝑇𝐸10 air filled wave-

guide, at 𝑓𝑐 = 6.15 𝐺𝐻𝑧,is the cut off frequency of propagating mode and operating frequency must be more 

than 𝑓𝑐 . 
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For dielectric filled rectangular waveguide (DFW) with the same cutoff frequency the width of the (DFW) 

is𝑎𝑑calculated using (3) equals 16.44 mm for TE10 mode. Finally the SIW width 𝑎𝑆=17 mm and 𝜆𝑔𝑠 = 29 𝑚𝑚   

using (4) and (5) respectively with 𝑝 = 1.2 𝑚𝑚and 𝑑 = 0.8 mm as 𝑝 < 4𝑑and𝑝 <
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The proposed basic SIW structure without tapering transition has been designed [11-13], simulated, analyzed 

using HFSS simulator [18] before implemented using Rogger RT/duriod 5880 substrate of 휀𝑟 = 2.2 , tangent 

loss tan 𝛿 = 0.0009 and thickness ℎ𝑅 = 0.79 𝑚𝑚. The basic SIW and WG structure dimensions are illustrated 

in figure 1 and their dimensions are tabulated in table 1.  

 

 
 

(a) (b) 

Figure 1. The Basic structures:  (a) The SIW dimensions and view; (b) The rectangular waveguide dimensions and view.. 

Table 1. Parameters and Dimensions of the Basic Structures [mm]. 

Parameters of the SIW Structure Parameters of the RW Structure  

εr tanδ hR λgs WS LS = 2λgs aS p d εr λWG 𝑎𝑊𝐺  𝑏𝑊𝐺  𝐿𝑊𝐺 = 2λWG 

2.2 0.0009 0.79 29 19.5 58 17 1.2 0.8 1 65.5 22.86 10.16 131 

Simulation results of the proposed structures have been obtained using HFSS simulator based on the finite 

element method (FEM) and the simulation results are illustrated in Figure 2. The scattering matrix [19] of both 

structures expressed as in (6) at the minimal magnitude of reflection coefficient indicates a good performance of 

the structure as the transmission coefficient reaches about one magnitude all over the frequency band. 

[SSIW] = [
0.000656 0.9964
0.9964 0.000634

] and [𝑆𝑅𝑊] = [
0.000076 0.998
0.998 0.0000776

] (6) 
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(a) (b) 
 

 

(c) 

 

(d) 

 

(e) 

Figure 2. The basic structures simulation results: (a) The SIW electric field distribution [V/m]; (b) The RW electric field distribution 

[V/m]; (c) The SIW scattering parameters [dB] ]; (d) The RW scattering parameters [dB] ]; (e) Comparison between the SIW and RW 

scattering parameter simulation results [dB].  

From simulation results shown in figure 2 (c and d), the scattering parameters show that both structures have a 

wide band transmission coefficient with minimum reflection coefficient as impedance matching network. Also 
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the electric field distribution for the dominant mode illustrated in figures 2 (a and b) shows an excellent dis-

tribution for the proposed structures. Figure 2 (e) presents a compression between scattering parameters for 

both the SIW and WG structure which indicates a good performance for each with the advantages of SIW over 

WG such as easy of fabrication and integration with other systems. The selection of using SIW technology has 

been chosen due to its easy for integration, low cost and easy for fabrication and other advantages of SIW over 

WG which summarized in table 2.   

Table 2. Comparison between SIW and RW structures. 

Parameters 
Size/Integr

ation 
Cost Connection Power Fabrication Losses 𝑺𝟏𝟏 𝑺𝟏𝟐 

RW 
Large/ 

difficult 
Expensive 

Difficult 

using flanges 
High Difficult 

Conductor High 

0.00076 0.998 Dielectric Low 

Radiation Low 

SIW 
Compact/ 

Easy 

Less ex-

pensive 

Easy using 

tapering 

transition 

Low Easy 

Conductor Low 

0.00065 0.99 Dielectric High 

Radiation Low 

3. The SIW-Microstrip Tapering Transition  

Several techniques for transition between printed transmission lines and SIW have been proposed to match the 

quasi-TEM mode of Microstrip line with 𝑇𝐸10 of SIW structure and their field distribution. The objective is to 

maintain the reflection coefficients in minimal value and hence increase the transmission coefficient without 

any mechanical assembly for integrated planar circuit on the same substrate [20-22].These techniques include 

