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Abstract—A novel hologram synthesis method using the full
impedance tensor for multi-feed holographic-based leaky wave
antennas (HLWAs) is presented. Since, the unit cells (UCs) are
shared across all feeds, all sub-holograms need to be combined
into a shared holographic aperture. The shared impedance tensor
is determined by minimizing the error relative to all sub-tensors
for every UC. Based on the full tensorial multi-feed synthesis,
a HLWA having two feeding points is fabricated on a fused
silica wafer for an operational frequency of 160 GHz. The far
field measurements show an antenna gain of 31.0 dBi and 31.4
dBi, corresponding to an aperture efficiency of 35 % and 38 %.
The high gain and narrow beam of each feed make the antenna
well-suited for an integration into a long-range MIMO radar. A
polarization purity of less than 27 dB and a side-lobe level below
—20.0dB were measured at 160 GHz.

Index Terms—Holographic antenna, metasurface antenna,
multi-feed antenna, multiple-input multiple-output (MIMO),
impedance tensor, surface wave, leaky wave, glass technology.

I. INTRODUCTION

Holographic-based leaky wave antennas (HLWAs) allow a
highly flexible control of the aperture field in terms of the
amplitude as well as phase distribution, and also regarding
the polarization of the electromagnetic far field [1f], [2]]. This
can be achieved through the interaction of a surface wave
(SW) mode with a periodically modulated impedance surface
(MIS). The MIS hologram arises as an interference pattern
of a bounded SW mode propagating along an interface
between two dissimilar materials and a continuously radiating
leaky wave (LW) mode. A dense periodic structure of
sub-wavelength discontinuities (% %}) placed on a grounded
dielectric slab can be utilized to realize the TM-based MIS
hologram.

The HLWA is intended for an integration into a long-range
multiple-input multiple-output (MIMO) imaging radar,
necessitating several feeding points on the same antenna
aperture. However, only the realization of a single pixel
geometry within a unit cell (UC) is feasible. To accomplish
this, a superposition of all individual sub-holograms with their
corresponding pixel geometries into a shared holographic
aperture has to be implemented.

In recent works, the superposition is performed by a
pixel-based arithmetic averaging of all individual impedance
sub-holograms [3]]. This physically corresponds to an
arithmetic averaging of the individual pixel geometries
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Fig. 1: Generation of a single physical shared holographic
aperture across all N sub-holograms.

and results in an increased deviation between the shared
holographic aperture and the individual sub-holograms. In [4]]
the hologram superposition is implemented by taking the
UC-related incident angle into account, leading to a more
accurate implementation of the shared holographic aperture.
In this paper, a novel full tensorial multi-feed synthesis for
HLWAs is presented. Instead of using the scalar impedance
for the superposition, the full impedance tensor is employed.
This results in an even more accurate realization of the
individual sub-holograms through a shared holographic
aperture, particularly enhancing the antenna gain, beam
symmetry and polarization purity in terms of the improved
anisotropy degree [5]. These improvements make the HLWA
particularly suitable for a long-range MIMO radar in terms
of high range and high resolution. A multi-feed HLWA
prototype is fabricated on a fused silica wafer, motivated by
the high manufacturing precision achievable with the wet
etching process at frequencies above 140 GHz [6].

II. SYNTHESIS METHOD FOR MULTI-FEED HLWAS

In order to generate a continuously radiating LW mode
a bounded SW propagating at an interface between two
dissimilar materials is necessary. Therefore, each feeding
point excites the fundamental TMy SW mode propagating
rotationally symmetric on the antenna aperture [7]. Its
transverse magnetic field distribution H t|.—o+ follows the



Hankel function of the second kind and first order [2], The
MIS hologram consists of surface impedance tensors Z that
link the transverse magnetic field H . to the transverse electric
field distribution E[. This is mathematically described through
the space-dependent impenetrable impedance boundary
condition (IIBC) as [[1]
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where €, describes the unit vector normal to the antenna
aperture. If the anisotropic tensor components Z,, or
Z,, exist, a TM/TE coupling occurs and the fundamental
TMy SW mode is converted into a radiating TM-TE-hybrid
LW mode. The objective aperture field distribution has the

following form
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with o being the Hadamard product and T (z,y) defines the
z- and y-components of the desired planar amplitude taper
function. An arbitrary polarization is provided by the complex
phase term, but in this work a circularly polarized excited
electric field is used. The constant space independent field
amplitudes are described by Eo. The synthesis results in
an impedance tensor hologram depending on the predefined
objective field distribution (Z) and the magnetic field of the
SW. The interaction between the TMy SW mode and the
impedance tensor hologram leads to the radiating portion of
the transverse electric field E{,(q,q) corresponding to the
electric field distribution of the (—1, —1)-LW mode.

