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A novel structure of slot antenna with high gain and compact size for millimeter-
wave (mmW) applications is proposed. This is the first attempt to apply slow-wave
substrate integratedwaveguide (SW-ESIW) to the field of antennas and their arrays.
Two slot antenna arrays were designed, fabricated and measured. The measured
results are in agreement with the simulation. The removal of dielectric substrate
improves the radiation gain. At the same time, the slow wave effect, by means of
physical separation of electric and magnetic fields, decreases both the lateral and
longitudinal dimensions of the antenna. The SW-ESIW slot antenna can achieve
miniaturization while retaining the advantages of high gain of ESIW. The 1 × 4-slot
array shows a measured −10 dB bandwidth of 16% (30.5–35.8 GHz) with a
measured maximum gain of 11.69 dB. The 4 × 4-slot array achieves a
measured −10 dB bandwidth of 7.6% from 31.6 to 34.1 GHz with a measured
peak gain of 18.75 dB. In addition, during the operating band, the radiation pattern
is stable. Compared with the previously structures, the proposed SW-ESIW
antenna structure has a better trade-off between gain and footprint. It can be
flexibly adjusted to adapt to different requirements. These performances ensure
that the antenna array based on the proposed structure is a promising candidate
for millimeter-wave wireless applications including the fifth-generation mobile
communications.
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1 Introduction

With the increasing demand of the mass market for electronics and communication
applications, millimeter-wave (mmW) technology, as one of the most promising solutions
that help provide high-data rate transmission in the fifth generation (5G) and beyond
wireless communications, has become a significant research topic. Waveguide slot arrays
[1–13] are strong candidates for the front-end millimeter-wave waveguide systems, such as
radar systems, SATCOM, and 5G wireless communications, due to the advantages of low
cost, high efficiency, and high performance.

In recent years, the substrate-integrated waveguide (SIW) [14–23] has been extensively
analyzed and experimentally studied due to higher-quality factors and better integration
compared with other low-profile microstrip and coplanar structures. The high-gain slot
element can simplify the antenna array design efficiently. Therefore, how to enhance the gain
of the SIW slot antenna has attracted a significant amount of attention. The usual approach
to designing a high-gain slot antenna is to load a parasitic element covering a conventional
slot [6–8, 24, 25] or construct a sub-array configuration [26–28]. However, the gain
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enhancement of the dielectric-filled substrate-integrated waveguide
(DFSIW) slot antenna is limited due to the presence of the dielectric
substrate.

The gap waveguide (GW) technology can increase gain
appropriately due to its relatively low loss. The working principle
is to prevent the lateral propagation of the electromagnetic wave by
using a high-impedance surface on both sides. Therefore, it has the
weakness of being large and heavy. Moreover, several new type
substrate-integrated waveguides without the dielectric substrate,
such as the air-filled substrate-integrated waveguide (AFSIW)
[29] and the empty substrate-integrated waveguide (ESIW) [30],
are used to improve the gain of slot antennas. Both the AFSIW and
ESIW have lower insertion loss and better power-handling
capabilities compared to DFSIW, which makes it promising for
designing high-efficiency slot arrays. Parment F et al. [31] proposed
an AFSIW 1 × 4-slot array antenna based on the multilayer PCB
process. At the same operating band of 30.5 GHz, the gain and
efficiency of the AFSIW antenna are 3.5 dB and 1.6% higher than
those of the DFSIW, respectively. In [32], a 1 × 10-slotted ESIW
antenna for a multiple-input multiple-output (MIMO) radar sensor
was introduced. It achieved a measured gain of 15 dB in the target
operating band (16–16.5 GHz). To investigate the potential of the
ESIW in designing slot arrays with more elements and higher
radiation gain, in [33], two slot antenna arrays were designed.
The 1 × 6-slot antenna achieved a maximum gain of 15.5 dB at
38 GHz, and the 6 × 8-slot antenna showed a maximum gain of
24 dB at 39 GHz. However, because the air cavity requires a
rectangular hole to be hollowed out in the middle substrate, the
structure should be at least three layers and the physical dimension is
larger, which greatly confines their applications. Therefore, for both
the GW and ESIW, how to realize the planar slot antenna array with
high gain and -compact structure is still a challenging task.