SIW-Microstrip transition, based on taper, current probe or a 90𝑜bend. The most common used is the Mi-

crostrip transition tapering [23-25].The width and length of the Microstrip transmission line feeding areWT2 =

3.7 mmand 𝐿𝑇2 =
λgT

4
10 𝑚𝑚respectively calculated using (7) to (9) for 50 ohm impedance [17], for휀𝑟 = 2.2 of 

and ℎ𝑅 = 0.79 𝑚𝑚.The length of tapering 𝐿𝑇1 =
𝜆𝑔𝑠

3
= 10  mm. Calculations of tapering width  section 

WT1based on the calculation of the SIW wave impedance 𝑍𝑇𝐸 and then calculate the ohmic resistance 𝑍𝑃 of SIW 

using (10). Finally, WT1 = 4.8 mm using (7) to (9) for calculated 𝑍𝑃[20-25]. 

 

WT2
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=

{
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8aS
  (10) 
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The proposed basic SIW structure with tapering transition has been designed; analyzed, simulated using HFSS 

and implemented using Rogger RT/duriod 5880 substrate of 휀𝑟 = 2.2 , tangent losstan 𝛿 = 0.0009 and thick-

ness ℎ𝑅 = 0.79 𝑚𝑚shown in figure 3 and dimensions are tabulated in table 3. 

 

  

(a) (b) 

Figure 3. The basic SIW with tapering transition: (a) The inner dimensions and view; (b) The implemented SIW-Microstrip taper-

ing transition. 

Table 3. Dimensions of the Basic SIW-Microstrip Transition Structure [mm]. 

Dimensions of the SIW-MicrostripTransition Structure 

λgT WT1 WT2 LT1 LT2 =
λgT

4
 

40 4.8 3.7 10 10 

Simulation results for the proposed SIW-Microstrip transmission shown in figure 4 using HFSS has been ob-

tained. Figure 4(a) show the scattering parameters in dB which show that the reflection coefficient is more or 

less than -10 dB and reaches to about -50 dB at some frequencies. The transmission coefficient is close to -0.3 dB 

due to conductor and dielectric loss of designed material over the most of the operating frequency band.   

 

(a) 

 

(b) 

Figure 4. The SIW-Microstrip transition simulation results: (a) The S-parameters [dB]; (b) The electric field distribution [V/m].  

As a conclusion for tapering transition, the S11 remains below -10 dB and over most of the frequency band and 

the S12 and S21is around - 0.3 dB across the entire band. Without any mechanical assembly this concept allows 
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the design of integrated planar circuit of Microstrip and SIW on the same substrate. The electric field distribu-

tion which indicates the good performance of the structure is shown in figure 4 (b). 

4. The SIW Phase Shifter  

Phase shifters are essential and vital component in microwave system as they shift the phase of the electrical 

signal of different applications such wireless communications, biomedical, instrumentation systems and radar 

systems. One of the most important applications in radar systems is the phased antenna arrays to adjust the 

phase of signal feeding elements of array for beam steering [26-30]. The SIW phase shifter may be able to be 

obtained using different techniques. One of these techniques is by using SIW transmission structures with a 

number of embedded metallic via as a cylindrical inductive post in a specific position of the structure. The in-

ductive posts are equivalent to a network of high pass filter [31-34]. The equivalent circuit of two metal posts 

expressed as T-network with two reactance’s 𝑗𝑋 and susceptance 𝑗𝐵.The values of equivalent circuit depend 

on and vary with both the diameter and position of metal posts in the SIW transmission structure. To obtain a 

phase advance in phase shifter systems, a high pass filter may be used as the switched high-pass/low-pass 

[34-37]. The phase shift 𝜑, of the high-pass filter expressed in (11) [26] indicate the dependence of the phase 

shift on the diameter and position of the embedded metallic via. 

