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A Photonic-Doping-Inspired SIW Antenna With
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Abstract— This article presents a novel substrate-integrated
waveguide (SIW) antenna with a designable broadside pattern
at a length-irrelevant operating frequency, which is inspired
from the concept of photonic doping, i.e., embedding a dielectric
impurity into the epsilon-near-zero (ENZ) medium. In our design,
a section of SIW operating around its cutoff frequency imitates
the ENZ host, while a high-permittivity dielectric block is
“doped” into the SIW to control the overall field distributions,
achieving a sharp 180◦ phase shift of electric field at the
predesigned half- wavelength resonance. Owing to the infinite
wavelength in the ENZ medium, the operating frequency of
the proposed antenna is irrelevant to its length. In this way,
the broadside radiation of the proposed antenna allows to be
configured at the same frequency via simply altering the length
of the SIW, i.e., the spacing between two radiating apertures.
Systematic studies show that the directivity of the proposed
antenna can be manipulated over a range from around 6 dBi
to almost 10 dBi, along with the half-power beamwidth reduced
from 110◦ to 20◦ , for the length of the antenna varying from
0.2λ0 (λ0 is the wavelength in free space at 5.5 GHz) to 1.2λ0 .
Index Terms— Epsilon-near-zero (ENZ) medium, flexible
antennas, photonic doping, radiation pattern, zero-order resonance.

I. I NTRODUCTION

T

HE development of the metamaterial [1], [2] in the past
decades has opened up new horizons for the manipulation
of electromagnetic wave in an unprecedented way, and one
exciting field among which is the rise of metamaterial-based
antennas with unusual functionalities. The single-negative and
double-negative metamaterials [3], [4] with one or both of
permittivity and permeability being negative, have been introduced for the design of miniaturized antennas [5]–[7] and
backfire-to-endfire scanning arrays [8]. The 2-D metamaterials, i.e., metasurfaces [9], are employed to empower antennas
with stealth property [10], [11] and other performance such as
low mutual coupling [12] and dynamic tunability [13]. As an
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emerging hotspot in the metamaterial family, the epsilon-nearzero (ENZ) material [14]–[18] is drawing increasing interests
of physicists and engineers, due to the exotic wave phenomenon yielded from its extreme low constitutive parameter.
As the permittivity of the material approaches to 0, the wavelength as well as phase velocity of electromagnetic wave turn
to be infinitely large, resulting in a temporally oscillating while
spatially static wave dynamics, i.e., effective decoupling of
time and space. In addition to those exotic phenomena, ENZ
medium has offered exciting opportunities for the advanced
applications such as gain enhancement [19]–[22], improving
impedance matching for antennas [23]–[25], and shaping
radiation patterns at will [26], [27], and flexible devices [28].
Beam steering with ENZ lens [29] and wideband tuning
of ENZ tunneling frequency [30], [31] were also actively
investigated.
Recently, the methodology named photonic doping [32]
is proposed for controlling the field configuration over ENZ
region. In this scheme, via an arbitrarily placed macroscopic
dielectric “dopant” in the ENZ “host,” the total magnetic flux
of the system can be altered locally, effectively leading to
either the epsilon-and-mu-near-zero (EMNZ) behavior characterized by a geometry-invariant supercoupling effect or the
perfect-magnetic-conductor (PMC) behavior that absolutely
blocks the power transmission. In the latest research [33],
photonic doping was applied for the wave manipulation in
a guided wave scenario, where a planar flexible transmission
line and a sensitive dielectric sensor were developed.
In this article, we introduce the concept of photonic doping
into the invention of a broadside-pattern antenna, named
doped ENZ antenna, which features an operating frequency
interestingly decoupled from the spacing of radiating apertures. Concretely, we harness a substrate-integrated waveguide
(SIW) [34] with two ends open to emulate the ENZ condition
around its cutoff frequency [35], which manifests an invariant
field along the SIW. Then, the dielectric dopant, a halfwavelength ceramic resonator, is embedded into the SIW to
inverse the phase of electric field sharply. In this manner,
the effective magnetic currents on the radiating aperture are
exactly in phase, yielding a broadside radiation pattern. Different from traditional two-element magnetic current antenna,
such as patch antenna [36], the gain and beamwidth of doped
ENZ antenna allows to be manipulated flexibly, owing to the
peculiar geometry-invariant ENZ property. As a proof of concept, doped ENZ antennas operating near the same frequency
f 0 = 5.5 GHz with various length L of 0.22λ0 , 0.50λ0 ,
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Fig. 1. (a) Schematic of a planar waveguide antenna with one open end and
(b) reflection coefficients under different lengths L. (c) Proposed doped ENZ
antenna embedded with a dielectric block and (d) reflection coefficients under
different lengths L.