We successfully achieved the proposed novel waveguide, the
slow-wave empty substrate-integrated waveguide (SW-ESIW) in
[34]. The structure combined the advantages of SW-SIW and
ESIW technologies and has proven to be useful in filters with
miniaturization and high-quality factors. However, its
performance in the field of antennas remains to be further studied.

In this paper, the SW-ESIW structure is proposed to realize the
application of the antenna for the first time. A new-type method to
balance the radiation gain and physical dimension of the slot
antenna is proposed and studied with the objective of offering a
high-performance SIW slot antenna alternative. The structure is
implemented using multilayer PCB technology, utilizing air cavities
to improve antenna gain and utilizing the slow-wave structure to
balance the size of the antenna. In addition, the operating frequency
band covers the millimeter-wave band. This structure improves the
SW-ESIW technology system and lays a foundation for the
subsequent design of more complex antennas based on the SW-
ESIW.

This paper is organized as follows. In Section 2, the novel
antenna topology is introduced. Its mechanism of high gain and
miniaturization is analyzed, and the results are compared with other
SIW structures. In order to demonstrate the possibility of SW-ESIW
slot array development, Section 3 presents the design and
experimental validation of a 1 × 4-slot array and a 4 × 4-slot
array. A comparison with the state of the art is also discussed to
highlight the performance of the antenna developed in this work.

Finally, Section 4 provides the conclusion of the work and prospects
for future work.

2 Antenna element design

2.1 Topology

A cross sectional view of the proposed SW-ESIW structure is
shown in Figure 1A. It consists of a slow-wave substrate and empty
SIW transmission structure, with a slot. The structure bases on a
triple-layer substrate, and the layering diagram is shown in
Figure 1B. Substrate 1 implements the top conducting boundary
for the middle air layer (substrate 2). Lateral via-holes in substrate
3 define the cavity size as a conventional SIW cavity, and internal
via-holes are periodically arranged among them to form a high slow-
wave effect.

FIGURE 1
The proposed SW-ESIW. (A) Cross-sectional view; (B) explosive
view.
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In the proposed triple-layer structure, sub 2 and sub 3 are
designed for the same substrate. The total height is h = h2 + h3
= 0.762 mm, and the copper thickness is 0.017 mm. In order to be
more cost effective and compact, low-cost material such as FR-4 can
be manufactured for sub 1, which provides an upper metallic wall
with a radiation slot for the air cavity. In sub 3, the period of internal
via-holes is s1 in both longitude and lateral directions. The diameters
of internal and lateral via-holes are d1 and d2, respectively. The width
and length of the slot in sub 1 are wslot and lslot, respectively.

To integrate the structure into a printed circuit, it is necessary to
design a high-quality transition from a microstrip line to SW-ESIW.
The transition can be regarded as a two-stage mode converter. In the
first stage, the microstrip mode is converted into the fundamental
mode of a waveguide partially filled with dielectric, where a metal iris
is opened in the back wall to increase the matching of the twomodes.
In the second stage, the fundamental mode of the partially filled
waveguide is converted to that of the final slow-wave empty
waveguide. To better achieve a high-quality transition, an
exponential taper, with the length lt and the rounded end, is
fabricated so that the dielectric filling of the initial waveguide is
progressively decreased according to the exponential law until it
effectively disappears. The details are shown in Figure 2.

2.2 EM field

In order to illustrate the principle of the slow-wave effect in the
proposed structure, full-wave electromagnetic simulations were
carried out using high-frequency electromagnetic field simulation
software, High Frequency Structure Simulator (HFSS).

FIGURE 2
Details of transition.

FIGURE 3
Cross-sectional view of the proposed SW-ESIW in themiddle of a
transversal via-hole section. (A) Electric magnitude. (B) Magnetic field
magnitude.

FIGURE 4
(A) Dispersion diagram of the SW-ESIW; (B) surface
miniaturization (normalized by the ESIW cavity dimension) and
unloaded quality factor of the SW-ESIW cavity versus the different
values of the relative height (h2/h) of Sub 2 (h = 0.762 mm).

TABLE 1 Proposed slot single-cavity antenna parameter values.

