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Abstract

Automotive radar operating in the 77 GHz frequency band is increasingly imple-
mented in modern cars. A challenge these radars face is the detection of vulner-
able road users, such as pedestrians, whose radar cross section (RCS) can be low
and highly variable. Compact passive retroreflectors, such as Van Atta arrays, can
increase their radar visibility, but when implemented with patch antennas or sub-
strate integrated waveguides (SIWs), these arrays suffer significant dielectric losses
at mmWave frequencies.

Motivated by this limitation, this work uses Multilayer Waveguide (MLW) technol-
ogy as the basis for a passive Van Atta array intended to enhance RCS over the
76-81 GHz frequency band. This is done by designing, modeling, manufacturing,
and experimentally validating a prototype MLW Van Atta array. The prototype
is designed for horizontal polarization and provides retrodirection in the azimuth
plane. The Van Atta array consists of 12 slotted waveguide columns. FEach column
consists of six slots fed in series by a coaxial line in MLW. The columns are connected
pairwise through transmission lines with equal electrical length. Several samples of
the reflector are then manufactured and validated through an RCS measurement
setup in an anechoic chamber.

All measured samples demonstrate a functional angular range of more than 90°
across the 76-81 GHz frequency band, with an operational bandwidth of approx-
imately 5 GHz. Within this range, the designed retroreflector provides an RCS
improvement of approximately 10dB to 20 dB compared with a metal plate of the
same physical size. These results show that compact planar Van Atta retroreflec-
tors with a thickness below 1 mm can be realized in MLW technology and provide
wide-angle RCS enhancement. This makes the approach promising for increasing
the radar visibility of vulnerable road users.

Keywords: multilayer waveguide (MLW), gap waveguide (GWG), Van Atta array,
retrodirective array (RDA), passive retroreflector, millimeter wave (mmWave), radar
cross section (RCS)
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Introduction

This chapter presents the motivation and scope of the thesis. First, the background
of modern automotive radar, vulnerable road users, and passive RCS enhancement
is presented. Related work on passive retroreflectors and retrodirective arrays is
then discussed, followed by the problem formulation and aim of the thesis. The
chapter concludes with an outline of the remaining chapters.

1.1 Background and Motivation

Wireless systems are increasingly moving toward mmWave frequencies and beyond.
This development is driven both by the limited availability of spectrum at lower
frequencies and by the need for larger bandwidths. While 5G already includes
mmWave bands, future 6G systems are expected to also exploit sub-THz frequency
bands. These sub-THz bands are expected to support integrated sensing and com-
munication (ISAC), which is one of the major new directions in 6G. In ISAC, the
same signals and hardware are used both for wireless communication and for sensing
the surrounding environment, for example the position and movement of users or
other objects.

Automotive radar is another important example of the move toward mmWave fre-
quency bands. Modern automotive radar sensors commonly use the 76-81 GHz
band. The increased use of this band is closely connected to the expansion of ad-
vanced driver assistance systems (ADAS), which is driven by both market demand
and safety regulations. For example, Intelligent Speed Assistance (ISA) and Ad-
vanced Emergency Braking Systems (AEBS) have been mandatory ADAS functions
for all new cars sold in the EU since 2024 [1]. These systems support the development
toward more automated driving while also reducing the risk of traffic accidents and
improving the protection of vulnerable road users, including pedestrians and cyclists.

For these applications, automotive radar is very important, especially in adverse
weather conditions such as fog or heavy rain where camera- and lidar-based sys-
tems may be severely degraded. Radar also faces its own challenges, especially in
complex urban environments, where clutter, multipath, and interference from other
vehicles pose real problems. These difficulties are further exacerbated for weak and
hard-to-detect targets such as pedestrians and cyclists, which often have low and
highly variable radar cross section (RCS) [2].
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In these urban environments communication systems, automotive radar, and other
applications will in the future need to operate together, sharing both spectrum and
physical space. In addition to this they are also expected to become increasingly
interconnected. With ISAC in 6G and higher levels of autonomous driving, these
technologies will increasingly need to interact and support each other. This creates
new possibilities for traffic monitoring, new safety systems, and improved situational
awareness. For example, vehicles may receive information through the 6G network
about objects or road users hidden behind a corner [3].

In both automotive radar and future 6G ISAC systems, it is of interest to make
weak targets easier to detect by increasing their RCS. As mentioned above this is
especially relevant for vulnerable road users, such as pedestrians and cyclists, which
can be difficult for automotive radar to detect reliably due to their small and highly
variable RCS. Similar challenges may also arise in future 6G ISAC systems operat-
ing in complex urban environments. One straightforward way of increasing the RCS
of such targets is to use a passive reflector that scatters part of the incident signal
back toward the sensor. How one possible urban scenario could look is shown in
Figure 1.1.

6G base station

(T[T [T[T[T/[T/[T/[7
(T[T [T[T[T/[T[T/[7T
[T[T[T[T[T[T/[T/[7
(T[T [T[T[T/[T[T[T
(T[T T[T [T [T/[T/[T

Radar signal
Radar return <--
Corner radar
Front radar

6G sensing link

Figure 1.1: Example urban scenario with passive retroreflectors placed on a pedes-
trian and on roadside safety equipment. The reflectors strengthen the return seen
by the radar. The illustration also includes a possible future 6G use case, where the
pedestrian is passively observed by a 6G base station.
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Such reflectors, either worn by vulnerable road users or integrated into roadside
structures, could increase the detection range and give autonomous driving systems
and ADAS more time to react and brake. They could also improve classification
by providing stronger and more consistent radar returns. Existing passive retrore-
flectors and retrodirective arrays (RDA) provide different ways of achieving this but
their suitability depends strongly on size, angular coverage and frequency band. The
following section therefore reviews related work on passive RCS-enhancing struc-
tures, with particular focus on RDAs and their limitations at the automotive 77
GHz frequency band.

1.2 Related Work

The most basic radar reflectors used for increasing RCS are corner reflectors, which
consist of perpendicular conducting plates that reflect incident waves back toward
the source. Such reflectors have, for example, been used for decades in marine nav-
igation to increase the RCS of objects with naturally low RCS, such as fiberglass
sailboats [4]. Although they are fairly bulky, they have also been proposed for in-
creasing the RCS of cyclists for automotive radar. In [5], a trihedral corner reflector
is proposed to increase the rear RCS of a cyclist to approximately the same level as
that of a sedan, around 14.7dBsm. A dihedral corner reflector flattened to an angle
of 135° instead of the usual 90°, combined with reflectarray surfaces, is also shown
in [6] to increase the rear RCS of cyclists to 6 dBsm in the older 24 GHz automotive
radar band. Other non-planar retroreflectors have also been proposed. One example
is a metallic sphere reflector combined with a Luneburg lens array, which could po-
tentially be made flexible for integration into, for example, clothing. In simulations,
such an array was shown to provide retrodirective behavior from —65° to 65° in the
77 GHz frequency band [7].

Retrodirective arrays (RDAs) provide a more compact type of reflector. They may
be passive or active, and their purpose is to reradiate the received energy back
toward the direction of arrival without requiring prior knowledge of the source lo-
cation [4]. Since they are antenna arrays, they can be implemented as thin planar
structures, for example using patch antennas. A passive example is the Van Atta
array. In this configuration, each antenna element is connected to the element mir-
rored about the array center, and the connecting transmission lines are designed to
have the same electrical length. The reradiated field therefore obtains the opposite
phase progression compared with the incident field. Planar Van Atta arrays are
often implemented using patch antennas or substrate integrated waveguide (STW)
slot antennas [8, 9, 10]. Depending on the arrangement of the elements and inter-
connections, retroreflection can be obtained in either one or two dimensions.

Several works have implemented Van Atta arrays to increase RCS or achieve retrodi-
rective behavior for other purposes. In [11], a one-dimensional Van Atta array with
retrodirectivity in azimuth is presented, but an active phase-shifter component is
included to allow the retrodirective plane in elevation to be changed for increasing
the RCS of roadside structures such as road barriers. The work reports an RCS en-
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hancement of 10dB to 15dB when placed on a roadside cylinder at X-band, which
is not an automotive band. Another work implements a wideband Van Atta array

in microstrip using Vivaldi antennas and reports an RCS improvement of 10dB to
20dB from 2.4 GHz to 29.7 GHz compared with a PEC plate of equal size [12].

While Van Atta arrays have been widely studied at lower frequencies and in the
legacy automotive frequency band at 24 GHz, fewer implementations appear to have
been reported at the 76-81 GHz band, where losses and fabrication constraints
become more critical. One example of a Van Atta array operating for 77 GHz
automotive radar is reported in [13], where a planar one-dimensional Van Atta
array in microstrip patch technology is designed and manufactured. In that work,
several such arrays are placed on a panel, and when mounted on a mannequin, an
RCS improvement of 5.5dB is measured.

1.3 Problem Formulation

As noted, there are challenges in building a compact planar RCS-enhancing structure
operating in the automotive 77 GHz frequency band. Many traditional retroreflec-
tors, such as spherical reflectors and corner reflectors, are inherently bulky. Patch
and SIW antennas, which are widely used at lower frequencies, are based on di-
electrics, which means that dispersion and losses limit their use in larger arrays
at mmWave frequencies. At these frequencies, waveguide implementations become
more attractive from a loss perspective. However, conventional waveguides are gen-
erally difficult to scale for large-scale manufacturing because of fabrication challenges
such as soldered joints. This work therefore investigates whether Multilayer Waveg-
uide (MLW) technology can be used to realize a planar Van Atta array with low
loss, low dispersion, and practical manufacturability.

1.4 Aim

The aim of this thesis is to design, model, manufacture, and experimentally validate
a planar Van Atta array in multilayer gap waveguide technology for increasing the
effective RCS of vulnerable road users at the automotive 77 GHz frequency band.
The work focuses on a prototype that is retrodirective in azimuth and operates for
horizontal polarization. The prototype is evaluated through full-wave simulations,
a simplified numerical model, manufacturing, and monostatic RCS measurements.
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1.5 Outline of the Thesis

The thesis is structured as follows. Chapter 2 gives the theoretical basis for the
work, covering automotive radar and RCS, antenna theory, MLW technology, and
passive reflectors. Chapter 3 describes the design and methods used in the thesis,
including the MLW coaxial line, the Van Atta reflector design, the numerical model,
and the measurement setup. Chapter 4 presents the simulated and measured results,
including the radiating elements, transmission networks, full-reflector simulations,
measurement results, and results of the numerical model. The thesis concludes
with Chapter 5, where the main findings are summarized and possible directions for
future work are discussed.
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Theory

This chapter gives the theory needed for the work. First, automotive radar and
concepts related to radar cross section are presented. This is followed by the general
antenna theory, as well as the theory and background of gap waveguide and Multi-
layer Waveguide (MLW) technology. The final part of the chapter reviews passive
retroreflectors, focusing mainly on the Van Atta array.

