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High-resolution microwave leaky-wave holograms excited by a center-fed cylindrical-surface-wave
launcher show a null in the object-wave direction, which is an undesired effect for electromagnetic
beamforming. Also, planar leaky-wave metasurfaces generating a tilted beam suffer greatly from the
destructive effect of nonforward surface leaky waves at frequencies other than the design frequency
and they are operable at almost only a single frequency. Here we propose a two-dimensional modified-
hologram configuration using a parabolic surface reflector to collimate the nonforward leaky modes into
forward leaky modes. The modified hologram exhibits a null-free radiation pattern and greatly increased
operating-frequency bandwidth. The consequent frequency bandwidth provides the scannability property
by frequency variation. The forward-mode-dominant surface-wave excitation of the hologram allows the
metasurface to generate the object beam more precisely; therefore, high directivity over the operating
bandwidth is obtained. The concept is verified by fabrication and experimentally tested, confirming beam
maintenance over a reasonable frequency range and scannability property. The measurement results are in
excellent agreement with full-wave simulation, prove applicable wideband leaky-wave holograms.
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I. INTRODUCTION

Controlling an electromagnetic wave and making it radi-
ate in a desired manner have always attracted tremendous
attention in applied electromagnetics; the advent of meta-
materials and metasurfaces [1,2] was a breakthrough in
radiation engineering. Design and engineering of modu-
lated metamaterials to control a scattered [3] or leaky [4,5]
electromagnetic wave have attracted attention in recent
literature [6–8]. An electromagnetic wave can be manip-
ulated through metasurfaces to obtain certain properties.
Conversion of different wave profiles (e.g. space wave and
surface wave) is one of these properties [9,10]. Introduc-
tion of leaky waves in electromagnetics has great impor-
tance for beam engineering [11]. Leaky-wave systems
have wide applications from microwave to optical frequen-
cies [12,13]. Power-leakage engineering using metasur-
faces based on variables dependent on the interaction of
power generated by a surface-wave launcher and the meta-
surface is an amazing solution to modern beamforming
requirements such as frequency-modulated continuous-
wave systems. Gabor [14] firstly introduced the theory of
holography in optics in 1948. Holography was restricted
to the optical spectrum for many years until Checcacci
et al. [15] proposed the holographic principle for antenna
design and microwave-regime applicability of the theory
in 1968. In a sinusoidally modulated surface where the
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modulation process is governed by the holographic prin-
ciple, precise knowledge of the surface impedance on
the holographic surface yields exact electromagnetic fields
above the surface. A waveguide with a partially reflective
interface made of periodic perturbations allows the hori-
zontally guided wave penetrate the interface to form the
object wave [16,17]. As the wave travels longer in the
waveguide, the object wave built from gradual wave leak-
age becomes more accurate. The concept of holographic
leakage engineering to obtain a desired object wave was
proved by Fong et al. [5]. On two-dimensional (2D) holo-
graphic metasurfaces that are designed to generate a tilted
object wave, a cylindrical-surface-wave launcher can be
used to excite the modulated surface impedance. Metal-
lic patches can realize the required surface impedance for
holographic beamforming by applying the modulation on
patch dimensions. The hexagonal metallic patch unit cell
can be chosen as an isotropic unit cell to realize the surface
impedance.

For a center-fed leaky-wave hologram, while the surface
impedance is realized with low resolution, object-wave
construction is possible. However, when the holographic
surface impedance is realized with high resolution, the
radiation pattern tends to approach zero value in the
direction of the object wave. This is proved in the next
section.

A surface wave that has opposite horizontal wave-
number vector relative to the desired leaky wave is
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classified as a backward surface wave [16–18]. The wave
leakage corresponding to the backward surface wave in a
leaky-wave system deviates from the wave leakage from
the forward surface wave when the operating frequency
deviates from the design frequency [19,20]. Therefore,
holographic leaky-wave systems are capable of beam-
forming in a narrow vicinity around the design frequency
[21,22]. Center-fed modulated surfaces have always suf-
fered from single-frequency operation [5]. In the work
reported in Ref. [19], a side-fed hologram was used to try
to overcome this problem; however, induced current on
the edges around the surface-wave launcher has a destruc-
tive effect on the generated object wave. Rearranging a
cylindrical surface leaky wave in a way that the forward
surface wave participates more than the nonforward sur-
face wave in object wave forming might be the most
efficient way to provide wideband holograms. If the leaky-
wave holograms are operable at frequencies other than the
preliminary design frequency, the main beam starts to scan
the elevation angle [23]. This scannability provided by
reflector-enabled leaky wave metasurfaces makes them a
suitable choice for frequency-dependent scanning systems.

