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1 Introduction

For advanced communication and sensor applications, antennas with low profile,
low loss, and low production cost are required. While planar antennas are very
well-suited with respect to antenna depth and cost, they suffer from high losses
due to the feeding network, especially for narrow beamwidths [1, 2]. In the
case of a microstrip array with corporate microstrip feeding network, the losses
increase strongly with the overall size of the antenna array, Fig. 1.1 and [3]. If an
element spacing of half a free space wavelength and a microstrip transmission
line loss of 0.15 dB per guide wavelength are assumed, maximum gain is in
the range of 30 dBi to 35 dBi. With increasing antenna size beamwidth still
decreases, but gain decreases, too. With a series feeding the feed network loss
can be reduced, but only at the cost of bandwidth. Another issue with series
feeding is the specific beam tilt over frequency, which is problematic especially
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Fig. 1.1: Feed network losses, directivity and gain of a microstrip array
with corporate microstrip feed network.
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1 Introduction

for high gain pencil beam antennas with extremely narrow beamwidths. Arrays
of horn antennas with a waveguide feed network [4] or waveguide slotted arrays
[5–7] which are typically based on a series feeding, are lower in loss, but partly
narrow band and usually complicated in design, and they do not readily lend
themselves to low cost fabrication. In a former project some work was reported
on the fabrication of waveguide networks and antennas [8] as well as waveguide
filters and diplexers [9] using plastic injection molding and electroplating, but the
authors reported significant reduction of gain compared to the results achieved
with a prototype machined from solid aluminum [4]. Printed reflectarrays are
known to be an alternative solution leading to high gain and low loss antennas
[10], but for some communication applications, the antenna depth even with a
folding approach [11] is still too big. Another approach combines microstrip
antenna arrays with a waveguide feed network [12–15] for the reduction of feed
network losses. Again, the waveguide network may be fabricated using plastic
injection molding and electroplating to reduce fabrication cost. Nevertheless,
waveguide is still quite bulky and provides some difficulties in designing and
assembling the feed network for a restricted space behind the antenna.

In this work an alternative waveguide, the nonradiative dielectric (NRD) wave-
guide, has been investigated for feeding planar mm-wave antennas. This ap-
proach combines the low loss behavior of the NRD-guide feeding network with
low profile and low production cost of planar antennas (e.g. microstrip arrays).

Fig. 1.2: Fundamental modes on the NRD-guide.
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The NRD-guide, according to Fig. 1.2, consists of a dielectric strip sandwiched
between two metal plates with a spacing hNRD smaller than a half of free space
wavelength. Assuming the same potential for both metal plates, i.e. a symmetry
of the electromagnetic fields with a magnetic wall in the plane at half the NRD-
guide height, assures that all modes are guided by the dielectric strip. As a
result, radiation can only be caused by asymmetries along the NRD-guide height
generating the parallel plate mode which is not guided by the dielectric strip.
Thus it is feasible to design a group of non-radiative building blocks including
bends, curves, and T-junctions, required for complex parallel or series feeding
networks. The wave is guided by the dielectric strip in the form of longitudinal
section electric (LSE) and longitudinal section magnetic (LSM) waves.

In practical applications, especially in the microwave and mm-wave range, more
complicated feeding structures based on the ideal NRD-guide are difficult to
implement due to alignment problems. In order to circumvent these problems,
different forms of implementations indicated in Fig. 1.3 have been presented in
the past.

εr2

εr

Engraved NRD(ENRD)-guide

εr2 εr1

εr

(εr2 < εr1)

εr

Ideal NRD-guide Channelized NRD-guide

Synthesized NRD-guide

Substrate integrated (SI)NRD-guide

εr

Groove NRD-guide

Fig. 1.3: Nonradiative dielectric waveguide (NRD-guide) and several al-
ternative setups.

The channelized NRD-guide [16] consists of two materials with different values
of εr, where the material with the lower relative dielectric constant εr2 serves for
alignment and might be a type of foam with electrical properties similar to air.
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1 Introduction

The groove NRD-guide [17–19] features a groove milled into the metal ground
planes which makes alignment of the guiding strip easier and more precise. In
the synthesized NRD-guide, or substrate integrated NRD (SINRD) waveguide
[20–22], the transmission line is defined by a set of holes along the wave guiding
area, implementing the low dielectric region as compared to the channelized
NRD-guide. The engraved NRD(ENRD)-guide [23] is milled out of a solid block
of dielectric material which again avoids tolerance problems.

This work includes three different types of antennas which all consist of a pla-
nar antenna part and a feeding network made of one of the above described
implementations of the NRD-guide.

The antennas investigated in this thesis are implemented in the K-band (18 GHz–
26.5 GHz) as for this frequency range measurement facilities and power ampli-
fiers were readily available, but actually they lend themselves for applications
in the millimeter-wave range where the low loss characteristic of the NRD-guide
is even more pronounced, e.g. for point-to-point or point-to-multipoint commu-
nication links, radiometry, and for radar sensors.

Chapter 2 of this thesis deals first with the derivation of the eigenvalue equa-
tions for the propagation constants of all solutions in the NRD-guide structure
assuming the loss-free case. Solving these eigenvalue equations leads to char-
acteristic values including propagation constants, cutoff-frequencies, and single
mode propagation bandwidth. In a second step the equations for the attenu-
ation constants according to different loss mechanisms are derived under the
assumption of low loss nature with the electromagnetic fields similar to the loss-
free case, and by applying a perturbational method. Those equations are then
used to choose the proper dimensions of the NRD-guide structure for specific
applications described in the following chapters.

The first type of antenna introduced in Chapter 3 is an antenna for point-
to-point or point-to-multipoint applications with low loss, low profile and low
production cost. A corporate network of NRD-guides made of low loss high
density polyethylene (HDPE) dielectric material serves as feed for planar mi-
crostrip patch antenna sub arrays. Smaller sub arrays of microstrip patches are
used where losses still are low. The sub arrays are coupled to the back side
NRD-guide network via coupling slots in the ground plane of the planar struc-
ture. The total height of this antenna is 6.3 mm only. Such a low profile can
otherwise only be achieved with purely planar techniques like microstrip anten-
nas fed by a microstrip line feeding network, but then at the cost of increased
loss and reduced efficiency.

4
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In the second type of antenna introduced in Chapter 4 the multimode char-
acteristic of the NRD-guide is used to implement a feeding network of a dual
polarization antenna. The NRD-guide is used for the first time as a dual mode
waveguide. The longitudinal section electric (LSE) and the longitudinal section
magnetic (LSM) mode are excited independently by separate transitions from
microstrip line to NRD-guide. Each of the modes causes the planar patch arrays
to radiate in one linear polarization. Based on these investigations a dual polar-
ization antenna was implemented using a 2×2 array of microstrip patch antenna
elements with a small microstrip feeding network, and a substrate integrated
NRD-guide feed to avoid alignment problems. In an alternative implementation
the ideal NRD-guide is used as a feeding network, and independent matching of
LSM and LSE modes is conducted by a step in the NRD-guide width, acting as
a highly reflective stub for the LSM mode only. This matching technique is the
subject of a patent application.† Based on this technique a dual polarization
antenna array consisting of two 2×2 sub arrays has been implemented.

