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Abstract — A novel concept of a holographic antenna with
a high-gain conical beam pattern is presented. The antenna
is realized on glass, which has advantages in terms of losses
and dispersion compared to Teflon-based materials at mm-wave
frequencies. This allows applications such as the usage in harsh
environments. The performance of the proposed holographic
antenna has been analyzed both by an analytic model and
full wave simulations. Using the holographic principle, a
frequency-dependent beam scanning over a bandwidth of up to
20 GHz is achieved and thus allows a low-cost 2D-radar imaging.
The measurements of the fabricated antenna show an excellent
agreement with the simulations. The optimized antenna has a
uniform gain of about 15.8 dBi in the azimuth plane, a side lobe
level below −16.5 dB, and a 3-dB-beamwidth of 8° at the center
frequency of 77 GHz.

Keywords — Conical beam, frequency-scanning, glass
technology, high-gain, holographic antenna, millimeter-wave
radar.

I. INTRODUCTION

Holographic antennas have the advantage of a highly
flexible control of the aperture field distribution in both
amplitude and phase [1], [2]. This can be achieved by
an impedance hologram whose transverse modulation
period controls the phase distribution to synthesize a
conical beam pattern. The holographic principle enables a
frequency-dependent beam steering without the necessity of
additional phase shifters.

Typically, antenna arrays in the mm-wave frequency
range suffer from high losses within the signal distribution
network [3], [4]. Antenna concepts with conical beam patterns
are often used for wireless communication [5], [6]. The usage
of a frequency-scanning holographic antenna for a monostatic
radar is presented in [7], where the impedance hologram
is realized on a Teflon-based material resulting in high
losses and thus in a degradation of the radiation efficiency.
The frequency-dependent beam steering in combination with
the conical beam pattern offers the possibility to measure
the averaged level distribution of materials by ring-shaped
illumination areas, for example within a bulk cone tank.

In this paper, a low-profile holographic conical beam
antenna is presented. The novel realization of the holographic
antenna on glass results in low losses, less dispersion and
yet excellent antenna parameters, which enables the usage
in various fields of application. The holographic antenna is
designed for high directivity to minimize specular reflections
from the tank walls and to enhance the angular resolution
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Fig. 1. Illustration of the conical beam located at ϑ0 (f0) (—) and
frequency-dependent beam steering in elevation by ϑ0+ϑl ∝ f0+∆fl (—).

in elevation for an increased signal-to-noise ratio. The lossy
distribution network is eliminated in the presenting antenna
by using a single source.

II. FREQUENCY-SCANNING RADAR

In this section, the preliminary considerations for the
application (cf. Section I) and the associated boundary
conditions are considered for the design of the conical beam
scanning antenna (see Fig. 1). As the antenna scan as a
function of frequency, the bandwidth B of the radio frequency
(RF) input signal is subdivided in L sub-bands ∆fl

B =
L∑

l=1

∆fl ∀ l ∈ N . (1)

Each sub-band l results in a variation ∆βl of the surface wave
(SW) phase constant βSW due to its dispersive properties

βSW (f0) + ∆βl (∆fl) ∝ f0 + ∆fl , (2)

where f0 is the lower cut-off frequency of the sensor system.
The transverse phase constant of the (−1,−1) leaky wave
(LW) mode βLW,(−1,−1) is the result of the Floquet series
expansion and varies for each sub-band l

βLW,(−1,−1),l (∆fl) =

∣∣∣∣
(
kx
ky

) ∣∣∣∣+ ∆βl (∆fl) . (3)
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Fig. 2. Top view on the frequency-dependent ring-shaped illumination areas
of the conical beam antenna, where each color represents a conical beam at
the steering angles: ϑ0 (f0) (—) , ϑ0 + ϑ1 (∆f1) (—) ,
ϑ0 + ϑl (∆fl) (—) , ϑ0 + ϑL (∆fL) (—) .