2.1 Automotive Radar and Radar Cross Section
(RCS)

In this thesis, the reflector performance is primarily evaluated using radar cross
section. Therefore, this section first gives the automotive radar context before in-
troducing the basic RCS definitions and RCS in the context of measurements.

2.1.1 Automotive Radar

Radar sensors transmit radio waves and use the returned signal to estimate target
range and radial velocity. In vehicles, radar is used together with cameras and lidar
as part of ADAS. A key advantage of radar is that it is less affected by fog and rain,
where camera and lidar performance can degrade, while it also provides a direct
measurement of radial velocity. In recent years, automotive radar has moved from
the legacy 24 GHz frequency band to the 77 GHz frequency band, where the wave-
length is approximately 4 mm. This small wavelength enables compact antennas,
while the available bandwidth at this band allows for high range resolution.

Because automotive radar operates in urban environments with short distances and
many users sharing the spectrum, the output power of the radars is very limited. As
a result, the range at which an automotive radar can detect a target is limited. For
modern automotive radar sensors, reported maximum detection ranges are around
100 m to 300 m, depending on the sensor [14, 15, 16]. However, the actual detection
range can be much lower depending on the situation and the target. This differ-
ence in detection range can be understood from typical RCS levels. Reported car
RCS values are approximately 0 dBsm to 20 dBsm, depending on aspect angle [17],
whereas pedestrian RCS values are much lower, approximately —20 dBsm to 0 dBsm
[18]. Since a larger RCS gives a stronger radar return, cars are normally detectable
at longer ranges than pedestrians.
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2.1.2 RCS Definitions

Radar cross section describes the apparent scattering strength of a target as seen by
a radar. For a specified incident direction and scattering direction, it is defined from
the ratio between the scattered power density in the observation direction and the
incident plane-wave power density at the target, with the usual 47 R? scaling applied
in the far field. The value of RCS therefore depends on the frequency, polarization,
and aspect angle of the target. Mathematically, it is written as

o 2| Edl?
O’—RIEI;OZLWR e

(2.1)

where ¢ is the radar cross section, R is the distance from the target to the observa-
tion point, E is the scattered electric field, and FE; is the incident electric field at
the target [19].

Depending on the relation between the incident and scattered directions, three RCS
cases are commonly distinguished:
« Monostatic RCS (or backscatter RCS): scattering is observed in the di-
rection back toward the radar.
o Forward-scatter RCS: scattering is observed in the forward direction of the
incident wave.
o Bistatic RCS: scattering is observed in a direction that is neither the backscat-
ter nor the forward-scatter direction.
When the term RCS is used without further context, it is usually understood to
refer to the monostatic case. The forward- and backscatter directions may also be
regarded as two special cases of the general bistatic case.

Backscatter

Bistatic Incident

A
§
i
H

Forward-scatter

Figure 2.1: Definition of monostatic, bistatic, and forward-scatter RCS.

2.1.3 RCS Measurements

To measure the RCS of a target under test (TUT), the formal definition in Equa-
tion 2.1 is often not very useful. Instead, an equation relating the received power P,

8
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to the transmitted power P; in a test setup is needed. In free space, this is described
by the radar equation
_ PG o 99
" (4n)3R* (22)
where P, is the transmitted power, R is the distance from the radar to the TUT, Gy
is the radar antenna gain, A is the wavelength, and o is the radar cross section of the
TUT. Many of these variables are hard to determine with high precision in a test
setup. In practice, the measurement is therefore often carried out by measuring a
reference object with known RCS, 0., such as a corner reflector or a metal sphere.
If the measurement geometry is unchanged such that all other variables remain the
same, the RCS of the TUT, oryr, can then be calculated as

OTUT {dBSl’Il] = Oref [dBSHl] + PT,TUT [dB] — Pr’ref [dB] (23)

2.2 Antenna Theory

In this section, the most important definitions and conventions used to describe an-
tennas in this thesis are introduced. The notation, definitions, and general treatment
in this section follow [20], unless stated otherwise.

2.2.1 Coordinate System

The spherical coordinate system used throughout this thesis is shown in Figure 2.2.

v

X

Figure 2.2: Spherical coordinate system.
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2.2.2 Far-field Function

For an antenna with its spherical coordinate system centered at a point inside the
antenna, the far-field electric field can be written as

1 .
E<T7 97 gp) = ;e_]krG(07 90) (24)

where r is the distance to the observation point in the far field, k is the wavenumber,
and G(0, p) is the far-field function. All angular dependence is contained in G(6, ¢),
while the radial dependence is contained in the factor e=7*" /r [20].

The radiation intensity describes how much power is radiated in a given direction
per unit solid angle. With the far-field function, this quantity is expressed as

U6, 0) = 2177 G(6, o) (2.5)

where 7 is the wave impedance of free space [20].

2.2.3 Definitions of General Antenna Quantities

Total radiated power. The total power radiated by the antenna is calculated by
integrating the radiation intensity over the far-field sphere,

2T pm
Prd = / / U9, o) sin 6 do dy (2.6)
o Jo
as defined in [20].

Directive gain. The directive gain is obtained by comparing the far-field function
with that of an ideal isotropic radiator. Written in dBi, the directive gain becomes

G0, )"

47 |G(8, o) |?
(D(8, ¢))gp; = 101ogy, <‘ 2 G, 0)
|G1s0]|

) dBi = 10log,, <P> dBi  (2.7)
rad

where Gigo is the far-field function of an ideal isotropic radiator. An isotropic
radiator is a theoretical antenna that radiates equally strongly in all directions, which
means that its far-field function is independent of angle, that is Giso(6, ¢) = Giso
[20].
Pointing direction and directivity. The pointing direction is the direction in
which the directive gain is largest. For many antennas, this direction is the boresight
direction, (0, ) = (0,0). This largest value is called the antenna directivity, defined
as

Dy = maxDD(0, ¢) (2.8)

0,0
where D(6, ) is the directive gain as defined in Equation 2.7 [20].
Realized gain. The previous definition uses the total radiated power to define
directivity. If this is instead replaced by the power delivered to the antenna port,
the corresponding quantity is the realized gain, often simply called the gain. This is

10
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the gain quantity that can be measured experimentally. The realized gain is related
to the directivity by
GO = eradeapolDO (29)

where e,,q accounts for ohmic losses and mismatch losses at the antenna input port,
and e,po accounts for polarization mismatch losses [20].

Effective aperture. When dealing with receiving antennas, or when analyzing
the RCS of an antenna, another useful quantity is the effective aperture. This may
correspond to a physical aperture, as in a horn antenna, or to a virtual aperture, for
example over a planar array. For a plane wave incident from the pointing direction,
the effective aperture relates the received port power, P,, to the incident power
density, W,. The same quantity can be expressed using the realized gain as

PN

—Go (2.10)

A, = -1 —
W, Arm

where Gy is the realized gain [20].

2.2.4 Polarization

The polarization of an electromagnetic wave is determined by how its electric-field
vector varies in the plane transverse to the propagation direction. This transverse
field can be represented using two orthogonal components. For a plane wave prop-
agating in the positive z-direction, one possible representation is

E=[EXx+ E,;y]e ™ 2.11
Yy

The polarization is then determined by the relative amplitudes and phases of F,
and E,. More generally, any polarization can be described using two orthogonal
basis vectors.

When designing an antenna, one polarization is usually chosen as the desired po-
larization and referred to as the co-polar polarization. The remaining orthogonal
polarization is then treated as the cross-polar polarization. These two basis polar-
izations are represented by the complex unit vectors co and Xp, which are both
orthogonal to the propagation direction [20]. Using this basis, the electric field can
be written as

E = (E.Co + E,Xp) e 77 (2.12)

A wave is linearly polarized when the electric field keeps the same orientation plane
during propagation. In the component form used here, this occurs when the two
orthogonal field components have no phase difference or a phase difference of 7 [20].
Horizontal and vertical polarization are two important linear polarization cases.
For horizontal polarization, the electric field is orthogonal to both the propagation
direction z and the ground normal n. For vertical polarization, the electric field lies
in the plane spanned by z and i [20]. These definitions do not require the wave to
travel parallel to the ground. In this thesis, horizontal polarization means that the
electric field lies in the xz-plane, while vertical polarization means that it lies in the
yz-plane.

11
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2.3 Waveguides and Gap Waveguide (GWG) Tech-
nology

This section introduces the waveguide technology used to realize the Van Atta array
in this thesis. First, conventional rectangular hollow waveguides are discussed, with
emphasis on their low-loss behavior and the manufacturing challenges caused by
the need for galvanic contact. Gap waveguide technology is then introduced as a
way to avoid this contact requirement. Finally, the multilayer waveguide (MLW)
implementation used in this work is described, together with the electromagnetic
bandgap (EBG) principle and relevant manufacturing approaches.

2.3.1 Traditional Waveguides

The rectangular hollow waveguide is one of the oldest microwave transmission lines.
At lower frequencies, it has largely been replaced by planar implementations such as
microstrip and stripline. However, it is still frequently used at mmWave frequencies
and above because of its low loss. Since a hollow waveguide consists of a single
conductor, it cannot support TEM modes, which require a voltage difference between
two conductors. Instead, it supports TE and TM modes [21]. The electric field
distribution of the fundamental TE;y mode is shown in Figure 2.3.

Figure 2.3: Electric field distribution of the TE;q mode in a rectangular hollow
waveguide.

Because traditional hollow waveguides require good galvanic contact between all
metal parts, they can be complicated to manufacture and assemble. The different
parts often need to be joined by methods such as soldering or bonding. Any gap
where the galvanic contact is broken can lead to field leakage and degraded per-
formance. The severity of this problem depends on how the waveguide is split and
assembled. In Figure 2.4b, a waveguide manufactured with a separate top plate is
shown for the case where a small gap disrupts the current distribution on one side
of the waveguide.