The design of a HLWA having N multiple feeding points
involves synthesizing the impedance hologram for each
individual feed n located at (x5, ¥r,,) on the antenna aperture
(see Fig.[T). This results in N impedance tensor sub-holograms
Hub,n» Whose origin corresponds to their feeding position
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Each individual sub-hologram is discretized into a periodic
arrangement of / UCs, where each i-th UC of a sub-hologram
represents an impedance tensor
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as shown in Fig. The impedance tensor 2%,” from
each sub-hologram can be represented by a pixel geometry
within a UC. However, only a single physical realization of
the impedance hologram on the antenna aperture is possible.
Thus, a shared holographic aperture 7 eq is established with
a shared impedance tensor %Shared (Zue,i, Yue,i) for each UC
across all N sub-holograms, as illustrated in Fig.

A. Angular-Dependent Hologram Superposition

For the sake of comparison, the state-of-the-art approach
for multi-feed HLWA designs is briefly introduced. The
superposition of all individual sub-holograms into a shared
holographic aperture is implemented by taking into account the

UC-related angle of incidence [4]. The minimum impedance
error € between all N angular-dependent scalar impedances

Zs s, and the 2-D-look-up table (LUT) Z, | yr
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determines the shared pixel geometry (d)pxl,shmd, Wpxl, shared )
and the corresponding angular-dependent scalar
impedaﬂces Zs,shared,n (prxl,shared + ¢inc,na wpxl,shared)- This
angular-dependent superposition (ADS) method is performed
for every ¢-th UC on the antenna aperture. The interested
reader is referred to [4]. This design methodology takes the
UC-related incidence angle ¢y, into account, but the mapping
of the analytical tensor to the corresponding pixel geometry
parameters is performed by using the scalar impedance. The
deviation of the shared holographic aperture #p,eq to each
n-th sub-hologram J&,, leads to an absolute hologram

error
N
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The hologram error directly affects the synthesized objective
aperture field distribution of the shared holographic aperture
due to the IIBC (I). Consequently, an increased deviation
of the synthesized radiation patterns from the ideal radiation
patterns, which originate from the ideal sub-holograms can be
observed.

B. Full Tensorial Hologram Superposition

To overcome the drawback of the ADS approach (Sec. [[I-A),
a full tensorial superposition (FTS) method for multi-feed
HLWAs is presented. For a more accurate combination of
all sub-holograms into a shared holographic aperture, all
impedance tensor components are taken into account. This
ensures a more precise implementation of the analytical
sub-tensors 2“1 .» and minimizes the impedance error to the
shared tensor gshmd.The individual pixel orientation angles
¢pxi,n of the analytical sub-tensors are computed using the
eigenvector (EV) approach from [4]. This results in N x M x4
tensor 3D LUT Z yr consisting of N rows defined by the
pixel orientation angles, M columns for the different pixel
widths wpx),», and the four tensor components

2LUT (d)pxl,na wpxl,m) VmAneN. (7)

Subsequently, the UC-referred incident angle ¢i, , of each
feed is added to the corresponding pixel orientation ¢,y .. The
orientation of the shared pixel @pxi sharea 1S computed under the
condition of minimizing the relative error to all the individual
angles ¢y, for each UC. The goal is to minimize the tensor
error ‘e’ across all individual sub-tensors in comparison to



the LUT tensor, in order to determine the shared pixel width
Wpxl,shared for each UC

N
? (wpxl,m) = E ’2LUT ((ybpxl,shareda wpxl,m) (8)
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The error vector € is calculated using the 1-Norm || - ||; of
the error tensor (@) as a function of the pixel width wpy.
Subsequently, the shared pixel width is determined by the
column with the lowest impedance error value

Wpxl,shared = argmin{é'(wpxl,m)} . 9)
Wpxl, m
The corresponding shared impedance tensor ?Shared is
determined from the 3D-tensor LUT Z yyr using the shared
pixel geometry

2shared = 2LUT (¢pxl,shareda wpxl,shared) .