Hence, the angle of the beam position in the elevation plane
is calculated for each sub-band by

ϑ0 (f0) + ϑl (∆fl) = arcsin

(
βLW,(−1,−1),l

k0

)
, (4)

where ϑ0 is the beam position in the elevation plane at the
lower cut-off frequency f0 and ϑl is the elevation scanning
angle over the l-th sub-band ∆fl (see Fig. 2). The sum of
all 3-dB-beamwidths ϑ3dB of each conical beam within the
bandwidth B results in the field of view (FoV)

FoV = ϑ3dB,0 (f0) +
L∑

l=1

ϑ3dB,l (∆fl) . (5)

The scanning angle in the elevation plane ϑl is defined by

ϑl =
ϑ3dB,l−1 + ϑ3dB,l

2
(6)

and increases across the L sub-bands due to the reduction
of the effective antenna aperture area (see Fig. 2). This
determines the bandwidth of the l-th sub-band ∆fl and the
resulting range resolution ∆Rl corresponds to

∆Rl =
c0

2 ·∆fl
, (7)

where c0 is the speed of light in vacuum. The usage of a
frequency-scanning holographic conical beam antenna can
provide a complete illumination of a material distribution.

III. DESIGN OF THE HOLOGRAPHIC CONICAL BEAM
ANTENNA

A. Synthesis

For the purpose of a LW radiation, a SW mode
is excited by a single feed. The SW interacts with a
sub-wavelength periodic structure of discontinuities placed
on a grounded dielectric slab, which is described by the
anisotropic impedance tensor

←→
Z . These interaction originates
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(b) Impedance Hologram.

Fig. 3. Analytical calculation of (a) the phase distribution of the objective
electric field and (b) the impedance hologram for a conical beam located
at (ϑ0 = 15° , φ0 = [0 , 360]°) for a conical beam pattern synthesization in
x-y-plane at 77 GHz.

from the impenetrable impedance boundary condition (IBC),
which is space-dependent and results in the transversal
electric field distribution ~Et (x, y) [8]. To synthesize a conical
beam pattern, the steering angle in elevation ϑ0 of the
(−1,−1) LW mode has to be the same in all azimuth planes
(cf. Fig. 1). As a consequence, the phase progression of the
synthesized electric field has to be rotationally symmetric as
shown in Fig. 3(a). It is given by

~Eobj (x, y) =

(
Ex0

e−j(kxx) Tx (x, y)

Ey0e−j(kyy∓π
2 ) Ty (x, y)

)
, (8)

where Tx and Ty are the x- and y-components of the
desired amplitude taper function ~T (x, y). The constant field
amplitudes are described by Ex0 and Ey0 and the phase
expressions are set to synthesize a circularly polarized electric
field. The objective field ~Eobj from (8) corresponds to the
electric field distribution of the radiating (−1,−1) LW mode,
whereas ~Et comprises all reactive field contributions. Its
spectrum is mainly concentrated outside the visible region.
Due to the definition of the synthesized phase progression, the
transverse modulation period pt of the impedance hologram
must be equal in each transversal direction (cf. Fig. 3(b))

pt =
2π

k0

√
1 +

(
Zavg

ZF0

)2
− k0 sin (ϑ0)

. (9)

The average surface impedance is expressed by Zavg. The
impedance tensor

←→
Z is assumed by the space-dependent

modulation indices Mx and My in order to support the
specification of an amplitude distribution given by the desired
electric field (8). Hence, the control of the modulation indices
allows a synthetization of the far field pattern with respect to
the side lobe level (SLL) and the 3-dB-beamwidth. It can be
calculated as follows

Mx (x, y) =

∣∣∣∣∣
~Eobj,x

~Et,avg

∣∣∣∣∣ , My (x, y) =

∣∣∣∣∣
~Eobj,y

~Et,avg

∣∣∣∣∣ . (10)

B. Design Process

Based on the synthesis process discussed in Section III-A,
a holographic conical beam antenna is designed. The cross
section of the proposed antenna on glass is depicted in
Fig. 4. The thickness of the glass wafer is set to 400 µm
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Fig. 4. Cross section of the proposed holographic conical beam antenna on
glass.

in order to suppress higher order SW modes. A coplanar
waveguide (CPW) within the ground metallization is used
to feed the surface wave launcher from the bottom side.
The dimensions of the CPW feeding correspond to the
characteristic impedance of 50 Ω. The antenna consists of
10000 squared unit cells (UC). To ensure a homogeneous
periodic structure, the UC size is set to 0.4 mm × 0.4 mm.
The UC geometry is based on a circular metal patch with
an inclined slot to produce anisotropic impedance tensors
(see Fig. 4). The orientation of the slot is determined by
the anisotropic tensor components to enhance the polarization
purity. These UC dimensions and the pixel geometry provide
a maximum modulation index of max{Mx,y}= 0.215 and
an average impedance of Zavg = j332 Ω. The designed
holographic antenna is intended to radiate a conical beam
in the azimuth direction and is tilted to an elevation angle
of ϑ0 = 15° at 77 GHz. The circular aperture has a radius of
5.85λ0 corresponding to an aperture diameter of 45.60 mm.

