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ABSTRACT A novel synthesis method for holographic multi-feed antennas is presented to combine all
sub-holograms into an angle-dependent shared holographic aperture. In order to find the global error
minimum between the shared holographic aperture and all ideal sub-holograms, a non-pixel-based genetic
optimization is used. For a more accurately implementation of the analytical impedance tensor an eigen-
vector approach taking all tensor components into account is introduced. The optimized holographic
antenna has four feeds for an exemplary integration into a 2D-monopulse radar system and is realized
on a fused silica wafer due to its lower loss at millimeter-wave frequencies compared to Teflon-based
materials. The antenna prototype provides a measured gain of 23 dBi, a polarization purity of 26 dB and
a side-lobe level of 20dB for feed 1, 2 and 4 is reached across 76 GHz—81 GHz. The S-parameters
are measured from 60 GHz to 90 GHz, and a reflection coefficient of —14dB and an inter-port coupling
<—38dB are achieved. The measured 2D-monopulse patterns provide a FOV of 10°, the sum beam has
a gain of 26 dBi leading to an aperture efficiency of 45 % and the differential beams show a null depth
of 30dB.

INDEX TERMS Holographic antenna, metasurface antenna, multi-feed antenna, multi-beam antenna,
surface wave, leaky wave, monopulse radar, glass technology.

I. INTRODUCTION

OLOGRAPHIC antennas are gaining an increasing

interest in the mm-wave application area, e.g., for the
sensor and communication scope, since they allow for a
highly flexible control of the aperture field concerning ampli-
tude and phase distribution and also regarding the polariza-
tion of the electromagnetic far field [1], [2], [3], [4], [5].
This can be achieved by a modulated impedance surface
consisting of a dense periodic structure of several thou-
sands of sub-wavelength discontinuities. These are placed
on an electrically thin grounded dielectric slab, which is
described by the impedance boundary condition (IBC) [6].
The IBC enables the control of the propagation direction of
a guided surface wave (SW) and also their transformation
into higher order Floquet modes. The holographic antenna
provides a very low building depth, typically small compared
to the wavelength, and this promotes the integration of

holographic antennas into a package [7], [8], [9], [10], [11].
The antenna-in-package (AiP) approach provides a scal-
able aperture size and minimizes the losses significantly at
mm-wave frequencies compared to a conventional planar dis-
tribution network [12], [13]. Hence, a high-gain holographic
AiP with a desired far field pattern can be achieved.

In [14], [15], [16], [17], [18] an isotropic IBC is used to
control the propagation direction of a non-radiating SW mode.
The SW excitation is provided by a surface wave launcher
(SWL) which can be implemented by a circular patch. By
introducing a modulation period, the SW is transformed into
higher order modes, described by the Floquet series [19].
Thus, the interaction of a guided SW with the modulated
impedance surface implies that the (—1, —1) Floquet mode
enters the visible region and thus becomes a continuously
radiating leaky wave (LW) [20]. In [21], [22] the modulated
impedance surface is arranged in a spiral shape in order to
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generate a circularly polarized LW radiation, but the isotropic
IBC results in a poor polarization purity.

Modulated impedance surfaces based on an anisotropic
IBC approach are described by impedance tensors to enhance
the quality of the circularly polarized LW radiation [23].
In this way, an increased polarization purity and antenna
gain are achieved, compared to the isotropic IBC. In [24]
an anisotropic impedance hologram synthesis method is
presented, which generates a desired aperture field shaped
by space dependent modulation indices and a desired phase
distribution. Furthermore, some examples for modulated
metasurface antenna designs at low frequencies, e.g., for
pencil beam antennas within the X- and the Ka-band and
isoflux pattern antennas in the Ka-Band are demonstrated
in [24]. A modulated metasurface antenna design with an
operation frequency at 300 GHz has been verified by sim-
ulations in [25], whose unit cells (UC) are implemented as
metallized cylinders.

In [11] the first holographic antenna using the anisotropic
IBC is realized on glass technology and verified by far field
measurements. The holographic glass antenna provides a
pencil beam at 150 GHz and is designed for a hermetically
sealed glass package in mm-wave sensor applications. This
hologram synthesis is expanded to realize an anisotropic
holographic antenna on glass technology generating a coni-
cal beam pattern at 77 GHz [1]. The glass antenna is intended
for frequency-scanning mm-wave sensor applications and
operates within a bandwidth of 20 GHz.

In [26] a modulated impedance surface is designed by
using an anisotropic IBC in order to generate multiple beams
by using either only a single or multiple feeds. On this foun-
dation, many papers have been published about holographic
antennas having multiple feeds [4], [26], [27], [28]. In [29] a
holographic multi-feed antenna is designed for an exemplary
integration into a monopulse radar.

In recently published works, the hologram superposition
into a shared holographic aperture is implemented by a
pixel-based arithmetic averaging of all individual impedance
sub-holograms [4], [26], [27], [28], [29]. In this design
methodology, the incident angular-dependency of the SW
w.r.t. the UC is not taken into account and thus, the averaging
of the sub-holograms physically corresponds to an arithmetic
averaging of the individual pixel geometries. This leads to an
increased deviation between the shared holographic aperture
and the individual sub-holograms.

In this paper, a novel hologram synthesis method for
holographic multi-feed antennas is presented, by taking the
UC-related incident angle into account. Furthermore, an
eigenvector-based approach to determine the pixel orientation
is introduced, for the realization of the impedance tensors by
a discrete set of sub-wavelength UCs. In order to optimize
the radiation pattern of each feed, a genetic algorithm (GA)
is implemented using a 3D-radiation pattern mask as a fitness
function. The GA leads to the optimal antenna configura-
tion with the radiation patterns of the shared holographic
aperture providing the lowest deviation compared to the
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ones of the ideal sub-antennas. The holographic multi-feed
antenna has four feeds and is intended for the integration
into a 2D-monopulse radar system. The antenna prototype
is realized on fused silica wafer due to its lower losses
at mm-wave frequencies compared to Teflon-based materi-
als and glass enables a very high manufacturing accuracy
concerning the wet etching process. The holographic multi-
feed antenna is mounted on a multi-layer feeding network.
This enables a phase synchronous signal excitation of each
feed through rectangular waveguides. The simulation results
are verified by measurements of the far field patterns and
the S-parameters of the manufactured holographic multi-feed
antenna.