The third type of antenna described in Chapter 5 is a low cost low profile
scanning receiver array with an NRD-guide feeding network. A possible solution
for low loss and low cost antennas with electronic scanning facilities is the use of
frequency scanned arrays. In this work mixers are used with a frequency sweep in
the local oscillator (LO) path. The radio frequency (RF) can be kept constant,
and bandwidth can be fully exploited for other purposes like communication
or full range resolution in a frequency modulated continuous wave (FM/CW)
radar sensor. The RF signal is received by four microstrip antenna elements.
Each antenna element is connected to a mixer. The LO signal is distributed
via a serial NRD-guide feeding providing the frequency dependent phase shift
for beam scanning. In the mixers the RF signals are down-converted in the
intermediate frequency (IF) band including the phase shift. A Wilkinson power
combiner adds the IF signals in phase. In this scanning receiver array an LO
frequency sweep from 22.8 GHz to 24.8 GHz was necessary for a scan range of 35°.

†The transitions and T-junctions described in Section 4.2 are the subject of a patent ap-
plication at the German Patent and Trade Mark Office entitled “Anordnung für einen
nichtstrahlenden dielektrischen Rechteckwellenleiter zur unabhängigen Nutzung zweier
oder mehrerer Moden zur Signal-Übertragung” with application number AZ 10 2011 107
128.1 and date of filing July 12, 2011.
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2 Propagation in the Nonradiative Dielectric
Waveguide (NRD-guide)

As mentioned before, the NRD-guide is a multimode transmission line. Each
mode can be described by an eigenvalue equation for the propagation constants,
depending on the geometry and the material constants of the NRD-guide. The
knowledge of these eigenvalue equations helps to find the characteristic values
like cutoff-frequency, propagation constant, single mode propagation bandwidth,
and coupling coefficient between parallel NRD-guides. Once the eigenvalue equa-
tions are solved, the field patterns of the modes can be calculated and visual-
ization of the field patterns can lead to a deeper understanding about the inter-
action between different modes, e.g. concerning symmetry characteristics and
mode conversion at certain classes of asymmetries [24].

In the first two sections of this chapter, the eigenvalue equations of the different
modes are derived from the wave equations and boundary conditions, assuming
the loss-free case. In the third section, the field patterns of the fundamental
modes are given. In the fourth section, an interpretation of the eigenvalue
equations in form of a set of design curves helps in finding the optimum choice of
material constants and geometries for a desired center frequency and bandwidth.
In section five, different loss mechanisms are investigated and the attenuation
constants for the fundamental modes are derived based on a perturbational
method.

Figure 2.1 defines the material properties and the geometric dimensions of the
NRD-guide assuming infinite extension in the z-direction, which is the direction
of propagation. Index 1 is assigned to parameters inside the dielectric strip
with higher dielectric constant as compared to the dielectric constant of the
surrounding matter. Index 2 defines parameters outside the dielectric strip. The
eigenvalue equations are derived from Maxwell’s equations for time harmonic
electromagnetic fields (∝ ejωt), in partial homogeneous (ε̂, μ̂, κ̂ �= f(�r)), and
isotropic (ε̂, μ̂, κ̂ are scalar functions) media [25]:

∇× �E = −jωμ̂ �H − �Mi, (2.1)

7
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2 Propagation in the Nonradiative Dielectric Waveguide (NRD-guide)

Fig. 2.1: Dimensions of the nonradiative dielectric waveguide (NRD-
guide).

∇× �H = jωε̂ �E + �Jc + �Ji, (2.2)

where the term �Jc=κ̂ �E is called conduction current. Assuming linear matter
in the general sense [25], ε̂, μ̂, κ̂ might all be complex functions of frequency.
In this section, assuming the loss-free case, permittivity ε, permeability μ, and
conductivity κ are all considered real values which are constant with frequency.
In Eqs. (2.1) and (2.2) impressed magnetic current density �Mi and impressed
electric current density �Ji are used to represent sources that are independent of
the field. Here, the media are considered to be free of sources, so both impressed
current densities are zero. Combining the two first order coupled differential
equations leads to the second order differential Helmholtz equations:

∇×∇× �E − `ω2μ̂ε̂ − jωμ̂κ̂
´

�E = �0 , (2.3)

∇×∇× �H − `ω2μ̂ε̂ − jωμ̂κ̂
´

�H = �0 . (2.4)

Considering now the case of perfect, non-magnetic (μ̂=μ0) and loss-free (κ̂=0,
ε̂=ε′=ε0εr) dielectrics, and taking advantage of the divergence-less character of
�E and �H, simplifies the second order differential Helmholtz equations consider-
ably:

Δ �E + ω2μ0ε
′ �E = �0 , (2.5)

Δ �H + ω2μ0ε
′ �H = �0 . (2.6)
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A common approach to this problem makes use of the fact that any vector
fields (here �E and �H) can be represented by two vector potentials, an electric
vector potential �F and a magnetic vector potential �A. An arbitrary field in
a homogeneous source-free region can be expressed as the superposition of a
transverse magnetic (TM) field and transverse electric (TE) field [25]. The TM
field can be fully described by a magnetic vector potential �A=�cψa, the TE field
by an electric vector potential �F=�cψf, where �c is an arbitrary, yet constant
vector independent of the coordinate system. Without loss of generality, �c can
be defined by one of the three unit vectors in the Cartesian coordinate system
�ex,�ey,�ez. In other words, �A and �F can be chosen in such a way that e.g. in
the Cartesian coordinate system, they consist of one component only and point
into the same direction x, y or z. These two vector potentials fully describe
all solutions in loss-free matter and the respective field patterns can be directly
calculated with:

�E = −∇× �F +
1

jωε′
∇×∇× �A , (2.7)

�H = ∇× �A +
1

jωμ0
∇×∇× �F , (2.8)

applying vector operations.

Both vector potentials must satisfy the Helmholtz equation:

Δ

 
�A
�F

!
+ ω2ε′μ0

 
�A
�F

!
= �0 , (2.9)

with k=ω
√

ε′μ0=ω
√

εrε0μ0 being the wave number. The wave equations for �A

and �F can be separated in three independent differential equations according to
the components of the Cartesian coordinate system, and

k2 = εrk
2
0 = k2

x + k2
y + k2

z (2.10)

relates the separation coefficients. Assuming loss-free harmonic wave propaga-
tion along the NRD-guide in the z-direction (∝ e−jkzz), the wave number kz

is equal to the phase constant β and must be the same inside and outside the
dielectric strip. This leads to:

k2
z = εr1k

2
0 − k2

x1 − k2
y , (2.11)

k2
z = εr2k

2
0 − k2

x2 − k2
y , (2.12)

(εr1 − εr2)k
2
0 = k2

x1 − k2
x2 . (2.13)
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2 Propagation in the Nonradiative Dielectric Waveguide (NRD-guide)

Assuming the ideal structure in Fig. 2.1 with dependency of the physical proper-
ties of the dielectric parts only in one transverse direction (the x-direction), the
solutions get much less complex and the fundamental and higher order modes
may be fully described by one vector potential with one component only in the
x-direction. Choosing the electrical vector potential �F=Fx�ex leads to one set of
solutions of the structure. According to Eq. (2.7) and the fact that �F has only
a component in the x-direction, the electric field �E has no x component; this
is why all these solutions are called longitudinal section electric (LSE) modes.
Accordingly, choosing the magnetic vector potential �A=Ax�ex leads to the other
set of solutions with the magnetic field �H having no x component, thus being
called longitudinal section magnetic (LSM) modes.