IV. REALIZATION AND MEASUREMENT

The prototype of the optimized conical beam antenna
on glass was fabricated on a fused silica substrate with
a relative permittivity εr = 3.78 and a dielectric losses
tangent tan δ= 0.001. The metallization for the periodic
pixel structures and the ground plane consists of a 10 nm
thick chromium seed layer, on which a 350 nm gold layer
is sputtered. The individual pixel structures were realized
by a conventional wet etching process with tolerances
of ±2 µm. A probe tip in upside-down orientation is used
to feed the proposed holographic antenna on glass from
the bottom side in order to avoid the parasitic impact of
the probe on the radiation pattern of the antenna under
test (AUT) (see Fig. 4). The far field measurements of
the realized holographic antenna are conducted using a
robot-supported mm-wave antenna measurement setup [9].
In Fig. 5 the measured radiation patterns of the fabricated
holographic antenna are illustrated for elevation angles in the
range ±35° and across the frequency range from 67 GHz
to 87 GHz at the azimuth angles 0° and 90°. Measurement and
numerical simulation coincide well. The azimuth imbalance
across the frequency range has a maximum deviation of
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(a) Azimth cut at φ0 = 0°.
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(b) Azimth cut at φ0 = 90°.

Fig. 5. Measured (solid line) and simulated (dashed line) radiation patterns
of the frequency scanning antenna on glass at the discrete frequencies:
67 GHz (—) , 77 GHz (—) , 87 GHz (—).

max
{

∆~C (f, ϑ0, φ)
}

= 1.50 dB. A side lobe level between
−16.5 dB and −10 dB and a 3-dB-beamwidth from 4° to 12°
were measured across the bandwidth of 20 GHz. Figure 6
shows the measured gain and the steering angle in the
elevation plane over frequency of the antenna prototype. The
measured gain is in the range between 11.2 dBi and 18.2 dBi.
A beam scanning range of 25° is measured. Considering
the 3-dB-beamwidth of each conical beam a FoV of 33°
is obtained using (5). The measured reflection coefficient
is below 6 dB across the frequency range. Additionally, the
probe tip and spurious reflections from the environment have
been removed by means of time-domain filtering. A photo
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Fig. 6. Simulated (dashed line) and measured (solid line) gain (—) and
steering angle in the elevation plane (—) for the holographic antenna on
glass.
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Fig. 7. Measured 3D-radiation pattern of the anisotropic holographic conical beam antenna on glass at different frequencies.

of the realized holographic antenna on glass is given in
Fig. 8. The measured 3D-radiation patterns in Fig. 7 are
exemplary shown at three different frequencies. The shape
of the conical main beams and the side lobe suppression
are very well-defined in all azimuth planes. The calculated
directivity based on the measurement results ranges from
19.7 dBi to 12.5 dBi at the cut-off frequencies 67 GHz and
87 GHz resulting in a radiation efficiency of 85 % within the
entire bandwidth of 20 GHz.
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Fig. 8. Photograph of the realized holographic antenna on glass.

V. CONCLUSION

In this paper a holographic antenna on glass generating
a conical beam pattern for mm-wave sensor applications is
presented. The antenna design was realized for the usage
in a frequency-dependent sensor application. Using the glass
technology it is possible to realize a low-loss antenna with a
very high radiation efficiency of 85 %. Measurements prove
the high-quality radiation pattern across the whole bandwidth
from 67 GHz to 87 GHz. The realized antenna provide a
scanning angle in the elevation plane by ϑ= 25° over the
whole bandwidth of 20 GHz. The measured radiation patterns

show an antenna gain from 11.2 dBi to 18.2 dBi, a side lobe
level between −16.5 dB and −10 dB, and a 3-dB-beamwidth
from 4° to 12°. This work is the fundament for highly efficient
antennas on glass that can be used for a wide range of
applications.
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