This paper is organized as follows: In Section II the novel
eigenvector synthesis approach is described. Furthermore, the
incident angular-dependent multi-feed hologram synthesis
method is introduced. In Section III a comprehensive analyti-
cal comparison between the state-of-the-art concept from [4],
[26], [27], [28], [29] and the proposed synthesis approach is
shown. In Section IV the design of the holographic multi-
feed antenna which is intended for the integration into an
exemplary 2D-monopulse radar is presented. Section V com-
prises the realization of the holographic multi-feed antenna
prototype on fused silica. The antenna performance is ver-
ified by measurements. Finally, the conclusion is drawn in
Section VI.

Il. SYNTHESIS METHOD FOR MULTI-FEED HOLOGRAMS
A holographic antenna can be realized by a dense peri-
odic structure of sub-wavelength discontinuities (& %)
placed on a grounded dielectric slab. This structure can be
physically seen as a modulated impedance surface repre-
senting the impedance hologram. A SW is stimulated by
a feed and interacts with the impedance hologram lead-
ing to a LW radiation. For this purpose, a SWL excites
the fundamental TMp SW mode propagating rotationally
symmetric on the antenna aperture [11]. Its transverse mag-
netic field distribution H, follows the Hankel function of
the second kind and first order [24]. The hologram consists
of surface impedance tensors Z that link the transverse
magnetic field H; to the transverse electric field distribu-
tion E, through the space-dependent impenetrable impedance
boundary condition (IIBC) as [22]

Etx> (Zxx ny> <a (Htx>)
Ztr) o e x (5, (D
<Et,y Z}’x Zyy : [it,y

where the unit vector ¢, is aligned normally to the antenna
aperture. The isotropic components Z,, and Z,, are arranged
on the main diagonal of the impedance tensor, while on the
secondary diagonal the anisotropic ones Z,, and Z,, are. The
[IBC from (1) mathematically represents the interaction of
the SW and the impedance hologram. If Z, or Z, exist, a
TM/TE SW coupling takes place, and the fundamental TMg
SW mode is converted into a TM-TE-hybrid LW mode.
The transverse electric field distribution resulting from (1)

comprises all reactive field contributions, and its spectrum
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shared
holographic aperture

antenna
aperture

FIGURE 1. Generation of a single physical shared holographic aperture across all N
sub-holograms considering the i-th UC-referred incident angle of the respective feed.

is mainly outside the visible region. The objective aperture
field distribution Ep; possesses the following form

N - > e_j(kxx)
Eqgj(x,y) =T(x,y) o Ep o (e_j(kyyng)), 2)

with o being the Hadamard product and ?(x, y) contains
the x- and y-components of the desired planar amplitude
taper function. The complex phase term may provide an
arbitrary polarization, but in this work a circularly polarized
excited electric field is used. The constant space independent
field amplitudes are described by Zfo. The objective field
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from (2) corresponds to the electric field distribution of the
radiating (—1, —1) LW mode whose spectrum is completely
concentrated inside the visible region [30], [31]. The result
of the synthesis is an impedance tensor hologram depending
on the predefined objective field distribution from (2) and
the transverse magnetic field of the SW. The interaction
between TMp SW mode and the impedance hologram is
derived by the IIBC (1) and leads to the radiating portion
of the transverse electric field E, (_; _.

In order to design a holographic antenna having N multiple
feeding points, the proposed hologram synthesis method is
performed for each feed n located on the antenna aperture at
(xt.n, yr.n) (see Fig. 1). Hence, there is a predefined objective
aperture field (2) for each feeding point. This leads to N
impedance tensor sub-holograms, whose origin corresponds
to their feed position. In order to maximize the aperture
efficiency, all sub-holograms extend over the whole antenna
aperture as depicted in Fig. 1 and reads

jfsub,n(xf,na )’f,n) VneN 3)

The individual sub-holograms are discretized into / peri-
odically arranged squared UCs, where each i-th UC of a
sub-hologram is described by an impedance tensor

H .
Z suv.n(¥uc,ir Yue,i) VnAi€eN, 4)

as shown in Fig. 1. For the implementation of a impedance
tensor hologram (3), a complex eigenvalue problem has to be
solved depending on the UC-referred incident angle ¢inc and
the pixel geometry [21]. This results in an angular-dependent
scalar surface impedance Z; (@inc.n). For a meaningful
assignment of the tensor to a pixel geometry, the calcula-
tion of its corresponding scalar surface impedance, by taking
the UC-referred incident angle into account, is necessary (as
shown in Fig. 1) [1]. The impedance tensor Z gp , from
each sub-hologram can be represented by a pixel geometry
within a UC. However, only a single impedance hologram
realization on the antenna aperture is possible. Therefore,
a share(d_) holographic aperture 5% hareq With an impedance
tensor Z shared (Xuc,n» Yuc,n) for every UC is created across
all N sub-holograms as shown in Fig. 1.

The further course of this section is structured as follows.
In Section II-A the general design aspects of holographic
multi-feed antennas are discussed. Section II-B briefly deals
with the state-of-the-art approach for comparison purposes.
In Section II-C, a novel angular-dependent synthesis method
is discussed in order to efficiently create the shared holo-
graphic aperture. A scalar and a vector-based approach for
the anisotropic impedance tensor realization are presented in
Sections II-D and II-E, respectively. The simulation results
of the three different approaches are evaluated in Section III.

A. GENERAL DESIGN CONSIDERATIONS

The feed positions (xf,, yr,) on the antenna aperture
(c.f. Fig. 1), from which the cylindrical TMp SW typically
propagates rotationally symmetric, is subject to the following
constrains:
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main beam

‘ undesired beam \ ‘

a) b)

FIGURE 2. lllustration of the effect resulting from the coupling between the feeds on
the shared holographic aperture on the radiation pattern of a considered feed.
(a) Desired main beam (b) Additional undesired beam.

o The feeds must have a minimum radial distance dfeeq
of 1o to one another in order to avoid coupling between
their sub-holograms on the shared holographic aperture,
which is only a guideline value determined empirically
by simulations. If the distance becomes smaller, the
SW not only interacts with the primarily excited sub-
hologram of the considered feed but is also influenced
by the other sub-holograms from the other feeds. This
means that in addition to the primary main lobe of the
excited feed, the main lobes of the unstimulated feeds
are also unintentionally visible in the radiation pattern
as exemplary illustrated in Fig. 2.

o Furthermore, the physical dimension of the SWL struc-
ture has an influence on the realizable feed position
regarding the SWL patch diameter dpaen [11]. This
means that the minimum realizable radial distance
between two feeds corresponds to the patch diameter.
Due to the coupling already discussed, in this work the
minimum distance is set to

diced,n > dpatch dpatch > Ao &)

o The maximum antenna aperture size da (see Fig. 2)
also limits the position of the feeds and thus, the
aperture efficiency. Therefore, the feeds should be
within 0.75da.