Instead of achieving the superposition of all sub-holograms
by a pixel-wise arithmetic averaging [3]], the presented
FTS method determines the shared tensor 2shmd and its
corresponding pixel geometry parameters under the condition
of minimizing the error relative to all N analytical sub-tensors.
The FTS process is performed for each ¢-UC on the antenna
aperture for the realization of the analytical sub-holograms as
a shared holographic aperture (see Fig. [I)).

(10)

C. Error and Performance Evaluation

In order to evaluate the improvement of the novel FTS
method (Sec. compared to the ADS approach (Sec. [[I-A),
the root meas square (RMS) error of the dispersion curve over
the whole tensor hologram ep rwms, Holo,n 1s utilized for each
n-th feeding point [8]
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The error ep rwms,Holo,n describes the misalignment between
the dispersion curves of the /N analytical impedance tensors
from the sub-holograms Z ., and the shared tensor Z ghared
across all I UCs on the antenna aperture.
The aperture efficiency (AE) is a key parameter in the
antenna design and is used to evaluate the multi-feed hologram
synthesis. With respect to each n-th feeding point on the
antenna aperture and its corresponding radiating beam, the
aperture efficiency per feed 14 4, is calculated as follows

2
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where )Xo is the free-space wavelength, Agom equals the
physical aperture area, the number of feeding points is defined
by N and Gieas,n corresponds to the measured antenna gain
for each feeding point.

Nan =N (12)
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Fig. 2: Comparison of the analytical radiation pattern for
the two feeds at xf;2=33mm, y;12=0mm using the
ADS approach (dashed line) and FTS method (solid line) at
160 GHz. (a) Feed 1 at ¢y =0°. (b) Feed 2 at ¢g=0°.

III. HLWA DESIGN PROCESS AND ANALYTICAL
COMPARISON

Based on the novel full tensorial multi-feed synthesis
method discussed in Sec. a HLWA prototype is designed
on a fused silica wafer. In order to suppress higher
order SW modes, the thickness of the glass wafer was
chosen to 160pm. The HLWA has two feeds located at
(xf1=—3mm, yr; =0mm) and (x¢2 =3 mm, yfo =0mm)
and is designed for an operational frequency of 160 GHz. Two
coplanar waveguides (CPWs) within the ground metallization
are used to feed the surface wave launcher (SWL) from
the bottom side. The CPW dimensions correspond to the
characteristic impedance of 50¢2. The antenna consists of
52900 square UCs and the UC size is set to 0.2 mm x 0.2 mm
in order to ensure a homogeneous periodic structure. This
results in an aperture area of 21.16cm?. In order to obtain
a high degree of anisotropy, the pixel geometry is based on
an elliptically shaped metal patch with inclined slot to realize
anisotropic impedance tensors. The orientation of the ellipse
and the slot is calculated by the eigenvectors of the impedance
tensor [4]]. These UC dimensions and pixel geometry provide
a maximum modulation index of max (M;) = 0.28 and an
average impedance of Z,,, = j256 (2. The HLWA is intended
to radiate a right-hand circularly polarized (RHCP) pencil
beam for each feed in azimuth direction ¢g 1,2 =0° and in
elevation angle of ¥ 1 /o = 0° at 160 GHz. The co-polarization
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Fig. 3: Measured (solid) and IIBC computed (dashed) radiation pattern of each feeding point of the multi-feed HLWA having
two feeds at an operational frequency of 160 GHz. Co-pol (—) and cross-pol (—). (a) - (c) Feed 1: (a) ¢9 =0°, (b) o =90°
and (c) measured 3D-radiation pattern. (d) - (f) Feed 2: (d) ¢9=0°, (e) ¢ =90° and (f) measured 3D-radiation pattern.

and cross-polarization of the IIBC computed radiation patterns
resulting from the ADS approach (Sec. and the novel
FTS method (Sec. [[I-B)) for both feeding points are depicted in
Fig. 2] The radiation pattern based on the FTS method provide
a significant improvement of the side-lobe level (SLL) by 5dB
and an increase in polarization purity of 8dB (see Fig. [2).
This results from the significant reduction of the RMS error
of the dispersion curve ep rms,Holo (@) over the whole tensor
hologram of 43 % from 56.8 2 to 32.4 (). This leads to a more
accurate implementation of the shared holographic aperture in
comparison to the ADS method and yields an improvement in
antenna gain of at least 1.15dB.

