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Abstract

This work presents the design, simulation, fabrication, and experimental validation of scalable substrate integrated waveguide
(SIW) slot antenna arrays operating at 26 GHz for 5G millimeter-wave applications. The proposed structure is developed
progressively from a single SIW radiating element to 2x1 and 4x1 linear arrays, which enables a systematic evaluation of
impedance matching, array scalability, corporate-feed performance, and radiation behavior. All configurations are
implemented on a Rogers RT/duroid substrate with a relative permittivity of 2.2 and a thickness of 0.508 mm, and the
numerical analysis is carried out using CST Microwave Studio. The fabricated prototypes are experimentally validated using
a vector network analyzer. The measured return losses are approximately -20 dB, -25 dB, and -30 dB for the single element,
2x1 array, and 4x1 array, respectively, confirming stable resonance close to 26 GHz. The measured -10 dB impedance
bandwidths are 1.4 GHz, 1.5 GHz, and 2.0 GHz, respectively; therefore, the 4x1 array satisfies the 2 GHz bandwidth criterion
considered for the target 5G millimeter-wave operation. The simulated gains are 7.2, 8.5, and 10.2 dBi, while the measured
gains are 7, 8.1, and 10 dBi for the same three configurations. These results show that the proposed SIW slot-array design
provides compact geometry, stable resonance, improved gain with array scaling, and practical measured performance for 26
GHz 5G applications.
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1. Introduction

Wireless communication systems have evolved at a fast pace over the past few decades, with the ever-growing need for more
capacity, reliability and increasingly smaller footprint [1], triggering an exponential demand for highly integrated radio
frequency components that are compact and high-capacity [2]. In this context, antenna arrays have become an enabling
technology for the above requirements, as the use of large antenna arrays can offer higher gain [3], better directivity and the
possibility to steer the beam of the radiation without having to increase the power of the transmitter [4].

Several antenna technologies have been investigated for compact millimeter-wave front ends, and substrate integrated
waveguide (SIW) structures are especially attractive because they combine the low-loss field confinement of metallic
waveguides with the planar fabrication advantages of printed circuits [5], [6]. In STW antennas, two rows of metallized vias
connect the upper and lower conductive layers and emulate the sidewalls of a rectangular waveguide inside a dielectric
substrate [7]. This configuration supports compact, low-profile, and efficient operation in the Ka-band (26 GHz millimeter-
wave band) while remaining compatible with printed-circuit fabrication. However, many reported SIW antenna studies focus
on either a single element or a fixed array geometry, and fewer works provide a progressive comparison from a single element
to 2x1 and 4x1 arrays using the same substrate, feed concept, simulation environment, and measurement procedure [8]-[12].

@ @ This is an open access article under the terms of the Creative Commons Attribution License, which permits use,
BY distribution and reproduction in any medium, provided the original work is properly cited. © 2025 The Authors

https://www.muthuni-ojs.org/index.php/mjet/index

26


mailto:yasser.alramahi.ms7@student.atu.edu.iq

Muthanna Journal of Engineering & Technology 27

Therefore, this work addresses this gap by presenting a scalable SIW slot antenna design that is simulated in CST Microwave
Studio, fabricated, and experimentally validated through VNA measurements at each design stage.

2. Theoretical reference

Recent studies show that SIW technology can support compact and efficient antenna solutions for microwave and millimeter-
wave systems. Kumar et al. reviewed SIW implementation in microwave circuits, cavity-backed slotted antennas, antenna
arrays, and phased-array structures [13]. Zhao et al. presented a high-gain SIW antenna loaded with an elliptical polarization-
conversion metasurface at Ka-band, achieving wide impedance bandwidth and improved realized gain [14]. Feito et al.
reported a corporate-fed slot array antenna using a groove gap waveguide topology with high efficiency and good simulation-
measurement agreement [15]. Alistarh et al. used a non-uniform SIW sparse receiver array for compressed-sensing digital
MIMO radar, reducing the number of physical receiver channels while preserving a large virtual aperture [16]. Table 1
summarizes related SIW antenna works and adds the proposed design for direct comparison. Compared with the cited studies,
the present work contributes a progressive experimental validation of the same SIW slot-radiating concept from 1x1 to 2x1
and 4x1 configurations at 26 GHz.

Table 1: Comparison with recently published SIW antennas for 5G and millimeter-wave applications.

No.