In the following two sections first the equations for the vector potentials and
the field vectors are stated. Using the even and odd symmetry condition and
the boundary conditions in the two metal plates leads then to the eigenvalue
equations for the propagation constants.

2.1 Longitudinal Section Electric (LSE) Modes

The inherent symmetry of the problem with respect to the y-z-plane enables
the resulting solutions to be grouped into two types, either even or odd modes,
depending on whether the y component of the electric field Ey is an even or an
odd function of x. The suffixes in the nomenclature LSEmn refer to the rank and
order m and n in x- and y-directions, respectively. As stated before, the LSE
modes in the NRD-guide can be fully described by one electric vector potential
�F having a component in x-direction only:

�F = Fx�ex = ΨH�ex , (2.14)
�E = −∇× �F , (2.15)

�H =
1

jωμ0
∇×∇× �F . (2.16)

Taking into account the simple form of the electric vector potential �F , and
applying the differential operators in the Cartesian coordinate system, formulae

10

for the electric and the magnetic field vectors can be expressed as follows:
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2.1 Longitudinal Section Electric (LSE) Modes

�E =

0
BBB@

0

− ∂
∂z

ΨH

∂
∂y

ΨH

1
CCCA , (2.17)

�H =
1

jωμ0

0
BBBBB@

−
„

∂2

∂y2 +
∂2

∂z2

«
ΨH

∂2

∂x∂y
ΨH

∂2

∂x∂z
ΨH

1
CCCCCA , (2.18)

with ∂
∂z

=−jkz according to the harmonic propagation of the wave pattern along
the z-axis.

To simplify matters the even and odd modes with respect to the y-z-plane
(index m) are calculated separately.

2.1.1 Even LSE Modes

The even and odd mode naming convention is related to the rank of the solution
in x-direction. As such the rank m of even LSE modes (LSE0n, LSE2n, ...) is
an even number. The above definition that Ey must be an even function of x
implies that the symmetry can be described by the y-z-plane being a magnetic
wall (�n · �E=0, with �n being the vector with unit length and orthonormal to the
y-z-plane).

In the following equations the index numbers 1 and 2 designate the core medium
of the waveguide (dielectric strip) and the surrounding medium (with lower
permittivity, e.g. air), respectively. The boundary conditions for the even LSE
modes are the following:
According to the symmetry condition with a magnetic wall at x=0, the x com-
ponent of the electric field must vanish:

Ex|x=0 = 0 . (2.19)

At the top and bottom metal plates the electric field is perpendicular to the
surface, hence:

Ex|y=0 = Ez|y=0 = 0 , (2.20)
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2 Propagation in the Nonradiative Dielectric Waveguide (NRD-guide)

Ex|y=h = Ez|y=h = 0 . (2.21)

According to the continuity condition for the tangential components of the elec-
tric and magnetic fields at surfaces between distinct dielectric media, the follow-
ing equations can be stated at the boundary surface (x=±w

2
) between the wave

guiding dielectric strip and the surrounding material with lower permittivity,
e.g. air:

Et1|x= w
2

= Et2|x= w
2

, (2.22)

Ht1|x= w
2

= Ht2|x= w
2

, (2.23)

with either t=y or t=z. With the boundary conditions the number of parameters
in the equation for general solutions can be limited. According to the Eqs. (2.20)
and (2.21) the y dependency of any solution Ψ must be of the form cos(kyy) with
ky= nπ

h
for Ex to vanish at y=0 and y=h. Due to the fact that the wave shall

be guided along medium 1 and that the electric field pattern shall be symmetric
with respect to the y-z-plane, the x dependency must be of the form cosh(jkx1x)
within medium 1. Outside medium 1 the electromagnetic fields shall decay and
thus are of the form e−jkx2|x|. In conclusion, solutions will be of the form:

ΨH
1 = C cosh (jkx1x) cos (kyy) e−jkzz, (2.24)

ΨH
2 = De−jkx2x cos (kyy) e−jkzz. (2.25)

Applying Eqs. (2.24) and (2.25) in the equations for the electric vector potential
(2.17) and (2.18) results in:

�E1 = C

0
@ 0

jkz cosh (jkx1x) cos (kyy)
−ky cosh (jkx1x) sin (kyy)

1
A e−jkzz, (2.26)

�E2 = D

0
@ 0

jkz e−jkx2x cos(kyy)

−ky e−jkx2x sin(kyy)

1
A e−jkzz, (2.27)

�H1 =
C

jωμ0

0
@
`
k2

y + k2
z

´
cosh(jkx1x) cos(kyy)

−jkx1ky sinh(jkx1x) sin(kyy)
kx1kz sinh(jkx1x) cos(kyy)

1
A e−jkzz, (2.28)

�H2 =
D

jωμ0

0
@
`
k2

y + k2
z

´
e−jkx2x cos(kyy)

jkx2ky e−jkx2x sin(kyy)

−kx2kz e−jkx2x cos(kyy)

1
A e−jkzz, (2.29)
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2.1 Longitudinal Section Electric (LSE) Modes

with ky = nπ
h

, enforcing vanishing tangential components of the electric field in
the metal plates according to Eqs. (2.22) and (2.23).
Application of the Eqs. (2.26) to (2.29) with the boundary conditions for the
tangential electric and magnetic field components (2.22) and (2.23), results in
the following two equations:

Et : C cosh
“

jkx1
w

2

”
= De−jkx2

w
2 , (2.30)

Ht : Ckx1 sinh
“

jkx1
w

2

”
= −Dkx2e−jkx2

w
2 . (2.31)

Division of the last two formulae leads to the eigenvalue equations for the prop-
agation constants of the even LSE modes:

� kx1 tan
“
kx1

w

2

”
= jkx2 . (2.32)

With Eqs. (2.26) and (2.28) or (2.27) and (2.29) an expression for the character-
istic impedance can be found:

ZF,LSE = −Ey

Hx
=

ωμ0kz,LSE

k2
y + k2

z,LSE
. (2.33)

2.1.2 Odd LSE Modes

The above definition that for the odd LSE mode Ey must be an odd function of
x implies that the symmetry can be described by the y-z-plane being an electric
wall (�n × �E = �0), i.e.:

Ey|x=0 = Ez|x=0 = 0 . (2.34)

All other boundary conditions are identical to the boundary conditions given for
the even LSE modes Eqs. (2.20) to (2.23) and thus also the respective implica-
tions on the solution are the same. With the electric wall at x=0 also the scalar
potential ΨH must be an odd function of x within medium 1, i.e. sinh(jkx1x),
and again, outside medium 1 the electromagnetic fields shall decay and thus are
of the form e−jkx2|x|. In conclusion, solutions will be of the form:

ΨH
1 = C sinh (jkx1x) cos (kyy) e−jkzz, (2.35)

ΨH
2 = De−jkx2x cos (kyy) e−jkzz. (2.36)
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2 Propagation in the Nonradiative Dielectric Waveguide (NRD-guide)

Applying Eqs. (2.35) and (2.36) in the equations for the electric vector potential
(2.17) and (2.18) results in:

�E1 = C

0
@ 0

jkz sinh (jkx1x) cos (kyy)
−ky sinh (jkx1x) sin (kyy)

1
A e−jkzz, (2.37)

�E2 = D

0
@ 0

jkz e−jkx2x cos(kyy)

−ky e−jkx2x sin(kyy)

1
A e−jkzz, (2.38)

�H1 =
C

jωμ0

0
@
`
k2

y + k2
z

´
sinh(jkx1x) cos(kyy)

−jkx1ky cosh(jkx1x) sin(kyy)
kx1kz cosh(jkx1x) cos(kyy)

1
A e−jkzz, (2.39)

�H2 =
D

jωμ0

0
@
`
k2

y + k2
z

´
e−jkx2x cos(kyy)

jkx2ky e−jkx2x sin(kyy)

−kx2kz e−jkx2x cos(kyy)

1
A e−jkzz, (2.40)

with ky = nπ
h

, according to Eqs. (2.22) and (2.23).
Application of the Eqs. (2.37) to (2.40) with the continuity conditions for the
tangential electric and magnetic field components, Eqs. (2.22) and (2.23), results
in the following two equations:

Et : C sinh
“

jkx1
w

2

”
= De−jkx2

w
2 , (2.41)

Ht : Ckx1 cosh
“

jkx1
w

2

”
= −Dkx2e−jkx2

w
2 . (2.42)

Division of the last two formulae leads to the eigenvalue equations for the prop-
agation constants of the odd LSE modes:

� kx1 cot
“
kx1

w

2

”
= −jkx2 . (2.43)

In practical applications the propagation characteristics of the first longitudinal
section electric odd mode LSE11 is of great interest as it limits the operational
bandwidth of the fundamental longitudinal section magnetic LSM01 mode.
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2.2 Longitudinal Section Magnetic (LSM) Modes

2.2 Longitudinal Section Magnetic (LSM) Modes

For some time the fundamental longitudinal section magnetic (LSM01) mode
was considered the wanted mode as it usually provides lower attenuation charac-
teristics compared to the LSE01 mode. Another reason was certainly that inter-
connects between rectangular waveguide and NRD-guide can be implemented
in a simple manner due to the field pattern similarity between the LSM01 mode
and the TE10 mode in the rectangular waveguide. The LSM modes in the
NRD-guide can be fully described by one magnetic vector potential �A having a
component in x-direction only:

�A = Ax�ex = ΨE�ex , (2.44)
�H = ∇× �A , (2.45)

�E =
1

jωε′
∇×∇× �A . (2.46)

Taking into account the simple form of the magnetic vector potential �A, and
applying the differential operators in the Cartesian coordinate system, formulae
for the electric and the magnetic field vectors can be expressed as follows:

�H =

0
BBB@

0

∂
∂z

ΨE

− ∂
∂y

ΨE

1
CCCA , (2.47)

�E =
1

jωε′

0
BBBBB@

−
„

∂2

∂y2 +
∂2

∂z2

«
ΨE

∂2

∂x∂y
ΨE

∂2

∂x∂z
ΨE

1
CCCCCA , (2.48)

with ∂
∂z

=−jkz according to the harmonic propagation of the wave pattern along
the z-direction.

To simplify matters the even and odd modes with respect to the y-z-plane
(index m) are again calculated separately.
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2 Propagation in the Nonradiative Dielectric Waveguide (NRD-guide)

2.2.1 Even LSM Modes

In analogy to the above definition, for the even LSM modes Hy must be an even
function of x. This implies that the symmetry can be described by the y-z-plane
being an electric wall (�n × �E = �0), i.e.:

Ey|x=0 = Ez|x=0 = 0 . (2.49)

All other boundary conditions are identical to the boundary conditions given for
the even LSE modes (2.20) to (2.23), and thus, also the respective implications
on the solution are the same. With the electric wall at x=0 also the scalar
potential must be an even function of x within medium 1, i.e. cosh(jkx1x), and
again, outside medium 1 the electromagnetic fields shall decay and thus are of
the form e−jkx2|x|. In conclusion solutions will be of the form:

ΨE
1 = C cosh (jkx1x) sin (kyy) e−jkzz, (2.50)

ΨE
2 = De−jkx2x sin (kyy) e−jkzz. (2.51)

Applying Eqs. (2.50) and (2.51) in the equations for the magnetic vector poten-
tial (2.47) and (2.48) results in

�E1 =
C

jωε0εr1

0
@
`
k2

y + k2
z

´
cosh(jkx1x) sin(kyy)

jkx1ky sinh(jkx1x) cos(kyy)
kx1kz sinh(jkx1x) sin(kyy)

1
A e−jkzz, (2.52)

�E2 =
D

jωε0εr2

0
@
`
k2

y + k2
z

´
e−jkx2x sin(kyy)

−jkx2ky e−jkx2x cos(kyy)

−kx2kz e−jkx2x sin(kyy)

1
A e−jkzz, (2.53)

�H1 = C

0
@ 0

−jkz cosh (jkx1x) sin (kyy)
−ky cosh (jkx1x) cos (kyy)

1
A e−jkzz, (2.54)

�H2 = D

0
@ 0

−jkz e−jkx2x sin(kyy)

−ky e−jkx2x cos(kyy)

1
A e−jkzz, (2.55)

with ky= nπ
h

, according to Eqs. (2.22) and (2.23).
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2.3 Field Solutions for the Fundamental Modes

tangential electric and magnetic field components, equations (2.22) and (2.23),
results in the following two equations:

Et : C
kx1

εr1
sinh

“
jkx1

w

2

”
= −D

kx2

εr2
e−jkx2

w
2 , (2.56)

Ht : C cosh
“

jkx1
w

2

”
= De−jkx2

w
2 . (2.57)

Division of the last two formulae leads to the eigenvalue equations for the prop-
agation constants of the even LSM modes:

� kx1

εr1
tan

“
kx1

w

2

”
= j

kx2

εr2
. (2.58)

With Eqs. (2.52) and (2.54) or (2.53) and (2.55) an expression for the character-
istic impedance can be found:

ZF,LSM =
Ex

Hy
=

k2
y + k2

z,LSM

ωε0εr1kz,LSM
. (2.59)

2.2.2 LSM Odd Modes

The longitudinal section magnetic (LSM) mode with an odd rank, (i.e. LSM1n,
LSE3n, ...) usually is not so much of interest and thus is not dealt with here in
detail. Just the eigenvalue equation shall be stated for the sake of completeness:

� kx1

εr1
cot
“
kx1

w

2

”
= −j

kx2

εr2
. (2.60)

2.3 Field Solutions for the Fundamental Modes

Exemplary, figures 2.2 and 2.3 illustrate the electric and magnetic fields for
the fundamental LSM01 and LSE01 modes, respectively. For a comprehensible
visualization the field patterns are shown in one cutting plane only and sepa-
rately for the electric and the magnetic fields. In reality, the electric field of the
LSM01 mode in Fig. 2.2a has an additional component in the z-direction, and
also the magnetic field of the LSE01 mode in Fig. 2.3b has a component in the
z-direction.
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2 Propagation in the Nonradiative Dielectric Waveguide (NRD-guide)

direction of
propagation (z)

(a) Electric field, for simplification the z-component is not shown here.

direction of
propagation (z)

(b) Magnetic field.