As a further degree of freedom in the holographic antenna
design, the hologram offset 1/, of the sub-holograms
Hsub.n(Yy) 18 introduced. The taper function %n from (2)
specifies the amplitude decay in the x-y-plane of the objec-
tive aperture field. The transverse modulation period of
the sub-hologram results from the interference between the
phase distribution of the SW current ¢sw, , and the objective
aperture field @op;,,

©On = OSW,n + Pobjn- (6)

The hologram offset ¥, is not subject to any restrictions
and can be set arbitrarily. This enables an unrestricted shift
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of the impedance at the origin of each n-th sub-hologram
independently of the feed position. The impedance hologram
phase expression is defined as

On = PSw,n + Pobj,n + Y. @)

B. ANGULAR-INDEPENDENT SYNTHESIS METHOD

For the sake of comparison, the current state-of-the-art
approach for holographic multi-feed antenna designs is
briefly introduced. The hologram superposition is imple-
mented by a pixel-wise angular-independent arithmetic aver-
aging (AiA) of all N sub-holograms to a shared holographic
aperture (c.f. Fig. 1) [4], [26], [27], [28], [29] as

N
1
f%ﬂsha.red = Nzﬁsub,n- (8)

n=1

Each sub-hologram consists of a discrete set o(f_) UCs
which physically represent the impedance tensor Z g,
(see Fig. 1). This arithmetic averaging approach of all
sub-holograms is performed for each i-th UC

N
<~ 1 <>
Z shared(i) = NZ Z sub,n(i)~ (9)

n=1

This design methodology features of simple pixel combi-
nation, but it does not take the angular-dependency of the
UCs surface impedance into account. The deviation of the
shared holographic aperture 7% hareq to each n-th individ-
ual sub-hologram %, leads to an absolute hologram
error # error

N
Herror = Z|%sub,n — Hshared ’ (10)
n=1

Since each sub-hologram is realized by a discrete set of UCs,
representing the impedance tensor Z g ,, the arithmetic
averaging of all sub-holograms results in an impedance error
for each UC on the shared antenna aperture [30]:

N
Ch=) | Z oD = Zaea®|. D)
n=1

The impedance error directly influences the synthesized
objective aperture field distribution of the shared holographic
aperture .7 ghared- Thus, an increased deviation of the syn-
thesized radiation patterns from the ideal radiation patterns,
which originate from the ideal sub-holograms . ,, can
be observed.

C. ANGULAR-DEPENDENT SYNTHESIS METHOD
To overcome the drawbacks of the state-of-the-art approach
(Section II-B), a novel angular-dependent synthesis method
for holographic multi-feed antennas is presented and dis-
cussed throughout the following points (see Fig. 3).
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FIGURE 3. Analytical angular-dependent synthesis method for holographic
multi-feed antennas [30].
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o Angular-Dependent Hologram Superposition Q): In this

synthesis approach, the N sub-holograms are not aver-
aged. Instead, a shared holographic aperture depending
on the UC-referred incident angle ¢inc , is determined as
depicted in @ in Fig. 3. The pixel geometry to realize the
surface impedances Z; ;, , of every UC is depicted in
Fig. 4. To improve the amsotropic degree, an slot-loaded
elliptical pixel shape is realized. Thus, the SW current
tends to flow along the slot and additionally along the
direction of the ellipse resulting in an increased elec-
tric field portion in the TE component and an enhanced
anisotropic degree. The pixel is defined by its correspond-
ing orientation angle ¢px1 and the pixel width wpyi. The
length of the elliptical shape [,y remains unchanged
(see Fig. 4). The angular-dependent hologram super-
position is based on a two-step procedure. First, the
orientation of the shared pixel @pxi shared Which has a
minimum error to the ideal sub-pixel orientations ¢px1,»
is computed for every UC. Second, the UC-referred inci-
dent angle ¢inc » of each feed is added to the orientation
of the shared pixel (see ) in Fig. 3). This leads to a
look-up table (LUT) Z; ; 7 having N rows defined by the
angular-dependent pixel orientations and M columns for
the different pixel widths, containing all corresponding
scalar impedance values

Zs,LUT(‘bpxl,shared + Ginc,n prl,m) VmeN. (12)

It is worth to note that Z | ;1 consists of an impedance
line vector for each n- th incident angular-dependent
pixel orientation @px shared + Pinc,n and comprises all
scalar impedance values as a function of the pixel
widths. The goal is to find the minimum impedance
error across all the individual sub-impedances compared
to the LUT impedance column vectors to determine the
shared pixel width wpy) shared for each UC. Forming the
row sum over all columns results in a scalar surface

Wpx1

lpx]

H 1
P luc,w >
H H

FIGURE 4. Elliptical 2z-periodic pixel structure with an additional slot through the
center within the unit cell.

impedance error vector E(wpxlym) for every pixel width

N
prl m E

_y LUT ¢px1 shared + @inc,n> Wpxl, m)

—Z

Zg.sub,n |

13)

Afterwards, the shared pixel width is determined by the
column with the lowest impedance error value

Wpxl,shared = a-rgmin{z(wpxl,m)}- (14)
Wpxl,m

o Shared Pixel Geometry 3): This leads to the shared
pixel geometry (@pxi shared Wpxl,shared) With a minimum
error regarding the N sub-geometry values for every
UC. All shared pixel geometries constitute the shared
holographic aperture S#Zgaed (see @ in Fig. 3).

o Impedance Tensor (é)ssignment @: The shared
impedance tensor(_) Z shared 1 determined by the
3D-tensor LUT Z Lyt by using the shared pixel
geometry (see @ in Fig. 3).

<> <>
Z shared = Z LUT ((ppxl,shared’ prl,shaxed)- (15)

The LUT has N xM x4 entries for the angular-dependent
pixel orientations, the pixel widths and for the 4 tensor
components.

o Synthesized Objective Aperture Field and Radiation
Pattern 3)—©): Finally, the objective aperture field dis-
tribution is calculated using the IIBC (1). This leads to
the electric field of the radiating (—1, —1) LW mode
and its corresponding far field pattern C, for each feed
(see G and ©® in Fig. 3).

