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Enabling Wide Bandwidth in Substrate-Integrated Waveguide Slot Antennas by
Using Low-Index Metamaterials
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This paper presents a solution to overcome the inherently limited bandwidth of substrate-integrated
waveguide (SIW) slot antennas. It is analytically shown that by decreasing the permittivity of a dielectric
loaded slot antenna, the resulting bandwidth increases significantly, where the widest bandwidth can be
achieved when the permittivity of the dielectric is less than unity. To demonstrate this concept, a rectan-
gular SIW slot is loaded by an array of thin wires to realize the desired low-index metamaterials (MTMs),
which consequently results in a single-layer, compact, and cost-effective structure. We have measured an
impedance bandwidth (|S11| < −10 dB) of 36.2%, covering the millimeter-wave (mmWave) frequency
range of 19.7–28.4 GHz. The radiation efficiency is above 90%, providing at least 7.5 decibels relative
to isotropic (dBi) gain through the entire frequency band, making it a potential candidate for industrial,
scientific and medical (ISM) and/or automotive radar (24.125–24.25 GHz) and 5G (24.25–28.35 GHz).
Measurements show that the proposed antenna not only has a broad impedance bandwidth but also an
improved radiation bandwidth.
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I. INTRODUCTION

Increasing demands for high-capacity wireless commu-
nication draw the attention of engineers to the promising
solutions provided by millimeter-wave (mmWave) tech-
nologies. A key element of any mmWave technology
is the antenna, the role of which is to efficiently trans-
mit and receive the signals encoded within the operat-
ing band. Among all antenna solutions, the substrate-
integrated waveguide (SIW) slot antenna is one of the
most commonly used antennas in mmWave applications.
Besides being straightforward to fabricate, its simple struc-
ture helps engineers to design complex arrays in various
configurations, while being easy to integrate into front-end
circuits. These antennas can provide high radiation gain by
employing slot arrays on a single-SIW structure [1]. More-
over, they have less power leakage and intrinsic loss than
competing solutions based on microstrips [2].

Despite all these advantages, the bandwidth of the SIW
slot antenna is limited due to its resonating nature and
it does not cover the allocated frequency spectrum for
5G applications. One common technique to enhance the
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antenna bandwidth employs multiple slots with closeby
resonant frequencies, which has enabled an increase of
the fractional bandwidth up to 22.4%, at the expense
of the size of the system [3]. A similar approach is to
simultaneously excite two hybrid modes in a SIW cavity,
reaching 11.7% bandwidth [4], or combining a multimode
resonance SIW cavity with a complementary split-ring res-
onator, obtaining 22.2% bandwidth [5]. In these solutions,
a multimodal resonance enables a wider bandwidth at the
expense of increasing cross-polarization in the H plane,
especially at higher frequencies. In addition, coupling with
inherently broadband magnetoelectric (ME) dipoles has
helped to increase the bandwidth [6,7]. However, all these
solutions suffer from a large electrical size, thick dielectric
substrates, and a challenge in front-end integration, as well
as the fact that the radiation bandwidth is narrower than
the impedance bandwidth when the element is extended
into an array, which causes drastic limitations.

On the other hand, metamaterials (MTMs) have found
enormous applications in antenna engineering and applied
electromagnetics. MTMs exhibit anomalous electromag-
netic responses that have enabled a new class of compact
efficient antennas, filters, and other microwave devices
[8,9]. For instance, an ε-negative (ENG) or μ-negative
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material can be employed to shrink the size of an antenna
[10]. Among all the types of MTMs, ε-near-zero (ENZ)
MTMs are one of the most interesting. They have a
variety of applications [11], including cloaking, radiation
enhancement, energy tunneling, and compact impedance
matching [12]. In antennas, they have been used not
only to reduce the electrical size or improve the radia-
tion performance [13] but also to increase the antenna
gain [14–16], induce tunneling effects for greater compact-
ness [17,18], create quasistatic modes for miniaturization
[19–21], enable dual-frequency [22] or dual-polarized [23]
operation, exploit superluminal behavior in waveguides
[24,25] or for radiation [26–28], control the radiation char-
acteristics [29–32], increase the isolation in MIMO [33],
and induce shape insensitivity or length invariance [34–
36]. All these structures, however, suffer from drastic
constraints in fractional bandwidth brought about by the
inherently dispersive behavior of MTMs, which limits the
bandwidth of ENZ operation.