12
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= =
. e

(a) (b)

Figure 2.4: Current distributions for a rectangular hollow waveguide. (a) Ideal
waveguide. (b) Waveguide with a small gap, resulting in a discontinuous current
distribution.

This issue becomes especially important at high frequencies, such as mmWave fre-
quencies, where the dimensions are small and the tolerances are tight. Advanced
manufacturing techniques have therefore been developed to ensure good galvanic
contact between the metal layers of a waveguide. One such method, which can be
used at very high frequencies, is diffusion bonding of metal plates. This process uses
high temperature, above 1000 °C, and high pressure to join etched metal plates to
create the waveguide [22]. While diffusion bonding can produce high-performance
waveguide structures, it is a complex and expensive process. It is therefore more
suitable for high-end scientific instruments and other specialized systems than for
low-cost mass manufacturing.

This means that traditional hollow waveguides are not well suited for a Van Atta
array intended for low-cost mass manufacturing, for example for pedestrian RCS en-
hancement. The galvanic contact issue can instead be avoided by using gap waveg-
uide technology, which is introduced in the remainder of this section.

2.3.2 Gap Waveguide Technology

Gap Waveguide is based on research on hard and soft surfaces in electromagnetics.
Kildal introduced these two concepts in 1990 [23]. They originate from acoustics,
where a soft surface has zero acoustic pressure at the boundary, which essentially
prevents wave propagation along it. In contrast, a hard surface forces the normal
derivative of the pressure to be zero. Both types of surfaces are fully reflective, but
for a hard surface the phase is preserved, which effectively doubles the pressure at
the surface, whereas for a soft surface the phase is reversed, causing cancellation.
The same distinction can be made for electromagnetic surfaces. In this context, soft
surfaces inhibit waves from propagating along the surface, whereas hard surfaces
support such propagation.
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Many surfaces naturally behave as either hard or soft surfaces for a given propa-
gation direction and field polarization. For example, consider an electromagnetic
wave propagating parallel to a PEC plate, with the plate normal along z. For TE,
polarization, the electric field is parallel to the PEC surface. The PEC boundary
condition forces this tangential electric field to vanish at the surface, so the plate be-
haves as a soft surface for the electric field. Specific structures have been developed
to realize more general hard or soft surfaces. Examples include electric strips on a
substrate [24], high-impedance mushroom structures [25], and metallic pins forming
a bed of nails [26].

The metallic pin concept was later extended to gap waveguide (GWG) technol-
ogy, where a ridge is positioned between two rows of periodic metallic pins below a
metal plate. In a specific frequency interval, the periodic pin surface exhibits electro-
magnetic bandgap (EBG) behavior. Since the plate does not need to be galvanically
connected to the pins, a small gap can still be present without causing leakage. This
is because the EBG structure suppresses global parallel-plate modes and makes the
surrounding surfaces exhibit very high surface impedance, so that they behave ap-
proximately as a perfect magnetic conductor (PMC). This gives the technology two
important advantages. In contrast to microstrip and coplanar transmission lines,
gap waveguides can be realized without a dielectric material. Compared with con-
ventional metal waveguides, it also removes the need for electrical contact between
all metal parts during assembly [27].

2.3.3 Multilayer Waveguide (MLW)

One implementation of GWG technology is the multilayer waveguide. It consists of a
coaxial line running in an air-filled channel surrounded by a pin-like EBG structure.
It is fabricated from several thin metal sheets that are chemically etched to form
the EBG patterns and openings required for the structure [28]. One of the more
recent MLW implementations, optimized for low cost and suitable for automotive
applications, is built from three chemically etched thin copper layers. In this version,
the EBG structure is etched into the top and bottom layers, while the opening for
the stripline channel is etched into the middle layer [29, 30]. This is the MLW
implementation used in this work, and its basic structure is shown in Figure 2.5,
where the channel width we, and strip width we,sp are highlighted.

I BN B B el
Wstrip_,

I Layer 2 (150 pym)

B B s oo m)

Figure 2.5: Basic geometry of the three-layer MLW implementation considered in
this work. The EBG pattern is etched into the top and bottom layers, while the
strip is etched into the middle layer. The channel width we, and strip width wip
are indicated.
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2.3.4 Electromagnetic Bandgap (EBG) Structures

As described above, EBG structures are periodic with a period comparable to the
wavelength. Unlike free space, they do not support propagation at all frequencies.
Instead, they support pass bands, where waves can propagate, and band gaps, where
propagation is suppressed. Because the structure is periodic, the fields must satisfy
Bloch-Floquet behavior. For a given wave vector k, the periodic structure has a
discrete set of eigenmodes with corresponding eigenfrequencies wy, (k). A frequency
interval where no such mode can propagate thus constitutes a band gap.

To avoid simulating the full infinite periodic structure, only a single unit cell of the
EBG structure can instead be modeled with periodic boundary conditions. The
wave vector k is then swept through the Brillouin zone along a high-symmetry path
defined by the main symmetry points of the lattice. For each value of k, an eigenvalue
problem based on Maxwell’s equations is solved to obtain the eigenfrequencies of
the supported modes. Plotting these eigenfrequencies as a function of k gives the
dispersion diagram, where each branch represents one mode of the periodic structure.

2.3.5 Manufacturing Techniques for GWG Technology

Traditionally, GWG structures were fabricated using computer numerical control
(CNC) machining. At mmWave frequencies, this method becomes costly and time
consuming, since GWG structures require tight tolerances and the periodic pin struc-
tures are small and intricate. This creates a need for very small CNC tools to realize
the required dimensions. This has motivated research into more cost-effective man-
ufacturing techniques for GWG structures. Some proposed techniques include:

o die-sink electrical discharge machining (EDM) [31],
 metallized 3D-printed polymer structures [32],

+ metallized polymer injection-molded structures [33],
o dry-film photoresist micromachining [34],

« stacked chemically etched metal layers [30].

These approaches all aim to simplify the manufacturing of GWG structures and
reduce fabrication cost. However, they have different advantages and limitations,
and the most suitable method depends on the application, frequency band, required
tolerances, and production volume. For the MLW coaxial line used in this work,
the most relevant approach is chemically etched copper layers, since the structure
is directly formed from several stacked metal layers.

2.4 Passive Reflectors
Passive reflectors are structures that scatter electromagnetic waves without using
active components or external power. This section first introduces the distinction

between antenna mode and structural mode scattering, which is important for un-
derstanding antenna-based reflectors. The section then focuses on the Van Atta
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array, which is the retrodirective reflector studied in this thesis. Finally, thin metal
plates and corner reflectors are described as reference reflectors for modeling and
comparison.

2.4.1 Structural and Antenna Mode Scattering

Antenna scattering is commonly separated into two contributions: antenna mode
scattering and structural mode scattering. Antenna mode scattering is the contribu-
tion associated with the receiving and reradiating behavior of the antenna. In this
case, the incident field excites the antenna, the received signal propagates through
the connected transmission line or waveguide, and the signal reflected by the termi-
nation is radiated back into space. The corresponding antenna mode RCS can be
expressed using the antenna effective aperture as

2
2 Ao

0, =47 |T| 2

(2.13)

where o, is the antenna mode RCS, I' is the reflection coefficient at the antenna
termination, and A, is the effective aperture, which is related to the realized gain
through Equation 2.10. If the antenna is terminated by an ideal matched load, then
II'| = 0, so the antenna mode RCS vanishes. The largest antenna mode RCS is
obtained for an open-circuit or short-circuit termination, where |I'| = 1.

By contrast, structural mode scattering corresponds to the scattering that would
remain from the antenna body due to its geometry and material properties. The
exact division between structural mode scattering and antenna mode scattering is
somewhat arbitrary, since it depends on which currents and excitations are assigned
to each contribution. A common convention, however, is to define the structural
mode scattering as the scattering from the antenna when it is terminated with a
matched load [35].

A purely theoretical prediction of antenna RCS is often difficult. In many cases,
the antenna mode and structural mode contributions can be modeled fairly accu-
rately independently. However, it is often very complicated to determine their phase
relation [36].

2.4.2 Van Atta Array

Van Atta first introduced this type of retrodirective array (RDA) in 1959 [37]. To
illustrate how a Van Atta array functions, consider the simple four-element linear
Van Atta array in Figure 2.6 illuminated by a plane wave incident at 6;.
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Figure 2.6: Operating principle of a linear Van Atta array. Symmetric element
pairs are connected across the array center.

The incident phase at position x along the array is then given by
Pinc(v) = —kw sin b, (2.14)

where k = 27/ is the wavenumber. In the four-element case shown in Figure 2.6,
the element coordinates are —xy, —21, 21, x2. Defining

(bl = k£E1 sin 01‘, (252 = k’l’z sin 91', (215)

the incident phases at the four element positions are therefore

¢1nc( .73'2) = ¢27
1nc( 1) - th
2.16
¢1nc(x1) = _¢17 ( )
¢1nc(x2) =

After the wave has propagated through the transmission lines, it is reradiated by the
array elements with a new phase. Since the outer element pair and inner element
pair may have different transmission line lengths, the reradiated phase distribution

becomes
Gout (—Z2) = Ginc(X2) + Y2 = —da + @2,
¢0ut( 1) - (binc(xl) + o1 = _¢1 + 1, (217)
¢out<xl) ¢inc<_x1) + Y1 = ¢1 + ©1,

Gout (T2) = Pinc(—T2) + P2 = P2 + .

When the two transmission lines have equal electrical length, so that ¢; and ¢,
differ only by an integer multiple of 27, the shared phase delay can be omitted,
giving

Pous(—2) = — 2,
(,bout(_tfl) = _¢17
2.18
¢out<x1) = ¢17 ( )
¢out(x2) = ¢2
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Thus, the phase gradient of the reradiated field is the reverse of the incident phase
gradient in Equation 2.16. This means that the reradiated field sums coherently in
the backscatter direction, so it propagates back toward the direction of incidence 6;.

The phase delay of a transmission line is directly proportional to its physical length
[ through

e(f) =B, (2.19)

where G(f) is the phase constant of the propagating mode. If two transmission lines
have the same physical length, I; = [, = [, their electrical lengths are equal for all
frequencies,

p1(f) = e2(f) = BUL (2.20)

In this ideal case, the bandwidth of the Van Atta principle itself is not limited by
phase imbalance between the transmission lines. Instead, the bandwidth is limited
only by the bandwidth of the antenna elements and the transmission lines.