Frequency

Bandwidth

Gain (dBi)

Main features

Weak points / limitations

13

19

28 GHz

28 GHz

26 GHz

3.5 GHz

28 GHz

26 GHz

26 GHz

400 MHz

0.8GHz

1.1 GHz

120 MHz

3.25 GHz.

1.4 GHz.

2.0 GHz

6.9

6.35

8.5

4.03

7.05

10 dBi

Compact dual-port single-element MIMO antenna; annular ring
slot fed by SIW from opposite substrate sides; additional annular
slot improves isolation; isolation >20 dB; measured diversity
gains 9.98 dB; ECC = 0.065.

Dual-band SIW slot antenna; two longitudinal slots generate
the 28/38 GHz bands; 4x1 array with parallel feed network;
high radiation efficiency; equal power distribution through
divider lines.

SIW antenna using dumbbell-shaped defected ground structure
(DGS) for bandwidth enhancement; hemispherical dielectric
lens for gain/directivity improvement; compact mmWave SIW
platform.

Very compact eighth-mode modified circular SIW cavity; two-
port MIMO design; narrow half-wavelength ground slot
improves isolation from 7.9 dB to about 34.9 dB; minimum
isolation >30 dB; ECC within acceptable limit; concept
extended to four-port MIMO.

SIW antenna with straight and zigzag S-shaped slots; vertical
and horizontal slot directions compared; compact size of 7.10 x
14.93 mm; vertical zigzag slot improves bandwidth and
efficiency at 28 GHz.

SIW slot/fractal cavity array for 5G; Rogers RT5880
substrate; single antenna modified into 4x1 array to
improve gain and directivity; slots reduce side lobe and
produce more directive beam.

1x1, 2x1, and 4x1 SIW slot arrays; Rogers substrate;
corporate feed; measured resonance near 26 GHz.

Single-band operation only; bandwidth is relatively
narrow for wide 5G mm Wave coverage; gain is
good for one element but lower than large arrays;
performance is sensitive to fabrication tolerance at
28 GHz.

The measured 28 GHz bandwidth is narrow; array
feeding network increases design complexity and
size; simulation and measurement deviations exist
due to fabrication and measurement tolerances.

Use of an external lens increases antenna profile
and alignment requirements; reported results are
mainly simulation-based; lower-band bandwidth is
modest compared with the upper band.

Sub-6 GHz design, not mmWave; bandwidth is
narrow; gain is moderate; isolation improvement
requires a dedicated slot/CSRR network; coaxial
feed is used for testing and would need transition
for planar integration.

Horizontal zigzag case shifts to 28.3-30.5 GHz and
does not fully cover the intended 5G band; design
is single element, not MIMO/array; performance
depends strongly on slot orientation and
dimensions.

Array configuration increases feeding and
fabrication complexity; SIW vias can introduce loss
at high frequency; reported work is CST-simulation
focused; exact measured validation is limited in the
paper.
Only 4x1 meets 2.0 GHz bandwidth; measured
efficiency and Sij sweeps should be added
when available.

3. Material and Methods

The proposed methodology consists of four connected phases, First, a single SIW slot antenna element is designed and
optimized in CST Microwave Studio at 26 GHz. Second, the optimized element is scaled into 2x1 and 4x1 linear arrays using
a corporate feed network to provide equal-amplitude and in-phase excitation. Third, the optimized prototypes are fabricated
on Rogers RT/duroid substrate using standard printed-circuit fabrication. Finally, the fabricated antennas are experimentally
characterized using a calibrated vector network analyzer, and the measured S-parameters are compared with the simulated
results.

3.1. SIW Element Design and Simulation

Substrate integrated waveguide (SIW) is a planar transmission-line technology that incorporates both the strengths of
traditional metallic waveguides and printed microstrip circuits. The fundamental SIW design is the dielectric substrate
between two metallic layers, with the sidewalls of a waveguide being created by two parallel arrays of metallized via holes.
These via holes make the top and bottom metal planes electrically connected and contain the electromagnetic field within the
SIW cavity to enable the wave propagation similar to a rectangular waveguide. The SIW key parameters are the via diameter,
the distance between neighboring vias, the distance between the two rows of vias, and the substrate thickness. These
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parameters should be selected properly to minimize leakage loss, keep the field confined, and have wave propagation that is
stable at the desired operating frequency. SIW technology has a small size and low profile, low loss, high power-handling
capabilities, and is easily integrated with planar microwave circuits, compared to conventional waveguides. Due to these
reasons, SIW has gained popularity as a technology in high-frequency antenna design, particularly in millimeter-wave and
5G applications that need compact structure, high efficiency, and reliable performance as shown in Figure 1.

Via hole

Fig 1: basic structure of SIW technology [16].