In this paper, we manage to tame such dispersive effects
and take advantage of a low-index MTM to increase both
the impedance and radiation bandwidths of a substrate-
integrated waveguide slot antenna. Instead of targeting
near-zero permittivity, we engineer an array of thin wires
the effective index of refraction of which is below unity
within a broader frequency band. The fabricated antenna
prototype is a single-layer, compact, and low-cost SIW
slot antenna with a broad impedance and radiation band-
width. We envision that our MTM-enabled antenna design
may unleash the full power of 5G and 6G technologies by
enabling a simple efficient solution for emission and recep-
tion covering the entirety of the spectral bands available at
mmWave frequencies.

II. BACKGROUND THEORY

To analytically study the behavior of the main prob-
lem, we investigate the input impedance of a dielectric
loaded slot waveguide antenna (SWA) as a first step. It
is shown that by decreasing the permittivity of the dielec-
tric, the antenna bandwidth increases. This fact stems from
the typical relationship between the permittivity and the
antenna bandwidth, as expressed by BW ∝ √

μ/ε, [37].
While this relationship is not a universal formula for all
types of antennas, the antenna bandwidth also depends on
factors such as the feeding structure, substrate materials,
the geometry of the radiating part, and the ground plane.
Consequently, the widest bandwidth is achieved when the
dielectric permittivity is less than unity. Given the intri-
cate nature of the analytical approach for the SIW slot
antenna, investigating the dielectric loaded SWA model
offers valuable insights into the primary issue with reduced
complexity. They behave in a similar manner; however,
some discrepancies exist between the theoretically studied
structure and the proposed antenna. These discrepancies

arise from practical considerations, including fabrication
technology.

A SWA made of a rectangular waveguide with a trans-
verse slot on its broad wall is considered (see Fig. 1). The
normalized input impedance of the slot can be written as
[38]

Z/Z0 = 2�/(1 − �), (1)

where Z0 is the characteristic impedance and � is the
reflection coefficient, defined by
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where a is the width of the broad waveguide wall, b is the
narrow wall height of the waveguide, and β10 is the wave
number of the dominant mode. The slot length is defined
by 2LS and its offset from the center of the waveguide is x0,
as depicted in Fig. 1. It should be noted that the field varia-
tion along the slot width wS is neglected, since wS is much
smaller than the slot length LS. The antenna impedance
varies with frequency, as indicated in Eq. (2), and as we
will shortly show, the reflection coefficient of the SWA
has a sine cardinal behavior with respect to ω. As a result,
the impedance bandwidth of the slot is limited to a narrow
region around a particular value of β10. According to Eq.
(3), the wave number of the dominant propagating mode
(TE10) in a rectangular waveguide is in direct relation with
the dielectric permittivity:
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which at high frequencies can be approximated by

β10 ≈ ω
√

μ0ε0εr. (4)

By substituting Eq. (4) in Eq. (2), the reflection coeffi-
cient is reduced to

� ≈ sin
(
ω

√
μ0ε0εr

wS
2

)

ωμ0
√

ab
� (a, x0, LS) , (5)

where � represents the frequency-independent terms.
Now, consider a rectangular waveguide with dimensions
of a = 25 mm and b = 0.787 mm. Figure 2 shows the
normalized input impedance of a dielectric loaded SWA
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FIG. 1. A transverse slot on the broad wall of a rectangular
waveguide.

calculated by Eq. (1) for different slot lengths. The reso-
nant frequency of the antenna varies in the range of 25 GHz
to 16 GHz by increasing the slot length from 8.0 mm to 14
mm. In this figure, the relative permittivity of the dielectric
material is 2.33. For a 10-mm slot loaded by such material,
the antenna resonates at 16.2 GHz.

By decreasing the permittivity, the numerator in Eq.
(5) declines, which results in a lower reflection coefficient
over a broader frequency band. Substitution of Eq. (5) in
Eq. (1) shows the effect of decreasing the permittivity:
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FIG. 2. The normalized input impedance (to 50 	) of a dielec-
tric loaded SWA as a function of the slot length: (a) real part; (b)
imaginary part.
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FIG. 3. The normalized input impedance (to 50 	) of a dielec-
tric loaded SWA as a function of the dielectric permittivity: (a)
real part; (b) imaginary part.

the real part of the input impedance gets closer to unity,
while the imaginary part gets closer to zero. In the zero-
permittivity limit, the imaginary part of the normalized
input impedance becomes zero, while the real component
reaches one. Figure 3 illustrates such a dependence of the
normalized input impedance as a function of the dielec-
tric permittivity. Note that the impedance variation over the
frequency is highly reduced. This figure assumes that the
slot length and width are 10 mm and 0.5 mm, respectively.