If the transmission lines have different physical lengths, [; # I, they can only be
made electrically equal at a single design frequency fy. This is done by choosing the
lengths [, and [ such that

01(fo) — w2(fo) = B(fo)(li — lz) = 2mm, m € 7. (2.21)
Away from this frequency, the remaining phase error becomes
Ap(f) =[8(f) = BUf)l(lh =), [ # fo (2.22)

This phase error degrades the performance of the Van Atta array, since the antenna
elements no longer add coherently. From Equation 2.22, it is clear that the phase
error grows linearly with the physical length difference between [; and 5. It also
depends directly on how S(f) changes with frequency. For a nondispersive mode,
B(f) is approximately linear, so the phase error grows approximately linearly away
from the design frequency. For a dispersive mode, (f) contains higher-order fre-
quency dependence, which means that the phase error can grow quadratically, or
even faster, away from the design frequency. This can significantly limit the band-
width of the Van Atta array, especially if the difference in physical length is large.

The coherent addition of the reradiated field in the backscatter direction increases
the RCS of the array. The achievable RCS enhancement depends primarily on the
array size and the gain of the individual antenna elements. The theoretical maximum
RCS for the antenna mode scattering of an ideal Van Atta array is given by

n2G2\?
47

where G, denotes the gain of each element and n denotes the total number of
elements in the array [38]. Instead, using the effective aperture of the full array, the
ideal antenna mode RCS can be written as

(2.23)

g =

o= Loy (2.24)

where A, amray is the effective aperture of the complete array.
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2.4.3 Network-Based Van Atta Array Model

This section presents a network-based model for the antenna mode RCS of a Van
Atta array. The model combines embedded antenna element far-field functions with
an N-port network. The Van Atta array is modeled as a reciprocal N-element
antenna array whose ports are interconnected by a passive N-port transmission net-
work. By using an N-port formulation based on S-parameters, matching, insertion
loss, phase, and isolation between the transmission lines are all taken into account.

For simplicity, only one cut with constant ¢ is considered, and only the co-polar
component is included. The more general formulation follows analogously. Let the
N antenna elements of the Van Atta array have the normalized embedded far-field
functions

Getomn () = 10620/ 20e30n®) =y — 1 N (2.25)

where G, () is the realized gain over angle of element n in the far field, expressed
in dB, and ¢, (0) is the corresponding far-field phase.
The elements are located at the positions

N+1
xn:(n— ;— >d, n=1,...,N (2.26)

The corresponding far-field function of element n then becomes

Gn(0) = Gejomn(0)e?**nsm? (2.27)
For a plane wave incident from direction 6; with amplitude |F;| = 1, the received
wave at port n is
The received port-wave vector is therefore
ay*(6:)
a™(6;) = : (2.29)
ay (6;)

The interconnecting N-port routing network then maps the received port-wave vec-
tor to the transmitted port-wave vector according to

b (6,) = Sa™(6) (2.30)

where
SeCcV N (2.31)

is the S-parameter matrix of the N-port routing network.
The resulting scattered complex far-field function in a scattered direction 6 is then
the coherent sum over all transmitting elements,

F(6,6) = 5 B3 (6) Gul(6) (2.32)
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From this, the scattered electric field at distance R is

o—ikR

ES<R7 957 91) ==

C F,(6,.6,) (2.33)

where C' is a constant with units of meters introduced to recover the correct scaling

and dimensionality, since Gejem,» is defined as a normalized dimensionless quantity.
The bistatic RCS is defined as

E . 2
o (05, 0;) = 47TRQM (2.34)
| Ei|
Using |Ei| = 1 together with (2.33), this simplifies to
o(6s,6;,) = 4nC? | Fy(6s, 6| (2.35)

For the isotropic reference case, the normalized scattered far-field quantity satisfies
|Fy| = 1, while the corresponding RCS is A\?/(47). Therefore, from (2.35), it follows
that 47C? = \?/(4n), giving C' = \/(4n). This gives

2
o(6s,6;,) = iﬂ | (65, 6)| (2.36)

The monostatic RCS then follows by setting 05 = 6;,
Umono(ei) = 0'(91, 91) (237>

2.4.4 Reference Reflectors

This subsection presents the theory for the two reference reflectors used to model
and compare with the Van Atta retroreflector.

2.4.4.1 Reflection from a Thin Metal Plate

For a thin electrically large PEC plate in the z-y plane, the bistatic co-polar RCS
can be approximated as

Up(‘gia Pi, 957 908) ~
. o|kLy , . .
X sinc > (sin €; cos ¢; + sin 04 cos ) (2.38)

kL
X sinc? [Qy (sin 6; sin ¢; + sin 6, sin gps)] ,

where L, and L, are the side lengths of the plate, A = L,L, is the plate area,
and k = 2w/ is the wavenumber [39]. For the monostatic case, using the angular
convention of Equation 2.38, the incident and scattered angles are equal, that is
0s; = 6; and ¢ = ;. This reduces the expression to
4 A?
o, (0, i) ~ 7;\2 cos? 0;

x sinc?[k L, sin 0; cos ;] sinc?[k L, sin 0; sin ;] .

(2.39)
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2.4.4.2 Corner Reflectors

Corner reflectors are retroreflectors that reflect incident waves using three mutually
perpendicular plates. For a given physical size, they can provide a relatively high
RCS while remaining simple to manufacture. A common corner reflector used for
radar testing is the triangular trihedral reflector, shown in Figure 2.7.

Figure 2.7: Geometry of a triangular trihedral corner reflector

If the corner reflector is much larger than a wavelength, an analytical expression for
the monostatic RCS over viewing angle is presented in [40]

4 4erc 2
)\72TG4(+13- ) , for ¢; + ¢y < c3
C1 Cy C3
o0, 0)=1 , o (2.40)
4
20 (01+C2+03— 01—1—02—1—03) , forci+co>c3
where c1, ¢9, c3 are the ordered values of
sin ¢, cos psinf, cos e cosf (2.41)

such that ¢; < ¢y < ¢3. In other words, the three angular expressions are first
evaluated for the chosen direction, and then assigned to ¢, c9, and c3 from smallest
to largest. The effective area at boresight for a triangular trihedral corner reflector
is given by

Aeff,tri = (242)

Ql‘@
w [\
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Design and Measurement Methods

This chapter describes the methods used to design, model, and validate the passive
Van Atta array. The chapter first describes the design and verification of the MLW
coaxial line. It then presents the radiating elements, the transmission network,
and the final reflector assembly. Finally, the numerical reflector model and the
measurement setup used for validation are described.

3.1 Simulations

All electromagnetic simulations needed to design and validate the Van Atta array
were performed in CST Studio Suite 2024. The CST eigenmode solver was used
to simulate the dispersion of the EBG structures. For all other simulations, the
frequency-domain solver was used.

To design and tune the subcomponents of the Van Atta array, such as the slotted
waveguide columns and transmission networks, the structures were excited using
waveguide ports at the interfaces where the subcomponents are connected. The
simulated S-parameters and far-field patterns were then used to evaluate matching,
coupling, phase delay, and radiation performance. To extract the monostatic and
bistatic RCS of the complete Van Atta array, the plane wave excitation in CST was
used instead. For all simulations of the MLW Van Atta array a nominal air gap
of 5um was used between the layers. The material used for the simulations was
annealed copper.

3.2 MLW Coaxial Line Design

The Van Atta array is implemented using an MLW coaxial line. The first step of the
design was therefore to choose and verify the basic parameters of the line. Three
important parameters are the strip width, the channel width, as outlined in Fig-
ure 2.5, and the dimensions of the periodic pin structure. The aim when choosing
these dimensions is to guide the TEM mode in the channel without also exciting a
TE-like mode, while ensuring that the pin structure creates a stopband over the
frequency band of interest.
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The EBG structure was first verified using the unit-cell simulation approach de-
scribed in subsection 2.3.4. The dispersion diagram in Figure 3.1 was obtained for
a square-symmetric pin structure with dimensions adapted from [30]. The simu-

lated stopband extends from approximately 39.6 GHz to 176.4 GHz, even at a gap
of ¢ = 0.01 mm.

~ —— Mode 1
5 1501 —— Mode 2
= - Mode 3
9
Stopband

& 1001 P

=}

O

(O]

i

501

(b) (c)

Figure 3.1: Dispersion analysis for the square-symmetric EBG pin structure. (a)
Simulated unit cell with the high-symmetry path in the Brillouin zone. (b) Cross
section of the unit cell with the main geometrical parameters, where p = 1.3 mm,
a = 0.7mm, h = 0.28 mm, and g = 0.0l mm. (c) Dispersion diagram along the
['-X-M-T" path, showing a stopband from 39.6 GHz to 176.4 GHz.
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The values for the strip and channel widths, Wi, = 0.75 mm and we, = 1.45mm,
were adapted from [30]. To verify that these values are suitable, the structure in
Figure 2.5 was simulated using the same unit-cell approach, but with the k-vector
swept only in the waveguide direction over one pin period p. Figure 3.2 shows the
propagating modes of this structure. Across the band of interest, the desired TEM
mode is the only propagating mode. This mode is almost perfectly nondispersive,
which is important since dispersion in the transmission network would introduce
additional frequency-dependent phase errors. The cutoff frequency of the unwanted
TEqg-like mode is 90.2 GHz, placing it well above the band of interest. At much
lower frequencies outside the EBG stopband, several modes can propagate both
in the waveguide channel and in the surrounding EBG structure. However, these
modes are far below the operating band and are therefore not relevant. Overall, this
shows that the selected MLW structure is suitable for the 77 GHz automotive radar
band.

i

W,

<« 'strip_,

I
Wen

(a) Wanted TEM mode
1.00 S R A A A R N
: 1 MANYAV B VR bbb bbb
TS R R R R R R R SRR RPN
== TEM mode O R R R R R I
- e
—A— TE;p mode *»*»} E*««*.
- - -
—— Lower modes o xA Pttt EARR R
0.751 R R R R R R X TNt
Farttrttttttttattatanne.
rtttttttttttitettatane
=
~
Q 0.504
«Q Unwanted TE ;7 mode
Seutof = 90.2 GHz
0.251 Pt At A e ety
httrtratr ettt bty
P Nrttatett ettt ittt
)% NttRRRA bttt bttt rratt s
R S50 I $153D
tttte ttt et
£ vt A2 LS I
0.00 ' ' ' ' i ; SSSSSSSS RS S ESRINRIN
1 X
0 20 40 60 80 100 120 140 ttrtttttrttrettatrateee
Nttttrttrtttettttratnts

Frequency (GHz)

(b) (c)

Figure 3.2: MLW channel dispersion in the waveguide direction for wsi, =
0.75mm, weg, = 1.45mm, p = 1.3mm, and a 5pm gap between layers. (a) Sim-
ulated unit cell. (b) Dispersion diagram with the desired TEM mode, the unwanted
TEqo-like mode, and lower-order modes. The cutoff frequency of the TE;y-like mode
is approximately 90.2 GHz. (c) Simulated field distributions for the desired TEM
mode and the unwanted TEq(-like mode.
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There are also mechanical considerations for the MLW design. One of these is that,
for long transmission lines in MLW, the coaxial line needs mechanical support to
avoid sagging. To achieve this, pairs of thin inductive support stubs were placed
between the stripline and the surrounding metal, as shown in Figure 3.3. These
support stubs negatively affect the matching of the line, so the distance between the
stubs in each pair, sup,, and the distance between pairs, sup,, were tuned locally
for each transmission line section to minimize their effect on the matching.

