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Abstract: The millimeter wave (mmWave) band has gained significant attention due to its potential to cater to the
rapidly increasing wireless data rates. Due to the reduced wavelength in mmWave communications, it is possible to
implement large antenna arrays at both the transmitter and the receiver. Designing small antennas in the mmWave range
presents many challenges, which is the main aim of this paper. The aim of this work is to proposed an efficient design
of a dual-band mmWave antenna, with the dimension of 26.5mm>7.0mm>0.254mm, for future cellular communication
systems using a substrate integrated waveguide (SIW). The elements of the proposed antenna consist of SIW cavity
with one longer longitudinal slot and another shorter engraved slot in one of the conducting planes (1>2) for 28 GHz
and 38 GHz, respectively. The substrate duroid 5880/Rogers are used with a loss tangent and dielectric constant of
0.003 and 2.2, respectively. The CST Microwave Studio, an industry-standard software, was utilized to conduct the
simulation results. The proposed antenna's performance was evaluated by analyzing its gain, radiation pattern, and
return loss at the frequencies of 28 GHz and 38 GHz. Furthermore, it is compared with other relative works. The single
antenna element was able to attain an impedance bandwidth (S11< -10 dB) of 1.32 GHz and 3.1 GHz, with a
satisfactory gain of 6.1 dBi and 5.81 dBi at 28 GHz and 38 GHz, respectively. The results indicate that the designed
antenna can attain consistent and adjustable dual-frequency performance, making it a viable option for future cellular
communication systems.

Index Terms: mmWave, radiation pattern, return loss, and gain
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1. Introduction

The demand for high data-rate applications has driven the evolution of wireless communications. The applications
of the fifth generation (5G) require higher bandwidths for higher data rates, which in turn have led to the use of
millimeter wave (mmWave) bands. Recently, the 3rd Generation Partnership Project (3GPP) has standardized the 28
GHz and 38 GHz mmWave bands [1]. Moreover, The Federal Communication Commission (FCC) has allocated both
28 GHz and 38 GHz mmWave bands for 5G communication networks [2]. In China, for instance, 28 GHz and 38 GHz
mmWave bands have been dedicated for 5G [3]. System operating in the mmWave bands suffers from high path loss
and high penetration loss. In addition, it is crucial for mmWave 5G base stations to have a compact and lightweight
design. Hence, the antenna must possess low return loss and high gain while occupying minimal space. New antennas
structure such as metamaterial, microstrip antennas and substrate integrated waveguide (SIW) have been introduced to
meet these demands. SIW has been developed by K. Wu [3]. There are various types of SIW antennas [4], such as
cavity-backed antenna, slotted SIW antenna, antipodal tapered slot antenna, dielectric resonator antenna, etc. SIW has
has garnered significant attention by researchers due its desirable features such as light weight, high power capacity,
high selectivity, high-factor, low profile, etc. The use of SIW for antenna design for the mmWve is very promising.
Recently, there has been much research on SIW technology. Most of the relevant previous studies have mentioned that
SIW is a suitable choice at mm-Wave frequencies when compared with conventional printed circuits and waveguides
counterparts [5-12]. In [13], a dual-band slotted SIW four-element array antenna was designed to achieve high
efficiency and gain. This antenna array operated at frequency bands of 28 GHz and 38 GHz. It was designed based on
duroid 5880/Rogers substrate which has loss dielectric constant and tangent of 2.2 and 0.003, respectively. In [14], the
authors have proposed a single (1x2) slotted-SIW dual-band antenna at 28GHz and 38 GHz. For single antenna, the
obtained impedance bandwidth was 0.45 GHz and 2.20 for 28GHz and 38 GHz respectively. In addition, the maximum
gain of 5.2 dBi for 28 GHz and 5.9 dBi for 38 GHz. To achieve a high gain, a linear array consisting of four elements
(1x4) was also designed, which attained a maximum gain of 11.9 dBi and 11.2 dBi at 28 GHz and 38 GHz, respectively.
The authors in [15] proposed an 8 x 8 cavity-backed slot array antenna for enhancing the bandwidth in fixed beam
applications. A modified bow-tie cavity slot was used instead of the conventional rectangular cavity slot. In [8], a 1 x4
SIW dual-band antenna array topology has been designed for operating in the 28GHz and 38 GHz frequency bands.
Four miniaturized quarter-modes of SIWs have been adopted to support the designed antenna with four distinct
resonance frequencies. In [16], a dual-polarized subarray antenna that operates at 28/38 GHz dual-band for 5G
generation was presented. The unit element was designed to operate at 27.6-30.8 GHz and 35.4-38.9 GHz with gain of
6.9 dBi and 5.3 dBi at 28 GHz and 38 GHz respectively. The 2 %2 subarray with 4 vertical and 4 horizontal feeding
ports and a design an array area of 34>36 mm2 using antenna elements of 2.5mm long have been used. The 2 %<2
subarray with 4 horizontal and 4 vertical feeding ports and a design an array area of 34>36 mm? using antenna elements
of 2.5mm long have been used. At 28 GHz and 38 GHz, the designed antenna system was able to achieve a high gain of
13.1 dBi and 13.2 dBi, respectively. However, that gain incurs the high cost of antenna array volume. The authors in
[17] proposed proposed a novel SIW antenna with stepped long slots, which operates in dual-port and dual-band
frequencies (28/38 GHz), specifically intended for 5G base stations. In [18], a SIW antenna has been designed to
operate at dual band of 28 GHz and 38 GHz for 5G cellular network applications. The obtained gains were 7.05 dBi and
8.32 dBi at 28 GHz and 38 GHz respectively. The proposed antenna achieves bandwidth of 0.982 GHz and 0.354GHz
for 28 GHz and 38 GHz respectively.