In order to examine the consequence of this effect on
an antenna, an SIW slot structure is simulated numerically
(see Fig. 4). To avoid any unwanted radiation from the
port, an ideal bulk dielectric with a permittivity of εr ≤ 1
is placed just beneath the radiating part, with sufficient
separation from the SIW side walls or the microstrip feed
line. The Rogesrs RT/duroid� 5870 substrate, with a thick-
ness of 0.787 mm and a relative permittivity of 2.33, is
employed. The width of the feed line is designed for 50 	

and a tapered transition is used to match the microstrip line
to the SIW structure. The radius of the SIW via is 0.3 mm,
with a spacing of 1.2 mm between adjacent vias. The radi-
ating slot length is 10 mm and is symmetrically placed with
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(a)

(b)

FIG. 4. A schematic of the SIW slot loaded by a homogeneous
bulk of low-index MTM: (a) front view; (b) side view. The MTM
is shown in cyan. The antenna parameters are labeled in Fig. 8.

regard to the x axis at the center of the SIW structure. The
dimensions of the low-index bulk MTM are 16 × 3.5 mm2

and its thickness is the same as that of the substrate.
The antenna is numerically simulated for different per-

mittivity values and the results are compared in Fig. 5(a).
Consistent with the above discussion, the real and imagi-
nary parts of the input impedance decrease with the relative
permittivity and the antenna bandwidth is consequently
extended. Here, the results are in good agreement with
our analytical considerations and the antenna bandwidth
(voltage standing-wave ratio, VSWR ≤ 2) is extended by
reducing the permittivity. However, realistic MTMs are
inherently frequency dispersive and it is important to eval-
uate how this affects the bandwidth enhancement. Thus,
we turn to a simple Drude model of the MTM disper-
sion [11]. The Drude model exhibits a broad frequency
range with low-index permittivity (when the operating fre-
quency is greater than the plasma frequency, f ≥ fP) and
accurately describes a simple class of MTMs made of
arrays of thin conducting wires. Explicitly, we assume
that εr = 1 − [ω2

p/(ω
2 + j γω)], where ωp = 2π fP is the

plasma frequency and γ is the electric damping or collision
frequency. The antenna VSWR as a function of ωp (the
plasma frequency) is presented in Fig. 5(b). The numer-
ical simulations show a behavior similar to that of the
nondispersive case; however, the bandwidth is restricted
accordingly and the antenna operating-frequency range is
determined by several parameters that will be studied in
Sec. III.

III. ANTENNA DESIGN

A. Cell design

Low-index materials can be found in the visible and
infrared parts of the electromagnetic spectrum but not at
lower frequencies. Therefore, at microwave frequencies,
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FIG. 5. The antenna VSWR for different (a) permittivities and
(b) plasma frequencies.

they are typically implemented with MTMs such as peri-
odic wire media. We target a Drude response with a plasma
frequency of 22 GHz. To achieve this, the axis of the wires
must be parallel to the electric field lines. In the SIW,
the electric field in the dominant TE10 mode follows lines
that meet perpendicularly to the conducting walls of the
waveguide (see Fig. 6). According to Ref. [11], the plasma
frequency of the array of wires is related to the cell size
(the period of the array of wires) T and the radius r of the
wire:

ω2
p = 2π

μ0ε0T2
[
ln

{ T
2πr

} + 0.5275
] . (6)

A large set of T and r may satisfy this equation but the
wire array must be designed to be sufficiently dense to cre-
ate an effective medium within the available antenna space.
The other important constraint is manufacturing, which
imposes a lower limit on the wire radius. Here, we estimate
that a reasonable value for the radius of metalized vias is
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FIG. 6. The electric field distribution: the MTM medium (the
MTM is shown in cyan) is modeled by the Drude equation and
fp = 22 GHz.