Support
.~ stubs

EBG—structure

Figure 3.3: Exploded view of a section of MLW line showing the support stubs.
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3.3 Van Atta Array Design

This section describes the design of the different subcomponents that make up the
passive Van Atta array and how they are combined. This includes the radiating
elements, the transmission network, and the final assembly.

3.3.1 Slotted Waveguide Column Design

The choice of radiating element was made to achieve a compact array with an
element spacing as close to A\/2 as possible. To achieve this, a series-fed slotted
waveguide column was chosen. In the feeding direction, conventional slots are too
long to allow an element spacing of A\/2, and a dogbone-shaped slot design was
therefore used instead. The slots are excited by a meandering coaxial line running
in the layer beneath them. Below each slot, the coaxial line is offset to the right for
one half of the slot and to the left for the other half. Since the design is intended to
provide retroreflection only in azimuth, a relatively narrow elevation beamwidth can
be used to increase the antenna gain. However, making this beamwidth too narrow
would make the array more sensitive to orientation, which can be problematic if
the reflector is not mounted perfectly vertically or if a vehicle approaches from a
slope. Because of this trade-off, a slotted column with six slots was chosen, giving
a beamwidth of approximately 16° in elevation. The slot orientation was chosen to
produce horizontal polarization. The resulting geometry is shown in Figure 3.4.

-

R Sy Layer 2

] Layer 1
oA/2-

Figure 3.4: Proposed slot column structure. Layer 1 has been offset in x to show
the coaxial line running beneath feeding the slots. All slots are identical, but the
meandering varies with 0.10mm < Az; < 0.17mm and 0.50 mm < w; < 0.75 mm.
The remaining dimensions are S; = 1.7mm, S,,; = 0.85 mm, and wy = 0.39 mm.

The main challenge in designing the series-fed slot array is to achieve controlled slot
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excitation in order to minimize beam squint in the elevation plane for all frequencies.
To achieve this, the offset of each meander section, Ax, and the width of that sec-
tion, w, were tuned. The dimensions of the dogbone slots were also tuned according
to the parameters shown in Figure 3.4. To evaluate and optimize this, the slot col-
umn was simulated by exciting it with a waveguide port and extracting the far-field
pattern in azimuth and elevation. The optimization targets were input matching,
directivity, sidelobe level, and a main beam pointing angle of 0° at 76 GHz, 78.5 GHz,
and 81 GHz. For this optimization, CST’s covariance matrix adaptation evolution
strategy (CMA-ES) algorithm was run for 200 iterations with the goals and param-
eters described above. The finalized element performance is presented in section 4.1.

To create the array, the slotted columns were grouped into the two six-element banks
shown in Figure 3.5, with every other element fed from opposite sides of the array to
leave more space for routing. The banks themselves are not mirror symmetric about
the center point. Instead, each column is identical to its connected counterpart in
the other antenna bank, for example element 1 with element 12, element 2 with
element 11, and so on.

Figure 3.5: Van Atta array radiating element layout. (a) L2, meandered stripline.
(b) L1, slot aperture.

3.3.2 Transmission Network Design

To connect the slot columns in the array, one transmission network was designed on
each side of the radiating elements. For the Van Atta array design, the key require-
ment is equal phase delay through all transmission lines in the networks. However,
since the lines have different physical lengths, this condition can only be satisfied at
a single frequency. Here, the lines were designed to have equal phase delay at the
center frequency, 78.5 GHz. This leads to phase mismatch at the band-edge frequen-
cies, since the electrical lengths of the lines vary with frequency. Larger physical
length differences between the transmission lines lead to larger phase mismatch. For
this reason, the transmission lines were kept as short as possible in the design.

Each transmission network was simulated individually in CST to verify input match-
ing, low coupling between the individual transmission lines, and the phase delay of
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each connected element pair. The two networks were first tuned so that the lines
within each network had matched phase delay at 78.5 GHz. A common length ex-
tension was then added to one of the networks so that all six connected element
pairs had the same phase delay at 78.5 GHz.

In Figure 3.6, the array with the two transmission networks is shown rotated by 90°
to better fit the page. The six lines are outlined, and the increase in physical length
can be seen clearly. The line between elements 1-12 is the longest, at approximately
32.8mm, while the line between elements 6-7 is the shortest, at approximately
7.4mm.
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Figure 3.6: Final transmission line layout of the complete Van Atta array showing
layer 2. The colored lines indicate the six connected element pairs, starting with the
outermost pair 1-12 and ending with the innermost pair 67, with the intermediate
pairs 2-11, 3-10, 4-9, and 5-8.

3.3.3 Full Retroreflector Assembly and Manufacturing

In Figure 3.7, the final reflector is shown together with mechanical features such as
alignment holes for keeping the layers aligned during manufacturing. As described
above, layers 1 and 3 are 400 pm thick, while layer 2 is 150 pm thick. This gives
the reflector a total thickness of only 0.95mm. The EBG structure, coaxial lines,
and other features are formed by etching the copper layers. After etching, the three
layers are stacked and joined using laser welding. In the reflector simulations, a
nominal air gap of 5 pm was included between the layers. However, as described in
section 2.3, a wide range of air gaps can be tolerated before any major impact on
performance is observed. This makes the manufacturing requirements less strict.
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Figure 3.7: Final reflector design. (a) CAD model of the assembled reflector. (b)
Exploded view showing the individual layers.

Figure 3.8 shows the manufactured reflector. The laser-welding marks can be seen on
the reflector, together with scratches and stains from manufacturing and handling.

Figure 3.8: Fabricated Van Atta array reflector.

3.4 Numerical Van Atta Array Model

The network-based Van Atta array model introduced in subsection 2.4.3 was im-
plemented numerically to quickly evaluate how design changes affect the scattering
response of the array. The model uses separately simulated embedded far-field func-
tions from the slot columns and the S-parameter matrix of the transmission network
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as input, and calculates the monostatic and bistatic RCS. This provides a faster al-
ternative to repeated full-wave simulations of the complete Van Atta array in CST,
which become increasingly time-consuming as the array size grows. For example,
if a slotted waveguide column is modified, only the embedded far-field patterns of
that element need to be updated. Similarly, if the transmission network is modi-
fied, only the corresponding S-parameter matrix needs to be re-simulated. These
separate simulations can be performed using waveguide ports and typically require
significantly shorter simulation time.

3.4.1 Python Implementation

The numerical model was implemented in Python. The simulated data from CST
were exported as S-parameters in a .s12p file and embedded far-field functions of
the slotted columns. The far-field patterns were exported at the center and edge
frequencies, 76 GHz, 78.5 GHz, and 81 GHz. These data were then imported into
Python and used as input to the numerical model.

The calculation of F; from Equation 2.32 was implemented in Python as a matrix

multiplication in NumPy. In the implementation, the incident angle 6; is treated as
a scalar, while the scattered angle is sampled at M discrete angles, such that

0,= [0 - O] . (3.1)

The scattered field over the sampled angular space can then be written as

FS(087 61) = G<BS)Sg*(91)7 (32>
with
Gl (95 1) GN(OS 1)
G(es) = ) (3 3)
Gi(Osn) -+ Gn(Os )
and
G1(6;)
g)=| + |- (3.4)
Gy (6;)

To obtain a monostatic sweep over K incident angles, the model is evaluated K
times with

0. = |6, (3.5)

such that the scattered angle calculated is only equal to the incident angle in each
evaluation.
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3.4.2 Structural Mode Approximation

The numerical model only captures the antenna mode scattering of the reflector.
In practice, the structural mode scattering also contributes to the total reflector
RCS, especially for angles close to normal incidence. To account for this, a simple
approximation is to model the reflector as a thin, large metal plate and use Equa-
tion 2.38 with the physical dimensions of the full reflector, including non-radiating
areas, L, = 40mm and L, = 49mm. Let the corresponding scattered field be
denoted by Epjate. The total scattered field can then be written as

Etot - Eplateej(z)platc + Es (36)

where @pate is an unknown phase offset between the structural mode and antenna
mode contributions, and FE, is the antenna mode scattered field defined in Equa-
tion 2.33. The total RCS is then calculated from Ei, using the definition in Equa-
tion 2.34.

3.5 Measurements and Validation

In this section, the physical measurement setup is first presented. This is followed
by an overview of how the measured data were processed to extract the RCS of the
measured reflector.

3.5.1 Measurement Setup

To measure the monostatic RCS of the Van Atta array, an anechoic chamber nor-
mally used for antenna measurements was adapted. The target under test (TUT),
in this case the reflector, was placed on a camera gimbal that could be rotated by
hand to a specific angle, allowing the monostatic RCS to be swept over azimuth.
The rotating structure was placed behind an absorber to reduce unwanted reflections
from the mounting structure. A standard gain horn with 20 dBi gain was connected
to a VNA through a frequency extender. The horn was mounted on a robot arm,
which was used to control its position and rotation so that it was centered on the
reflector.