and 0.72λ0 (λ0 is the wavelength in free space at f 0 ) are
fabricated and tested. The measurement results show that, with
the length increased, realized gain of the prototyped antenna
rises from 5.8 dBi (L = 0.22λ0 ) to almost 10 dBi (9.6 dBi for
L = 0.50λ0 and 8.9 dBi for L = 0.72λ0 ), while the half-power
beamwidth (HPBW) of the main lobe is reduced notably from
110◦ to 20◦ , which are in agreement with the simulation and
analytical model. Additionally, the measured peak efficiencies
of the antennas are higher than 80%. With devisable radiation
properties at a fixed frequency, the proposed doped ENZ
antenna can exhibit potentials for various applications such
as intelligent wireless communication and sensing.
The rest of this article is organized as follows. Section II
introduces the concept of the doped ENZ antenna and sheds
light on its operating mechanism via analytical modeling and
full-wave simulation. In Section III, we experimentally verified
the designable radiation properties of the proposed antenna at
a fixed frequency via changing its length. Finally, Section IV
summarizes this article.
II. T HEORY AND A NTENNA D ESIGN
A. Concept of Doped ENZ Antenna
To better introduce the motivation of this article, we start
with fundamental microstrip antennas [36]–[42], which are
planar magnetic current arrays with specific distributions. As a
knowledge well known in the textbook, the traditional rectangular patch antenna [36], [37], a typical kind of microstrip
antenna, operates at the fundamental TMz100 mode under the
condition that the length of the patch is about half wavelength
in the substrate. For this reason, the electrical length of the
distance between two radiating apertures is strictly fixed,
leading to roughly determined radiation properties in terms
of directivity and beamwidth. Another case familiar to us
is the planar waveguide antenna with one open aperture,
whose structure is presented in Fig. 1(a). At the resonance,
the electric field reaches its maximum value on the open
aperture while vanishing on the shorting wall at the other
end of the waveguide. In this scenario, the resonant frequency
becomes lower as the antenna length increases, as illustrated
in Fig. 1(b).

Fig. 2. (a) Top view and (b) cross-sectional view of the designed doped
ENZ antenna.

A fundamental question is naturally raised that: is it possible
to decouple the arrangement of radiating apertures with the
operating frequency for more degrees of freedom to tailor
the antenna’s radiation behavior? To address this problem,
we propose the concept of the doped ENZ antenna, whose
3-D perspective view is exhibited in Fig. 1(c). First, we design
the radiating apertures with changeable spacing at the same
frequency via the architecture of a waveguide at its cutoff
frequency. Since the electric field within the pure waveguideemulated ENZ medium is always unchanged along the SIW,
we would get a pair of antiparallel magnetic currents at the
radiating apertures, which leads to a differential radiation
pattern with a null at the broadside [26]. To address this
problem, in the second step, we introduce a macroscopic
dielectric “dopant,” a half-wavelength resonator, into the ENZ
“host,” for tuning the field distribution and realizing in-phase
radiation at two apertures. In this manner, the proposed doped
ENZ antenna based on doped ENZ medium would share a
similar broadside radiation pattern with popular microstrip
antennas while taking an advantage of a length-irrelevant
operating frequency, as schematically illustrated in Fig. 1(d).
B. Antenna Geometry and Operating Mechanism
The practical structure of the doped ENZ antenna employs
the SIW, and proposed configuration is shown in Fig. 2, where
Fig. 2(a) and (b) illustrates, respectively, the top of the antenna
and a cross-sectional cut plane containing the feeding pin. The
ceramic block with a volume of L d × Wd × H = 4.8 mm ×
17.5 mm × 3 mm is inserted into the substrate with a dielectric
constant εr of 2.2 and a loss tangent of 0.002. The metallic vias
with a diameter D = 1.0 mm are arranged with a periodicity
P = 3.0 mm to serve as the metallic wall, while the spacing
W of two rows of vias is 18.8 mm. The feeding probe is
positioned with an offset distance dx = 2.6 mm from the
ceramic block and d y = 3.0 mm from the metallic vias.
The size of the ground is set as 110 mm × 70 mm. As the
geometry of the SIW is given, the dispersive permittivity of
the waveguide-emulated plasmonic material is expressed as
follows [35]:


(1)
εe f f ( f ) = εr 1 − f02 / f 2 .
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Fig. 4. (a) Simulated reflection coefficients of the doped ENZ antenna with
various lengths L. The electric field magnitude distribution at TM13 mode of
the dielectric block and TM21 mode of the SIW are shown in (b) and (c),
respectively.
Fig. 3. (a) Simulated electric field vector distribution and (b) magnitude
distribution over the structure of the doped ENZ antenna at f 0 = 5.5 GHz.
(c) Simulated magnetic field vector distribution and (d) magnitude distribution
over the structure at f 0 = 5.5 GHz.

Here, f 0 is the cutoff frequency of the SIW (also the zero of
the permittivity function), calculated by

 √
(2)
f 0 = c/ 2 εr We f f
where c is the speed of light in vacuum, εr is the relative
permittivity of the substrate, and We f f is the effective width
of the SIW given by [34]
We f f = W − D 2 /(0.95 · P)

(3)

where W , D, and P are aforementioned geometry parameters
marked in Fig. 2(a). Substituting the values of those parameters
into (2) and (3), the cutoff frequency f 0 of the waveguide,
namely, the frequency where the SIW offer ENZ environment,
is calculated to be 5.5 GHz according to (2). It is noted that,
under the ENZ condition, the electric field within the cavity is
invariant along the length of the waveguide. To enable in-phase
radiating magnetic currents on the two open apertures with
opposite normal vectors, the inserted dielectric dopant (the
ceramic block) should resonate at its TMz110 mode, where the
phase of electric field is inversed within the dopant. We have
to ensure that the ENZ frequency coincides with the resonance
frequency of the dopant



c
1
1
z
+ 2.
(4)
f TM110 = √
2
2 εd Wd
Ld
The dimensions as well as the relative permittivity (εd = 34)
of the dopant have been carefully selected, so as to better
comply with the constrain f 0 = f (TMz110 ).
Up to this point, we have expounded the principle for
judiciously selecting parameters of the antenna structure, and
next, it is beneficial to examine the field configuration for
the ENZ resonance at f 0 . The full-wave simulation is carried
on the commercial software HFSS 15. The proposed antenna
structure is placed in an air box with a size of 3.7λ0 ×
3.7λ0 × λ0 , and radiation boundary is imposed on the surfaces