In this paper, we propose the design of a (28/38) GHz dual-band SIW slot antenna for use in future mobile
communication networks. The main objective and contribution of this work is that the parameters of the proposed
antenna, including length and width of each slot and its positions, are tuned through three steps until the acceptable
characteristics are obtained for use in future cellular communication systems. In the first step, a single band slotted SIW
Antenna at 38 GHz is designed. In the second step, the antenna designed in the first step will be modified to be used for
a 28 GHz band. In the last step, the antenna design in the previous two steps will be modified in such a way to be used
for dual bands (28 and 38 GHz). The designed waveguide slots antenna offers several advantages such as a
straightforward design and fabrication process, linear polarization, low loss, low cross-polarization, and high gain and
power handling capacity. so it can be used in the future cellular communication systems. Compared to all the previously
mentioned existing works, the proposed antenna design demonstrates significantly better performance in terms of gain,
return loss, and radiation pattern. The rest of this paper is set up as follows. Section 2 presents the theoretical design of
SIW slots antenna. Section 3 presents the results and discussion. Section 4 compares between this work and the other
relevant works. Section 5 concludes the paper.

2. SIW Slots Antenna
SIW is essentially an integrated version of the conventional metallic rectangular waveguide. It involves a dielectric
substrate attached to its lower part, with metal layers on both the top and bottom surfaces. The waveguide wall is

defined by metal vias within the substrate. The main advantages of SIW antenna structure are simplicity of design,
complete shielding, and low losses. Furthermore, SIW structures can be integrated with various active devices and
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microwave monolithic integrated circuits, as well as microstrip lines and coplanar waveguides. In addition to its
thickness h and relative permittivity €, an SIW also has three other important parameters, which include the width a of
the waveguide, the diameter d of the metalized via, and the distance p between adjacent metalized vias. These
parameters are illustrated in Fig.1l. Within a given waveguide, it is possible to propagate several modes of
electromagnetic waves as shown in Fig. 2. The cutoff frequency for each mode can be determined by the physical
dimensions of a waveguide.

Transverse Electric (TEy,) is the dominant mode in rectangular waveguide because it has the lowest cutoff
frequency (f) and the highest cutoff wavelength (A¢=2a) out of all the TE,,,. Generally, the cut-off frequency of modes
TE o can be derived using [19]:

conductor

Fig. 1. Configuration of an SIW.

| AWA
H, H,, \/ \/H,.