To perform the angular-dependent hologram superposition
(@ in Fig. 3), the prior knowledge about the pixel orienta-
tion ¢px1,, for every UC of each individual sub-hologram
must be calculated in advance. The pixel orientation is
necessary to realize the anisotropic effect of the ten-
sor. Hence, a scalar and a vector approach are presented
in Sections II-D and II-E that ensure an unambiguous
assignment between the angular-dependent analytical scalar
impedance and the pixel orientation (see (D in Fig. 3).

D. PIXEL ORIENTATION - SCALAR APPROACH
The amplitudes of Z,, , and Z,, ,, do not allow for an assign-
ment of the anisotropic degree to an unambiguous pixel
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FIGURE 5. Angular-dependent scalar impedance of a slot-loaded elliptical pixel vs.
the UC-referred incident angle range ¢, =[0°, 360°] at the fixed slot angle (a) ¢y =0°
and (b) ¢px =45° at 77 GHz. (a) Opx = 0°. (b) Opx = 45°.

orientation within a 2m-period, since the amplitude curve
has two intersections with the same value. Only the phase
distribution of the anisotropic tensor components ¢,y Or @y
offers an unambiguous assignment of the pixel orientation
and the anisotropic degree [30]

Pry(x,y) = Bswy/ X2 4y? — (kxx + kyy) + Pinc,  (16)

where @,y = @y, Bsw is the SW phase constant, and k,, k, are
the wavenumbers along the x- and y-direction, respectively.
As a result, every UC of each n-th sub-hologram has a pixel
orientation ¢px1,, due to its anisotropic tensor components.
The orientation of the shared pixel @pxi shared 1S computed
under the condition of the minimum error to all the individual
slot angles ¢px1,, for each UC for the following two cases:

L max{¢pxl,n + ¢inc,n} - min{¢pxl,n + ¢inc,n} <90°:

N
1
¢pxl,shared = N Z ¢pxl,n + ¢inc,n~ (17)
n=1
. max{d’pxl,n + Qinc,n} — min{¢px],n + Ginc,n} > 90°:
N
Y > bpxtn + Gine.n | +90°. (18)
¢pxl,shared = N 1 pxl,n inc,n .
n—=

The expression max and min denote the maximum and the
minimum angular-dependent orientation of the sub-pixels
across all sub-holograms. Subsequently, the shared pixel
width, which yields the lowest impedance error, is calculated
by the incident angle-dependent hologram superposition
algorithm (see @ in Fig. 3) [30]. The shared geometry
parameters determine the impedance tensor as function of
the incident angle ¢inc ., (see @ in Fig. 3). This results in an
unambiguous pixel geometry for the scalar impedance and
the corresponding impedance tensor.

E. PIXEL ORIENTATION - EIGENVECTOR APPROACH

In the scalar approach, only the anisotropic tensor com-
ponents Z,, , and Z, , are considered to assign the pixel
orientation. The pixel width is primarily determined by the
isotropic components Z,, , and Z,, ,, while the orientation
angle of the pixel is mainly defined by the anisotropic tensor
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FIGURE 6. Coordinate system rotation in the k,-k,-plane for pixel orientation
extraction.

components on its secondary diagonal. Since the SW cur-
rent tends to flow along the slot and additionally along the
direction of the elliptical shape, the pixel width also has an
influence on the anisotropic degree of the pixel. Therefore,
the isotropic and anisotropic tensor components must be con-
sidered for the assignment of the pixel orientation in order
to realize the impedance tensor more accurately. The scalar
impedance vs. the incident angle has a peanut-shaped course
for an anisotropic pixel geometry as depicted in Fig. 5. In
Fig. 5(a) the maximum and minimum are located on the
principal axes and thus the pixel orientation ¢px) can be deter-
mined to @px1 = 0°. Since pinc = Ppx1 applies, no TM/TE SW
coupling occurs and thus, no anisotropic behaviour is present.
Hence, the secondary diagonal is zero Z,, ,=Z,, ,=0 €
and the tensor corresponds to a diagonal tensor. For an
anisotropic behaviour of the pixel geometry, a rotation of
the principal axis around the rotation angle ¢ takes place,
as illustrated in Fig. 5(b), and the tensor is no longer a
diagonal matrix, since its secondary diagonal corresponds
to Z, ,#0 € an(d_)Z #0 Q. A diagonalisation of the

Zyx,n
impedance tensor Z is used in order to directly determine
the pixel orientation angle for every anisotropic impedance
tensor. The diagonalisation process corresponds to a rotation
of the principal axes of the coordinate system around @
in the N{k,}-{k,}-plane, as depicted in Fig. 6, where the
rotation tensor R is defined by

=g _{ cos(¢rot) sin(rot)
R @l = <— Sin(@ro0) cos(qsrm))‘ 1
The impedance tensor is diagonalised by
< <~ < <>
I (¢ro) = R~ (drot) - Z - R (¢ror)- (20)

The rotation angle at which the secondary diagonal 7', and
T,, vanish has to be found resulting in the diagonal tensor
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FIGURE 7. Analytical antenna gain vs. the impedance hologram offset of feed 2
¥2 =[0°, 360°] where the feeds are located at (x; 1>, =+3 mm, y;;,=0mm) for 77 GHz.

<>
T and the required rotation angle ¢rot

| o <<
¢rot < R : Z - R (¢rot)|TXV:T)_X:0 Q- (21)
The result is an impedance tensor (f with no TM/TE SW
coupling, since the principal axes are rotated by ¢ in such
a way that they are located in the maximum and minimum
at Nfkorx} and N{kro,y} as depicted in Fig. 6.