of the air box. The maximum number of tetrahedral mesh
elements is 60 000, and the stopping criterion is for the
maximum variation of scattering parameters smaller than 0.02.
As exhibited in Fig. 3(a) and (b), the electric field maintains
constant along the SIW (the region outside of the dopant),
resulted from the cutoff waveguide: the traveling and evanescent wave are, respectively, allowed above and below the
cutoff frequency while the spatial-static mode along the SIW
is supported at the cutoff frequency. We also observed a typical
half-wavelength distributed resonant mode within the ceramic
block along its x- and y-dimensions, where electric field is
inversed by 180◦ and presents a null at the central plane of the
block. That implies, via doping a macroscopic impurity locally,
we are able to impact overall field configuration outside, and,
meanwhile, retain the ENZ property of the cutoff waveguide
(the ENZ host). The field distribution of this cutoff TE10 mode
also implies that the feeding resistance is too high on the
middle plane of the SIW and too low when the probe is
close to metallic walls. By tuning the distance (d y ) of the
feeding probe to the side metallic wall, a suitable position is
determined where the feeding resistance is equal to 50 . The
magnetic field vector distribution and magnitude distribution
are reported in Fig. 3(c) and (d), respectively, from which we
discover that magnetic field is strongly enhanced within this
nonmagnetic dielectric dopant on its TMz110 mode, due to the
sharp contrast in the permittivity of the ENZ host and the
dopant.
Owing to infinite wavelength in the ENZ medium, the operating frequency of the proposed antenna is insensitive to the
change of the length of SIW, which can alternatively be
interpreted as the effect of zeroth-order resonance. As shown
in Fig. 4(a), the doped ENZ antenna stably retains its
impedance-matching band for ENZ resonance (highlighted by
the gray zone) around the predesigned frequency f 0 , even
though the length L has varied over an appreciable range from
0.22λ0 to 1.02λ0 . The nonradiating TMz130 mode is observed
in the reflection spectrum, and its electric field distribution is
reported in Fig. 4(b). It is noteworthy that the length-invariant
working frequency is a unique property of the ENZ resonance,
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Fig. 5. Simulated values of electric field varying along the x-axis within the
middle cut plane (green dashed frame in the inset) of the doped ENZ antenna
with different lengths.

while the frequencies of higher order modes, such as TM21
mode whose electric field configuration is shown in Fig. 4(c),
do become notably lower as the spacing of two radiating
apertures increases. The simulated values of electric field on
the middle cut plane of the antennas with different lengths
are reported in Fig. 5. As seen, even though the length of
the antenna is stretched by two times, the electric field only
changes its phase within the dopant region while maintaining
almost a constant value over the undoped ENZ region. The
minor variation of the electric field value at the edge of the
patch is due to the imperfect open boundary on the aperture.
That actually indicates an interesting functionality of spatially
static ENZ medium to “extract” or “copy” the field distribution
from the surface of a dielectric resonator to another aperture
away from that resonator body.
To shed more light into the operating mechanism, we also
clarify here that the operating frequency of ENZ resonance is
related to the width of the SIW, which determines the cutoff
frequency of the SIW. The parametric study is performed to
investigate the simulated reflection coefficients of the proposed
antenna under different widths. It is necessary to bear in mind
that, for keeping the half-wavelength resonance frequency of
the dopant the same as cutoff frequency of the SIW, the
size of dopant should be altered accordingly. The sizes of
the dielectric dopant (Wd , L d ) for SIW with different widths
of W = 19 mm, 18 mm, and 17 mm are chosen as (17.5,
4.8) mm, (16.5, 4.6) mm, and (15.0, 4.4) mm, respectively.
As shown in Fig. 6, for the antenna with smaller width W , its
central operating frequency shifts to higher frequency region.
C. Designable Radiation Properties at the Fixed Frequency
Let us recall the electric field configuration demonstrated
in Fig. 3(a), where the electric field is antiphase at the two
apertures with the antiparallel normal vectors. As a result,
the effective radiating magnetic currents are constructively
superimposed, contributing to a broadside radiation pattern.
Essentially different from the traditional microstrip antenna,
the operating frequency of the doped ENZ antenna is irrelevant
to the distance of two radiating apertures, owing to the
zeroth-order resonance. Fig. 7(a)–(c) presents the simulated
3-D realized gain patterns of the doped ENZ antenna with
different lengths L at the same predesigned frequency f 0 =
5.5 GHz. The radiation pattern of the antenna with a very small

Fig. 6. Simulated reflection coefficients of the doped ENZ antenna with
different widths W of the SIW. The corresponding sizes of the dielectric
dopant (Wd , L d ) for the cases of W = 19 mm, 18 mm, and 17 mm are (17.5,
4.8) mm, (16.5, 4.6) mm, and (15.0, 4.4) mm, respectively.