Symbol Parameter Value (mm)

S1 Adjacent internal blind vias spacing 0.92

S2 Adjacent lateral blind vias spacing 1.68

wslot Width of the slot 0.8

lsolt Length of the slot 8.4

d1 Diameter of internal via-holes 0.66

d2 Diameter of lateral via-holes 1

W Antenna SW-ESIW cavity length 13.5
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Figures 3A, B show the magnitude of the electric and magnetic
field in the proposed SW-ESIW cavity. Similar to other slow-wave
structures, the internal metallized via-holes in the substrate (sub 3)
physically concentrate the EM field and increase the inductive
effect. Figure 3 shows that the electric field is mainly concentrated
in the air region, as the conventional SW-SIW structure does. On
the contrary, the magnetic field continues to diffuse throughout the
entire air substrate (sub 2) and distributes around the via-holes in
sub 3. Relative to the conventional SW-SIW cavity, the proposed
SW-ESIW cavity, which emptied a rectangular hole in sub 2, still
shows a clear feature of the slow-wave effect: an effective
separation of the electric and magnetic field.

2.3 Parametric study

Based on the analysis of slow wave [35], both the cutoff frequency
and the phase velocity decrease with the presence of internal metal via-
holes. The same is true of the SW-ESIW. Figure 4A shows the
dispersion diagram of the slow-wave structure unit cell, which is
calculated using the CST Studio Suite (CST) eigenmode solver. To
further investigate the law of performance with the variation of
parameters, parameter studies of different thicknesses of waveguide
h and air cavity h2 are detailed as follow.

Figure 4B shows the influence of the thickness of the air cavity on
surface miniaturization and the quality factor of the SW-ESIW
structure. All of the simulations are based on Rogers 4350 (εr =
3.66, tanδ = 0.004) with a thickness of h = 0.762 mm. As shown in
Figure 4B, the surface decreases with the diminution of the relative
height h2/h because of the enhancement of the slow-wave effect. This is
mainly due to the higher electric field accommodation in the top
volume of the SW-ESIW structure. The higher the slow-wave effect is,
the smaller the size of the air cavity and the higher the loss of the cavity.
Hence, in order to achieve better performance, it is significant to deal
with a trade-off between the compactness and quality factor. For
example, when h2/h = 0.1 is selected, the equivalent size is small
because of the strong slow-wave effect. However, as the cost of
dimension, the quality factor is not high, which means the total
efficiency is not high. When h2/h = 0.7 is selected, the quality factor
and radiation gain are better. On the other hand, there is less advantage
in miniaturization. Therefore, the different ratios of h2/h are flexible to
suit different requirements between compactness and quality factors.
Considering the trade-off of miniaturization and higher radiation gain,
the relative height of h2/h = 2/3 is considered in this cavity.

On the basis of the blind via-holes matrix, the effective relative
dielectric constant εr eff can be obtained as

εr eff � εr2h2 + εr3h3
h2

� 1 + εr3
h3
h2
, (1)

where h2 and h3 are the heights of sub 2 and sub 3, respectively. εr3 is
the relative dielectric constant of sub 1, which is set to 3.66 of Rogers
4350. On account of the air layer sub 2, εr2 is the assigned value of 1.

TABLE 2 Comparison of slot single-cavity antennas with different technologies.

Technology f0 (GHz) Area (λ02) Gain (dB)

Antenna I DFSIW 13.04 0.22 5.1

Antenna II ESIW 13.05 0.613 6.6

Antenna III SW-ESIW 13.06 0.426 6.4

FIGURE 5
Layout of the proposed two SW-ESIW antenna arrays. (A) 1 ×
4 slot array and (B) 4 × 4 slot array.

FIGURE 6
Top view of sub 2 of the 4 × 4-slot array.
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Considering the total height h is constant, the effective relative
dielectric constant εr_eff is inversely proportional to the height h2.
Hence, the operating frequency f0_SW-ESIW of the SW-ESIW cavity
can be defined by the dielectric constant εr_eff as follows:

f0 SW−ESIW �
�����
εr3

εr eff

√
· f0 SIW � f0 SIW�����

εr2
εr3
+ h3

h2

√ . (2)

With Eq. 2, a resonance frequency f0_SW-ESIW of 13 GHz is
obtained for the fundamental mode TE110, with the substrate layer
heights being h2 = 0.508 mm and h3 = 0.254 mm.