0.15 mm. Therefore, we fix r to 0.15 mm and the proper
cell size is found from Eq. (6) to be T = 2.8 mm. Figure
7 shows a cell of thin wire. The finite-element-method
(FEM) simulation tool CST MICROWAVE is used to simu-
late and extract the constitutive parameters of the wire.
According to this figure, the permittivity of the cell follows
the Drude model and the plasma frequency is about 21.5
GHz, as expected. The imaginary part of the permittivity
is negligible, consistent with the approximations used to
derive Eq. (6). The substrate and metalized via are modeled
with corresponding losses: a loss tangent of 0.0012 for the
RT5870 and a conductivity of 5.8 × 107[S/m] for copper.
According to this figure, the effective refractive index, neff,
of the cell is less than unity over a broad-enough frequency
range. Note that the permeability of the effective medium
is higher than 2. Although this value is not high enough
to miniaturize such a magnetic current antenna, it helps to
slightly increase the relative bandwidth [39].

B. Antenna configuration

The antenna comprises three main parts: the main slot
radiator, the SIW structure, and the low-index MTM,
which is realized by an array of thin wires. The slot radi-
ator is etched by an offset from the substrate edge, Loffset.
Some SIW metallic vias are located at the edges of a rect-
angular cavity to prevent any other wave leakage and a
set of smaller vias are used to implement the low-index
wire medium. Their periodicity and radius are calculated
and designed as in Sec. III A. To eliminate any unwanted
effects on the antenna input impedance, one of these vias,
the nearest to the antenna feed point, is removed. The
antenna is printed on Rogers RT5870 substrate with a
thickness of 0.787 mm and a relative permittivity of 2.33.
A schematic and a photograph of the fabricated antenna are
shown in Fig. 8: the design parameters are presented in the
figure caption. Two prototypes with different slot widths of

Frequency (GHz)

Frequency (GHz)

N
ef

f

(a)

(b)

FIG. 7. (a) A schematic of a single cell and the effective per-
mittivity. (b) The refractive index, neff, versus the frequency.
T = Tx = Ty = 2.8 mm, r = 0.15 mm, and h = 0.787 mm.

0.5 and 0.6 mm have been designed and fabricated. A high-
frequency 2.92-mm connector is soldered and four solder
pads are used to ease this connection.

It is worth noting that we need to consider the effects of
the physical connector in the numerical simulations. This
assumption becomes crucial when we aim to conduct a fair
comparison in measuring the |S11| parameter of the antenna
when we have a connector. Nevertheless, in practical sce-
narios where the antenna is integrated into the front end of
the transceiver, certain adjustments to the antenna param-
eters become imperative in order to achieve the desired
broadband performance. Furthermore, taking the connec-
tor model into account during numerical simulations has
the effect of constraining the bandwidth of the antenna and
causing a shift in the radiation pattern of the antenna in the
y-z plane.

C. Operation principle

One may wonder whether the bandwidth enhancement
results from the combination of the resonant frequency of
the slot with the resonant frequencies of the SIW cavity.
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(a)

(b)

FIG. 8. The (a) front and (b) back view of the antenna
schematic and the fabricated prototype. The dimensions are
LA = 25, WA = 12.5, LS = 10, Wf = 2.1, Lf = 3.4, PSIW =
1.15, DSIW = 0.6, DMTM = 2r = 0.3, PMTM = 2.8, WP = 10.45,
Loffset = 3.8, Lc = 1, Wc = 0.8, Wd = 1.3, g = 0.15, and t =
0.1. Design I, Ws = 0.5; design II, Ws = 0.6; dimensions in
millimeters.

However, this is not the case. These resonant frequencies
are far from each other and the mechanism for bandwidth
enhancement is not a resonant interaction with the cav-
ity modes but, rather, a result of the mechanism discussed
in the Sec. II. To confirm the operating principle of the
antenna, Fig. 9 compares the normalized input impedance
of the SIW cavity (Ant I), the SIW slot structure (Ant II),
and the proposed antenna (Ant III). The slot length is 10
mm and the diameter, DSIW, and the period, PSIW, of the
SIW vias are 0.6 and 1.2, respectively. All three structures
have the same dimensions.

The SIW cavity (Ant I) has five distinct resonant fre-
quencies from 15 GHz to 30 GHz, which we have labeled
by f1 to f5. According to Fig. 2, it has been analytically
predicted that the resonant frequency of a 10-mm slot
should occur at 16.2 GHz. Adding a slot to the SIW-cavity
structure (Ant II), an additional resonant frequency indeed
appears at fslot = 15.8 GHz (consistent with the analytical
result), while the other resonant frequencies—especially
f1, f2, and f3—show no considerable change.
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FIG. 9. The normalized input impedance (to 50 	) of the SIW
cavity (Ant I), the unloaded SIW slot (Ant II), and the proposed
antenna (Ant III). The design parameters are presented in Fig. 8.