Before the RCS measurements, a standard short-open-load calibration was per-
formed at the output of the extender. The open termination was realized using
a short together with a A/4 shim. This calibration was used to correct the measured
S11 levels before the corner reflector and TUT measurements were performed.
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Figure 3.9: Measurement setup inside the anechoic chamber. (a) Standard gain
horn and robot arm. (b) Reflector on a gimbal behind an absorber wall.

To calibrate the setup, a trihedral corner reflector with a known RCS of 10 dBsm
at 77.5 GHz was measured first. The Van Atta reflector was then mounted on the
gimbal for the measurement. The same nominal position was used for both the
corner reflector and the TUT. The horn polarization was also aligned with that of
the reflector.

The gimbal was then manually rotated in approximately 4.5° steps, with an Si;
frequency sweep recorded by the VNA at each position. Measurements were taken
over the full azimuth interval from —90° to 90°. Since the angular sweep was per-
formed manually, the angle setting introduces some uncertainty in the measured
RCS pattern. In total, this was repeated for three manufactured reflectors.

The frequency sweep covered 70 GHz to 87 GHz with a frequency step of 25 MHz.
This corresponds to a bandwidth of 17 GHz, giving a range resolution of approxi-
mately

AR = % ~ 0.9 cm. (3.7)
The frequency step gives a range period of
c

Rperiod = —— ~ 6m. 3.8

p d 2Af m ( )

However, since only the positive-time values from the transformation to the time
domain can be used, the usable unambiguous range is half of this value,

—— &~ 3m. (3.9)

The measurement was performed at a range of approximately 1m, which is well
within the usable unambiguous range. This range was selected as a compromise
between far-field condition and available dynamic range. Considering only the ra-
diating aperture areas of the reflector and horn, which are approximately 116 mm?
and 291 mm?, respectively, the far-field condition is fulfilled at approximately 8 cm
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and 20 cm. However, if the full reflector size, including the non-radiating parts, is
considered, with dimensions 40 mm by 49 mm, the far-field condition is fulfilled only
at approximately 2.1 m. The dynamic range of the measurement setup did not allow
measurements at this longer distance, which is why the measurement was performed
at 1m instead.

The measurement was therefore not fully in the far-field region when the complete
reflector geometry is considered. This may have a small effect on the result, es-
pecially on the exact ripple close to boresight, where structural mode scattering is
important. However, the distance was considered sufficient for validating the reflec-
tor response, especially away from boresight, where the antenna mode scattering
dominates.

Residual reflections from the horn, mounting structure, and chamber were reduced
by placing absorber material in front of the rotating structure. Remaining unwanted
reflections were further suppressed by the time-gating procedure described in the
next subsection.

3.5.2 Data Processing

As mentioned above, the measurement setup was limited to one-port measurements
of 511, since only a single antenna and port could be used. A simplified representa-
tion of the one-port measurement geometry is shown in Figure 3.10. The antenna
reference plane is denoted by z = 0, and the TUT is located at range R. At the
antenna interface, a; denotes the incident port wave delivered to the antenna, while
b1 denotes the reflected port wave measured at the same interface. The measured
reflection coefficient is therefore

Sy =2 (3.10)

a

VNA

Rotation —90° to 90°
port 1

ai

|
|
!
|
!
b1 |
!
|

I

v

il

z=0 z=R

Figure 3.10: Simplified one-port measurement geometry used for the Sj; time-
gating framework. The outgoing port wave is denoted by a;, while the received
wave is denoted by by.
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The measured S;; power level is proportional to the received-to-transmitted power
ratio

|b1|2 b,
—. 3.11
PRERR?) (3.11)

|Sul’ =

Therefore, the gated Sy, power level can be used together with a known reference
object to calibrate the RCS of the TUT using Equation 2.2 and Equation 2.3. How-
ever, the raw S7; measurement cannot be used directly because it is dominated by
the first reflections from the cable connections and the horn antenna. Because of
this, the measured Si; first has to be transformed to the time domain, so that the
reflection from the TUT can be time gated. The signal processing chain used to
isolate the reflection from the TUT is summarized in Figure 3.11. Each processing
step shown in the figure is described in more detail below.

Calibrate against
IFFT Time-gate FFT corner reflector

s11(t) s11,r(t) = s (t)w(t) S11,r(f) > o(f)

Sll(f)

Y
Y
\ 4

Figure 3.11: Signal processing chain for extracting the reflector RCS.

The measured S11(f) was transformed to the time domain using an inverse fast
Fourier transform (IFFT),

su(t) = IFFT {Su(f)} . (3.12)

The time response is related to the physical measurement distance by

R=—, (3.13)

where c is the speed of light, and the factor of two accounts for the two-way prop-
agation path. The reflector response at range R can then be separated in the time
domain by applying a window function w(t) around the corresponding delay. In
this work, a Kaiser window was used. After applying the time gate, the response
becomes

sir(t) = su(Hw(t). (3.14)

A fast Fourier transform (FFT) was then applied to return the gated response to
the frequency domain,

Sir(f) = FFT {s1, n(t)} . (3.15)

An example of the time-gating procedure applied to a measured Si; response is
shown in Figure 3.12. The raw frequency-domain response is first transformed to
the time domain, where the target reflection is isolated using the time gate, before
being transformed back to the frequency domain.
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Figure 3.12: Processing of the measured S7; response using time gating.

This procedure was first applied to the trihedral corner reflector to obtain a reference
response. The TUT measurement was processed in the same way. By comparing
the gated S1; power level of the TUT with the gated S1; power level of the reference
corner reflector, the absolute RCS of the TUT can be determined by

OTUT [dBSHl] = Oref [dBSHl] + 5117TUT [dB] — Sll’ref [dB] (316)
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Results and Validation

4.1 Slotted Waveguide Column

The optimized slotted waveguide column is evaluated in this section. Figure 4.1
presents the simulated azimuth and elevation radiation patterns of the final design.
Across the frequency band, the maximum realized gain lies between 12.8 dBi and
13.4dBi. From Equation 2.23, this corresponds to a maximum theoretical antenna
mode RCS between —11.9dBsm and —11.2dBsm for a 12-element Van Atta array.
In the elevation plane, the main beam stays close to broadside, with the pointing
angle varying from —0.7° to —1.5° across the band. The 3 dB beamwidth is 82° in
azimuth and 16° in elevation, and the elevation sidelobe level remains below —10dB
at all simulated frequencies.

4 | — 76 GHz — Co-pol
— 10 10 — 78.5 GHz —= Cross-pol
=
°
= 04
c
‘©
O
- —-10
9}
N
© — 76 GHz .
& =207 — 78.5GHz — Co-pol 1 A LAY
— 81 GHz PN -=Cross-pol
27 AN 74 \ Al
—301 < I P ) a0/ 1 N E Y
—-180 -90 0 90 180 0 180
6 (deg) 6 (deg)
(a) (b)

Figure 4.1: Simulated realized gain of the final slot column design for co-polar and
cross-polar radiation. (a) Azimuth cut. (b) Elevation cut.
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The nominal simulated input matching of the six-slot column is shown in Figure 4.2.
Across the frequency band of interest, the nominal matching remains better than
—15dB. The simulation also shows a radiation efficiency that is better than 96 %
over frequency.
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Figure 4.2: Simulated input matching, |S11|, of the six-slot column.
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4.2 Transmission Networks

The two transmission networks were simulated independently to evaluate input
matching, phase delay, and insertion loss. Figure 4.3 presents the phase difference
and insertion loss for the six transmission lines. Since the design target was equal
phase at the center frequency of 78.5 GHz, the phase difference is smallest there.
At this frequency, the largest phase difference is 10.8°. At the edge frequencies of
76 GHz and 81 GHz, as expected, the transmission lines with the largest difference
in physical length also show the largest phase difference. These are the transmission
lines between elements 1-12 and 67, for which the worst-case phase difference at
the band edges is 76°. As expected, the insertion loss also increases with transmis-
sion line length, and even for the longest transmission line it remains very low at
approximately —0.3dB in band.
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o
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-0.2 1

Phase (deq)

031 e

Insertion loss (dB)

-180 u . u - - , 4 , . u , . ,
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Frequency (GHz) Frequency (GHz)

() (b)

Figure 4.3: Simulated transmission network performance over frequency. (a) Phase
delay. (b) Insertion loss.

I[solation between neighboring transmission lines and the input matching were also
simulated. The results showed that the input match was better than —19 dB for all
ports, and that the coupling between all combinations of neighboring transmission
lines was below —50 dB.

4.3 Reflector Simulations

While the monostatic RCS is the most important aspect of a retroreflector, since
it shows how much energy is reflected back toward a radar sensor, it is also useful
to study the bistatic scattering of the Van Atta array to see how the energy is
distributed for different incident angles. In Figure 4.4, simulated bistatic patterns
for four different incident angles are presented. It is immediately clear that most of
the energy is scattered in the specular direction, #, = —6;, for all incident angles.
This is expected, since the metal area around the slots is large and the structural
mode scattering dominates. There is also a clear retroreflection peak around the
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incident direction 6, = 6;, which shows that the retroreflection principle is working.
The retroreflection peaks are caused by the antenna mode scattering, with the final
level affected by interference with structural mode scattering. This can produce
stronger peaks in some cases, but split peaks and lower retroreflection in others.
The interference pattern also changes with both observation angle and frequency.
For example, at 6; = 15° the interference is destructive at 81 GHz, while at §; = 30°
it is destructive at 76 GHz.
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Figure 4.4: Simulated bistatic RCS patterns for different incident angles in the
azimuth plane. (a) 6; = 0°. (b) 6; = 15°. (c) 6; = 30°. (d) 6; = 45°.
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In Figure 4.5, the simulated monostatic RCS pattern is shown for azimuth and
elevation cuts, and for both HH and VV polarization. As expected, strong retrore-
flection is only observed in the azimuth cut for HH polarization, which is the case
considered in the design. In the other cases, the response is mainly due to structural
mode scattering.

0 01
—~ -101 —~ -101
€ €
@ @
el -20 ) -201
n RN VA S~ w
Q 301 et s i © 301
-401 -40
-50- 501
-90 -45 0 45 90
6 (deg)
(a)

Figure 4.5: Monostatic RCS simulation at 78.5 GHz for HH and VV polarization.
(a) Azimuth cut, ¢ = 0°. (b) Elevation cut, ¢ = 90°.