φ = tan−1 [
B + 2X − BX2

2(1 − BX)
] (11) 

Another technique is using a row of metallic via in the SIW line to change the phase of the incident wave by 

means of changing their position in substrate dielectric of SIW structure [30-37]. The main structure and im-

plemented view of the SIW phase shifter is shown in figure 5 (a), its dimensions tabulated in table 4 and simu-

lation results are shown in Figure 5 (b-e). 
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(c) 
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(d) 

 

(e) 

Figure 5. The SIW phase shifter structure and simulation results: (a) The SIW inner dimensions and implemented view; (b) The 

SIW electric field distribution [V/m]; (c) The scattering parameters [dB]; (d)The S-parameters of SIW without and with phase 

shifter [dB]; (e) The phase shift angle [deg.].  

Table 4. Dimensions of the SIW Phase Shifter Structure [mm]. 

Dimensions of the SIW Phase Shifter Structure 

Sd LP WP PP 

1.1 5.2 15.3 1.4 

Figure 5 (c) shows the scattering parameters of the SIW phase shifter and from the results it is found that the 

transmission coefficient is about -0.1 dB with reflection coefficient less than -10 to -50 dB over most of the fre-

quency band from 6-13 GHz especially at 11 GHz. Comparison between the basic SIW without and with phase 

shifter is shown in figure 5 (d and e). Results shown in figure (e), confirms the phase change between ports for 

array antenna feeding applications. Figure 5 (d) shows the comparison of scattering parameters of the SIW 

without and with phase shifter which results in transmission all over band with minimum reflection coefficient. 

The electric field distributions [V/m] of the structure in figure 5 (b) shows the performance of the structure and 

determine how the design works.     

5. The New Shape of SIW Rhombic Wraparound Divider/Combiner 

Power dividers are considered one of the microwave circuit components which are used in different applica-

tions such multiplexers, couplers and antenna systems. The power dividers are used to equally split signal 

power in a system. The Low loss capacity and high quality factor can be obtained using rectangular waveguide 
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power divider for microwave applications but the high cost and volume are drawbacks of this technology. Mi-

crostrip technologies overcome the drawback of cost and volume, but, still have a disadvantage of high radia-

tion loss which limits using these technologies in different applications [38-41].  

The SIW power dividers are one of recent technologies to overcome the previous disadvantages and combining 

advantages of both rectangular waveguides and Microstrip structures to achieve equal power division for multi 

wideband applications in the operating frequency range. There are several types as dividers: T, Y and Wil-

kinson power divider. The proposed structure in this paper is a new shape of the SIW three ports rhombic 

wraparound power divider where input power at port 1 is equally (-3 dB) transmitted to two isolated output 

ports 2 and 3.The SIW power dividers are essential component in different applications such as phased array, 

slot array , fractal array antenna and feeding systems which require split and dividing power equally over a 

wide bandwidth [42-45]. The proposed SIW divider introduces an equal and in-phase output power division 

from isolated ports 2 and 3. The proposed structure is shown in figure 6 and the main dimensions tabulated in 

table 5. The SIW divider is developed to obtain a wide bandwidth through inductive post in front of the input as 

a matched load stub. The inductive post reduces the reflection and splits the input power. 

 

  

(a) (b) 

Figure 6. The SIW rhombic wraparound divider: (a) The inner dimensions and view; (b) The implemented SIW divider.  

Table 5. Dimensions of the SIW Rhombic Wraparound Divider/Combiner structure [mm]. 

Dimensions of the SIW Rhombic Wraparound Divider/Combiner Structure 

W1 𝑊2 𝑊3 𝑊4 

12.6 1.72 35.5 17.5 

The SIW divider simulation results are shown in figure 7with the S-matrix extraction from HFSS simulator at 

10.9 GHz as a minimum of 𝑺𝟏𝟏 = 𝟎. 𝟎𝟑𝑺𝟐𝟐 = 𝟎. 𝟎𝟒𝑺𝟑𝟑 = 𝟎. 𝟎𝟓 in (12) from 6-13 GHz which introduces trans-

mission coefficient 𝑺𝟏𝟐 = 𝑺𝟏𝟑 = 𝟎. 𝟔𝟒 as matching network connection. Also 𝑺𝟐𝟑 = 𝑺𝟑𝟐 = 𝟎.𝟕as isolated output 

ports. 