Yy
Y1
X1 T
z
Fig. 2. Several modes of electromagnetic waves
[ mmn 2 nm 2
forn = i (2) +(5) (1)
if m=1 and n=0, it means f; , then
Cc mmn cm
fero = 2miiE (T) ~ 2naviE @

where m is the mode number, a is the equivalent width, u is the permeability and ¢ is the permittivity. Consequently, the
corresponding guided wavelength can be determined by:

A=t (€))

Where 4 is the free space wavelength, f. is the cutoff frequency and &, is the dielectric constant of waveguide. a,
can be calculated by:
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d2
0.95p

w=a,=a — 4)

Where d and p are physical parameters of via-holes as shown in Fig. 1. Once a. is computed the obtained
dielectric-filled rectangular waveguide will have the same cut-off frequency of TE,

One of the primary challenges in the design of SIWs is the presence of electromagnetic bandgaps, which can cause
stopband effects that disrupt the signal transmission. To ensure the optimal functioning of an SIW, it is crucial to
prevent the occurrence of bandgaps within the waveguide's bandwidth. As mentioned in [4], there is a region of SIW
structure at which the bandgap is not present. This region can be given by:

0.05 <> < 0.25 (5)

2.1. Loss Considerations

Energy loss in transmission can occur due to various physical mechanisms such as radiation leakage, conductor
loss, and dielectric loss. The suitable selection of dielectric material and conductor type can mitigate the losses incurred
by the first and the second mechanisms respectively. However, the gaps between the slots and the metalized vias lead to
the radiation leakage which can be given by:

_ (%—1)6'28 [d_B] ©
485 (2—;>2 -1 "

Where ag is the radiation leakage. From equation (4), the radiation leakage depends heavily on p and d parameters.
Thus, leakage loss can be reduced. It is noted that to reduce the leakage losses, the hole diameter d should satisfy the
geometric condition of d<44/5 [19].

3. Antenna Design and Results analysis

Most of the antennas of 28/38 GHz bands are designed by using either multilayer technology, which is
complicated and difficult to manufacture or a very thick substrate (more than 1 mm) which results in spurious radiations.
In this work, the second case with a small thickness is adopted to select substrate and design techniques where the use
of a substrate at this thickness can improve the impedance bandwidth as well as provide adequate strength to support the
structure and avoid surface wave as well. The substrate material of Rogers RT/duroid 5880 is utilized to design the
antenna with substrate thickness (0.254 mm) and copper cladding layer thickness (hpgc)17.5umm. The metal used for
via holes metallization and cladding is copper with conductivity 6= 5.8<10" s/m. Furthermore, the antenna design
incorporates a tapered microstrip line transition to achieve a wide bandwidth. The design work has been carried out
using computer simulation technology (CST) Microwave Studio [20]. To achieve the research objectives, the antenna
design is performed through the following three steps:

»  Step (I): Single Band slotted SIW Antenna at 38 GHz is designed.

«  Step (I1): The designed antenna in step (1) will be modified to be used for a 28 GHz band.

»  Step (II): The design of antenna in the previous two steps will be modified in such a way to be used for dual
bands (28 and 38 GHz).

3.1. Step(l): Design of Single Band slotted SIW Antenna at 38 GHz

The proposed antenna is displayed in Fig. 3. The SIW has coupling slots that are cut on its top surface. The
proposed SIW slotted antenna has longitudinal slots in the upper metallic layer of the waveguide, i.e., parallel to the
length of the guide. As depicted in Fig. 3, the longitudinal top wall slot of the SIW operates as a resonant mode with a
resonant length of approximately A¢/2. The short circuit is located approximately A¢/4 or 314/4 away from the center of
the closest slot, denoted as Y. These longitudinal top wall slots are designed to cut transverse shunt currents. For 38
GHz single band operation, the lengths and widths of the first and second slots are: 4.5 mm and 0.17 mm respectively.
In order to maintain reasonably low radiation losses, the separation between diameter of vias and vias are selected to be
0.5 mm and 1 mm respectively. Antenna reflection coefficient before enhancement is shown in Fig. 4. The overall
antenna dimensions are 26.5%7.0>0.254mm?>. In order for the H-plane sectoral SIW slotted antenna to be excited in a
single mode, the width a of the feeding waveguide (as shown in Fig. 4) must satisfy the condition: i/(2\e) < a < Ade).
In addition, the height h should satisfy the condition of h < Ao/(2Ve;) where 4, is a wavelength in free space. So that, for
only exciting the fundamental mode TEj,, h must be 0.254mm. On the other hand, if the substrate thickness is
decreased (more thinner), the mismatch between the antenna slots and the air increases, resulting in a shift in the center
frequency of the antenna, as depicted in Fig. 5. The optimized designed parameters values after tuning are listed in
Table 1. Fig. 6 shows the return loss |S11| of the designed SIW slot antenna from 25 GHz to 40 GHz.
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Fig. 3. SIW Dual-Slots at 38 GHz.