This results in an unambiguous pixel orientation angle
¢px1,» using all impedance tensor components for every UC
of all sub-holograms. The orientation of the shared pixel
@pxl,shared 1S calculated by (17) and (18) in such a way
that it has the lowest pixel angle error compared to all
the individual pixel angles ¢px,. Afterwards, the incident
angular-dependent synthesis method from Section II-C is
used to determine the shared pixel width wpxi shared having
the lowest impedance error to all ideal analytical impedance
sub-holograms.

lll. ANALYTICAL COMPARISON
In order to compare the angular-independent method
(Section II-B) and the two angular-dependent approaches
(Section II-C), a holographic multi-feed antenna is
designed having two feeds at (xf 1 =3 mm, yf; =0mm) and
(xf2=—3mm, yr, =0mm) at an operation frequency of
77GHz. The hologram offset of feed 1 remains v =0°
while v, =[0°, 360°] varied in order to investigate its
influence on the antenna gain, side-lobe level, polarization
purity, and gain imbalance of the holographic multi-feed
antenna. The holographic antenna is intended to radiate
a right-handed circular polarized (RHCP) single beam for
each feed in azimuth direction ¢ 12 =0° and is tilted
to an elevation angle of ¥y | =5° and ¥y, =—5°, respec-
tively. The antenna consists of 14400 squared UCs, and to
ensure a homogeneous periodic structure, the UC size is set
to 0.4mm x 0.4 mm, which results in an aperture size of
48 mm x 48 mm.

In Fig. 7 the analytically calculated antenna gain vs. the
hologram offset range between 0° and 360° is shown. The
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FIGURE 8. Gain imbalance vs. the impedance hologram offset of feed 2
¥2=[0°, 360°] where the feeds are located at (x; 1, =43 mm, y; ;. =0mm) for 77 GHz.

antenna based on the AiA approach has a maximum ana-
Iytical gain of 27.7dBi, where losses and the reflection
coefficient are not taken into account. For both the scalar
and vector approach the same gain of 28.3 dBi is achieved,
which is increased by 0.6 dB compared to the AiA method.
This means that with the scalar or vector approach 15 %
less aperture area is necessary to achieve the same antenna
gain as with the AiA approach. The antenna gain differs
negligibly from the scalar to the vector pixel orientation
approach, since the same angle-dependent synthesis algo-
rithm was used. The gain almost remains constant over the
whole hologram offset range, whereas for the AiA synthesis
method a maximum peak-to-peak deviation of 0.4dB can
be determined (see Fig. 7). The maximum gain imbalance
|AGmax| describes the maximum deviation of the antenna
gain between all N feeds and equals the triangular matrix

AGi AG1 N

|AGmax| = max (22)
0 ... 0 AGy-1n

As the impedance value in the origin of the sub-hologram
changes across the hologram offset, the sub-holograms of the
AiA approach are almost mirror symmetric at 172°, and the
gain imbalance becomes zero. The increased impedance error
of the angular-independent approach (Section II-B) leads
to a maximum gain imbalance of 0.24dB (Fig. 8). For a
hologram offset of 85° and 245° two local maxima of the
gain imbalance exist, since the individual impedance tensor
entries for each UC of both sub-holograms are orthogonal
to one another. This leads to the two maxima of the gain
imbalance within 360° of the hologram offset. The angular-
dependent scalar and the vector approach have two local
maxima and two local minima, almost for the same hologram
offset values. This again results from the fact that the same
incident angle-dependent algorithm was used for the multi-
feed synthesis. However, the maximum imbalance with the
vector approach is only 0.08 dB and therefore 0.04 dB lower
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FIGURE 10. Side-lobe level vs. the impedance hologram offset of feed 2
Y2 =[0°, 360°] where the feeds are located at (x;,1,, =+3 mm, y; 1, =0mm) for 77 GHz.

compared to the scalar approach (Fig. 8). This improvement
of the gain imbalance results from the vector-based assign-
ment of the pixel orientation. For a hologram offset of up
to 180° the vector approach provides a maximum imbalance
of 0.03dB revealing a very wide design range for vy, with
a negligible gain imbalance. The disregard of the angular-
dependency leads to an almost flat polarization purity of only
16dB (Fig. 9) over the hologram offset. The assignment of
the pixel orientation is primarily responsible for the polariza-
tion purity of the holographic antenna. For the scalar pixel
orientation approach, there is an improvement of the polar-
ization purity increasing by 4dB to 20 dB. However, since
the slot-loaded elliptical pixel geometry (see Fig. 4) is used
in this work, all tensor components must be considered in the
pixel orientation calculation. Therefore, the vector approach
from Section II-E results in a further improvement in the
polarization purity of up to 25dB due to the enhancement
of the anisotropic pixel orientation as depicted in Fig. 9.
The side-lobe level (SLL) (see Fig. 10) shows an improve-
ment compared to the AiA method by at least 3.25dB to a
total of 18.5dB as the angular-dependent hologram super-
position was used. The angle-dependent vector approach
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FIGURE 11. Radiation pattern with two feeds at x; 1, =+3 mm, y; 1, =0mm with the
proposed pixel mapping algorithm with the hologram offsets ¥y =0° and ¥, =150° and
the AiA approach with an impedance hologram offset of ¥; =0° and y, =172° at

77 GHz. (a) feed 1 at ¢p =0° (b) feed 2 at ¢ =0°.

synthesizes the electric object aperture field distribution more
accurately and thus improves the SLL.

The simulated radiation patterns for the AiA approach
and the angular-dependent vector method are illustrated
in Fig. 11 for elevation angles in the range +60° at the
azimuth angle 0°. The hologram offset of the first feed
remains {1 = 0° for both approaches and for the second feed
Yo = 172° for the AiA method and v, = 150° for the vector
approach. In this way, both the SLL improve by 3.25dB
and an enhancement of polarization purity by 4dB for the
vector approach is achieved in comparison with the AiA
method (see Fig. 11). In the next step, the distance between
two feeds is varied from 6 mm (1.54¢) to 20 mm (51g). The
polarization purity in Fig. 12 converges towards the same
value. If the feeds are positioned very close to each other
(1.5Xp), the polarization purity increases by 10dB due to
the improved pixel orientation of the vector approach. As
the distance between the feeds increases to 5)¢, the feeds
are pushed to the edge of the antenna aperture. Thereby, the
spiral shape of the impedance sub-holograms on the shared
holographic aperture is lost, and Ex’n becomes dominant
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[1.5X0, 510] with a hologram offset of ¥, = ¥, = 0° using the angular-independent AiA
approach and the proposed eigenvector-based angular-dependent hologram
synthesis method at 77 GHz.