L(= 0.22λ0 , λ0 is the wavelength in free space at f 0 ) exhibits
a quite broad beamwidth in the upper space, benefiting the
application of wide-angle coverage. As the length increases
to 0.5λ0 , the realized gain of the antenna rises to 10 dBi,
potentially intended for the gain enhancement deployment or
point-to-point wireless communication. With size along the
SIW being enlarged further, e.g., to 0.72λ0 , the main beam
orientated at broadside direction turns to be much narrower,
meanwhile accompanied by the emerging side lobes. As seen,
the proposed antenna is able to adapt different application
scenarios via simply changing its length.
To offer a quantitative explanation of the property of this
flexibly designable radiation pattern, we establish a theoretical
model of the proposed doped ENZ antenna.
According to the mode analysis in Section II-B, the electric field configuration over the doped ENZ cavity shown
in Fig. 3(a) can be formulated as follows:
→
−
E ⎧

⎪
−L/2 < x < −L d /2
⎨ z E 0 cos(π y/We f f );

= z E 0 cos(π y/We f f ) sin(π x/L d ); − L d /2 < x < L d /2
⎪
⎩ 
−z E 0 cos(π y/We f f );
L d /2 < x < L/2
(5)
and the effective magnetic currents density at the either one
of the radiating aperture is calculated according to
→
−
→
−

(6)
M = −2n̂ × E |x=±L/2 = y2E 0 cos(π y/We f f )
where we have taken into account the effect of the metallic
ground by multiplying a factor of 2. By integrating the product
of current distribution and the Green function of Helmholtz
equation [36] over the source region, we then obtain the vector
potential and the radiated electric field:
We f f /2
H
−
→
→ e− j k0 [sin(θ ) sin(ϕ)y+r]
−
dy
Am =
M
4π −We f f /2
r
→
−
−
→
E = −∇ × Am

(7)

where r is the distance relating the source point and the
observation point at the far field; θ and ϕ denote, respectively,
the elevation angle and the azimuth angle [with respect to the
coordinate system illustrated in Fig. 7(a)]. We have used the
condition in (7) that the height of the aperture is much smaller
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Fig. 8. Simulated and calculated results for the realized gain and HPBW of
doped ENZ antenna with different lengths at f 0 = 5.5 GHz.

array factor [(9)], and then the directivity is calculated by [36]
D=

Fig. 7. Simulated 3-D realized gain patterns of the doped ENZ antennas with
different lengths (a) L = 0.22λ0 , (b) 0.50λ0 , and (c) 0.72λ0 at f 0 = 5.5 GHz.
λ0 is the wavelength in free space at f 0 .

than the wavelength. Then, the far-field radiation pattern of one
aperture is derived as
Fe (θ, ϕ) =

cos[π We f f sin(θ ) sin(ϕ)/λ0 ]
1 − [2We f f sin(θ ) sin(ϕ)/λ0 ]2
× 1 − (sin(θ ) sin(ϕ))2 .

(8)

It is noteworthy that, since the proposed doped ENZ antenna
is a two-element magnetic current array, the total radiation
pattern should include the array factor
Fa (θ, ϕ) = cos[π(l + 2 l) sin(θ ) cos(ϕ)/λ0 ]

(9)

where l depicts extended length in the substrate evaluated
by an empirical formula [37]
l ≈ 0.412H ·

εe + 0.3
εe − 0.258

W /H + 0.264
W /H + 0.8

(10)

where εe is the effective permittivity approximately given
as [37]
εe =

εr + 1 εr − 1
H
+
1 + 12
2
2
W

−1/2

.

(11)

The radiation pattern of the proposed antenna can finally be
yielded from the product of the element factor [(8)] and the

4π
2π
0

π/2
0

[Fe (θ, ϕ) · Fa (θ, ϕ)]2 sin(θ )dθ dϕ

.