[S] = [
0.03 0.64 0.64
0.64 0.04 0.7
0.64 0.7 0.05

] (12) 

 

 

(a) 
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(b) 

 

(c) 

 
 

(d) (e) 

Figure 7. The SIW rhombic wraparound divider/combiner structure results: (a) The scattering parameters (1-13 GHz) [dB]; (b) The 

scattering parameters (13-20 GHz) [dB]; (c) The phase shift angle [deg.]; (d) The real and imaginary part of impedance [ohm]; (e) 

The electric field distribution [V/m].  

Figures 7 (a and b) show the S-parameters for the proposed SIW divider from (6-13) GHz and (13-20) GHz re-

spectively which confirms that the proposed divider is a multi-wide band in the operating frequency range. In 

X-Band two operating wide band has been obtained as (9.7-11.36) GHz and (11.84-12.35) GHz. Also in KU-Band 

three operating wide band has been obtained as (13.5-14.05) GHz, (14.55-15.46) GHz and (15.62-16.7) GHz. The 

multi wideband for the propose SIW divider are tabulated in table 6.From simulation results the output ports of 

the SIW divider have the same phase as shown in figure 7 (c) where they are isolated in transmission as shown 

figure 7 (a and b).Figure 7 (d and e) show the real and imaginary parts of the input impedance and the electric 

field distribution in [V/m] respectively which indicates that an excellent distribution of electric field through the 

SIW divider structure from input to output ports, is achieved. 
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Table 6. The SIW Divider Operating Bands. 

Operating Bands of the SIW Divider/Combiner Structure [GHz] 

X-Band (8-12)  KU-Band (12-18)  

Band (1) Band (2) Band (1) Band (2) Band (3) 

9.7-11.36 11.84-12.35 (13.5-14.05)  (14.55-15.46)    (15.62-16.7) 

6. The SIW Slot Antenna 

The SIW planar resonant slot antenna with shorted port for radar and satellite applications is proposed. Slots 

are located in the peak position of standing wave with slot separation of  
𝛌𝐠

𝟐
 for the same phase of all radiators. 

The shorted port is equivellent to open space where the last slot is 
𝛌𝐠

𝟒
 apart from this shorted port and the array 

is fed from the waveguide end. The equivalent circuit for such array is shown of figure 8 where the admittance 

Y is purely resistive with N slots in (13) [46-49]. 

 

Figure 8. The schematic waveguide slot antenna equivalent circuit. 

𝑌𝑖𝑛𝑝𝑢𝑡 = 𝑌1 + 𝑌2 + 𝑌3 + 𝑌4 + 𝑌5 +⋯……+ 𝑌𝑁 (13) 

Assume a resonant slot is in an infinitely conducting wall. The resonant slot length is assumed to be λg/2  in 

free space. If we use the normalized conductance, Gslot / Gwaveguide in (14) and (15), then we do not have to 

clutter the calculations with the waveguide conductance. Owing to the similarity between SIW and rectangular 

waveguides, most of H-plane waveguide components have been implemented in SIW [50-52].  

gSlot
gWaveguide

= g1(sin)
2 (
πx

W
) (14) 

g1 = (2.09
W

b

λg

λ0
cos2 (

πλ0
2λg

)) (15) 

where, W and b are the large and small dimensions of the waveguide, respectively,λ0 is the free-space wave-

length, x is the slot displacement from the waveguide centerline. The Conductance g is the real (resistive) part of 

admittance Y; if the slot is resonant, then the admittance has no reactive component.  

In this section three varieties of SIW slot antenna have been designed, optimized using Rogger substrate and 

simulated using HFSS simulator for optimum design selection. Rectangular shape slot, rotated rectangular 

shape slot and a hybrid of both rectangular and rotated construct the lamda shape slot are the three varieties 

respectively. Figure 9 shows the proposed varieties, and the main dimensions are tabulated in table 7.  

Table 7. Dimensions of the SIW Slot Antenna Varieties [mm]. 

Dimensions of the SIW Rectangular Shape Slot Antenna Structure 

LSL WsL WS1 LRS WRS1 Dw4 Angle α [Degree] LS1 = λg/4 LS2 = λg/2 

11.2 0.5 6.25 5.75 5.1 1 22.5 7.25 14.5 
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(a) 

 

(b) 

 

(c) 

Figure 9. The SIW slot antenna varieties: (a) Rectangular shape slot; (b) Rotated rectangular shape slot; (c) Lamda shape slot and 

implemented structure. 