In this work, we combine the concept of nonforward-
surface-wave redirection for ideal wave leakage and the
holographic theorem. We propose a parabolic surface-
wave reflector for perfect nonforward-mode suppression.
The idea of a parabolic perfect electric conductor (PEC)
reflecting boundary located next to the cylindrical sur-
face wave launcher makes the redirection of a 2D Bessel
formed surface wave to an almost one-dimensional (1D)
forward surface wave possible. With this technique, all
the energy generated by the cylindrical wave launcher is
manipulated to participate in the beamforming process as
the forward leaky mode. The theory of holography is appli-
cable to the new design only for the modified surface wave
on the metasurface in the presence of a parabolic reflector.
Therefore, the resultant all-forward surface wave provides
a wide operating frequency bandwidth of 13–18 GHz.
Consequent scannability of the elevation angle is obtained.
The absence of nonforward modes in the surface wave
exciting the holographic surface impedance allows the
wave leakage focus on object-wave generation more accu-
rately than a conventional hologram. A directivity greater
than 22 dB is obtained for the reflector-enabled hologram
over the operating frequency. The antenna radiation scans
the elevation angle from 33◦ to 69◦.

II. HOLOGRAPHY PRINCIPLE

When a surface is illuminated by two electromag-
netic waves, they may interact with each other differently
depending on the capture point. The interaction produced
is due to the reinforcing or canceling at various positions
on the surface [24]. The holography principle is based
on recording the intensity resulting from the interference

process. The theory says that by exciting the recorded
interference with one of the waves participating in the
interference production, the other one will be constructed.
The reference wave ψref excites the recorded interference
to construct the object wave ψobj. The reference and object
waves often stand for the incident wave and the wave scat-
tered from the modulated surface, respectively. However,
in our application, the reference wave is a surface wave
traveling on the modulated surface and the object wave
is made by leakage through the path on which the refer-
ence wave moves. The resultant intensity of the interaction
between the two waves is [25]

I = |ψref + ψobj|2. (1)

After some simplification, the intensity is

I = |ψref|2 + |ψobj|2 + 2|ψref||ψobj| cos(φref − φobj), (2)

φ indicates the wave phase value. We use the surface-
impedance parameter as the recorded interference of two
interacting waves. However, there may be other options
regarding the wavelength. To represent the interference in
the form of surface impedance, Eq. (2) can be rewritten as

Zs = jX0[1 + M × Re(ψrefψ
∗
obj)], (3)

where X0 and M are the average surface impedance and
the modulation factor, respectively. To illustrate the defini-
tions of the parameters, consider a sinusoidally modulated
surface impedance (which is the case in holographic modu-
lation). X0 represents the surface impedance constant value
about which the modulation is performed and M is the
modulation factor and specifies the magnitude of sinu-
soidal variations about X0. Figure 1 shows a schematic rep-
resentation of X0 and M for a 1D sinusoidally modulated
surface impedance.

A monopole surface-wave launcher is suitable for excit-
ing the surface impedance on a conventional center-fed
hologram. The monopole radiates like a long conducting
wire on the metasurface (z = 0). A long conducting wire
carrying current I = I0ẑ radiates a TM wave propagating in
the radial direction. For metasurface applications, we often
are interested in the TM0 mode. The electric and magnetic

FIG. 1. X0 and M for a 1D modulated surface impedance.
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fields produced by a cylindrical-surface-wave launcher for
an isotropic surface impedance are [22]

Hφ = −JswH (2)
1 (kswρ), (4)

Eρ = ZsJswH (2)
1 (kswρ). (5)

Therefore, the reference wave form can be treated as
H (2)