The first phase of the proposed approach is to design and simulate one substrate integrated waveguide antenna element. The
SIW cavity is formed by embedding two parallel rows of metal filled vias into a low loss dielectric substrate of relative
permittivity &, = 2.2 and thickness h = 0.508 mm. The via diameter is chosen to be d = 0.9 mm with a pitch of p = 1.3mm.
The design rule d <p <Ag/4 is followed to reduce electromagnetic leakage through via sidewalls as much as possible. A slot-
coupled radiating structure is used in the antenna element, where a rectangular slot is etched on the ground plane to couple
the energy out of the SIW cavity to the radiating patch. A full-wave electromagnetic simulation is done in CST Microwave
Studio. A time-domain solver is used to get broadband S-parameter response. The center frequency is set at fo =26 GHz and
the dimensions of the patch are determined using guided wavelength. The patch length, slot dimensions, and coupling gap
are varied parametrically to get the best impedance match at the design frequency with a return loss below —10 dB.

d2

095 xp &

Weff = Wyiqg —

Where:
Weyr: Effective width of the SIW structure (mm)
Wyiq: Physical distance between via centers (mm)
d: Via diameter (mm)
p: Via pitch / center-to-center spacing (mm)
L @)
Ve (fox Ver)
Where:
Ag: Guided wavelength in the substrate (mm)
Ao: Free-space wavelength (mm)
&,: Relative permittivity of the substrate
c: Speed of light in free space (3 x 10® m/s)
fo: Operating center frequency (Hz)

C
(2 X Wepp x VE)

fe (3)

Where:
fc: Cutoff frequency of the SIW structure (GHz)
We s Effective SIW width (mm)
&1 Relative permittivity of the substrate

3.2. Progressive Array Configuration and Corporate Feed Network

After an element is optimized, linear arrays are designed using the progressive scaling procedure. A 2x1 array is formed by
duplicating the single element. The 2x1 array is then scaled up to form a 4x1 array. A corporate feed network is developed
to split the input power into equal parts at each stage to feed the radiating elements. A binary T-junction power divider is
used for the corporate feed in order to excite all the elements in phase and to retain the array factor. Element spacing is
selected based on guided wavelength estimates to avoid grating lobes and to reduce mutual coupling between array elements
as much as possible. The various feed network junction sizes, bend sizes, and tuning stubs are then parametrically optimized
at each array level to tune out the degraded impedance matching due to the added network complexity. The array factor is
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also calculated analytically at each stage to predict the amount of directivity gain that should be achieved. CST simulations
are performed at each progressive stage to include coupling effects and feed network loss before the next scaling stage is
applied.

AF(6) = Z an X exp(j k d, cos 9) 4)
Where:

AF (8): Array factor as a function of observation angle 0

ay,: Excitation amplitude of the nth element

k: Free-space wavenumber (27/Ao)

d,,: Position of the nth element along the array axis (mm)

6: Observation angle measured from the array broadside (degrees)

Garray ~ Gelement + 10 XloglO(N) (5)
Where:

Garray: Theoretical gain of the array (dBi)
Gelement: Gain of a single radiating element (dBi)

The proposed SIW antenna was developed through a step-by-step simulation-based procedure in CST Microwave Studio for
operation at the 26 GHz 5G millimeter-wave band. The design begins with a single SIW radiating element printed on a
Rogers substrate with relative permittivity of 2.2 and thickness of 0.508 mm. Two rows of metallic vias form the SIW cavity
and provide waveguide-like field confinement within a compact planar structure. A rectangular aperture and L-shaped slots
are introduced to control the surface-current path, tune the resonance, and improve impedance matching. The optimized
single element is then replicated to form a 2x1 array, followed by a 4x1 linear array connected through a corporate microstrip
feed network as shown in Figure 2. The corporate feed is designed to divide the input power equally and excite all elements
in phase, which increases aperture size, gain, and broadside directivity. The slot geometry, SIW cavity, via arrangement, and
feed network are optimized at each stage to preserve resonance near 26 GHz while maintaining good impedance matching
and scalable radiation performance. Table 2 lists the main geometrical parameters of the proposed antenna.
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Fig. 2: Simulated CST designs: (a) single SIW element, (b) 2x1 array, and (c) 4x1 array.
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Table 2: Main geometrical parameters of the proposed SIW antenna.