[Parametric Plot] [Magnitude in dB]

-24 t t t t+ t
26 28 30 32 34 36
Frequency / GHz

38

Fig. 4. Antenna Reflection Coefficient before enhancement.
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Fig. 5. Comparison of antenna reflection coefficient |S11| at different substrate thickness h =0.127, 0.254, 0.381.

Table 1. Antenna design parameters at 38GHz, Step(l)

42

Symbol Value(mm) Description
w 7 Antenna width
L 26.5 Antenna length
P 1 Center-to-center via holes Separation
D 0.5 Via holes diameter
A 5.5 Waveguide width
Ly 45 Length of slotl
H 0.254 Substrate thickness
Npec 0.0175 Metal thickness
L, 4.5 Length of slot2
Ws 0.17 Width of slotl
Wi, 0.17 Width o slot2
W, 3 Tapered Transition width
L 3.5 Tapered Transition length
W 0.789 50 Q feed line width
Xa 0.06 Position of slotl at X-axis
Xs2 -1.15 Position of slot2 at X-axis
Lns 3 50 Q feed line length
Ya 13.7 Position of slotl at Y-axis
Ys 5 Position of slot2 at Y-axis

38
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[Parametric Plot] [Magnitude in dB]
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Fig. 6. Antenna reflection coefficient|S11| optimization for the proposed antenna at 38GHz.

It is noted that the return loss is less -10dB and it is ranging between 36.8 GHz and 40 GHz. Specifically, at 37.9
GHz the value of -34 dB has been observed from simulation. Moreover, the obtained bandwidth is 3 GHz. Fig. 7 shows
the simulated radiation pattern of the proposed SIW slot antenna. It is noted that the maximum realized gain is equal to
6.66 dBi at 38 GHz. Furthermore, a side lobe level less than -10 dB and angular width (3 dB) equal to 115.9° and 73.2°
are achieved in E-plane and H-plane respectively. The side lobe is a radiation lobe in any direction other than the main
lobe. Moreover, a beam squint equal to 19° at the E-plane and 1° degree at the H-plane is observed. The proposed
design exhibits an acceptable margin based on the cross polar pattern.

3.2. Step (I1): Design of Single Band Slotted SIW Antenna at 28 GHz

In this step, the proposed antenna in step (1) is modified at 28 GHz and shown in Fig. 8. The coupling slots are cut
on the top surface of the SIW but with different dimensions. As mentioned in step (I), SIW slotted antenna has
longitudinal slots in the upper metallic layer of the waveguide and parallel to the length of the guide. As shown in Fig. 8,
the longitudinal top wall slot in a SIW operates as a resonant mode with a resonant length of approximately Ag/2. The
closest short circuit is located about 4/4 or 3A,/4 away from the center of the slot, Y. These slots cut transverse shunt
currents along the longitudinal direction of the SIW's top wall. For 28 GHz single band operation, both the lengths and
widths of slotl and slot2 are 3.9 mm and 0.4 mm, respectively. The design parameters values are optimized and listed in
Table 2.

Table 2. The optimized parameters of designed antenna at 28 GHz.