1 (kswρ). The large-argument asymptotic form of the
reference wave is

H (2)
1 (kswρ) ≈

√
2

πkswρ
e−j [(βsw−j αsw)ρ−3π/4]

=
(√

2
πkswρ

e−αswρ+j 3π/4

)
e−j βswρ . (6)

Rewriting H (2)
1 (kswρ), we obtain

H (2)
1 (kswρ) ≈

(
a0

√
2

π
√
β2

sw + α2
swρ

e−αswρ

)
e−j βswρ , (7)

where ksw = βsw − j αsw and a0 is a complex constant.
The surface impedance in Eq. (3) requires the interactive
waves to be normalized. Finally, the reference wave can
be written as [5]

ψref = e−j βswρ . (8)

For surface-wave propagation on a surface (z = 0 plane)
with complex surface impedance, the unmodulated nor-
malized surface impedance with respect to the free-space
impedance

√
μ/ε is Zs = R0 + jX0. For a TM radial wave

above this surface, the magnetic field can be written as

Hφ = A0H (2)
1 (kswρ)e−jkzz, (9)

and the wave number is

k2 = k2
z + k2

sw. (10)

The Eρ component for a TM wave can be derived with use
of Maxwell’s equation,

jωεEρ = −∂Hφ

∂z
, (11)

and the Eρ component is

Eρ = A0kz

ωε
H (2)

1 (kswρ)e−jkzz. (12)

To obtain the wave impedance, the ratio of two transverse
electric and magnetic field components is needed:

Z1 = Eρ
Hφ

= −kz

ωε
= −kz

k

√
μ

ε
. (13)

By equating the normalized surface impedance and wave
impedance at z = 0

Zs = Z1√
μ

ε

= −kz

k
, (14)

kz = kZs = kR0 + jkX0.

Substituting kz in Eq. (10), we obtain

ksw = βsw − j αsw =
√

k2 − (kR0 + jkX0)2

= k
√

1 + X 2
0 − R2

0 − 2jX0R0. (15)

When the medium is designed to be loss-free and if we
ignore radiation from the surface, R0 can be set to zero
(X0 � R0). The approximation R0 ≈ 0 can be applied, and
Eq. (15) simplifies to [26]

βsw ≈ k
√

1 + X 2
0 . (16)

This approximation is derived for a surface with constant
reactive value. However, this is also valid for a loosely
modulated surface impedance [small values of M in Eq.
(3)] [27]. Since we are seeking to generate an object wave
propagating in θ0 and φ0 spherical angle directions, we
define the object-wave wave vector as

k = k sin θ0 cosφ0x̂ + k sin θ0 sinφ0ŷ + k cos θ0ẑ, (17)

and the position vector as

r = xx̂ + yŷ + zẑ. (18)

Therefore, the object-wave expression in the desired direc-
tion is

ψobj = e−j k·r = e−j (kx sin θ0 cosφ0+ky sin θ0 sinφ0+kz cos θ0). (19)

The surface-impedance pattern on the z = 0 plane in this
case is

Zs = jX0

[
1 + M sin

(
βswρ − kx sin θ0 cosφ0

−ky sin θ0 sinφ0 − ψ0 + π

2

)]
, (20)
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where ψ0 is the phase of a0 in Eq. (7). The electric aperture
field just above the interactive surface impedance is [22]

Eapr = ρ̂Eρ0e−j (kx sin θ0 cosφ0+ky sin θ0 sinφ0)e−j (ψ0− π
2 )

×
√

2

π
√
β2

sw + α2
swρ

′ e
−j βswρ′

e−αswρ′
. (21)

The amplitude Eρ0 and phaseψ0 are specified by the source
parameters. Primed letters are used to avoid misconcep-
tion in the following analysis. The electric aperture field is
obtained in a way that the attenuation constant αsw rep-
resents the wave leakage. For a radiative aperture, the
far-zone electric field is [28]

Efar(r, θ ,φ) ≈ jk
2πr

e−jkr( fθ θ̂ + fφφ̂), (22)

fθ (θ ,φ) = fx cosφ + fy sinφ,

fφ(θ ,φ) = cos θ(−fx sinφ + fy cosφ),

fx =
∫ a

0

∫ 2π

0
(Eapr · x̂)ejk(x′ sin θ cosφ+y ′ sin θ sinφ)ρ ′dφ′dρ ′,

(23)

fy =
∫ a

0

∫ 2π

0
(Eapr · ŷ)ejk(x′ sin θ cosφ+y ′ sin θ sinφ)ρ ′dφ′dρ ′.