IV. HLWA REALIZATION AND MEASUREMENTS

The anisotropic HLWA prototype on glass, based on the
full tensorial multi-feed synthesis method (Sec. [[I-B), was
fabricated on a fused silica wafer with a relative permittivity
e,=3.78 and a dielectric loss factor tand=0.001. The
metallization for the periodic pixel structures and the ground
plane consists of a 10nm thick chromium seed layer, to
which a 350 nm thick gold layer is added. The individual
pixel structures are realized by a conventional wet etching
process with tolerances of +£2 um. A probe tip in upside-down
orientation is used to feed the proposed HLWA on glass from
the bottom side in order to avoid the parasitic effect of the
probe on the radiation pattern of the antenna under test (AUT).

Fig. 4: Top view photography of the manufactured multi-feed
HLWA prototype on glass technology.

The similar measurement setup was applied as described in
[7]. The manufactured multi-feed HLWA prototype on glass
technology is depicted in Fig. @ The far field measurements
are conducted using a robot-supported mm-wave antenna
measurement setup [9]. In Fig. [3 the measured radiation
patterns for feed 1 (Fig. [3d - and feed 2 (Fig. Bd| - [3f)
of the multi-feed HLWA are illustrated for an elevation angles
in the range +30° at the azimuth angles 0° (Fig. Ba] & [3d)
and 90° (Fig. Bb] & [3¢) all at 160 GHz. A minimum SLL
of —19dB and —20dB and a polarization purity below
27 dB were measured. The co-polarization component of the
measured 3D radiation patterns are shown in Fig. B & [31]
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Fig. 5: Measured antenna gain vs. frequency from 140 GHz to
170 GHz of the realized multi-feed HLWA prototype on glass.
(Feed 1 (—), feed 2 (- - -)).
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Fig. 6: Measured input reflection coefficient vs. frequency
from 140 GHz to 170 GHz of the realized multi-feed HLWA
prototype on glass. (Feed 1: (—) original data, (- --) data w/o
probe tips, feed 2: (- - -) original data, (- - -) w/o probe tips).

for elevation angles up to £30° and for all azimuth angles.
For both feeds, the shape of the main beam, the SLL, and the
polarization purity are very well-defined in all azimuth planes.
Overall, the radiation patterns show an excellent agreement
between the measured and simulated results. The measured
antenna gain across a wide frequency range from 140 GHz
to 170 GHz is shown in Fig. 5] A measured gain for feed 1
and feed 2 of 31dBi and 31.4dBi, respectively, can be
determined (see Fig. [j), resulting in an aperture efficiency
for each individual feeding point of na1 = 35% and
Na2 = 38%. This corresponds to an improvement of at
least 1.1dB compared to the ADS synthesis of Sec.
Furthermore, a gain imbalance of 0.4dB is achieved at the
operational frequency of 160 GHz. The computed directivity
based on the 3D radiation patterns are 31.7 dBi and 32.1 dBi,
respectively, which corresponds to a minimum radiation
efficiency of 85%. The high-directive and narrow pencil
beam characteristic results in an extended range and enhanced
resolution for long-range MIMO radar applications. The input
reflection coefficient for both feeds is illustrated in Fig. [6]
across a bandwidth of 30 GHz from 140 GHz to 170 GHz.
Additionally, the probe tip and spurious reflections from the
environment have been removed by means of time domain

filtering, resulting in reflection coefficients of —17dB and
—19dB for both feeds at 160 GHz.

V. CONCLUSION

In this paper, a novel hologram synthesis method using the
full impedance tensor for multi-feed holographic-based leaky
wave antennas is presented. A tensorial shared holographic
aperture is determined, which has the lowest impedance
error to the corresponding analytical sub-holograms. The
antenna has been designed with two feeding points towards
a long-range MIMO imaging radar application. The spherical
radiation characteristics of the multi-feed HLWA have been
validated up to elevation angles of +30° and for the
whole azimuth plane. The measured radiation patterns show
an antenna gain of 31dBi and 31.4dBi, respectively,
corresponding to an notable AE of 35 % and 38 %. A side-lobe
level of at least —19 dB, and a minimum polarization purity of
27 dB were measured at an operation frequency of 160 GHz.
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