2.4 Result

In order to better compare the advantages of the SW-ESIW
structure in the antennas, the full-wave simulation of single-cavity
slot antennas with different technologies is carried out using HFSS.
The optimal values of the basic design parameter of the proposed

SW-ESIW single-cavity antenna are shown in Table 1. Table 2
shows the performance comparison of three antennas based on the
DFSIW, ESIW, and SW-ESIW. They all operate at 13 GHz, which
means the operating wavelength is 23 mm. All the substrate are
Rogers RO4350 with a relative dielectric constant εr = 3.66 and
dielectric loss tangent tanδ = 0.004. The cavity thickness of
Antenna I and II is h = 0.762 mm. It is evident to observe that
the introduction of the air cavity can effectively increase the
radiation gain at the operating frequency, at the expense of its
dimension. Compared with Antenna I, Antenna II and III obtained
an increase gain of 1.5 and 1.3 dB, respectively, due to the addition
of air cavities. However, by introducing the slow-wave effect,
Antenna III achieves a significant size advantage (30.5% less
than that of Antenna II) with only a very small loss of gain
(0.2 dB and 3% lower than that of Antenna II). The promising
results obtained strongly suggest that the SW-ESIW structure can
achieve miniaturization, while retaining the advantages of high
gain of ESIW, and has a widespread application prospect in the
antenna design.

FIGURE 7
(A)Metallization of the lateral wall of sub 2; (B)measured photograph of the 4 × 4-slot antenna array; (C) three substrates of the 1 × 4-slot SW-ESIW
array antenna before assembling; (D) three substrates of the 4 × 4-slot SW-ESIW array antenna before assembling.
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3 Antenna array design

Section 2 proved that the SW-ESIW single-cavity antenna
has a significant size advantage in the Ku band and greatly
improves the gain of the antenna. On this basis, we further
designed two antenna arrays in the Ka band, which proved
that the structure can also perform well in the millimeter-
wave band.

3.1 Design

In order to investigate the ability to construct large-scale arrays
using the SW-ESIW, a single SW-ESIW with four slots was first
investigated to form a 1 × 4-slot array. Then, based on the 1 × 4-slot
array, a 4 × 4-slot array is proposed.

An exploding view of a 1 × 4-slot antenna array is shown in
Figure 5. The proposed antenna has three layers from top to
bottom. Layer 1 is used to create the radiation slots. Layer 2 is
used to fabricate the air cavity. Layer 3 is used to create the slow-
wave effect. Parts of dielectric are removed from these
structures, and the inner walls are then metallized.

Based on the 1 × 4-slot antenna array, a 4 × 4-slot antenna array
is built. Figure 6 presents the feeding network of the 4 × 4-array,
which can work well with a low-fabrication precision.

In order to better compare their performances, two contrast
antennas based on ESIW technology are designed and fabricated at
the same time. Contrast I is a 1 × 4-ESIW slot antenna, whereas
Contrast II is a 4 × 4-array.

3.2 Fabrication

Photographs of the proposed two slot antenna arrays are
shown in Figure 7. The total dimension of the 1 × 4-slot
antenna array is 35.4 mm × 10 mm, while the total dimension
of the 4 × 4-slot array is 57.7 mm × 33.5 mm. First, three substrates
are processed separately. All metal via-holes, including internal
and lateral via-holes in layer 3, are perforated in the same process
as those of the SIW. Both the radiation slots in layer 1 and the air
cavity in layer 2 are hollowed out and the surrounding is
metallized. Figure 7A shows the details of the metallized wall of
layer 2. Second, several holes that are slightly larger than the screw

TABLE 3 Proposed slot antenna array parameter values.