-

w.rt. E, , or vice versa, which leads to a linearly polarized
electromagnetic field radiation. Hence, the radiation of the
circularly polarized electromagnetic field of the holographic
antenna is reduced. This is why the polarization purity for
the AiA method and the angular-dependent vector approach
converges towards the same value with increasing feed dis-
tance. Furthermore, the gain imbalance |AG| | between the
two feeds remains constant at 0.12dB in the AiA approach
and a maximum gain imbalance over the hologram offset of
0.05 dB for the vector approach is achieved (see Fig. 13). In
Fig. 13 the gain is shown for the AiA method and the vector
approach. The gain decreases with a larger distance between
the feeds to almost the same extent for both approaches. But
the gain is improved by 0.75 dB across the whole hologram
offset of 360°. The SLL also deteriorates vs. the feed dis-
tance, but the vector approach (Section II-E) remains almost
constantly 4 dB better compared to the AiA approach from
Section II-B (see Fig. 14).

Moreover, the number of feeds is continuously increased
from 2 to 8, and the feeds are arranged equidistantly on a
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circle with a distance of 1.5A9 where the feed positions xr
and yr, are defined as

1.5 0N n360°
Xtp = o cos( N ) 23)
1.5A0N . [ n360° 24)
0 = sin .
Yf,n 7 N

The hologram offset is set to ¥, =0° for all the N sub-
holograms b »,(¥,). The analytical antenna gain (see
Fig. 15) of the scalar and vector approach is almost iden-
tical as the same angular-dependent hologram superposition
algorithm was used. Furthermore, a gain improvement of at
least 0.7dB compared to AiA approach vs. the number of
feeds is evident. The gain decreases almost identically for all
three approaches, because each additional feed leads to an
additional sub-hologram. The increasing number of the sub-
holograms leads to an increase of the error compared to the
shared holographic aperture (10) and thus a rising impedance
error results for each UC (11) and the gain decreases.

This leads to an increased discrepancy in the synthesis of
the objective aperture field. Hence, the SLL deteriorates as
the number of feeds increases as depicted in Fig. 16.
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The polarization purity of the vector approach is enhanced
by up to 10dB compared to the AiA approach and is con-
stantly 5dB higher than the scalar method (see Fig. 17),
since the vector approach considers the entire impedance
tensor to determine the sub-pixel orientation for each UC.

IV. DESIGN OF THE HOLOGRAPHIC MULTI-FEED
ANTENNA

Based on the novel angular-dependent hologram synthesis
method discussed in Section II, a holographic multi-feed
antenna is designed, according to the flow diagram in Fig. 3.
In this work, the holographic multi-feed antenna is intended
for an integration into a 2D-monopulse radar system. As a
consequence, the antenna provides four feeds which excites
a pencil beam characteristic tilted pairwise in the elevation
and in the azimuth plane, respectively. The 2D-monopulse
radar principle allow a 2D-direction of arrival (DoA) esti-
mation in both azimuth and elevation by comparing the
amplitudes of the sum and differential beams [32]. In order to
achieve a field of view (FoV) of 10° at 77 GHz the objective
aperture fields from (2) were defined to reach a 3-dB-
beamwidth of 5°. The steering angles are tilted in the azimuth
and elevation plane as listed in Table 1. The lithographic
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TABLE 1. Steering angles of the holographic multi-feed antenna for each individual
feed at 77 GHz.

Feed number H 1 ‘ 2 ‘ 3 ‘ 4 ‘
Yo,n 3° —-3° 3° —3°
®0,n 45° 45° 135° | 135°

manufacturing process of the holographic multi-feed antenna
allows a maximum antenna aperture size of 48 mm x 48 mm.
The antenna consists of 14400 squared UCs, and the UC
size is set to 0.4 mm x 0.4mm to ensure a homogeneous
periodic structure. The thickness of the fused silica wafer
is set to 500 um in order to excite only the fundamental
TMp SW mode. The pixel geometry is based on an ellipti-
cally shaped metal patch with an inclined slot (see Fig. 4) to
realize anisotropic impedance tensors. The orientation of the
slot-loaded ellipse is determined by the eigenvector approach
from Section II-E by using all impedance tensor components
in order to increase the polarization purity. The realization of
the analytical shared holographic aperture relies on a prelim-
inary constructed impedance LUT which links the analytical
impedance tensor to the corresponding pixel geometry. The
elliptical pixel has a constant length of [px) = 390 um, while
the width wyy is varied from 39 um to 390 ym to cover an
aspect ratio (AR) range of [0.1, 1]. The inclined slot has
a width of 20um. An AR lower than 0.1 is physically not
processable, as the area of the elliptical patch becomes too
small in relation to the slot width.

The UC dimensions and the pixel geometry provide an
average impedance of Z,,, =j322.75 €2 and a maximum
modulation index of max{My ,}=0.13.

The shared holographic aperture is computed by a non-
pixel-based GA. The block diagram of the flow diagram
of the GA is depicted in Fig. 18. First, an assortment of
L feed positions (Xt ., yr.n) and hologram offsets v,
are randomly selected for each feed to create an initial
start population regarding the general design considerations
described in Section II-A (see (D in Fig. 18). This popu-
lation consists of all the L selected individuals of the GA.
Subsequently, the ideal sub-holograms %y . are calcu-
lated by the hologram synthesis method from Section II
which belong to the ideal sub-antennas of each feed. The
pixel orientation of each sub-hologram is calculated based
on the eigenvector approach from Section II-E for every
UC. Next, the orientation of the shared pixel for all sub-
holograms is calculated with (17) and (18) for each UC.
Afterwards, the incident angular-dependent hologram syn-
thesis method from Section II-C is performed resulting in
a shared holographic aperture pareq,; for each individual
of the GA. Thus, the shared analytical impedance tensor of
each UC on the antenna aperture has a corresponding pixel
geometry (see Q) in Fig. 18).

The goal of the GA is to find a shared holographic aper-
ture, whose radiation patterns Cgshared,» have the lowest error
compared to the radiation patterns of the ideal sub-antennas
E‘ideal, n For this purpose, a 3D-radiation pattern mask for the
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FIGURE 18. Block diagram of the genetic algorithm for holographic multi-feed
antennas.

TABLE 2. Optimal antenna configuration concerning feeds and hologram offset
resulting from the GA at 77 GHz.

Feed number | 1 | 2 | 3 | 4 |
Tt —1.4mm 2.0mm —1.6mm | —2.8mm
Yt,n 0.2mm 10.4mm | —6.0mm 8.2mm
Pn 195° 160° 70° 40°

co- and cross-polarization E‘mask,co,n, E‘mask,cmss,n is intro-
duced as the fitness function of the genetic algorithm.
The fitness error ef; is calculated from the deviation
of the co- and cross-polarized radiation patterns to those
Eesulting from the shared holographicq aperture éshared,co,n,l
Cshared,cross,n,l» and the mask patterns Crask,co,n> Cmask,cross,n
(see @ in Fig. 18). It is worth noting that the radiation pat-
terns of the ideal sub-antennas fulfill the fitness function for
all azimuth and elevation angles.