Symbol Value (mm) Description
w 7 Antenna width
L 26.5 Antenna length
P 1 Center-to-center via holes separation
D 0.5 via holes diameter
A 55 Waveguide width
La 3.9 Length of slotl
H 0.254 Substrate thickness
Npec 0.0175 Metal thickness
Ls, 3.9 Length of slot2
W 0.4 Width of slotl
We, 0.4 Width of slot2
W 3 Tapered Transition width
L 35 Tapered Transition length
Wh, 0.789 50Q feed line width
Lims 3 50Q feed line length
X1 0.06 Position of slot1 at X-axis
X2 -1.15 Position of slot2 at X-axis
Ya 137 Position of slotl at Y-axis
Yo 5 Position of slot2 at Y-axis
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Fig. 7. E-Plane, H-Plane radiation pattern for SIW slotted antenna at 38GHz.
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Fig. 8. SIW Dual-Slots Single Band Antenna at 28 GHz, Step (I1).
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Fig. 9. Antenna reflection coefficient |S11| optimization for the proposed antenna at 28 GHz.
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Fig. 9 shows the return loss [S11| of the proposed SIW slot antenna from 25 GHz to 40 GHz. It is observed that the
return loss is below -10dB and ranging between 27.13 GHz and 28.45 GHz, and -32 at 28 GHz exactly. Bandwidth of
1.34 GHz is achieved. The simulated radiation pattern of the SIW slot antenna at 28 GHz is shown in Fig.10. It is
observed that the maximum realized gain is equal to 6.35 dBi at 28 GHz. Furthermore, a side lobe level less than -10 dB
and angular width (3 dB) equal to 96.7° in E-plane and 80° in H-plane are achieved. Furthermore, the radiation pattern
exhibits a beam squint of 19 degrees in the E-plane and 9 degrees in the H-plane. The cross-polarization pattern
indicates that the proposed design has an acceptable margin.

3.3. Step (111): 28/38 GHz Dual Band Antenna Design

The dual-frequency two-slot antenna designed shown in Fig. 11 is based on the theoretical calculation of the
resonance frequencies of the TE;, mode of the SIW resonator, as described by equations (1) and (2). The antenna design
also incorporates a tapered microstrip line transition due to its wide bandwidth characteristics. It is worth noting that the
resonance frequencies and frequency differences of the dual-frequency two-slot antenna can be adjusted by modifying
various parameters such as the equivalent length of the substrate, the length and width of the slots, and the position of
the slots in the SIW structure. The dimension of the transition and the dimension of both slots with their positions after
being optimized are shown in Table 3. The resonance frequencies of 28 and 38 GHz are affected by varying of the slots
position length on SIW, which makes the frequencies of the antenna adjustable. Fig.12. shows the simulated results of
input reflection coefficients (|]S11|) of the proposed antenna which resonances at 28 GHz and 38 GHz before optimizing
of antenna parameters. On the other hand, Fig.13. shows the simulated results of input reflection coefficients (|S11|) of
the proposed antenna which resonances at 28 GHz and 38 GHz after optimizing of antenna parameters.

Farfeld Gan Abs (Phe=0)

w— farfeld (f=28) (1)

Frequency = 28

Man bde magntude =  6.07 88
Man bbe drecton = 6.0 deg.
Angular woth (3 dB) = 96.7 deg.
Sde bbe level = -11438

(a) E-plane

Farfield Gan Abs (Ptv=90)
— tarfeld (f=28) 1)

Frequency = 28

Man bbe magnbude = 63538
Man bbe drecton = 9.0 deg.
Angulr wdth (3 d8) = 80.8 deg.
Sde bbe kevel = 11608

(b) H-plane

Fig. 10. E-Plane, H-Plane radiation pattern for SIW slotted antenna at 28GHz.
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Fig. 11. The proposed SIW slots dual-band antenna.

Table 3. Antenna design parameters for 28/38 GHz (Phase-I11)

Symbol Value (mm) Description
W 7 Antenna width
L 26.5 Antenna length
P 1 Center-to-center via holes separation
D 0.5 via holes diameter
A 5.5 Waveguide width
Ly 45 Length of slotl
H 0.254 Substrate thickness
Npec 0.0175 Metal thickness
Le, 4.45 Length of slot2
Wy 0.4 Width of slotl
Wi, 0.17 Width of slot2
W 3 Tapered Transition width
Lt 35 Tapered Transition length
Lmns 3 50Q feed line length
W 0.789 50Q feed line width
X1 0.06 Position of slotl at X-axis
Xs2 -1.15 Position of slot2 at X-axis
A\ 13.48 Position of slotl at Y-axis
Ys 5 Position of slot2 at Y-axis

Fig. 13 shows the return loss |S11| of the proposed SIW slot antenna with various dimensions. It is observed that
for the dimensions shown in Table 3 about the optimal dimensions that describe the behavior of the curve, the return
loss of the dual-frequency two-slot antenna varies between 27.1 and 28.4 GHz in the 28 GHz band, and between 36.8
and 40 GHz in the 38 GHz band. In addition, it is observed that the return losses are lower than -32 dB for band 28 GHz
and lower than -38 dB for frequency band 38 GHz. Finally, Figs 14 and 15 show the simulated radiation pattern
including both co-polarization and cross-polarization of the designed dual band antenna. It is noted that the maximum
realized gain with values of 6.1 dBi and 5.81 dBi are obtained at 28 GHz and 38 GHz respectively. Angular width (3 dB)
is 97° in E-plane and 80° degree in H-plane are achieved at 28 GHz, and at 38 GHz is 115° in E-plane and 73° in H-

plane.