The return loss simulation results for the proposed three varieties are shown in figure 10 which show that the 

optimum selection is the lamda shape slot antenna as the improvement of 𝐒𝟏𝟏 = −𝟐𝟓.𝟓𝟑 𝐝𝐁, maximum abso-

lute gain = 9 and 98% radiation efficiency for 1 W incident power. All parameters for the proposed varieties and 

selected one are shown in table 8. The radiation efficiency is calculated as: (Radiated power/accepted pow-

er)×100. 

 

Figure 10. The return loss comparison of the SIW slot antenna varieties [dB]. 

Table 8. The SIW Slot Antenna Parameters for the Three Varieties. 

The SIW Slot Antenna Parameters for the Three Varieties Respectively 

Slot 

Varity 

Freq. 

[GHz] 

Return 

Loss 

[dB] 

Max.U 

[W/Str.] 

Incident 

Power [W] 

Accepted 

Power [W] 

Radiated 

Power [W] 

Gain 

[Abs.] 

Directivity 

[Abs.] 

Radiation 

Efficiency 

[%] 

1 10.19 -20.73  0.629 
1 

 

0.991 0.948 7.972 8.338 96 

2 11.85 -2.7 0.094 0.465 0.402 2.55 2.945 87 

3 9.91 -25.53 0.72 0.992 0.981 9.016 9.2 98 

Simulation results such as gain, directivity, radiation pattern and surface current distribution on the surface of 

antennas for the three varieties are shown in Figures 11, 12 and 13 for the proposed structures respectively.  
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(a) (b) 

  

(c) (d) 

Figure 11. The SIW rectangular shape slot antenna structure simulation results:(a) The 3 D antenna gain [dB]; (b) The 3 D antenna 

directivity [dB]]; (c) The 3 D antenna radiation pattern; (d) The surface current distribution [A/m].  

  

(a) (b) 

  

(c) (d) 

Figure 12. The SIW rotated rectangular shape slot antenna structure simulation results: (a) The 3 D antenna gain [dB]; (b) The 3 D 

antenna directivity [dB]]; (c) The 3 D antenna radiation pattern; (d) The surface current distribution [A/m].   
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(a) (b) 

  

(c) (d) 

Figure 13.The SIW lamda shape slot antenna structure simulation results: (a) The 3D antenna gain [dB]; (b) The 3 D antenna di-

rectivity [dB]]; (c) The 3D antenna radiation pattern; (d) The surface current distribution [A/m].   

From simulation results in figures 11, 12 and 13 we conclude that the lamda shape slot which is a hybrid con-

nection of the designed rectangular slot has an acceptable and optimum current distribution all over the whole 

surface of the structure for optimum performance of the structure as shown in figure 13 (d) which will be used 

in fractal antenna implementation. 

7. The SIW Hexagonal Diamond of Lamda Shape Slots Fractal Array Antenna 

In the field of fractal antenna engineering the fractal, means broken or irregular fragments, to describe a com-

plex shape that possess an inherent self-similarity in their structure. Object which has a very small or fractional 

size and dimensions is a recursively generated and called a fractal object. The recursive natural of fractal is used 

to design different varieties of antenna objects [53-58]. Fractal array antennas have many important properties 

such the independence of frequency, multi band characteristics, low side lobe and the ability of development of 

beam forming algorithms fractal structures. Fractal array antennas can be formed recursively by the repetitive 

of generating sub-array to construct the full array structure [59-64]. The sub-array elements are turned off and 

on in a specific pattern. Hence the fractal arrays is composed of the sequential of the self-similar sub-arrays. 

Different shapes of fractal array antennas exist: such Minkowshi island, Koch loop, plant fractals in nature, 

Pascal’s triangle, circular and Koch loops, Sierpinski carpet arrays, Sierpinski gasket array and hexagonal array. 