4.4 Reflector Measurements

In this section, the measured reflector results are presented. The results are com-

pared with reference reflectors, and the functional angular range is introduced as a
metric for quantifying how well the reflectors perform.
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4.4.1 Measured Monostatic RCS

In Figure 4.6, all three reflectors are compared with the simulated values at three
frequencies in the band. The measured responses of the three reflectors are very
similar, which indicates that the design can be manufactured repeatably and that
the fabrication tolerances are manageable. A larger number of samples would be
needed to fully confirm this, but the results provide a good first indication. The
figure also shows that the retrodirective effect is present at all three frequencies, with
retroreflection over approximately —45° to 45°, even though the phase mismatch
reaches about 60° at the band-edge frequencies.
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Figure 4.6: Comparison between measured and simulated monostatic RCS for the
three manufactured reflectors. (a) 76 GHz. (b) 78.5 GHz. (c) 81 GHz.

4.4.2 Comparison to Simulation and Reference Reflectors

To compare the measured result with the simulated result in more detail, reflector A
is compared with the simulated RCS at 78.5 GHz in Figure 4.7. It is also compared
with an ideal simulated PEC plate of the same size and with the upper limit for
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antenna mode scattering given by Equation 2.24. As expected, the structural mode
scattering dominates at boresight, and the RCS therefore exceeds the maximum
antenna mode value.
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Figure 4.7: Measured monostatic RCS of reflector A compared with the simulated
reflector RCS, the simulated PEC plate RCS, and the maximum antenna mode RCS
based on the effective aperture of the full array at 78.5 GHz.

The measured reflector has an RCS approximately 10dB lower than the simulated
reflector at boresight. This is expected, since the manufactured reflector has several
small holes and artifacts from laser welding on its surface. Because the measured
angles have some uncertainty, the measurement point closest to boresight may not
correspond to exact boresight. Since the RCS level falls off very quickly close to
boresight, this angular uncertainty has a large effect in this region.

The ripple is also much less pronounced than in the simulation, and the measured
level is more stable. This could indicate that the structural mode scattering is
weaker for the manufactured reflector, which would reduce the interference with the
antenna mode scattering. Another difference between the simulation and measure-
ment is that the measured RCS falls off more quickly with angle. For angles larger
than 60°, there is a large difference between measurement and simulation. This could
be because the reflector was mounted on an absorber, which may have dampened
reflections from the edges. It could also be caused by the reflector not being rotated
exactly around its center. Another possible explanation is that the edge diffractions
of the reflector are much weaker than in simulations. In general, the measurement
result is more expected than the simulation result, since the retrodirective range is
limited by the beamwidth of the antenna elements. The beamwidth of the designed
slotted waveguide column corresponds more closely to a retrodirective range of ap-
proximately —45° to 45° than to the approximately —80° to 80° range shown in the
simulation.

In the main retroreflection range from —45° to 45°, the simulated level agrees fairly
well with the measurement. The ripple is not reproduced exactly, but the overall
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level is similar. In this range, the reflector also gives a significant improvement of
approximately 10dB to 20dB compared with the PEC plate.

To also compare the manufactured reflector with a reference reflector, the measured
response is compared with ideal triangular trihedral corner reflectors modeled with
Equation 2.40. This is not a completely direct comparison, since a trihedral corner
reflector is a three-dimensional structure, while the Van Atta array is planar. This
makes the choice of physical size for the comparison ambiguous.

The comparison therefore uses two trihedral corner reflector cases. The first has an
effective area, defined using Equation 2.42, equal to the physical area of the com-
plete designed retroreflector, A.g = 40 mm x49mm = 1960 mm?. The second has an
effective area equal to the effective aperture of the Van Atta array, Aeg = 292 mm?.
The comparison is shown in Figure 4.8 for reflector A at 78.5 GHz.

The larger corner reflector has a much higher RCS level inside approximately —45° to 45°,
but its RCS drops off much more quickly with angle. The smaller corner reflector
has a higher RCS close to boresight than the Van Atta reflector, but it also falls off
more quickly with angle.
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Figure 4.8: Measured monostatic RCS of reflector A compared with two simulated
ideal trihedral corner reflectors with different effective apertures at 78.5 GHz.

4.4.3 Functional Angular Range and Mean RCS

To quantify the measured reflector performance, a metric is needed for the angular
range over which the retroreflection remains effective. A possible choice would be
the 6 dB beamwidth of the monostatic RCS pattern. However, because the bore-
sight response is strongly dominated by structural mode scattering, a conventional
beamwidth definition based on the global maximum is not meaningful. Instead, the
functional angular range is defined here as the angular interval where the RCS re-
mains within 6 dB of the maximum value outside the boresight region, here defined
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as |0] > 5°.

The resulting functional angular ranges at the lower edge, center frequency, and
upper edge of the automotive radar band are shown in Table 4.1. For all three
manufactured reflectors, the usable angular range exceeds 90° over the full 76 GHz
to 81 GHz band. As a reference, the corner reflector in Figure 4.8 gives a functional
angular range of approximately 50°. The slightly lower usable angular range at
the band edges is expected, since the phase mismatch in the transmission networks
increases away from the center frequency. This introduces both loss and beam squint,
which becomes especially important far from boresight, where the phase gradient
from the incident wave is larger across the antenna array.

Table 4.1: Measured functional angular range of the reflectors.

76 GHz 78.5GHz 81GHz
Reflector A 97.7° 102.3° 97.5°
Reflector B 94.1° 93.1° 92.4°
Reflector C  95.6° 105.1° 92.9°
Average 95.8° 100.2° 94.3°

To evaluate the complete measured band, and not only the center and edge frequen-
cies, the same functional angular range was extracted over frequency. The outer
2.5 GHz at each end of the measured sweep was excluded to avoid artifacts from
the time-gating procedure. The resulting functional angular range is shown in Fig-
ure 4.9. All three reflectors maintain a functional angular range above 90° over the
full 76 GHz to 81 GHz band. The figure also shows that, if a usable angular range
above 90° is used as the limiting criterion, the angular bandwidth is larger than
the designed 5 GHz band for several of the reflectors. The usable angular range is
also significantly larger than for the ideal trihedral corner reflector modeled using
Equation 2.40. Outside the designed frequency band of the Van Atta retroreflector,
the functional angular range becomes less stable and shows sharper variations as
individual angular points move above or below the 6 dB threshold.

To also evaluate the RCS level over the band, the RCS was averaged linearly over
the fixed angular range —45° to 45°, excluding the boresight region. Figure 4.9 also
includes this average RCS result. Within the 76 GHz—81 GHz frequency band, the
average level remains relatively stable, with only small variations across the band.
Outside the design band, the level drops more clearly, which indicates that the
average RCS level, rather than the functional angular range, is the limiting factor
for the effective bandwidth of the reflector.
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Figure 4.9: Measured reflector performance as a function of frequency. (a) Func-
tional angular range over frequency, using the 6 dB criterion defined above, compared
with an ideal trihedral corner reflector. (b) Average RCS over the fixed angular range
—45° to 45°, excluding the boresight region.
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4.4.4 Full Monostatic RCS Frequency Dependence

To show the monostatic RCS over the measured frequency range, the results are
shown as heatmaps in Figure 4.10. Outside the designed band, the RCS is less stable
and deeper nulls appear. Far outside the designed band, the RCS also drops more
quickly with angle. The PEC plate reference in Figure 4.10d shows much deeper
nulls, and outside boresight its RCS is much weaker than that of the reflectors.
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Figure 4.10: Monostatic RCS over angle and frequency. (a) Measured reflector
A. (b) Measured reflector B. (c) Measured reflector C. (d) Simulated PEC plate
reference.

4.5 Validation of Numerical Van Atta Model

The main advantage of the implemented numerical model is the reduced computa-
tion time, but another useful feature is that the antenna mode and structural mode
contributions can be evaluated separately. However, when the two contributions
are combined, the phase relationship between them is difficult to determine. The
numerical model can be used to explore how this phase relationship affects the total
RCS. To illustrate this, the bistatic pattern in Figure 4.11 is shown for an incident
wave at 30° and a single frequency. The result shows that the main retroreflective
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lobe level is strongly affected by the phase. For a phase difference of 0°, the two
contributions add destructively, whereas for a phase difference of 180°, they add
constructively.

0plate =0° wplate =60°
—-Antenna mode —-Antenna mode
—- Structural mode
— Combined

—- Structural mode
— Combined
- 6s=6;

Dpjate = 120° Dpjate = 180°
—-Antenna mode —-Antenna mode
—- Structural mode —- Structural mode
— Combined — Combined
- 6s=6;

(d)

Figure 4.11: Bistatic RCS pattern calculated using the numerical model for an
incident wave from 30° and different relative phases between structural mode and
antenna mode scattering. (a) @pate = 0°. (b) Pplate = 60°. (¢) Pprate = 120°. (d)
D pjate = 180°.

The Python model is mainly validated by comparing it with the CST full-wave
results. For the case 6; = 30°, the comparison is given in Figure 4.12. Overall, the
bistatic patterns show good agreement. As noted above, however, the relative phase
between antenna mode and structural mode scattering is not known. As a result,
the numerical model does not capture the interference correctly at every frequency.
In this example, the chosen phase offset gives the correct level at 81 GHz, but does
not capture the exact effect at 76 GHz and 78.5 GHz.