(24)

Here we explore the electric field in the object-wave direc-
tion θ0 and φ0. To fulfill this aim, derivations of fθ (θ0,φ0)

and fφ(θ0,φ0) are necessary. Substituting Eapr in Eqs. (23)
and (24), we obtain

fθ (θ0,φ0) =
∫ a

0

∫ 2π

0
Eρ0e−jψ0

√
2

π
√
β2

sw + α2
swρ

′

× e−αswρ′
cos(φ′ − φ0)ρ

′dφ′dρ ′, (25)

fφ(θ0,φ0) =
∫ a

0

∫ 2π

0
Eρ0e−jψ0

√
2

π
√
β2

sw + α2
swρ

′

× e−αswρ′
sin(φ′ − φ0)ρ

′dφ′dρ ′. (26)

The integrations above lead to zero, meaning that the elec-
tric field vanishes at θ0 and φ0, which was the direction
expected to propagate the object wave. Figure 2 shows the
distributed pattern for a symmetric conventional center-fed
hologram. The antenna is designed to radiate at 18 GHz at
θ0 = 45◦ and φ0 = −90◦. As is obvious, the holographic

FIG. 2. The distributed 2D radiation pattern of the high-
resolution conventional radiative hologram illustrating the unde-
sired null in the object-wave direction in the far-zone electric
field pattern.

theorem is unable to predict the null in the design direc-
tion for a high-resolution realized hologram at the design
frequency. Notice that the analytic calculations predict a
pure null in the object-wave direction when the surface
impedance is realized with infinite resolution. Therefore,
the ideal analytic condition is not achievable. However, in
Fig. 2 a simulation with sufficient resolution is shown to
clarify the destructive effect of a null on the radiation pat-
tern. This figure indicates that the electric field magnitude
is at least 10 dB (10 times) smaller than the neighbor-
ing area in the pattern. The structure is designedon the
basis of the procedure introduced in Refs. [5,29] using
hexagonal unit cells to realize the surface impedance. The
integrations (25) and (26) are valid for a practical struc-
ture in the case that the discretization resolution is high
enough, otherwise the null in the design direction may
disappear [23]. Also, for holograms that avoid use of a
center-fed surface-wave launcher, the null disappears due
to the disruption of surface-wave distribution symmetry.
Another way to remove the null is to form a compensating
phase correction by enforcing manual phase discontinuity
on the surface-impedance distribution [30,31]. All the sug-
gestions offered to improve hologram operation are only
for a narrow frequency band in the vicinity of the design
frequency.

The holographic leaky-wave radiators are extremely
restricted by frequency variation. Holographic antennas
are often designed to generate an object wave at a single
frequency. However, a practical advantage of leaky-wave
radiators is the scannability over a frequency range. A
physical interpretation of the limited operatiing frequency
of holograms is a destructive effect called the “rabbit’s
ears phenomenon” [19]. On a 1D x-directed leaky-wave
radiator fed with a surface-wave launcher producing
ψref = e−j β|x| with sinusoidal modulation aimed to radiate
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FIG. 3. Comparison of leaky waves from forward and back-
ward surface waves on a 1D metasurface.

in a tilted direction θ0, the periodicity of the surface
impedance is different in forward and backward regions of
the surface impedance. While the forward region is mod-
ulated to let the surface wave leak at θ0, the backward
region should be designed for beamforming at 90◦ + θ0.
Then the surface impedance in the backward region needs
to be modulated with lower periodicity than in the forward
region. The situation is ideal for operation at design fre-
quency f0. However, the wave-leakage directions for each
of the forward-region generated and backward-region gen-
erated waves show different propagation directions when
the surface-wave launcher starts to operate at a frequency
slightly lower than f0. For a launcher operating at f0 − δf,
the forward and backward leaky waves propagate at θ0 −
δθf and θ0 + δθb, respectively (as illustrated in Fig. 3). By
alteration of the frequency to values other than f0, the sur-
face wave fronts on two sides of the wave launcher face
surface-impedance steps forcing the surface waves on each
side to leak in different directions. The resulting beams
that deviate from each other are like rabbit’s ears and
the phenomenon is named after them [19]. This destruc-
tive effect of nonforward leaky waves at frequencies other
than the design frequency on the total radiated object
wave can be generalized to 2D leaky-wave metasurfaces.
Metasurfaces using a monopole wave launcher support
cylindrical-surface-wave fronts propagating along the ρ
direction. In Fig. 4, for a holographic metasurface aimed
to produce a tilted object wave, a picture of the object-
wave propagation path is projected on the metasurface.
The projected picture on the metasurface is the path along