A termination criterion ecriterion €nsures that the GA is
aborted as soon as the fitness value eg;; falls below this
threshold for a certain individual (see @ in Fig. 18). In
case, the termination criterion is not fulfilled, a selection
out of the L GA individuals based on their fitness value
is made (see  in Fig. 18). Then, a recombination and a
mutation of these selected individuals is processed in order
to generate descendants, which are then completely or only
partially modified (see ® and (@ in Fig. 18).

If the termination criterion is fulfilled (efir; < ecriterion)s
the individual with the optimized holographic multi-feed
antenna configuration is found (see in Fig. 18). The
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FIGURE 19. Bottom (a) and top view (b) of the manufactured antenna system
consisting of the multi-layer feeding network and the holographic multi-feed antenna
fixed on the top layer.

optimized feeds and hologram offsets determined by the GA
computation regarding the minimum radiation pattern error
are listed in Table 2. In this antenna design, the closest feeds
are placed at a distance of 1.3549 =5.40 mm, and the diam-
eter of the SWL patch equals dswr. = 2.05 mm. Thus, the
requirements of (5) are fulfilled.

V. REALIZATION AND MEASUREMENTS

The holographic multi-feed antenna prototype was fabri-
cated on a fused silica wafer with a relative permittivity
of ¢, =3.78 and a dielectric losses tangent of tan§ = 0.001.
The metallization for the shared holographic aperture and the
ground plane consists of a 10 nm thick chromium seed layer,
on which a 350nm gold layer is sputtered. The individual
pixel structures are realized by a conventional wet etching
process with maximum tolerances of up to 2 um. The antenna
prototype is fixed on a multi-layer feeding structure to pro-
vide the excitation of each SWL as depicted in Fig. 19.
The bottom view of the feeding structure (see Fig. 19(a))
shows the rectangular waveguide (RWG)-to-microstrip-line
(MSL) transition in order to excite the feeding network from
the bottom side. The MSL of each feed is connected to a
via transition, transforming the horizontal quasi-transverse
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FIGURE 21. Measured 3D-radiation patterns of the holographic multi-feed antenna using glass technology at 77 GHz. (a) feed 1 (b) feed 2 (c) feed 3 and (d) feed 4.

electromagnetic (quasi-TEM) wave propagation into a verti-
cal wave guidance through the multi-layer PCB. In Fig. 19(b)
the top view of the multi-layer feeding network can be
seen, where the vertical wave propagation enables the SWL
excitation for each feed of the holographic antenna. The
whole antenna system with the fixed holographic multi-feed
antenna on the top layer of the feeding network is depicted
in Fig. 19(b). The bottom of the fused silica wafer con-
sists of a fully metallized ground layer, which only has
a circular recess at each feed position with a diameter of
600 um. The footprint of the holographic antenna area on
the top layer of the feeding structure ensures an accurate
alignment and fixation of the holographic antenna, so that
the circular recesses on the bottom side of the antenna fit
with the SWL structures of each feed. To reinforce the sta-
bility of the antenna system prototype, an additional FR4
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frame is glued onto the edges. The MSLs on the bottom
side of the feeding network (see Fig. 19(a)) have an iden-
tical electrical length. This allows a simultaneous excitation
of any number of available feeds as well as the stimula-
tion of each feed individually by a RWG from the bottom
side. Thus, the feeding structure has no parasitic impact on
the radiation pattern of the holographic antenna. The mea-
surements of the holographic multi-feed antenna have been
performed in an anechoic chamber. In Fig. 20 the measured
co-polarization (—) and cross-polarization (—) radiation pat-
terns of all four feeds are illustrated in (a)-(d) for elevation
angles in the range £90° at 77 GHz. The four beams are
tilted pairwise in the azimuth plane to the angles 45° and
135°. In each case, only one single feed is excited. The
co-polarized component of all radiation patterns is primarily
inside their fitness mask, and a SLL below 20dB across
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FIGURE 22. Measured side-lobe level (a) and measured antenna gain (b) for all four
individual feeds of the holographic multi-feed antenna across the operation frequency
range from 76 GHz to 81 GHz.

the whole spherical angle range can be obtained. A notable
discrepancy between the mask and the co-polarization is
only observed for feed 3 (Fig. 20(c)), where an undesired
side-lobe appears, which originates from the process toler-
ances. The measured peak gain of the holographic multi-feed
antenna equals 23.07 dBi at feed 4 and is slightly lower than
the analytical gain. This results from the influence of the
input reflection coefficient, which is not considered in the
analytical gain calculation, and further by the ohmic losses
in the metal and dielectric losses of the antenna. The maxi-
mum gain imbalance between all feeds equals merely 0.7 dB
at 77 GHz. The cross-polarized component of all radiation
patterns coincides very well with the fitness mask, and a
polarization purity of at least 26 dB is present. This is a bit
lower compared to the analytical expectation due to wet etch-
ing process tolerances. Overall, the radiation patterns show
an excellent agreement between the measured and simulated
results. The beam efficiency np [26] is a key parameter in
the antenna design, as well as the array taper efficiency nr
(ATE). The ATE denotes the influence of the amplitude taper
function from (2) on the aperture efficiency of the antenna
whereas the beam efficiency presents the antenna gain of
each feed normalized to the maximum antenna gain of a
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FIGURE 23. Measured S-parameters for all four feeds vs. frequency from 60 GHz to
90 GHz. (a) reflection coefficient (w/o spurious reflections from the env.) (b) inter-port

coupling coefficient.
76 GHz — 81 GHz.