Paramertes Description Value (mm)
Wp Patch width 8.5
Lp Patch length 9

Wsiw SIW width 6.5
Wr Rectangular slot width 3.2
Lr Rectangular slot length 3

S Via spacing 1.3
D Via diameter 0.9
Ws L-shaped slot width 0.8
Ls L-shaped slot length 5.1
Wi Inset slot width 1.1
Li Inset slot length 24
Wi Feedline width 1.4
Lf Feedline length 5.75

3.3. Physical Fabrication of Prototypes

After performing the simulation-based optimization for all the three configurations, the structures are fabricated to verify the
predicted design results. The antenna structures are fabricated using conventional printed circuit board fabrication methods
on a Rogers RT/duroid substrate with relative permittivity &, = 2.2 and a loss tangent of less than 0.0009. The top and
bottom surfaces of the substrate are metallized with copper t=0.035 mm (1 oz). The via holes that make up the SIW sidewalls
are created with a diameter of 0.9 mm, and are copper plated to give full electrical connection between the top and bottom
ground planes. The slot etching, which defines the radiating aperture as well as the corporate feed network traces, is made on
the top copper layer. An SMA connector is soldered at the feed input port to create a standard 50 Q port for measurement
purposes. All the critical dimensions are maintained within a tolerance of +0.05 mm, and an optical inspection is carried out
after fabrication to ensure the dimensional accuracy and the quality of solder joints before the measurement.

Ly ~ = 6)
Where:
Ly: Patch length for fundamental resonance (mm)
Ag: Guided wavelength in the substrate (mm)
Ay
p < vy and d <p (7)
Where:

p: Via pitch / spacing (mm)
d: Via diameter (mm)
Ag: Guided wavelength (mm); ensures minimal leakage and fabrication feasibility

The three antenna configurations were implemented, as shown in Figure 3. The proposed antennas were successfully realized
on Rogers RT/duroid substrate with a relative permittivity of 2.2 and a loss tangent of less than 0.0009, using standard PCB
manufacturing processes. Top views of each fabricated prototype clearly show the precisely etched slot radiators and the
corporate feed network topology for the single-element (1x1), two-element (2x1), and four-element (4x1) linear array
configurations.
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@)
Fig. 3: Fabricated SIW antenna prototypes on Rogers substrate: (a) single SIW element, (b) 2x1 array, and (c) 4x1
array.

3.4. Experimental Validation using VNA

The final methodology phase is the experimental validation of the fabricated prototypes at the 26 GHz millimeter-wave band.
The measurements are performed using a vector network analyzer after calibration at the measurement plane to reduce
systematic errors. The frequency sweep is selected around the target operating band to extract resonant frequency, return loss,
-10 dB impedance bandwidth, and calculated VSWR. The measured responses of the 1x1 element, 2x1 array, and 4x1 array
are compared with the corresponding CST results to evaluate the consistency of the electromagnetic model and the fabrication
process. Any differences between simulated and measured results are interpreted in terms of fabrication tolerances, via-hole
plating accuracy, substrate-property variation, SMA soldering, connector parasitics, cable effects, and calibration uncertainty,
which become more pronounced at millimeter-wave frequencies.

(1 + [s11))
Where:
VSWR: Voltage Standing Wave Ratio (dimensionless)
[S11]|: Magnitude of the reflection coefficient (linear scale)
BW_10 = fupper — frower where S11(f) < —10dB )
Where:

BW_,,: Impedance bandwidth at the —10 dB level (MHz)
fupper: Upper frequency at which S11 crosses —10 dB (GHz)
frower: Lower frequency at which S11 crosses —10 dB (GHz)

4. Results And Discussions

This section presents the simulated and measured performance of the proposed SIW slot antenna configurations at 26 GHz.
The evaluated parameters include reflection coefficient, impedance bandwidth, calculated VSWR, gain, radiation efficiency,
and radiation-pattern behavior. The three configurations are the 1x1 SIW element, 2x1 SIW array, and 4x1 SIW array. Figure
4 compares the simulated and measured S11 responses, showing that all prototypes resonate close to the intended 26 GHz
band. As summarized in Table 3, the simulated return losses are -30 dB, -28 dB, and -32 dB for the 1x1, 2x1, and 4x1
configurations, respectively, while the corresponding measured values are -20 dB, -25 dB, and -30 dB. These values remain
well below the -10 dB impedance-matching criterion. The small differences between simulated and measured S11 are mainly
attributed to fabrication tolerances, via metallization accuracy, connector soldering, SMA transition parasitics, substrate-
property variation, cable alignment, and VNA calibration uncertainty at 26 GHz. The measured -10 dB bandwidths are 1.4
GHz, 1.5 GHz, and 2.0 GHz, respectively. Therefore, only the 4x1 array reaches the 2.0 GHz bandwidth target, while the
single element and 2x1 array still provide useful operating bandwidth around the target resonance.
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Fig. 4: Reflection coefficient responses of the proposed SIW antenna configurations: (a) simulated S11, (b) measured S11, (c)
single element measurement, (d) 2x1 array measurement, and (e) 4x1 array measurement.