Loading the SIW slot with the array of wires (Ant III)
has a similar effect on the input impedance, as previously
seen in Fig. 2: namely, it decreases the variation of the real
and imaginary parts and shifts up the resonant frequen-
cies. It is evident that the slot resonant frequency, fslot, is
always far from the SIW-cavity resonant frequencies, f2
and f3, and does not fall within their line widths. On the
other hand, adding the array of wires increases the dis-
tance between these frequencies compared to the unloaded
SIW slot antenna, consistent with a change of effective
index. This variation is observed to be more significant in
f2 and f3.

This behavior is more deeply investigated in Fig. 10.
This figure compares the normalized input impedance of
Ant II and Ant III when the slot length changes from 8
mm to 14 mm. It is clear that the variation of the slot
length leads to slight changes in the Ant II resonant fre-
quencies, f2 and f3. As a result, one cannot achieve a
significant impedance bandwidth by just combining the
slot resonant with the SIW-cavity resonant frequencies.
Conversely, the low-index wire medium MTM causes a
significant decrease in both the real and imaginary parts
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FIG. 10. The normalized input impedance (to 50 	) of the
unloaded SIW slot (black) and the proposed antenna (blue) when
the slot length changes from 8 mm to 14 mm. The design
parameters are presented in Fig. 8.

of the input impedance of Ant III over the frequency range
of 20–29 GHz. At the same time, it separates the resonant
frequencies—especially f2—further, which helps to obtain
broadband behavior.

The antenna normalized input impedance, Z11, as a func-
tion of the slot length, LS, the width, WS, the periodicity,
PMTM, and the diameter of the wires DMTM, is presented
in Fig. 11: all parameters are in millimeters. According to
this figure, by increasing the slot length, all resonant fre-
quencies, including f1, f2, and f3, are decreased. As a result,
the higher and lower operating frequencies of the antenna
decrease.

The smaller the width of the slot, the higher its quality
factor and, consequently, the smaller is the antenna band-
width. Thus, increasing the slot width provides a higher
operating bandwidth. By increasing the periodicity of the
wires from 2.2 to 3.0 mm, the plasma frequency of the
effective medium decreases and, accordingly, f1 and f3 are
reduced. However, this does not lead to a drop in the
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FIG. 11. The normalized input impedance (to 50 	) of the
antenna as a function of the slot length, LS , the width, WS , the
periodicity, PMTM, and the diameter of the wires DMTM. All
parameters are in millimeters.
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FIG. 12. The simulated and measured (a) |S11| and (b) realized
gain and efficiency of the proposed antenna.

antenna operating frequency because of the simultaneous
growth of f2, which compensates for this effect. At a larger
wire periodicity, f2 does not change much but the higher
frequency bound can still be decreased, since f3 still drops
when PMTM is increased. Finally, increasing the diame-
ter of the wires causes a significant drop in the higher
frequency f3 of the antenna, while the lower operating
frequency f2 is unaffected.

IV. RESULTS AND DISCUSSION

This section provides simulation and measurement
results for the |S11| of both antenna designs. Since the only
difference between these designs is the input impedance

FIG. 13. The electric field distributions at 21, 23, and 25 GHz.

(b)

(a)

FIG. 14. The simulated and measured normalized radiation
patterns at 21 GHz, 23 GHz, and 25 GHz: (a) the y-z plane; (b)
the x-z plane. The solid blue pattern corresponds to copolariza-
tion and the dotted red pattern depicts cross-polarization.

bandwidth, we will only illustrate the radiation perfor-
mance and patterns for the first design to keep the presen-
tation concise.

The antenna return loss is measured using an Agilent
PNA E8361A network analyzer. Figure 12(a) compares
the simulated and measured |S11| for these two designs,
indicating acceptable agreement between them. However,
some slight differences, especially at lower frequencies,
are attributed to the physical realization of the connec-
tor and other practical imperfections. In the first design,
the antenna operates through a wide bandwidth of 8.1
GHz, starting from 19.7 GHz and extending to 27.8 GHz.
According to Fig. 11, increasing the slot width leads to an
improved antenna bandwidth. The measurement confirms
the expected enhancement and shows a broad impedance
bandwidth (|S11| < −10 dB) of 36.2% in design II, cov-
ering the mmWave frequency range of 19.7–28.4 GHz
that could be employed in ISM and/or automotive radar
(24.125–24.25 GHz) and 5G (24.25–28.35 GHz) mmWave
applications. The simulated and measured realized gain
and efficiency of the antenna are compared in Fig. 12(b).
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TABLE I. A comparison of the recently published broadband SIW slot antennas: deficiencies are specified in bold type.