Fig. 2.2: Field patterns of the LSM01 mode of the NRD-guide.
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2.3 Field Solutions for the Fundamental Modes

direction of
propagation (z)

(a) Electric field.

propagation (z)
direction of

(b) Magnetic field, for simplification the z-component is not shown here.

Fig. 2.3: Field patterns of the LSE01 mode in the NRD-guide.
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2 Propagation in the Nonradiative Dielectric Waveguide (NRD-guide)

2.4 A Graphical Method for Solutions of the Eigenvalue
Equations and Determination of Cutoff-Frequencies

The eigenvalue equations for the different modes in the NRD-guide, derived in
the previous sections, determine one relation between the separation coefficients
kx1 and kx2. A second relation was obtained with Eq. (2.13) by equating the
two expressions for the wave number in the direction of propagation in the two
different dielectrics. These two relations can be plotted on a

`
kx1

w
2

´−`jkx2
w
2

´
plane, yielding a graphical solution at the points of intersection [26]. For this
purpose it is convenient to rewrite Eq. (2.13) as follows

(εr1 − εr2)
“
k0

w

2

”2

=
“
kx1

w

2

”2

+
“

jkx2
w

2

”2

. (2.61)

This equation determines a circle of radius
√

εr1 − εr2k0
w
2

. Now assuming the
loss-free case, the cutoff-frequency is where the wave number kz approaches zero.
Equations for the propagation constant in the two dielectric regions were given
in Eqs. (2.11) and (2.12). For kz → 0 these equations can be rewritten to“

kx1
w

2

”2

=εr1

“
k0

w

2

”2

−
“
ky

w

2

”2

, (2.62)“
jkx2

w

2

”2

=
“
ky

w

2

”2

− εr2

“
k0

w

2

”2

. (2.63)

These two equations can be combined to yield

(εr1 − εr2)
“
ky

w

2

”2

=εr2

“
kx1

w

2

”2

+ εr1

“
jkx2

w

2

”2

, (2.64)

which defines an ellipse in the
`
kx1

w
2

´−`jkx2
w
2

´
plane. Now the point of in-

terception with the function defined by the eigenvalue equation represents the
cutoff-frequency of the mode under consideration.

Considering now even LSM modes, the eigenvalue equation given by Eq. (2.58)
can be rewritten as a function of kx1

w
2

jkx2
w

2
=

εr2

εr1
kx1

w

2
tan(kx1

w

2
) (2.65)

which is represented in Fig. 2.4 by the solid, bold curves, for different ratios of
strip widths w to free-space wavelength λ0, assuming the specific case of a strip
made of high density polyethylene (HDPE, εr1=2.3) surrounded by air (εr2=1).
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2.4 A Graphical Method for Solutions of the Eigenvalue Equations and
Determination of Cutoff-Frequencies

-π/2

0

π/2

π

3π/2

2π

π/2 3π/2 5π/2

jk
x
2

w 2

kx1
w
2

TM0 TM2 TM4

Fig. 2.4: Graphical solution for eigenvalues for the even TM modes of
surface waves along a dielectric slab (εr1=2.3) surrounded by
air (εr2=1). Solid, bold curves represent solutions of the eigen-
value equation jkx2

w
2

= εr2
εr1

kx1
w
2

tan(kx1
w
2
). The dashed ellipse

represents the cutoff-frequencys of the corresponding even LSM
modes in an NRD-guide, which is in this example specified by
the ratio

√
εr1−εr2·w

h
=0.94.

The dotted curve represents the ellipse defined by Eq. (2.64). The point of
intersection between the two curves is the cutoff-frequency of the LSM01 mode.

The same methodology can be applied to find the cutoff-frequencies for the
fundamental mode LSE01 and the higher order modes LSE11 and LSM11 by
applying Eqs. (2.32), (2.43), and (2.60), respectively. The cutoff-frequencies for
the fundamental and higher order modes can now be plotted in the (h/λ0)−`√

εr1 − εr2 · w/λ0

´
plane as shown in Fig. 2.5 and [27]. This representation has

several advantages as compared to Fig. 2.4. First, it shows the regions of single
mode, dual mode, and multi mode operation. Second, the fractional bandwidths
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2 Propagation in the Nonradiative Dielectric Waveguide (NRD-guide)

of single mode and dual mode operation can be directly determined for a specific
setup. A straight line passing through the origin and having the slope

√
εr1−εr2·w

h

defined by the material characteristics and geometry of the specific NRD-guide
setup, shows intersections P1, P2, P3, and P4 with the four curves that represent
the cutoff-frequencies for the LSE01, LSM01, LSE11, and LSE11, respectively.
The single mode operation fractional bandwidth of the LSE01 mode can now
be determined by the ratio of the lengths OP3 and OP1. From Fig. 2.5 it can
be seen, that fractional bandwidths are only dependent on the ratio

√
εr1−εr2·w

h
,

which determines the slope of the straight line, but not on absolute values of
strip width w or strip height h nor is it dependent on absolute values of dielectric
constants εr1 or εr2.

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0.35 0.4 0.45 0.5

√ ε r
1
−

ε r
2
·w

/ λ
0

h/λ0

LSM11
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Fig. 2.5: Design diagram showing regions of single mode operation in re-
gion R1, dual mode operation in region R2, and multi mode
operation in regions R3 and R4, assuming HDPE for the strip
material surrounded by air. Intersections P1, P2, P3, and P4 can
be used to determine fractional bandwidths for each kind of op-
eration.

With this characteristic of the NRD-guide in mind, the fractional bandwidths for
single mode operation for the LSE01 and LSM01 modes, respectively, assuming
HDPE (εr1=2.3) for the strip material, which is surrounded by air (εr2=1), has
been plotted in Fig. 2.6. Here, the upper limit of bandwidth fU is defined by the
cutoff-frequencies of the LSE11 mode or the LSM11 mode, which ever is lower.
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2.4 A Graphical Method for Solutions of the Eigenvalue Equations and
Determination of Cutoff-Frequencies

1

1.05

1.1

1.15

1.2

1.25

1.3

1.35

0.5 1 1.5 2 2.5 3 3.5 4

Fr
ac

ti
on

al
ba

nd
w

id
th

f
U
/ f

L

√
εr1−εr2·w

h

LSE01

LSM01

Fig. 2.6: Fractional bandwidths of single mode operation for the LSE01

mode and the LSM01 mode assuming HDPE (εr1=2.3) for the
strip material surrounded by air (εr2=1). The upper limit of
bandwidth fU is defined by the cutoff-frequencies of the LSE11

mode or the LSM11 mode, which ever is lower.

In practical applications though, there are a couple of restrictions in the choice
of geometry and material properties with impact on the usable bandwidth. First,
in complex NRD-guide feedings with bends, corners, and T-junctions, both fun-
damental modes, LSE01 and LSM01 are required, and sometimes both modes
are required on the same section of NRD-guide, as with the dual polarization
antennas described in Chapter 4. Second, for ease of construction and assem-
bly, the metal plate distance, i.e. the strip height, should be kept constant all
across the feeding. Third, the lower end of frequency band is defined by the
cutoff-frequency of the LSE01, or the cutoff-frequency of the LSM01, which ever
is higher, for both fundamental modes are required for proper operation of the
feeding. Forth, the upper end of frequency band for the feeding is defined by
the cutoff-frequency of the first higher order mode LSE11 or LSM11, or the maxi-
mum frequency defined by the non-radiation condition fmax= c0

2h
√

εr2
, which ever

is lower.