Table 3: Simulated and measured performance comparison of the proposed SIW antenna configurations.

Parameters 1x1 Element 2x1 Array 4x1 Array
Simulated Measured Simulated Measured Simulated Measured
Frequency (GHz) 26 26 26 26 26 26
Return loss S11
(dB) -30 -20 -28 -25 -32 -30
-10dB
bandwidth (GHz) 16 14 18 15 21 2.0
Peak gain (dBi) 7.2 7.0 8.5 8.1 10.2 10.0
Radiation
efficiency (%) 20 N/M 92 N/M 94 N/M
VSWR
(calculated) 1.07 1.22 1.08 1.12 1.05 1.07
Inter-element . i
coupling Sij (dB) N/A N/A <-20 N/M <-20 N/M

Note: N/M = not measured in the available measurement data; N/A = not applicable. *Inter-element coupling should be verified from the final CST/VNA

multi-port data before submission.

Figure 5 presents the simulated gain and radiation-efficiency responses of the three antenna configurations. The simulated
gain increases from 7.2 dBi for the 1x1 element to 8.5 dBi for the 2x1 array and 10.2 dBi for the 4x1 array. The measured
peak gains are 7 dBi, 8.1 dBi, and 10 dBi, respectively, which confirms that the corporate feed network preserves useful
power distribution as the array is scaled. The gain improvement is expected because increasing the number of radiating
elements increases the effective aperture and narrows the broadside radiation beam. The simulated radiation efficiencies are
90%, 92%, and 94% for the 1x1, 2x1, and 4x1 configurations, respectively. Since a continuous measured radiation-efficiency
curve was not available in the submitted data, the efficiency values in Table 3 are labelled as simulation-only, and this point
is treated as a practical limitation of the present measurement set.
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Figure 6 shows the polar radiation patterns of the proposed antennas in the E-plane and H-plane. The simulated and measured
patterns indicate stable broadside radiation for the three configurations, with increased directivity as the design is scaled from
1x1 to 2x1 and 4x1. The remaining deviations between simulated and measured patterns can be explained by chamber
alignment, cable bending, connector influence, finite fabrication accuracy, and millimeter-wave measurement sensitivity.
Table 3 provides the consolidated performance comparison. The 4x1 array achieves the strongest measured performance,
with a return loss of -30 dB, bandwidth of 2.0 GHz, and peak measured gain of 10 dBi. The table also includes calculated
VSWR values derived from the reported S11 results. Inter-element coupling should remain below -20 dB across the operating
band for stable array operation; however, measured multi-port coupling data were not included in the available measurement
files, so this measurement is reported as not available and should be added if the raw VNA data are available.

60 ,

120

90 |

120

Fig. 6: Polar radiation patterns of the proposed antennas: (a) simulated E-plane, (b) measured E-plane, (c) simulated H-plane,
and (d) measured H-plane.
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5. Conclusions

A scalable SIW slot antenna and its 2x1 and 4x1 array configurations were designed, simulated, fabricated, and
experimentally validated for 26 GHz 5G millimeter-wave applications. The antenna was implemented on a Rogers substrate
with relative permittivity of 2.2 and thickness of 0.508 mm. The use of SIW cavity walls, rectangular aperture coupling, L-
shaped slots, and an inset-fed corporate network enabled stable resonance and effective array scaling. The measured return
losses were -20 dB, -25 dB, and -30 dB for the 1x1 element, 2x1 array, and 4x1 array, respectively, while the measured -10
dB bandwidths were 1.4 GHz, 1.5 GHz, and 2.0 GHz. The 4x1 array therefore provides the strongest bandwidth performance
among the three prototypes. The simulated gains were 7.2, 8.5, and 10.2 dBi, and the measured gains were 7, 8.1, and 10 dBi,
confirming the expected gain improvement with array scaling. The simulated radiation efficiencies were 90%, 92%, and
94%, respectively. The radiation patterns show stable broadside behavior, with improved directivity in the array
configurations. Overall, the results confirm that the proposed SIW slot-array architecture is a compact and scalable solution
for 26 GHz 5G millimeter-wave applications, although future measurements should include continuous radiation-efficiency
and multi-port coupling characterization for a more complete experimental validation.
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