48



4. Results and Validation

10 ! At76 GHz 10 ! At78.5 GHz
i — Python i — Python
< 0- ! --CST = ] 1 —-CST
g | g 0 | --6i=06s
m ! m i
° | ° |
—-10-1 i —~-10 i
n | ] |
2 3 £ X
© -20- ; . -20- ;
E" / i E F A
2 -307 & -30- iRV
\ | i {\ 1
i | 1
-40 ' : -40 T T — (\ .
-90 -45 0 45 90 -90 -45 0 45 90
6s (deg) 6s (deg)
(a) (b)
10 At 81 GHz
— Python
—.CST
--0;=065

-90 -45

Figure 4.12: Bistatic RCS comparison between the numerical model and CST
simulation for the reflector at #; = 30° incidence. (a) 76 GHz. (b) 78.5GHz. (c)

81 GHz.

Since the numerical model can simulate the antenna mode scattering independently,
the measured response of reflector A can be compared directly with the modeled
antenna mode, as shown in Figure 4.13. Outside boresight, the measured reflector
is very close to the antenna mode scattering predicted by the numerical model. At
78.5 GHz and 81 GHz, the measured RCS is a few dB lower in the usable angular
range, but the overall shape is very similar. This further supports the interpreta-
tion that the measured response outside boresight is mainly dominated by antenna
mode scattering, with a weaker structural mode contribution than in the full-wave

simulation.
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Figure 4.13: Measured monostatic RCS of reflector A compared with the antenna
mode RCS predicted by the numerical model. (a) 76 GHz. (b) 78.5 GHz. (c) 81 GHz.
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To compare the computational time required by the numerical model and full-wave
simulation, a monostatic angular sweep from —90° to 90° with 5° steps was con-
sidered. A full-wave simulation of the complete reflector requires one simulation
for each angle, giving 37 simulation points in total. This was compared with the
numerical model workflow, where the slot array is simulated once with 12 waveguide
ports, the two transmission networks are simulated separately with six ports each,
and the angular sweep is then calculated using the Python implementation.

All simulation times were obtained on the same workstation, which used two Intel
Xeon Silver 4215R CPUs at 3.20 GHz and 512 GB of RAM. The reported times
should therefore be interpreted as a relative comparison between the two workflows.
In general, the speedup from using the numerical model is expected to become even
larger on slower hardware, since the full-wave scattering simulations are the domi-
nant part of the computation time.
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Table 4.2 shows the time for the two methods. Even if all three subcomponents
are re-simulated, using the numerical model reduces the computation time by more
than 120 h. In addition, the Python implementation can be evaluated using a much
finer angular spacing without any meaningful increase in computation time. In the
numerical model, the angular resolution is only limited by the angular sampling of
the simulated slot array, which in this case was 1°.

Table 4.2: Comparison of computation time between an angular sweep using full-
wave scattering simulations and the numerical model.

Simulation step Computation time
Full-wave scattering simulation, 37 angles 124h 19 min
Slot array, 12 waveguide ports 2h 30 min
Transmission network 1, six ports 52 min
Transmission network 2, six ports 35 min
Python implementation, 37 angles < 1 min
Total numerical model workflow 3h 58 min
Time reduction > 120h

Overall, the numerical model provides a useful complement to full-wave simulations.
It greatly reduces the computation time and gives good agreement with full-wave
simulations for the main antenna mode response. The comparison with measurement
also shows that the antenna mode predicted by the model gives a good estimate of
the measured total response outside boresight. This makes the model especially
useful for quickly evaluating the effect of design changes and for estimating the
functional angular range of the reflector. In addition, it allows antenna mode and
structural mode scattering to be studied separately.

4.6 Discussion and Comparison with Previous Work

While many Van Atta arrays have been reported at X-band and below, consider-
ably fewer implementations have been reported at mmWave frequencies. Some of
the reported passive mmWave Van Atta arrays are summarized in Table 4.3 and
compared with this work. A direct comparison is difficult, since different works re-
port their results using different metrics. For example, the angular response is not
defined in the same way in all references. In addition, few works report bandwidth
at these frequencies. When the result is reported only at a single frequency, the
bandwidth is listed as single-frequency in the table. The comparison should also be
interpreted with some caution because not all designs have the same purpose. Some
are mainly intended for RCS enhancement, while others also prioritize properties
such as bistatic selectivity, polarization rotation, or circular polarization.
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Table 4.3: Comparison of reported passive mmWave Van Atta arrays

Category [41] [10] [42] [43] [44] This work
Center frequency 78.5 GHz 30 GHz 25.15 GHz 79 GHz 60 GHz 78.5 GHz
Bandwidth Single- Single- 24.9-25.5 GHz Single- Single- 76-81 GHz
frequency frequency (2.4%) frequency frequency (6.4%)
Retrodirective 1-D 1-D 1-D 1-D 1-D 1-D
scanning ability
Measured monostatic ]0° 120° 60° 340 144° 94°
retrodirective range  stable response ' G5 2POVC  _3qp —3dB ~10dB functional
same-size plate angular range
. —23.5dBsm —18dBsm —31dBsm —26 dBsm —11dBsm
Maximum RCS level reported N.C estimated estimated reported outside
maximum maximum maximum maximum boresight
Antenna type Yagi-Uda SIW slot SIW diamond SIW slot Circular MLW slot
slot patch
Antenna elements 8 8 32 16 16 12
Physical size, 4.85x 339  520x538  12.1x11.2 7.90x 1580 880 x3.00 12.83 x 10.47
LxW x H in Ac x 0.027 x N.R. x 0.09 x N.R. x N.R. x 0.25
Polarization Single Single Circular Polariz.ation Polariz.ation Single
linear linear rotation rotation linear
Transmission Microstrip SIW SIW SIW LTCC MLW
network line transmission  transmission transmission microstrip coaxial
line line line line line
Equal physical
transmission line No Yes No No No No

lengths

N.R.: not reported. N.C.: not comparable. Estimated values were extracted from published plots. Outside
boresight values are used to exclude the structural mode dominated response at boresight when applicable. The
reported RCS level in [10] is not included in the comparison because it appears inconsistent with the physical size
of the reported Van Atta array.

From the comparison in Table 4.3, it can be seen that most reported mmWave
Van Atta arrays, including this work, use transmission lines with different physical
lengths and are only retrodirective in one dimension. This contrasts with reported
Van Atta arrays at lower frequencies, such as [8], where the implementation is often
based on equal-length transmission lines and two-dimensional retrodirectivity. The
difference is likely a practical layout constraint. Making all transmission lines the
same physical length puts strong demands on the layout, and at mmWave frequen-
cies the design becomes especially sensitive to additional loss, bends, coupling, and
manufacturing tolerances. The same challenge becomes even more severe when the
Van Atta array is also designed for retrodirectivity in two dimensions.

The comparison also shows that most passive mmWave implementations are either
very narrowband or only reported at a single frequency. This is likely connected to
the use of transmission lines with large physical length differences and dispersive
behavior, which causes the phase error between connected element pairs to increase
away from the design frequency. In contrast, this work is experimentally validated
over the full 76 GHz-81 GHz frequency band. One explanation for this higher band-
width is that the MLW coaxial line used in this work has very low dispersion and a
phase velocity close to that of free-space propagation.

It is also clear from the comparison that this work achieves a higher absolute RCS
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level than the other reported implementations, even when the boresight-dominated
response is excluded. However, this comparison must be interpreted carefully, since
many of the reported arrays are smaller in physical size. In addition, absolute RCS
is strongly affected by structural mode scattering and by how the RCS level is ex-
tracted from the reported results.

The comparison also indicates one of the main limitations of dielectric-based trans-
mission networks in the 77 GHz automotive radar band. For example, [41] reports
that adding a fourth element pair gives only a small additional RCS increase, which
is attributed to loss in the transmission lines. This suggests that the solution pro-
posed in [41] would be difficult to scale to a much larger array.

Overall, the comparison shows that the proposed Van Atta array achieves a relatively
large bandwidth and a good functional angular range compared with the reported
passive mmWave implementations. The comparison also highlights the advantage of
using an MLW coaxial line with low loss and low dispersion. While Table 4.3 should
not be interpreted as an absolute ranking, it supports that MLW is a promising
technology for realizing passive Van Atta arrays in the 77 GHz automotive radar

band.
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Conclusion and Future Work

5.1 Conclusion

This thesis has investigated the design, modeling, measurement, and experimental
validation of a planar passive Van Atta retroreflector in multilayer waveguide (MLW)
technology. The purpose of the reflector is to increase the radar cross section (RCS)
of vulnerable road users in the 77 GHz automotive radar band.

This was done by designing a prototype Van Atta array with retrodirectivity in
azimuth for horizontal polarization. The prototype was also modeled numerically
to enable faster iterative design and to separate the antenna mode and structural
mode scattering contributions. In addition, a method for measuring and validating
the retroreflector using a single-port monostatic RCS measurement in an anechoic
chamber was presented.

The proposed numerical model reduces the computation time by more than 120 h
compared with a full angular sweep in CST. In addition, the modeled antenna mode
contribution agrees well with the measured total RCS outside boresight. This makes
the model useful both for fast design iteration and for interpreting the measured re-
sults by separately studying the antenna mode and structural mode scattering.

All three measured reflectors show a functional angular range of more than 90° over
the full 76 GHz-81 GHz frequency band. In this range, they provide an improvement
of approximately 10dB to 20dB compared with a metal plate of the same physi-
cal size. The simulations and measurements agree well in the functional angular
range, although the full-wave simulations overestimate the RCS outside this range,
likely due to differences in structural mode scattering. The achieved bandwidth
of 5 GHz indicates that the low dispersion of MLW allows relatively large physical
length differences in the transmission lines before the effective bandwidth of the Van
Atta array is significantly degraded. Together with the high radiation efficiency, low
transmission network loss, and compact form factor with a thickness below 1mm,
these results validate that MLW is a suitable technology for building a wide-angle
Van Atta retroreflector in the 76 GHz-81 GHz frequency band.

The achieved absolute RCS of approximately —17dBsm to —11dBsm shows the
level obtained for this first prototype design. Further improvement is most likely
needed before the concept can meaningfully increase the detectability of vulnerable
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road users in a practical real-world scenario. Some of the remaining challenges are
discussed in the next section.

5.2 Future Work

One important direction for future work is to investigate how the reflector can be
made retrodirective in both azimuth and elevation. This is especially important for
pedestrians, since they may bend or move in ways that make it difficult to keep the
reflector perfectly vertical. This is less critical for roadside structures or bicycles,
where the reflector orientation can be more controlled. One possible approach is to
use an MLW design with more layers, for example six layers, so that one layer can
be used exclusively for the transmission lines between elements. This would also
allow the structure to be even more compact.

Although most automotive radars today mainly use horizontal polarization, it would
also be interesting to investigate whether the design can be extended to operate for
vertical polarization as well. This could be especially relevant for future 6G appli-
cations, where both polarizations may be used.

Another approach that could be investigated is the integration of nonlinear com-
ponents into the design. In addition to increasing the RCS, such modulation could
create a recognizable Doppler-like or frequency-shifted signature for the Van Atta ar-
ray, which could significantly improve its detectability for radars. These components
could be passive devices, such as diodes, or, in a more advanced implementation,
active components operating at very low power.
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