FIG. 4. Forward and backward surface leaky waves for a 2D
hologram supporting cylindrical-surface-wave excitation.

FIG. 5. The scattered rays leaving a monopole radiator located
at the focal point of a parabolic PEC boundary.

which the ideal forward surface leaky wave is traveling on
the waveguiding metasurface (shown in green on the meta-
surface in Fig. 4). Considering the cylindrical excitation
on the metasurface, as we move in the azimuth direc-
tion away from the green path and monitor the effect of
the radial surface wave on the object-wave radiation pat-
tern, the destructive effect of the rabbit’s ears phenomenon
increases by getting away from the green path until the
worst case occurs for the all-backward surface-leaky-wave
path shown in red. Therefore, any nonforward surface
leaky wave has a destructive effect on the bandwidth of the
radiator. Conventional holograms use a cylindrical wave
launcher and leaky-wave metasurfaces designed to operate
in a microwave regime, and the presence of nonforward
surface leaky waves is the reason for their very narrow
operating frequency.

A parabolic reflector illuminated by a cylindrical wave
launcher placed at the focal point of a parabola is a geom-
etry that collimates incoming waves to parallel waves
propagating in a single direction. The concept can be used
to overcome the rabbit’s ears phenomenon in leaky-wave
holograms. With regard to Fig. 5, half of the radiated waves
in the x < f region are redirected into the forward surface-
leaky-wave direction and rest of the waves leaving the
monopole radiator in the x > f region also change their
propagation path as they are reflected from the parabolic
reflector. Thus, almost all of the surface leaky waves are
collimated into ideal forward surface leaky waves. It is
important to notice that the power of the nonforward sur-
face leaky waves is not eliminated; we are converting what
was thought to be destructive for radiation characteristics
of radiative holograms into the ideal form of surface leaky
waves.

III. METASURFACE DESIGN

We introduce a reflector-enabled holographic metasur-
face. Placing a reflector next to the cylindrical-surface-
wave launcher can break the symmetry of the surface-wave
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configuration and results in a null-free pattern at the design
frequency f0. On the other hand, by choosing the reflec-
tor profile to be a parabolic surface-wave reflector with
a cylindrical-surface-wave launcher at the focal point (f )
of the parabola, we can treat the whole metasurface as
a bundle of 1D leaky-wave radiators that provide con-
siderable scannability due to the perfect redirection of
almost all nonforward surface waves. Therefore, highly
reduced beam width and improved directivity over a wide
frequency range are predicted in comparison with conven-
tional holographic antennas. The preliminary holographic
reference wave (5) can be assumed when the parabolic
reflector is not located on the structure. After embedding of
the parabolic reflector next to the surface-wave launcher,
the holographic reference wave is modified. The parabolic
PEC boundary follows the equation

x = 1
4f

y2. (27)

Figure 5 provides an insight into the holographic-
reference-wave configuration after the placement of the
parabolic reflector on the hologram using ray optics.
The cylindrical rays leaving the monopole surface-wave
launcher are collimated into an x-directed bundle of rays
[28]. These secondary reflected rays are all in phase after
passing the x = f vertical line. Therefore, if we ignore the
wave function in the small area between the x = 0 and
x = f lines, the reference wave in the other areas of the
2D hologram can be assumed to be planar in-phase surface
waves. For the sake of higher accuracy in reference-wave
estimation, the simulation results are used to form the sur-
face impedance with use of COMSOL MULTIPHYSICS [32].