With these limitations, in order to find the optimum geometry for a given center
frequency of 24 GHz, the desired bandwidth has been chosen to 4 GHz. With this,
the maximum strip height can be found from hmax= c0

2fmax
=5.8 mm, according
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2 Propagation in the Nonradiative Dielectric Waveguide (NRD-guide)

to the non-radiating condition. Figure 2.7 shows the absolute bandwidths of
single mode operation for LSE01 mode and LSM01 mode assuming high density
polyethylene (HDPE) for the strip material surrounded by air. The upper limit
of bandwidth fU is defined by the cutoff-frequencies of the LSE11 mode, the
LSM11 mode or the radiating condition h=λ0/2, which ever is lower. The lower
limit of bandwidth fL is defined by 22 GHz or the cutoff-frequency of the mode
under consideration, LSE01 or LSM01. The optimum NRD-guide width for
either mode has been found from Fig. 2.7 by taking the mean value of upper
and lower limits of width w for maximum bandwidth, i.e. wLSE=3.9 mm and
wLSM=4.8 mm.
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Fig. 2.7: Absolute bandwidths of single mode operation for the LSE01

mode and the LSM01 mode assuming HDPE for the strip mate-
rial surrounded by air. The strip height is chosen to h=5.8 mm.
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2.5 Loss Calculation

2.5 Loss Calculation

So far the treatment of propagation in the NRD-guide has been confined to the
loss-free case, i.e. all materials have been considered ideal. In contrast, real mat-
ter shows lossy behavior. Typically, transmission losses can be grouped in three
mechanisms. Loss according to imperfect dielectrics, loss according to imperfect
conductors, and loss due to surface roughness of boundaries between conductor
and dielectric. For planar types of transmission lines, like the microstrip line or
triplate line, the latter loss mechanism is a major contribution to the total loss
— with those planar transmission line types roughened copper foil can cause an
increase of resistivity by a factor of 2 to 3 at frequencies as low as 10 GHz [28, 29].
By contrast, it is a secondary effect for hollow waveguides and the NRD-guide,
and is negligible as compared to the first and second loss mechanisms, as will
be shown at the end of this section.
The loss mechanisms are derived by the perturbational method [25], where the
loss-free solution derived in the previous sections is used to approximate the
electric and magnetic fields in the NRD-guide. Assuming the propagation con-
stant to be of the form γ=α + jβ, with the phase constant β and the attenu-
ation constant α. Hence a wave traveling in +z-direction will be of the form
E,H ∝ e−(α+jβ)z and the power flow is given by

Pf = P0e−2αz

or, in terms of time-average powers,

P̄f = Re(Pf) = Re(P0)e−2αz .

The rate of decrease in P̄f versus z equals the time-average power dissipated per
unit length P̄d, or

P̄d = −∂Pf

∂z
= 2αP̄f .

Thus, the attenuation constant is given by

α =
P̄d

2P̄f
. (2.66)

The time-average power flow P̄f can be found from

P̄f =

ZZ
A

Re
“

�E × �H∗
”
·�ez dx dy , (2.67)

where A is the cross section transverse to the direction of propagation z and
bounded by the metal plates.
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2 Propagation in the Nonradiative Dielectric Waveguide (NRD-guide)

2.5.1 Time-Average Power Flow

With the LSE modes, the electric field �E has no x component and according to
the symmetry with respect to the y-z-plane, the time-average power flow is the
same for x < 0 and x > 0, hence Eq. (2.67) yields

P̄f,LSE = 2

hZ
0

8><
>:

w/2Z
0

E1y · H∗
1x dx +

∞Z
w/2

E2y · H∗
2x dx

9>=
>; dy . (2.68)

Applying Eqs. (2.26) through (2.29) for the electric and magnetic fields in the
dielectric material with index 1 and index 2 and integration over variables x and
y leads to

P̄f,LSE = 2

`
k2

y + k2
z

´
kz

ωμ

j
C2

4kx1
[wkx1 + sin(wkx1)] +

D2

2jkx2
e−jkx2w

ff
h

2
.

According to Eq. (2.31): e−jkx2w= C2k2
x1

D2(jkx2)2
sin2

`
kx1

w
2

´
. This, the identity for

trigonometric functions sin2
`

ϕ
2

´
= 1

2
sin ϕ · tan

`
ϕ
2

´
, and the eigenvalue equation

for the propagation constants of the even LSE modes Eq. (2.32) leads to a simple
equation for the time-average power flow for the even LSE modes

P̄f,LSE =
hC2

`
k2

y + k2
z

´
kz

4kx1ωμ

(
wkx1 + sin(wkx1)

"
1 +

„
kx1

jkx2

«2
#)

. (2.69)

With the LSM modes, the magnetic field �H in Eq. (2.67) has no x component
and according to the symmetry with respect to the y-z-plane, again only half of
the structure, e.g. x > 0, needs to be considered applying the factor 2. Hence
the time-average power flow is

P̄f,LSM = 2

hZ
0

8><
>:

w/2Z
0

E1x · H∗
1y dx +

∞Z
w/2

E2x · H∗
2y dx

9>=
>; dy . (2.70)

Applying Eqs. (2.52) through (2.55) for the electric and magnetic fields in the
dielectric material with index 1 and index 2 and integration leads to

P̄f,LSM = 2

`
k2

y + k2
z

´
kz

ωε0

j
C2

εr14kx1
[wkx1 + sin(wkx1)] +

D2

εr22jkx2
e−jkx2w

ff
h

2
.
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2.5 Loss Calculation

According to Eq. (2.56): e−jkx2w= C2ε2
r2k2

x1
D2ε2

r1(jkx2)2
sin2

`
kx1

w
2

´
. This, the identity

for trigonometric functions as before, and the eigenvalue equation for the prop-
agation constants of the even LSM modes Eq. (2.58) leads to a simple equation
for the time-average power flow for the even LSM modes

P̄f,LSM =
hC2

`
k2

y + k2
z

´
kz

4kx1ωε0εr1

(
wkx1 + sin(wkx1)

"
1 +

„
kx1

jkx2

«2
#)

. (2.71)

2.5.2 Transmission Loss due to Imperfect Conductors

To find the transmission loss due to imperfect conductors, one must first calcu-
late the density of power flow into the conductor, given by the Poynting vector

�S = �E × �H∗. (2.72)

The Poynting vector can be expressed in terms of wave impedances with the
y component being

Sy = Z+
zx |Hx|2 + Z+

xz |Hz|2 , (2.73)

where the wave impedances Z+
zx and Z+

xz in a homogeneous conductor are the
same and equal to the surface impedance ηm of the metal, see below. The time-
average power dissipation per unit area of surface cross section is the real part
of the above power flow,

P̄d = |H0|2 · Rs in Watts per square meter , (2.74)

where Rs=Re(ηm)=
p

ωμ0/(2κ) is the surface resistance of the metal. H0 is the
amplitude of the magnetic field at the surface. Equation (2.74) is strictly true
only when the wave propagates normally into the conductor. According to [25]
this is usually so. An important exception however occurs at sharp corners
extending outwards from conductors as with rough surfaces.
To find the power dissipation per unit length in the NRD-guide, this equation
must be integrated over both metal plates. But according to symmetries with
respect to the plane at y = h