Symbol Parameter Value (mm)

wms Width of the microstrip line 1.65

wti Width of a centered dielectric slab 1.5

lt Length of the taper 5.15

wtf The final width of the exponential taper 0.3

wir Width of the iris 4.05

W1 1 × 4-slot antenna SW-ESIW cavity length 13.5

dws Width of the gap between the slots 0.54

dls Length of the gap between slots 0.83

ls Length of the slot 4.74

ws Width of the slot 0.51

W2 4 × 4-slot antenna SW-ESIW cavity length 6.37

ds The spacing between two adjacent array elements 1.7

l1 Length of the partition of the two array elements 29.13

l2 Length of the array cell cavity 26.7

l3 Length of the part of the feeding network 5.8

FIGURE 8
(A) Measured and simulated |S11| and realized gains for the proposed 1 × 4-slot SW-ESIW array antenna; (B) fabricated 1 × 4-slot SW-ESIW array
antenna; and (C) performance of the S-parameter and realized gain for the contrast I: 1 × 4-slot ESIW array antenna.
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are placed uniformly around the antenna arrays. Finally, three
layers are held together by screws.

3.3 Measurements

All the simulations were performed using HFSS software.
The final optimal parameters of the SW-ESIW slot antenna
arrays obtained by optimization are shown in Table 3. The
performance of impedance matching was measured using the
Keysight vector analyzer N5247A. All the far-field
characteristics were measured in a microwave anechoic
room, as shown in Figure 7B.

Figures 8, 9 show the simulation and measured S11 and the
realized gains of the proposed antenna arrays. The 1 × 4-slot
array achieves a simulated maximum realized gain of 11.93 dB at
35 GHz with a gain bandwidth of 10 dB from 30.6 to 35.8 GHz.
The measured bandwidth of 10 dB of the 1 × 4-slot array is 16%
(30.5–35.8 GHz), which is slightly wider than the simulation
result. The measured maximum realized gain is 11.69 dB at
32 GHz, which is slightly less than the simulation value due to
mismachining tolerance.

For the proposed 4 × 4-slot antenna array, the coupling
between each line was reduced by optimizing the parameters,
resulting in a simulated bandwidth of 10 dB from 31.6 to
34.1 GHz. The measured bandwidth of 10 dB is 7.6%

FIGURE 9
(A) Measured and simulated |S11| and realized gains for the proposed 4 × 4-slot SW-ESIW array antenna; (B) fabricated 4 × 4-slot SW-ESIW array
antenna; and (C) performance of the S-parameter and realized gain for the contrast II: 4 × 4-slot ESIW array antenna.

FIGURE 10
Far-field simulated and measured radiation patterns at 31, 32, 33, 34, and 35 GHz for the E-plane and the H-plane of the 1 × 4-slot array.
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(31.6–34.1 GHz), which is consistent with the simulation result.
The proposed 4 × 4-slot antenna array realizes a maximum realized
gain of 18.75 dB at 32.5 GHz, and the gain bandwidth of 1 dB is
31.7–34 GHz.

The aperture area of the 1 × 4 and 4 × 4 arrays is defined as 5.8 ×
22.4 mm2 and 28.3 × 20.3 mm2, respectively. The aperture efficiency
εap can be calculated as follows:

εap � Gλ2

4πA
, (3)

where A and G are the aperture and gain of the antenna,
respectively [36]. At the center frequency, the aperture
efficiencies of 1 × 4 and 4 × 4 arrays are 77.7% and 86.5%,
respectively.

FIGURE 11
Far-field simulated and measured radiation patterns at 32, 33, and 34 GHz for the E-plane and the H-plane of the 4 × 4-slot array.

TABLE 4 Comparisons between the previous literature and this work.

Ref. Type Layer f0 (GHz) RBW (%) Element Gain (dBi) Size (λg2) Aperture efficiency

[9] SIW 2 10 5 2 × 4 10.8 4.36 N.A.

[14] T-type folded SIW 2 26 7.7 2 × 4 10 4.48 N.A

[23] Open-end SIW 3 64 26 1 × 8 15.3 42 ~50%

[24] Cavity-backed SIW 3 60.9 17.1 8 × 8 22.3 111.5 44%

[26] SIW 1 42 8.7 4 × 4 17.3 N.A. 70%

[31] AFSIW 3 30.5 8.7 1 × 4 11.5 10.28 67.9%

[31] DFSIW 1 30.5 3.7 1 × 4 7.98 7.84 33.7%

[33] ESIW 4 38.5 12.7 1 × 6 15.5* 7.07 81.5%

[33] ESIW 4 38.7 12.1 8 × 6 24* 78.13 61%

Contrast I ESIW 3 32.3 12.93 1 × 4 12.16 6.23 73.9%

This work I SW-ESIW 3 33.15 16 1 × 4 11.93 4.40 77.7%

Contrast II ESIW 3 32.3 8 4 × 4 18.98 32.37 77.5%

This work II SW-ESIW 3 32.85 7.6 4 × 4 18.75 23.13 86.5%

*An additional 1–1.5 dB increase of gain due to circle cavity loading.