S11(dB)

—_—511

35
24

28 30

32 34 36 38
Frequency ( GHz)

Fig. 12. Antenna reflection coefficient |[S11| for the proposed antenna before parameters optimizing
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Fig. 13. Antenna reflection coefficient |[S11| for the proposed antenna after parameters optimizing.
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Fig. 14. H-Plane, E-Plane radiation pattern for SIW slotted antenna at 28GHz.
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Fig. 15. E-Plane, H-Plane radiation pattern for SIW slotted antenna at 38GHz.
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4. Comparison with Previous Works at 28 GHz and 38 GHz

Finally, Table 4 presents a comparison of the proposed dual-frequency two-slot antenna’s performance with that of
referenced antennas in terms of bandwidth, antenna size, return loss, and gain. The proposed antenna has a performance
with excellent characteristics. The return loss of the proposed work is better than the other antennas of references
mentioned in the table. Although the proposed antennas presented in [18. 23, 24] have quite larger gain than the
proposed antenna, their antenna size is larger than our presented design. The antenna designed in [14] is the most
relevant work. However, it differs from our work by the dimensions and a horizontally polarized linear array of four
elements (1 = 4) was designed. In our work, two elements (1>2) were used. Furthermore, the performance of the
proposed antenna in our work is better than that work as mentioned in Table 4. Therefore, the proposed antenna can

satisfy the stringent demands of future wireless communication systems.

Table 4. The proposed antenna Comparison and other published works

Reference Resonant Bandwidth Antenna Size Return Loss Gain (dBi)
No Frequency (GHz2) (mm®)
[14] 28,38 0.45,2.20 >26>6.5>0.254 -25, -23 5.2,5.9
[18] 28, 38 0.98,0.35 N/A -17.3,-34.39 7.05, 8.32
[22] 28,38 2.83,7.92 6>8>0.254 N/A N/A
[23] 28.044, 38.04 N/A 55x110>0.505 -21.57, -24.59 7.95,8.25
[24] 28, 38 0.9,04 30>7.50>0.254 -16, -29 7.2,11.2
[25] 28, 38 1.43,3.54 8>8>8 -10, -20 27,6
[26] 28,38 1.49,1.01 13x11.25%2.2 -23.6,-27.1 5.41,4.89
[27] 28/38 255,21 26x14>0.38 -35, -36 1.27, 1.83 (peak gain)
[28] 28,38 1.23,1.06 7.5 >8.8 x0.25 -34.5, -27.3 6.6, 5.86
[29] 28/38 1.393.33 41.5 <10 0.8 N/A 5.7

This work 28,38 1.32, 26.5x7>0.254 <-38, 6.39,5.13

3.16 -32
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5. Conclusion

In this paper, a 20%7>0.254mm® a dual band antenna millimeter wave has been proposed for future cellular
communication systems using SIW. The proposed antenna operates at a dual band of 28/38 GHz, which is appropriate
for future wireless communication applications as decided by FCC. A low loss/cost substrate, RT/Duroid 5880 material,
and a tapered microstrip line transition have been used in all prototypes. CST Microwave Studio software has been used
to carry out all the results. The proposed antenna's parameters, such as the length and width of each slot and its
positioning, as well as the substrate's thickness, were optimized and fine-tuned to achieve improved return loss,
bandwidth, and efficiency. The gain of 6.1 dBi and 5.81 dBi at 28 GHz and 38 GHz have been obtained. A Bandwidth
of 1.32 GHz and 3.1 GHz for 28 GHz and 38 GHz has been achieved respectively. The obtained results shown that the
designed antenna achieves stable and tunable dual-frequency performance which makes it suitable to operate in the
applications of various future wireless communication systems. Investigating the feasibility and practicality of
implementing the proposed scheme through fabrication could be a fascinating avenue for future research.
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