2
and with respect to the y-z-plane, it is sufficient

to integrate only over half of the bottom metal plate at x ≥ 0, y = 0, and to
apply the factor 4

P̄d = 4Rs

 w/2Z
0

|H1x|2 + |H1z|2 dx

| {z }
I1

+

∞Z
w/2

|H2x|2 + |H2z|2 dx

| {z }
I2

!
. (2.75)
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2 Propagation in the Nonradiative Dielectric Waveguide (NRD-guide)

In case of even LSE modes, with Eq. (2.28), page 12 for the magnetic field, the
first integral equals

I1 =
C2

(ωμ)2

8><
>:

w/2Z
0

`
k2

y + k2
z

´2
cos2(xkx1) + k2

x1k
2
z sin2(xkx1) dx

9>=
>;

=
C2

4 (ωμ)2 kx1

n`
k2

y + k2
z

´2
[wkx1 + sin(wkx1)] + k2

x1k
2
z [wkx1 − sin(wkx1)]

o
.

(2.76)

The second integral can be simplified using the identity for trigonometric func-
tions as before and the eigenvalue equation for the propagation constants of the
even LSE modes Eq. (2.32) and reads

I2 =
D2

(ωμ)2

∞Z
w/2

h`
k2

y + k2
z

´2
+ (jkx2)

2 k2
z

i
e−2jkx2xdx

=
C2

2 (ωμ)2
k2

x1

(jkx2)
3 sin2

“w

2
kx1

” h`
k2

y + k2
z

´2
+ (jkx2)

2 k2
z

i
=

C2

4 (ωμ)2 kx1

k2
x1

(jkx2)
2 sin (wkx1)

h`
k2

y + k2
z

´2
+ (jkx2)

2 k2
z

i
. (2.77)

With the equations for I1 and I2 the power dissipation per unit length caused
by imperfect conductors can be calculated by

P̄d =
RsC

2

(ωμ)2 kx1

j
k3

x1k
2
zw+

`
k2

y+k2
z

´2 »
kx1w+sin(kx1w)

„
1+

k2
x1

(jkx2)
2

«–ff
.

(2.78)

The expression D1=kx1w+sin(kx1w)
“
1+

k2
x1

(jkx2)2

”
is not only present in the above

equation but also in Eq. (2.69) for the power flow of the LSE modes. Hence, the
attenuation constant due to imperfect conductors for the even LSE modes can
be expressed in a quite simple form

αc,LSE =
P̄d

2P̄f
=

2Rs
`
k2

y+k2
z

´
hkzωμ

(
k3

x1k
2
zw+

`
k2

y+k2
z

´2
D1`

k2
y+k2

z

´2
D1

)
. (2.79)

The latter equation can be expressed in terms of the wave impedance for the
LSE modes defined by Eq. (2.33)

αc,LSE =
2Rs

hZF,LSE

(
k3

x1k
2
zw`

k2
y+k2

z

´2
D1

+ 1

)
. (2.80)
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2.5 Loss Calculation

With the LSM modes the magnetic field �H has no x component and Eq. (2.75)
for the time-average dissipated power simplifies to

P̄d = 4Rs

0
B@

w/2Z
0

|H1z|2 dx +

∞Z
w/2

|H2z|2 dx

1
CA . (2.81)

With the magnetic fields given in Eqs. (2.54) and (2.55) and integration along
the metal plates this reads

P̄d = 4Rs

j
C2k2

y

4kx1
[wkx1 + sin(kx1w)] +

D2k2
y

2jkx2
e−jkx2w

ff
.

This can be further simplified by applying Eq. (2.56) and the afore mentioned
identity for trigonometric functions to yield

P̄d =
4RsC

2k2
y

4kx1

»
kx1w+sin(kx1w)

„
1+

εr2

εr1

k2
x1

(jkx2)
2

«–
. (2.82)

With the time-average power flow defined in Eq. (2.71) the attenuation constant
due to imperfect conductors for the even LSM modes can be expressed by

αc,LSM =
P̄d

2P̄f
=

2Rsk
2
yωε0εr1

h
`
k2

y + k2
z

´
kz

h
kx1w+sin(kx1w)

“
1+ εr2

εr1

k2
x1

(jkx2)2

”i
kx1w+sin(kx1w)

“
1+

k2
x1

(jkx2)2

” ,

which can be expressed in terms of the wave impedance for the LSM modes
defined by Eq. (2.59)

αc,LSM =
2Rs

hZF,LSM

k2
y

k2
z

h
kx1w+sin(kx1w)

“
1+ εr2

εr1

k2
x1

(jkx2)2

”i
kx1w+sin(kx1w)

“
1+

k2
x1

(jkx2)2

” . (2.83)

In practical applications the top and bottom metal plates of an NRD-guide feed
are often made of different materials. Most of the antennas described in this the-
sis use an aluminum base plate, while the common ground metallization between
the NRD-guide feed and the planar RF substrate is a copper foil. According
to Eq. (2.75) time-average power dissipation can be calculated separately for
the top plate and for the bottom plate, or P̄d=P̄d,top+P̄d,bottom. According to
P̄d∝Rs∝ 1/κ an equivalent conductivity can be found from

κeq =
4κtopκbottom`√

κtop +
√

κbottom
´2 . (2.84)
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2 Propagation in the Nonradiative Dielectric Waveguide (NRD-guide)

This leads to an equivalent surface resistance Rs,eq=
p

ωμ0/(2κeq) which can be
used in Eq. (2.80) and (2.83) to find the attenuation constant due to imperfect
conductors if different metals are used for the top plate and bottom plate.

2.5.3 Transmission Loss due to Imperfect Dielectrics

In general, the time-average power dissipation in lossy matter is defined as

P̄d = Re

8<
:
ZZZ

A

ŷ
˛̨̨
�E
˛̨̨2

+ ẑ
˛̨̨
�H
˛̨̨2

dx dy dy

9=
; , (2.85)

where ŷ(ω)=jωε̂+ κ̂, and ẑ(ω)=jωμ̂. In the most general case permittivity ε̂,
permeability μ̂, and conductivity κ̂ are all complex functions of frequency. In
contrast to the response of vacuum, the response of normal matter to external
fields generally depends on the rate of change of the field or is dependent on
frequency if time-harmonic fields are considered. According to [25], the consti-
tutive relationship for the electric flux density in case of linear matter in the
general sense, assuming time-harmonic electromagnetic fields, is the following
equation

�D =
`
ε + jωε1 − ω2ε2 + . . .