In this section three varieties of SIW slot fractal antenna based on using selected lamda shape slot has been in-

troduced, designed, optimized, and analyzed for optimum design to be integrated with both divider and phase 

shifter. The three varieties are the first stage of the hexagonal fractal antenna constructed of three lamda slot 

elements. The second stage of the proposed hexagonal is constructed of six groups of the one stage with total 18 

elements of lamda shape slot repeated twice in the SIW structure. The final hexagonal structure is the three 

stages which consist of seven groups of the second stage with total of 126 elements of lamda shape slot. The 

final structure of the proposed hexagonal fractal array will be integrated with other system previous compo-

nents for the proposed application. Figure 14 shows the fractal antenna varieties, and the main dimensions are 

tabulated in Table 9 and the comparison simulation results shown in Figure 15.  
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(a) (b) 

  

(c) (d) 

 

(e) 

Figure 14. Stages of SIW hexagonal fractal antenna structure with implemented view: (a and b)One and Two stages;(c and d)Three 

stages; (e) The final stage Hybrid Fractal and Lamda structure . 

Table 9. Dimensions of Stages of SIW Hexagonal Shape Antenna Structure [mm]. 

Dimensions of Stages of SIW Hexagonal Shape Antenna Structure 

L1 𝐿2 L3 𝐿4 𝐷𝐹1 𝐷𝐹2 𝐷𝐹3 L5 𝑳6 𝑳7 𝑳8 𝑳9 

0.8 0.3 0.5 2.5 8 8.1 8.5 5.9 11.4 11.85 18 6.5 

 

(a) 

Figure 15. The SIW hexagonal diamond of lamda shape slot varieties fractal array antenna simulation results. 

One Stage Fractal 

Two Stages Fractal 

Two Stages Fractal 

Two Groups 
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From simulation results shown in figure 15, it is clear to notice that the final structure of the proposed hexago-

nal shape of lamda slot elements has a minimum reflection of about -14 dB, -14.2 dB and -14.5 at (10.1, 13.6 and 

14.6) GHz for impedance matching network at these frequencies. Simulation results for stages such as gain, 

directivity, radiation pattern and surface current distribution are shown in Figures 16 and 17. 

  

(a) (b) 

  

(c) (d) 

Figure 16. The two stages of SIW hexagonal shape antenna structure simulation results:(a) The 3D antenna gain [dB]; (b) The 3D 

antenna directivity [dB]]; (c) The 3D antenna radiation pattern; (d) The surface current distribution [A/m].   

  

(a) (b) 

  

(c) (d) 

Figure 17. Three stages of SIW hexagonal shape antenna structure simulation results: :(a) The 3Dantenna gain [dB]; (b) The 3D 

antenna directivity [dB]]; (c) The 3Dantenna radiation pattern; (d) The surface current distribution [A/m].   
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The fractal arrays can be formed recursively through the repetition of sub-array. A sub-array is a small structure 

at scale one ( P = 1 ) used to construct the full one ( P > 1 ).A set formula is needed for scaling and translation of 

the sub-array in order to produce the fractal array. The array factor for a fractal array is expressed as in (16) 

[53-55],where 𝐺𝐴(𝜓)is the array factor sub-array,𝛿is a scale or expansion factorthat governs how large the array 

grows with each recursive applicationof the generating sub array especially in radar applications [65]. 

AFP(ψ) =∏GA(δP−1ψ)

P

P=1

 (16) 

Hexagonal structures are planar array configuration and have important applications in wireless communica-

tions. The hexagonal array structure constructed by placing a single element, surrounded by several six ele-

ments formed Hexagonal shape array. The array factor with six-element sub-array can be represented as in (17), 

where ∅𝑛 = (𝑛 − 1)
𝜋

3
 and 𝛼𝑛 = −𝜋𝑠𝑖𝑛𝜃0𝑐𝑜𝑠(∅0 − ∅𝑛). 

AFP̂(θ, ∅) =
1

6P
∏∑ejδp−1[πsinθcos(ϕ − ϕn) + αn]

6

n=1

P

P=1

 (17) 

AFP̂(θ, ∅) =
1

6P
∏∑ejδp−1

6

n=1

P

P=1

ψn(θ, ∅) (18) 

ψn(θ, ∅) = π[sinθcos(ϕ − ϕn) − sinθ0cos(ϕ0 −ϕn)] (19) 

For the unity of the recursive hexagonal array d to be unity (δ = 1), we obtain (20) and these arrays increase in 

size at a rate that obeys the relationship in (21), Where δp1is the Kronecker delta function defined by (22). 