Knowing the reference and object waves leads to a
2D distribution of the surface impedance (Zs) with use
of Eq. (3). Once the surface impedance is derived, the
theory for wave reconstruction is applied. The resulting
2D surface-impedance distribution in the presence of a
parabolic reflector is shown in Fig. 6. The theoretical
holographic surface impedance needs to be realized to be
practically capable of beamforming. To realize this surface
impedance, an isotropic lattice and patch must be used.

FIG. 6. Two-dimensional distribution of the surface impedance
on a parabolic-reflector-enabled hologram.

FIG. 7. Dispersion curve of the hexagonal unit cell (lattice and
patch) for two different propagation directions.

The isotropy of the surface impedance is dependent on
the lattice type and patch geometry. A hexagonal lattice
and patch are used to realize the surface impedance for the
holograms.

The simulation results in Fig. 7 indicate that the dis-
persion curves for different propagation directions on a
hexagonal unit cell are unchanged in the vicinity of our fre-
quency of interest. These propagation directions are chosen
to be the most different cases that can be supported on the
hexagonal unit cell.

The patch sizes needed for realization of the surface
impedance are shown in Fig. 8. For our application,
the total hexagonal-unit-cell side length is chosen to be
1.7 mm and the dielectric substrate relative permittivity is
3.55, with a thickness of 1.524 mm. The modulation fac-
tor M in Eq. (3) determines the depth of the sinusoidal
space-dependent variations around the average surface
impedance and it controls the attenuation constant α. For
low values of M , the surface wave obtains enough travel
length on the surface and gradual wave leaking with proper
accuracy. In contrast, for high values for M , consequent
larger sinusoidal variations on the modulated surface make

FIG. 8. Imaginary surface impedance as a function of patch
side length (ap).
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the surface wave leave the surface in a short length. There-
fore, the leaking procedure does not have enough space
and time to form the object wave with desired accuracy.
High side-lobe levels are observed in this case. However,
our choosing very small values for M reduces the atten-
uation constant along the travel path, and object-wave
construction requires a long travel path. Therefore, there
is a trade-off between the object-wave accuracy and prac-
tical waveguiding path length. We chose M = 0.35 for our
application. Since the parabolic-reflector-enabled leaky-
wave metasurface collimates the surface wave, the surface
leaky wave can be treated as an array of unidirectional
forward surface leaky waves. The radiation directivity for
such a structure is [16]

D ∝ β⊥(−1)

α‖(−1)
=

√
ω2μ0ε0 − [κ + 2π(−1)/d]2

α‖(−1)
, (28)

where κ is the fundamental harmonic of parallel-
propagation parameters, including the fundamental phase
constant β‖(0) and attenuation constant α‖(0) (κ = β‖(0) −
j α‖(0)), d is the period of the modulated surface impedance,
β⊥(−1) is the phase constant of the leaky wave, and α‖(−1)
is the attenuation constant of the wave in the waveguid-
ing metasurface. As the modulation factor M increases,
the surface wave tends to radiate sooner while traveling
on the metasurface and the attenuation constant α‖(−1)
increases, which results in a lower directivity value and
object-wave accuracy. Therefore, higher side-lobe lev-
els are expected while the antenna scans the elevation
angle.

Discretization of 2D surface impedance into subdo-
mains each assigned to a certain surface impedance
is needed for practical realization. Figure 9 shows the
design procedure for the proposed hologram with a
parabolic reflector. First, the surface-impedance distribu-
tion is obtained with the holographic theorem. Then, a
2D spatial distribution of hexagonal-patch side lengths
ap is plotted using the curve in Fig. 8. Finally, a fully
synthesized hologram using hexagonal patches can be real-
ized by our sampling from the ap spatial distribution.
The hexagonal patches with different sizes show differ-
ent values of surface impedance. Therefore, the whole
discretized 2D surface-impedance distribution can be syn-
thesized with use of the corresponding hexagonal patch for
each subdomain.