(12)

The calculated and the directivity and the HPBW together
with the numerically simulated counterparts of the doped
ENZ antenna are gathered in Fig. 8. The calculated (simulated) result indicates that directivity of the antenna rises
from 6.5 dBi (6.2 dBi) up to 9.7 dBi (10 dBi) as the
length L increases from 0.2λ0 to 0.53λ0 (0.50λ0 ); meanwhile,
the HPBW reduces from near 110◦ to 20◦ or so, for the
length of antenna varying from 0.22λ0 to 1.20λ0 . The minor
discrepancy between the simulation and calculation can be
caused by the impact from the finite-size ground and the minor
inaccuracy when treating the edge effect of electric field at the
radiating apertures. Even so they are largely in agreement with
each other. It is admitted that the nonuniform distribution of
electric field on radiating apertures at the cutoff TE10 mode
would not yield an optimal aperture efficiency. Nevertheless,
by flexibly altering the aperture spacing, we optimize the array
factor and attain a high directivity of near 10 dBi, on the basis
of a simple antenna element. In short, it is concluded that an
appreciable range for manipulating the gain and beamwidth of
a two-element magnetic current array at the fixed frequency
can be achieved via our design.
D. Position-Invariant Doping
To end this section, we discuss briefly another interesting
property of the proposed antenna yielded from the photonic
doping: position-invariant for the macroscopic dopant. The
asymptotically infinite wavelength in the ENZ medium can
effectively shrink the space equivalent to a point [16] when
analyzing the wave dynamics. So, it is intuitive to expect that
any position in the effective ENZ cavity is identical for the
photonic dopant. As shown in the inset of Fig. 9(a), we move
the dopant away from the center of the SIW along the x-axis
with different distances d. The simulated operating frequency
of the antenna, shown in Fig. 9(a), well maintains around the
predesigned frequency f 0 for distance d varying from 0 to
20 mm (0.37λ0 ). The realized gain patterns of the antenna
under different values of d are also investigated, with the simulated patterns on xz and yz planes being presented in Fig. 9(b)
and (c), respectively. As seen, the location of the dopant does
not influence the radiation property of the doped ENZ antenna.
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Fig. 11.
Measured reflection coefficients of the fabricated doped ENZ
antennas with lengths L = 0.22λ0 , 0.50λ0 , and 0.72λ0 .

Fig. 9. (a) Simulated reflection coefficients of the doped ENZ antenna (L =
1.02λ0 ) for the dielectric dopant placed at different distances d from the center
of the patch. Simulated realized gain patterns on (b) xz plane and (c) yz plane
of the antenna for d = 0 mm, d = 5 mm, and d = 10 mm.

Fig. 10. Photographs of the fabricated prototypes of the doped ENZ antennas
with different lengths L = 0.22λ0 (a), 0.50λ0 (b), and 0.72λ0 (c). Photograph
of the ceramic block with a relative permittivity of 34 is shown in the center
inset.

This interesting property of the photonic doping verifies again
the zeroth-order resonance in the waveguide-emulated ENZ
environment.
III. E XPERIMENTAL V ERIFICATION
To experimentally validate the proposed concept of doped
ENZ antenna with an aperture-spacing-irrelevant operating frequency, the prototypes of the doped ENZ antenna with lengths
L = 0.22λ0 (12 mm), 0.5λ0 (27 mm), and 0.72λ0 (39.3 mm)
are fabricated via standard planar circuit board technique on
a F4BMX substrate with a dielectric constant of 2.2 and
a loss tangent of 0.002. Their photographs are shown

Fig. 12. Measured and simulated realized gain patterns of the designed
doped ENZ antennas with length L = 0.22λ0 on (a) xz cut plane and (b) yz
cut plane. The patterns of the antenna with L = 0.50λ0 on (c) xz cut plane
and (d) yz cut plane. The patterns of the antenna with L = 0.72λ0 on (e) xz
cut plane and (f) yz cut plane.