AFP̂(θ, ∅) = [
1

6
∑ejψn(θ,∅)
6

n=1

]

P

 (20) 

NP = 3P(P + 1) + (1 − δP1) (21) 

δp1 = {
1,           p = 1
0,           p ≠ 1

 (22) 

This means that, the number of concentric hexagonal sub-arrays contained in it increases by one for every time 

this fractal array evolves from one stage to the next. Figure 18 shows simulation results for the final hexagonal 

shape fractal array antenna. Simulation results introduce return loss, VSWR, input impedance, gain, directivity 

radiation pattern and surface current distribution on the structure.   

 

(a) 
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(b) 

 

 

 

 

 

 

 

 

(c) 

  

(d) (e) 

  

(f) (g) 

Figure 18. The SIW hexagonal diamond array with three elements of Lamda shape simulation results: (a) The return loss [dB]; (b) 

The VSWR; (c) The input impedance [Ω]; (d) The 3 D polar plot antenna gain [dB]; (e) The 3 D polar plot antenna directivity [dB]; 

(f) The 3D radiation pattern; (g) The surface current distribution [A/m].  
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Table 10. The Final SIW, Hybrid of Hexagonal Diamond and Lamda Array Antenna Parameters. 

The SIW,Hybrid of Hexagonal Diamond and Lamda Array Antenna Parameters 

Freq. 

[GHz] 

Return Loss 

[dB] 

Max.U 

[W/Str.] 

Incident 

Power [W] 

Accepted 

Power [W] 

Radiated 

Power [W] 

Gain 

[Abs.] 

Directivity 

[Abs.] 

Radiation 

Efficiency 

[%] 

10.08 -13.38 0.357 1 0.95 0.9 4.7 4.98 95 

Table 10 gives summarized of the final SIW, hybrid of hexagonal and lamda array antenna parameter which 

gives a good performance with reflection coefficient reaching to -13.38 dB as a matching parameter and maxi-

mum absolute gain of 4.7 with 95 % radiation efficiency. All other parameter illustrated in the given table.  

8. The Full Integrated SIW System Simulation and Implementation Results 

This section is divided into three subsections, the subsection 8.1 introduces the structure, simulation results and 

antenna parameters for the final integrated system which is a compact in size compared with similar SIW 

technologies [66], the subsection 8.2 presents implementation results of the same full system. Finally in the 

subsection 8.3 a comparison between simulation and implementation results have been presented to confirm 

the agreement between both results over most of frequency range.  

8.1 The Full Integrated SIW System Simulation Results 

The proposed full SIW integrated system structure which consists of the basic SIW with tapering transition 

structure, the SIW rhombic divider/combiner, the SIW phase shifter and two arrays of the final SIW hybrid of 

hexagonal diamond and lamda array on the two output ports with phase shifter in one of them is shown in 

figure 19. Simulation results for the full integrated system and its antenna parameters for about eleven operat-

ing frequencies have been presented from (5-18) GHz in figure 20 and tables 11 respectively. Comparing these 

results with slot SIW slot antenna in [51] indicates that the proposed antenna has more enhancements in an-

tenna parameters such as the return loss in [51] reaches -20 dB compared with -43 dB in the proposed structure 

in addition to the multiple operating frequency.    

 

Figure 19. The full integrated SIW system.  

 

(a) 
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(b) 

 

(c) 

 
 

(d) (e) 

  

(f) (g) 

Figure 20.The full integrated SIW system simulation results: (a) The return loss [dB]; (b) The VSWR; (c)The gain verses frequen-

cy[dB]; (d) The 3 D antenna gain [dB]; (e) The 3 D antenna directivity [dB]; (f) The 3D radiation pattern; (g) The surface current 

distribution [A/m].  
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Table 11. The Full Integrated SIW System Antenna Simulated Parameters at Different Improved Return Loss Frequencies. 

The Full Integrated SIW Antenna Parameters  

Freq. 

[GHz] 

Return Loss 

[dB] 

Max.U 

[W/Str.] 

Incident 

Power [W] 

Accepted 

Power [W] 

Radiated 

Power [W] 

Gain 

[Abs.] 

Directivity 

[Abs.] 