To illustrate the concept, some radiation characteristics
of the conventional and the proposed parabolic-reflector-
enabled holographic metasurface radiators both fed by
cylindrical-surface-wave launchers are compared. The
object-wave direction and design frequency are assumed
to be θ0 = 70◦ and f0 = 18 GHz for both holograms. This
selection of θ0 provides scanning property by frequency
decrease. To compare the effect of nonforward surface

FIG. 9. Design procedure for the proposed hologram. The sur-
face impedance is obtained from holography and the spatial dis-
tribution of hexagonal patches of required dimensions ap (mm)
related to the corresponding surface impedance. The hologram
fully synthesized from hexagonal patches is shown at the top.

leaky waves on the hologram operating bandwidth, the dis-
tributed 2D radiation patterns at f = 17 GHz are shown in
Fig. 10. Both holograms use hexagonal unit cells to realize
the surface impedance. Figure 10(a) shows the radiation
pattern of the conventional hologram. The theoretical cal-
culations in Sec. II suggest that the null exists only in
the pattern at f0. However, it we alter the frequency from
f0 − δf to f0, the electric field magnitude vanishes in the
object-wave direction (φ0 and θ0) continuously and there
might be a spot in the pattern where the value is lower in
comparison with the neighboring area at 17 GHz. It must
be noted that the rabbit’s ears phenomenon is the dominant
destructive effect in the radiation pattern at any frequency
except f0. The rabbit’s ears phenomenon ruins the radia-
tion pattern and any other destructive effects (like a null)
are difficult to distinguish and somewhat negligible.

As is clear in Fig. 10, the significant destructive effect
of nonforward surface leaky waves on the object wave
makes the radiation pattern unacceptable for the conven-
tional hologram. In contrast, the hologram obtained with
a parabolic reflector by redirection of the nonforward
surface leaky waves into forward ones has a main-lobe
magnitude of 22.9 dB at f = 17 GHz, while the conven-
tional hologram reaches 15.3 dB. Figure 11 illustrates how
the proposed hologram maintains highly directive over
13–18 GHz.
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(a)

(b)

FIG. 10. Comparison of simulated [33] 2D patterns of con-
ventional (a) and parabolic-reflector-enabled (b) holographic
radiators at f0 − δf (17 GHz).

By lowering of the operating frequency, the hologram
tends to scan the θ angle, and θscan = 60.0◦ is obtained for
f = 17 GHz.

IV. EXPERIMENTAL RESULTS

A holographic surface impedance calculated for object-
wave generation at θ0 scans the elevation angles by
frequency variation. After surface-impedance realization,
the 2D surface-impedance distribution remains unchanged
for all reference-wave frequencies. When the monopole-
radiator frequency is set to a value lower than f0, the
realized surface impedance corresponds to an object wave
propagating along a direction nearer to the normal axis to
the metasurface plane (lower value of elevation angle θ0).

FIG. 11. Full-wave simulation of the conventional and pro-
posed holograms with respect to frequency.

FIG. 12. Fabricated prototype of the proposed holographic
metasurface aimed at generating a tilted object wave.

This is also true when the monopole-radiator frequency is
set to frequencies higher than f0 and the elevation angle
is larger than θ0. Therefore, a major facility provided
by wideband holographic metasurfaces is elevation-angle
scanning. The wideband holographic metasurface with
the parabolic reflector needs to be realized with hexag-
onal unit cells. Figure 12 shows the fabricated prototype
of the parabolic-reflector-enabled hologram. The structure
includes two layers: the waveguiding metasurface and the
surface-wave reflector. The metasurface is realized with
hexagonal unit cells and the parabolic reflector is real-
ized by metalized via holes mimicking the role of the
PEC boundary condition. When periodic vias with a period
smaller than twice the diameter of the vias are used as the
PEC reflector, the band gap prevents the incoming waves
from penetrating from the vias in the microwave regime
[34]. For further verification, reflection from an array of
metalized via holes (1-mm diameter and 1-mm spacing at
f0 = 18 GHz) and a metal bulk are compared in Fig. 13,
showing simulation results for the 2D distribution of the
electric field generated by a cylindrical wave launcher next

(a) (b)

FIG. 13. Simulation results for reflection from an array of met-
alized via holes (a) and metal bulk (b) next to a cylindrical wave
launcher. The surrounding boundary condition is reflectionless
(dashed lines) for both cases.
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FIG. 14. Simulation (solid lines) and measurement (dashed
lines) results for normalized directivity of the parabolic-reflector-
enabled holographic antenna.

to both vias and metal bulk. The results indicate that the
vias can almost perfectly act as a PEC boundary condition.