in Fig. 10(a)–(c), respectively. The macroscopic photonic
dopant, made by zirconia microwave ceramic powder with
a dielectric constant of 34.0 and a loss tangent of 0.001,
is shown in the center inset of Fig. 10. When assembling,
the ceramic block is tightly inserted into the substrate with
the same-sized zone been previously etched through, and
then a piece of copper sheet is soldered above to keep a
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yielded from full-wave simulation. Hence, we have provided
a proof of concept for the doped ENZ antenna with an
operating frequency irrelevant with its aperture distribution.
To fully exploit the dynamic radiation pattern configurability
at a fixed frequency, the proposed antenna can furthermore
be implemented by the available liquid metal technique along
with a stretchable substrate [43].
IV. C ONCLUSION

Fig. 13. (a) Simulated and (b) measured total efficiency of the doped ENZ
antennas with lengths L = 0.22λ0 , 0.50λ0 , and 0.72λ0 .

good sealing and conductive effect. Usually, the metamaterialinspired devices, more or less, may face the deficiency of
complex architectures and difficulties in fabrication, as the
sophisticated artificial structures have to be used for realizing
their peculiar effects. In this aspect, our choice of the planar
structure SIW as an ENZ platform benefits the convenient
fabrication and integration.
The reflection coefficients of the fabricated doped ENZ
antennas are measured with the vector network analyzer
Agilent N9917A, and the results are reported in Fig. 11.
Although the aperture-to-aperture spacing of the longest prototype [shown in Fig. 10(c)] is larger than three times that of
the shortest one [shown in Fig. 10(a)], their operating bands
for reflection coefficient better than −10 dB are all round the
predesigned frequency f 0 = 5.5 GHz, which evidences that the
mode of the ENZ resonance is insensitive to the variance in
the length of the SIW. The radiation properties of the antennas
are evaluated in a standard microwave chamber. The measured
realized gains of three prototypes on both xz and yz cut planes
at f0 are shown in Fig. 12, accompanied by the simulation
counterparts. The measured realized gains at the broadside for
length L = 0.22λ0 , 0.5λ0 , and 0.72λ0 are 5.8 dBi, 9.6 dBi, and
8.9 dBi, respectively; the cross-polarization levels are tested
better than −20 dB within the HPBW for all the cases. We can
also clearly observe from Fig. 12 that the pattern of the antenna
on the xz turns to be increasingly directive as the dimension
along the x-axis is extended, with the HPBWs for these three
prototypes on xz cut plane measured to be 113◦ , 45◦ , and 34◦ ,
which are largely consistent with the simulation results and the
analytical model of doped ENZ antenna. As we manipulate the
antenna’s dimension only along the x-axis, the beamwidth on
the yz plane is nearly unchanged, having an HPBW about 65◦ .
The simulated and measured total efficiencies for the doped
ENZ antennas are shown in Fig. 13(a) and (b), respectively,
with the measured peak total efficiency near f0 for all three
prototypes higher than 80%. Despite the minor frequency
shifts due to fabrication tolerance and experiment imperfect,
the measurements are largely in accordance with the results

In this article, by combining the exotic ENZ effect of transverse cutoff mode of the SIW and the concept of macroscopic
photonic doping, we propose a kind of SIW antenna with
the operating frequency independent on its aperture spacing.
In our design, we realize a pair of in-phase effective magnetic
currents with a flexibly changeable spacing, which leads to a
reconfigurable broadside radiation pattern. It is theoretically
studied and numerically demonstrated that, via altering the
length of the structure, the directivity of the proposed antenna
can be manipulated from around 6 dBi to almost 10 dBi,
and what is more, the HPBW allows to be tuned from 110◦
to near 20◦ . This conceptually innovative SIW antenna has
further been experimentally tested, with a measured designable
broadside pattern and length-irrelevant operating band consistent with our theory. Featuring a designable pattern at the same
frequency via manipulating the aperture spacing, the proposed
doped ENZ antenna can find applications in adaptive wireless
communications and spatial energy harvest, and sensing.
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