Frequency Maximum η Bandwidth
Antenna (GHz) gain (dBi) (%) (%) Layers Size (λ)

Ref. [40] 18.2–23.8 9.5 · · · 26.7 1 1.51 × 1.21 × 0.05
Ref. [41] 24–29.3 and 35.5–43.5 6.1 and 8.7 · · · 19.9 and 20.2 2 0.69 × 0.69 × 0.17
Ref. [42] 26.2–31.2 4.3 · · · 17.4 4 0.96 × 0.47 × 0.24
Ref. [43] 24.25–29.5 7.4 85 26.8 4 0.48 × 0.48 × 0.09
Ref. [44] 23.5–31.5 8.9 90 25.8 4 1.17 × 1.17 × 0.09
This work 19.7–28.4 9.1 >90 36.2 1 1.64 × 0.82 × 0.05

According to this figure, the radiation efficiency is above
90%, while the antenna gain is at least 7.5 dBi over the
entire operating bandwidth.

The electric field distributions of the antenna at 21,
23, and 25 GHz are presented in Fig. 13. It is evident
that the electric field distribution is not changed consider-
ably versus the frequency. This confirms that the radiation
mechanism of the antenna is stable over the operating
bandwidth. Figure 14 illustrates the x-z and y-z planes
of the measured and simulated normalized radiation pat-
terns at 21, 23, and 25 GHz. According to this figure, the
antenna main lobe in the y-z plane deviates from the broad-
side; this slant radiation relates to the feeding mechanism
and the leaky-wave behavior of the low-index effective
medium. This deviation is not desirable in some practical
applications; however, it is absolutely crucial in portable
or fixed cellular communications. Since the slot antenna is
printed on a compact single-layer substrate, the back radi-
ation of such a finite ground structure is inevitable. It is
worth noting that one can simply apply the conventional
back-radiation reduction methods to the proposed antenna
(e.g., cavity back, stack structure, etc.), which is beyond
the scope of this paper. The results show that the antenna
radiation does not significantly change over the operating
frequency. The antenna exhibits a high polarization dis-
crimination of −20 dB in the main lobe. However, due to
the presence of the dielectric and the low height of the SIW
technology, a comparably higher cross-polarization in the
other direction, especially in the x-z plane, is observed.

Table I compares the proposed antenna performance
with recently published papers. In this table, deficiencies
are specified in bold type. Note that the manufacturing
cost of a multilayer structure is significantly higher than
that of a single-layer structure. The antenna dimensions are
25 × 12.5 mm2. It provides a higher fractional bandwidth
(36.2%), while its electrical size is compact. Addition-
ally, the antenna has a higher gain compared to other
single-SIW slot antennas. This is mainly due to the lower
electrical permittivity of the MTM substrate.

It should be noted that the guided wavelength of a SIW
slot is inversely related to the substrate permittivity, λg ∝
1/

√
ε [45]. Although it is expected that the size of the radi-

ating element will increase by reducing ε, the impedance

bandwidth and the electrical size of the proposed antenna
are mainly defined by the resonant frequencies of the
SIW structure rather than the radiating slot (which res-
onates at 15.8 GHz). As a result, we have been able to
achieve, simultaneously, a compact low-profile and broad-
band behavior of both the impedance matching and the
radiation efficiency. The overall dimensions of the antenna
are approximately 1.64λL × 0.82λL × 0.05λL (fL = 19.7
GHz and λL is the free-space wavelength corresponding
to the lower frequency).

V. CONCLUSIONS

In this paper, we have introduced a technique to enhance
the impedance bandwidth of the SIW slot antenna. It has
been shown that an array of thin wires effectively real-
izes a low-index medium and such an MTM improves the
antenna radiation and the impedance bandwidth simulta-
neously. The measurements indicate a 36.2% fractional
bandwidth, over 8.7 GHz, which is drastically boosted
when compared to the conventional unloaded slot antenna.
The performance of the fabricated antenna agrees well
with the simulations, expressing the same frequency band-
width. The antenna provides an average gain of 8.5 dBi,
while the radiation efficiency remains above 90% over the
entire operating-frequency band, from 19.7 to 28.4 GHz.
The proposed antenna not only has a broad impedance
bandwidth but also an improved radiation bandwidth.
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