Experimentally, use of metal bulk as a reflector is not
recommended for integrated structures. Metal bulks make
the structure heavy and costly, and metalcasting is needed.
In contrast, the use of metalized via holes embedded in
dielectric sheets (e.g., FR-4 and RO4003) can lower the
fabrication demands and cost. Since the wave is coupled to
the surface, a PEC reflecting boundary with finite height
suffices for the desired reflection conditions. However,
ideal results may be obtained when the reflector height is
infinitely extended. Considering the practical conditions,
the reflector height is chosen as 1.6 mm. The radiation-
pattern results for the simulation and measurement over
a frequency range of 13–18 GHz are shown in Fig. 14.
The simulation and measurement results have good agree-
ment, indicating the wideband elevation-angle scanning
from 33◦ to 69◦. This enables a good scanning application
in microwave tracking and communication systems instead
of large phased-array antennas.

The fabricated prototype is tested in an anechoic cham-
ber as a receiving antenna and with a double-ridged horn
as the transmitting antenna.

V. CONCLUSION

In this paper, we explore the holographic theorem
for leaky-wave metasurfaces using surface-wave reflec-
tors. Leaky-wave holographic metasurfaces can be imple-
mented for beamforming in a specific direction. If a
surface-wave reflector is placed on a holographic sur-
face, reference-wave modification is necessary. Therefore,
the holographic surface-impedance distribution is modified
depending on the reflector geometry. Full-wave calcu-
lation of the surface impedance in the presence of the
reflector can overcome the restriction to closed-form 2D
scattered fields known for certain reflector geometries
and any arbitrary-shaped reflector profile can be chosen
to be placed on a radiative hologram. Also, full-wave
calculation has priority over any approximation of the
surface impedance.

The conventional center-fed holographic antennas are
not capable of beamforming in the object-wave direction
when the surface impedance is realized with high accuracy
and resolution. It is shown analytically there is a null in the
radiation pattern of the high-resolution conventional holo-
grams at the design frequency. Breaking of the reference-
wave symmetry with respect to the origin removes the null
from the radiation pattern at the design frequency f0. Also,
a wise selection of the reflector geometry can rearrange
the surface leaky waves and result in a wide operating-
frequency bandwidth. The overall structure properties and
selection of the surface-wave-reflector-profile geometry
require various considerations:

(a) The rabbit’s ears phenomenon for 2D holograms
suggests that the nonforward modes are the reason for the
restricted operating-frequency bandwidth of conventional
center-fed holograms.

(b) Any approach to modify nonforward modes, such
as elimination, absorption, and redirection of these modes,
can lead to a wide operating bandwidth of leaky-wave
holograms.

(c) Redirecting surface waves may seem to have prior-
ity over elimination and absorption because all the power
generated by the monopole can participate in the reference
wave and no energy loss occurs.

(d) A parabolic surface-wave reflector can be a perfect
choice for the reflector profile. The incoming waves from
the focal point of a parabola are converted to parallel in-
phase forward modes after reflection from the parabolic
PEC boundary condition.

(e) Cylindrical surface leaky waves need to be instantly
redirected into parallel waves, otherwise nonforward
modes will still have a destructive effect on the pattern and
scannability as they travel toward the parabolic reflector
before redirection. Hence, the distance between the wave
launcher (focal point) and parabolic reflector should be
chosen small enough, such a fraction of the wavelength
(5 mm for our experimental setup).

A parabolic surface-wave reflector can redirect a nonfor-
ward surface wave and provide considerable operating
bandwidth. On the other hand, because of surface-wave
confinement resulting from reflector embedding on the
metasurface, the diffraction effect of 1D leaky-wave struc-
tures is suppressed and a better side-lobe level is obtained.
In addition, in some applications, because of the lack
of space or other reasons, the presence of a reflector
on the radiative surface is inevitable. The antenna using
the parabolic reflector is enabled for frequency scanning,
which is confirmed by simulation and measurement. The
directivity at different frequencies within the operating
bandwidth of the proposed antenna is highly improved
compared with the conventional hologram.
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