highlights the operation frequency range of

uniform electric aperture field distribution [26]. In case of
the manufactured antenna system from Fig. 19, a beam effi-
ciency of at least np =56.13 % and an ATE of nr =79.56 %
is achieved. The aperture efficiency 14 of each radiation pat-
tern is about 21 % taking the losses from the MSL-to-SWL
transition into account. Furthermore, the performance of the
holographic multi-feed antenna prototype has also been ver-
ified using a robot-supported mm-wave test range [33]. In
Fig. 21 the measured 3D-radiation patterns of all four feeds
are depicted across the whole azimuth plane and for ele-
vation angles of £20° at 77 GHz. The shape of the main
beams and the side-lobe suppression are very well-defined
in all azimuth planes for each feed. Furthermore, the mea-
sured SLL and measured gain of all feeds across the
operation frequency range (76 GHz — 81 GHz) are shown in
Fig. 22(a) - Fig. 22(b). The highest measured gain for all
four feeds is at the design frequency of 77 GHz with a
maximum gain imbalance of 0.7 dB and a minimum SLL of
15dB from feed 3 at 81 GHz is obtained. The lowest gain
amounts 18dBi at feed 2 at 81 GHz. As the holographic
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FIGURE 24. Measured (solid line) and simulated (dashed line) sum (a)-(b) and differential (c)-(d) radiation patterns of the 2D-holographic monopulse antenna at 77 GHz,

(a) ¢o =45° (b) g =135° (C) ¢ =45° (d) g =135°.

antenna scan as a function of frequency in the elevation
plane [1], the gain decreases with increasing frequency. At
the lower edge of the operation frequency range (76 GHz),
the gain is reduced since the impedance of the pixels within
the UCs also changes over frequency, and a deviation com-
pared to the impedance surface at 77 GHz occurs. Figure 23
shows the measured S-parameters across the E-band from
60 GHz to 90 GHz. The input reflection coefficient of each
feed is depicted in Fig. 23(a). Within the operation band-
width a return loss below —14dB can be determined.
Additionally, spurious reflections from the environment have
been removed by means of time domain filtering. Both
the reflection and inter-port coupling coefficients show a
very good agreement for the four feeds, especially in the
frequency range of operation between 76 GHz and 81 GHz.
The inter-port coupling coefficient among the feeds i and
j (@ # j) is presented in Fig. 23(b). Within the operation
frequency range, a maximum inter-port coupling coefficient
between the feeds of —38dB is obtained.

Each feed of the feeding network is designed with an iden-
tical relative phase from the RWG to the SWL excitation.
This enables a simultaneous phase-synchronous excitation of
all 4 feeds. Thus, the generation of three distinct radiation
patterns, namely a sum pattern (}°), a differential-elevation
pattern (A¢]), and a differential-azimuth pattern (Ag;) is pos-
sible. All the measured beam patterns in Fig. 24 have been
normalized to their maxima. The azimuth cuts at 45° and
135° of the measured sum pattern (see Fig. 24(a) and 24(b))
provide a SLL of at least 18 dB below the pattern maxima. A
measured polarization purity of at least 28 dB and an antenna
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FIGURE 25. Measured (solid line) and simulated (dashed line) amplitude ratio of the
2D-monopulse antenna at 77 GHz.

gain of 26 dBi are achieved resulting in an aperture efficiency
for the sum beam of 45 %. The measured differential pat-
terns (see Figs. 24(c) and 24(d)) exhibit good symmetry of
the two specular beams, the symmetry is more evident in the
Ayz-pattern than in the Agj-pattern. This probably originates
from a small misalignment of the relative phase between the
feeds in the manufactured antenna system. In both the A,,-
and Agj-diagrams a null depth of —30dB is obtained. The
amplitude ratio 4/y influences the quality of the angle esti-
mation, when integrated into a radar system, which improves
as the slope of the curve decreases. Likewise, the unambigu-
ousness and the FoV of the angle estimation is determined
by the amplitude ratio. In Fig. 25 the amplitude ratio of
the holographic multi-feed antenna prototype is presented,
and a FoV of 10° can be determined. As the holographic

405



FREY et al.: ANGLE-DEPENDENT SYNTHESIS METHOD FOR HOLOGRAPHIC MULTI-FEED ANTENNAS

12

11

10

Field of view (degree)

76 7 78 79 80 81
Frequency (GHz)

FIGURE 26. Measured field of view of the holographic 2D-monopulse antenna
across the operation frequency range of 76 GHz — 81 GHz.

antenna scan as a function of frequency, the FoV increase
across the operation frequency as depicted in Fig. 26 and a
minimum FoV of 9.75° can be obtained at 76 GHz. Overall,
a very good agreement between the measured and simulated
radiation patterns and amplitude ratios are present.

VI. CONCLUSION

In this paper a novel holographic multi-feed antenna, real-
ized on a fused silica wafer, for an exemplary integration into
a 2D-monopulse radar has been presented. The holographic
antenna design is based on a novel multi-feed hologram syn-
thesis method, in which all the sub-holograms are combined
onto a single shared holographic aperture by including the
angular-dependency of the SW w.r.t. the UC. In order to
physically realize the impedance tensors, a novel eigenvec-
tor approach is presented. The antenna prototype has four
feeds, each of them provides an independent radiation pat-
tern. The four sub-holograms are combined into an optimized
shared holographic aperture by using a genetic algorithm.
For this purpose, a 3D-radiation pattern mask is applied
as the fitness function for each feed in order to find the
optimal antenna configuration. The holographic multi-feed
antenna was realized on a fused silica wafer and is fixed on a
multi-layer feeding network, providing a phase-synchronous
excitation of each SWL. The far field measurements of
the holographic antenna system prove high-quality radiation
patterns for each feed. A peak gain of 23.07dBi, a side-
lobe level of at least 20dB for feed 1, 2, 4 and 15dB for
feed 3 respectively, and a polarization purity of more than
26dB at 77 GHz are achieved. This corresponds to beam
efficiency of 56.13% and an ATE of 79.56 %. The aper-
ture efficiency for each beam is about 21 %, whereas for
the sum beam 45 % has been reported. The measured gain
from 76 GHz to 81 GHz provides a maximum gain imbal-
ance between the four patterns of only 0.7 dB, respectively.
The S-parameters of the holographic antenna system were
measured across the E-band from 60 GHz to 90 GHz, where
an input reflection coefficient below —14 dB and a maximum
inter-port coupling coefficient between the feeds of —38 dB
is achieved. Furthermore, the radiation characteristics for the
2D-monopulse radar application were successfully verified
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by measuring the sum pattern, differential pattern in both the
elevation and the azimuth planes of the holographic multi-
feed antenna system. The amplitude ratio provides a FOV
of 9.75° —11.65° from 76 GHz to 81 GHz, the differential
beams show a null depth of 30dB, and the sum beam has
a gain of 26 dBi.
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