Radiation 

Efficiency 

[%] 

7.94 -10 0.0173 

1 

0.893 0.198 0.243 1.099 22 

9.071 -29.8 0.477 0.996 0.633 6.012 9.449 63 

10.093 -10.2 0.361 0.921 0.876 4.918 6.563 95 

10.096 -10.3 0.361 0.921 0.885 4.914 6.557 96 

11.034 -25 0.545 0.997 0.859 6.878 7.981 86 

12.183 -15 0.369 0.969 0.708 4.798 6.562 73 

12.878 -16 0.338 0.978 0.704 4.347 6.041 72 

13.764 -32 0.642 0.999 0.895 4.914 6.545 96 

13.769 -43 0.724 0.999 0.985 7.1 9.7 97 

16.112 -15 0.136 0.971 0.623 1.760 8.246 64 

17.087 -30 0.121 0.998 0.742 1.519 9.439 74 

8.2 The Full Integrated SIW System Implementation Results   

The designed, analyzed and simulated full SIW system in subsection 8.1 have been implemented using Rogger 

RT/duriod 5880 substrate of εr = 2.2 , tan δ = 0.0009 and hR = 0.79 mm and its measured results will be in-

troduced in this section. The full SIW system has been tested in laboratory using (R&S ZVB 20 VECTOR 

NETWORK ANALYZER 10-20 GHz). The measurement connection and its measured results from (5-18) GHz 

for both X and KU-Bands applications are illustrated in Figures 21 and 22.  

Measured results illustrated in Figure 23 introduce more than 20 frequency of return loss less than -10 dB and 

are tabulated in Table 12 as operating frequencies with minimum return loss and hence more effective in radi-

ating power for the proposed structure.    

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. The full integrated SIW implemented system measurement connection. 
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Table 12. The Full Integrated SIW System Antenna Measured Parameters at Different Improved Return Loss Frequencies. 

Freq. 

[GHz] 

Return Loss 

[dB] 

Freq. 

[GHz] 

Return Loss 

[dB] 

Freq. 

[GHz] 

Return Loss 

[dB] 

Freq. 

[GHz] 

Return Loss 

[dB] 

Freq. 

[GHz] 

Return 

Loss 

[dB] 

7.98 -10 10 -10 12.8 -16 14.3 -24 15.7 -16 

8.14 -23 10.9 -24 13.7 -34 1`4.9 -12 16.2 -48 

8.9 -12 12.2 -15 14 -25 15.5 -24 16.9 -33 

9 -13 12.6 -15.3 14.2 -24 15.6 -17 17 -24 

 

Figure 22. The full integrated SIW implemented system measured results. 

8.3 The Full Integrated SIW System Simulation and Implementation Results   

Comparison between simulated and measured results for the full integrated SIW system is introduced in this 

subsection to indicate how both results agree and to confirm the presented analysis for all designed and simu-

lated structures in this paper. Figure 23 shows the comparison results.  

 

Figure 23. Comparison between simulated and measured results for the full integrated SIW system. 

As a conclusion, Figure 23 shows the agreement and closed results between simulated and measured results for 

about eleven operating frequencies over the frequency band from (5-18) GHz for both X and KU-Bands appli-

cations. The proposed design has cutoff frequency equals 6.15 GHz for the dominant mode and the operating 

(1) 
(2) (3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 
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frequency must be greater than this cutoff frequency. The start of operating frequency for the proposed struc-

ture is 8 GHz and below this value there is a less agreement between simulation and measured results. The 

agreement between simulation and implementation results is from 8 GHz to 15 GHz and however due the 

numerical calculation and mesh dividing of the software which depend on the FEM there is less agreement 

between simulation and measured results above 15 GHz.  

9. Conclusions 

Fractals play vital role to reduce the size of switchable fractal antenna with optimized gain and other antenna 

parameters. With the increase of the iterations of fractal the resonant frequency increases with minimal return 

loss. Fractal geometry enables us to obtain the multiband wideband characteristics. These characteristics are 

used for different applications such, military and wireless communication. The SIW integrated system intro-

duces multiple operating frequencies in both X and Ku-Bands. Agreement and close of about 11 resonance op-

erating frequency of the radiating antenna for both simulated and measured results are shown in figure 23 with 

minimum return loss of -43 dB, maximum absolute gain 7.1 with 98 % radiation efficiency. The integrated SIW 

system meets the requirement of radar application in the proposed operating frequency range. 
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