That the bold values indicates the performances of the work in this paper.
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Both simulated and measured co-polarization and cross-
polarization radiation patterns for the E-plane (xoz) and the
H-plane (xoy) at 31, 32, 33, 34, and 35 GHz of the proposed 1 × 4-
slot antenna array are shown in Figure 10. Similarly, Figure 11 illustrates
the performances at 32, 33, and 34 GHz of the proposed 4 × 4-slot
antenna array. Stable radiation patterns can be observed at the operating
band. The experimental results agree well with the simulated radiation
patterns in both the E-plane and the H-plane for the proposed two
antenna arrays. The measured co-polarization ratio is approximately
10 dB higher than the simulation result observed in the E-plane since
the antenna was not placed completely vertically in the process of the
experiment. According to the post-simulation results, it is estimated to
be titled 2°–3° from the y-axis measured. This has little effect on the
cross-polarization of the H-plane. Moreover, the measured cross-
polarization is in a good agreement with the simulated results in the
H-plane.

3.4 Comparison

In order to compare the performance more directly, two contrast
slot antenna arrays are simulated and fabricated simultaneously.
Figures 8C, 9C show the performance of the S-parameter and
realized gain for the contrast 1 × 4-slot and 4 × 4-slot ESIW
array antenna, respectively. Compared with contrast I, the
proposed 1 × 4-slot antenna achieves an improved dimension
reduction of 29.4% with a realized gain reduction of 0.23 dB and
1.9%. Similarly, compared with contrast II, the proposed 4 × 4-slot
antenna is reduced by 28.5% in size and only 0.23 dB and 1.2% in
radiation gain.

Table 4 summarizes the comparison of the proposed and some
previous slot-type antenna arrays. Compared with DFSIW
technology, both ESIW and SW-ESIW technologies have
significant gain improvements. At the expense of this, the
structure is more multilayered and larger in dimension. However,
by introducing the slow-wave effect, the SW-ESIW slot antenna
array can achieve a relative reduction in size, while greatly
improving the radiation gain. Relative to the ESIW antenna, the
proposed SW-ESIW antennas achieve a miniaturization of greater
than 28.5% with a small effect in gain, while maintaining a three-
layer structure.

4 Conclusion

A novel approach to guarantee the high performance and
miniaturization of slot antennas is proposed in the SW-ESIW
technological platform for the first time. The SW-ESIW structure
is used to extend the frequency band to the millimeter-wave band for
the first time, which provides a new design idea for the high-
performance slot antenna in the millimeter-wave band. The
proposed SW-ESIW antenna with a single cavity can achieve a
significant size advantage (30.5% less than that of the ESIW slot
antenna) with only a very small loss of gain (0.2 dB and 3% lower than
that of the ESIW slot antenna) compared with the same antenna
based on the ESIW, while maintaining the ESIW triple-layer
structure. To further validate the proposed structure, two
millimeter-wave slot antenna arrays are designed for applications.

A 1 × 4-slot array and a 4 × 4-slot antenna array are fabricated and
measured. The measurements demonstrate that the SW-ESIW slot
antenna arrays achieved a higher realized gain (measured 4 dB higher
than that of the DFSIW slot array) and a relatively smaller lateral and
longitudinal dimensions (at least reduced by 28.5% for the ESIW slot
array). It skillfully combines the advantages of low loss caused by the
removal and miniaturization of dielectric caused by the slow-wave
effect, which, consequently, shows the characteristics of low cost, easy
integration, and high gain. Moreover, by adjusting the height ratio
between the air cavity and the slow-wave layer, the SW-ESIW antenna
can also make a flexible trade-off between smaller size and higher gain
to meet the various requirements in wireless communications. Since
the SW-ESIWhas proven to be a good candidate for transmission and
filters, this antenna concept enhances the SW-ESIW’s ability to deploy
systems on substrate (SoS) with optimal performance, size, and cost
trade-offs.
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