´
�E = ε̂(ω) �E . (2.86)

For this reason, permittivity is often treated as a complex function of frequency,
ε̂(ω)=ε′(ω) + jε′′(ω), where ε′ is the real part and ε′′ the imaginary part of
the complex permittivity, or the dielectric loss factor. The dielectric loss factor
can be expressed in terms of a dielectric loss angle δ by tan δ = ε′′/ε′. The
corresponding relationship holds also for complex permeabilities and complex
conductivities. But for low-loss non-magnetic dielectrics it is common practice
to neglect complex conductivity κ̂ and to assume permeability to be that of
vacuum, so ŷ(ω)=jωε̂=jω(ε′ − jε′′), and ẑ(ω)=jωμ0. As a result Eq. (2.85) can
be simplified and the transmission loss due to the characteristics of imperfect
dielectric materials can be calculated by

P̄d =

ZZ
A

ωε′′
˛̨̨
�E
˛̨̨2

dx dy =

ZZ
A

ωε0εrtan δ
˛̨̨
�E
˛̨̨2

dx dy . (2.87)
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2.5 Loss Calculation

With the specific geometry and material characteristics of the NRD-guide given
in Fig. 2.1, page 8 and according to the symmetry with respect to the y-z-plane,
the power dissipation can be calculated by

P̄d = 2ωε0

2
64εr1tan δ1

hZ
0

w/2Z
0

˛̨̨
�E1

˛̨̨2
dx dy + εr2tan δ2

hZ
0

∞Z
w/2

˛̨̨
�E2

˛̨̨2
dx dy

3
75 .

(2.88)

With the LSE modes the electric field �E has no x component, so the integral
over the electric field �E1 in the core material can be expressed as

hZ
0

w/2Z
0

`|E1y|2 + |E1z|2
´

dx dy

= C2

w/2Z
0

cos2(kx1x) dx

2
4k2

z
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0

cos2(kyy) dy + k2
y
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0
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3
5 ,

=
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4kx1
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h

2

`
k2

y + k2
z

´
.

The integral over the electric field �E2 in the lateral material equals to

hZ
0
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w/2
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´

dx dy

= D2k2
z
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w/2

e−2jkx2x dx

2
4k2

z

hZ
0

cos2(kyy) dy + k2
y

hZ
0

sin2(kyy) dy

3
5 ,

=
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4kx1

„
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jkx2

«2

sin(wkx1)
h

2

`
k2

y + k2
z

´
. (2.89)

With this the time-average dissipation due to dielectric loss in the even LSE
modes can be expressed as

P̄d,LSE =
hωC2

`
k2

y + k2
z

´
ε0εr1 tan δ1

4kx1

·
(

wkx1 + sin(wkx1)

"
1 +

εr2

εr1

tan δ2

tan δ1

„
kx1

jkx2

«2
#)

. (2.90)
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2 Propagation in the Nonradiative Dielectric Waveguide (NRD-guide)

With D1 introduced on page 28 and the time-average power flow defined by
Eq. (2.69) the attenuation constant can be stated as follows

αd,LSE =
P̄d

2P̄f
=

εr1k2
0 tan δ1

2kz
· kx1w + sin(kx1w)

D1

+
εr2k2

0 tan δ2

2kz
·
sin(kx1w)

„
kx1

jkx2

«2

D1
. (2.91)

With the LSM modes the electric field �E shows all three components, so the
integral over the electric field �E1 in the core material in Eq. (2.88) can be
expressed as
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The integral over the electric field �E2 in the lateral material equals to
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0
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2.5 Loss Calculation
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With the above equations substituted in Eq. (2.88), the time-average dissipation
due to dielectric loss in the even LSM modes can be expressed as
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With D1 introduced on page 28 and time-average power flow defined by Eq. (2.71)
the attenuation constant can be stated as follows

αd,LSM =
P̄d

2P̄f
=

εr1k2
0 tan δ1

2kz
·
kx1w + sin(kx1w)

»
1− 2

εr1

“
kx1
k0

”2
–

D1

+
εr2k2

0 tan δ2

2kz
·
sin(kx1w)

„
kx1

jkx2

«2 »
1+ 2

εr2

“
jkx2
k0

”2
–

D1
.

(2.94)

To verify the equations derived for the attenuation constant for the even LSE01

mode, calculated values are compared to measured values given by [30]. In this
example, the strip was fabricated with ceramic material (εr1=38, tan δ1=2 · 10−4)
and with strip height h=7 mm and strip width w=2 mm. The metal plates were
made of brass with conductivity κ=1.8 · 107 S

m . Figure 2.8 shows an excellent
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Fig. 2.8: Attenuations for the LSE01 mode. Measured values (diamonds)
according to [30] versus calculated values (solid curve) using
Eqs. (2.80) and (2.91). Contribution by conductor loss (dashed
curve) and contribution by dielectric loss (dotted curve).

agreement between the total attenuation constant calculated using above equa-
tions (solid curve) and the measured values (diamonds).

This conclusion also validates the initial assumption of negligible loss due to
surface roughness. Another conclusion of Fig. 2.8 is that in this case the total
loss is dominated by the loss due to the imperfect conductor (dashed line). The
loss due to the imperfect dielectric has less yet not insignificant effect.

The same comparison between measurement [31] and calculation is performed
for the LSM01 mode, using two different dielectric materials for the NRD-guide
strip, but for both using silver-plated metal plates (κ=6.17 · 107 S

m ). The first
NRD-guide was fabricated with a Teflon strip (εr1=2.04, tan δ1=1.5 ·10−4) with
height h=2.85 mm and width w=3.2 mm. For this example, the prediction of
the attenuation constant in Fig. 2.9 is not as good as for the LSE01 mode. One
reason is that the frequency is five times higher than for the example of the
NRD-guide with a ceramic strip operated with the LSE01 mode, and therefore,
the effect of rough surfaces is not negligible here. When an increase of resistivity
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Fig. 2.9: Attenuations for the LSM01 mode on an NRD-guide made of
Teflon. Measured values (diamonds) according to [31] versus cal-
culated values (solid curve) using Eqs. (2.83) and (2.94). Contri-
bution by conductor loss (dashed curve) and contribution by di-
electric loss (dotted curve). Approximation α′

t=1.5 αc+αd (dash
dotted curve) yields better agreement with measured values.

by a factor of 1.5 is taken into account, measured and calculated values show
good agreement.

The second NRD-guide with height h=2.7 mm and width w=2.4 mm is fabri-
cated with a Polystyrene strip (εr1=2.56, tan δ1=9 · 10−4). Figure 2.10 indi-
cates that for this setup the attenuation constant due to the imperfect dielectric
αd is 4 to 5 times higher than the attenuation constant due to the imperfect
conductor αc. As a result, and despite the fact that the frequency range is the
same, surface roughness has little impact and αt=αc+αd (solid line) is a good
approximation to the measured values designated by diamonds. The approxi-
mation α′

t=1.5 αc+αd (dash dotted curve) yields an even better result at higher
frequencies and can be taken as an upper bound.

In summary, the equations for the attenuation constant derived here take into
account the effects of imperfect conductors and imperfect dielectrics. They do
not account for surface roughness at the interface between different materials,
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Fig. 2.10: Attenuations for the LSM01 mode on an NRD-guide made of
Polystyrene. Measured values (diamonds) according to [31] ver-
sus calculated values (solid curve) using Eqs. (2.83) and (2.94).
Contribution by conductor loss (dashed curve) and contribution
by dielectric loss (dotted curve). From 50 GHz to 52 GHz the
approximation α′

t=1.5αc+αd (dash dotted curve) yields a better
agreement with the measured values.

is when conductor losses exceed dielectric losses and in addition the NRD-guide
is operated at very high frequencies. This can be the case when using dielectrics
with a very low loss angle, e.g. Teflon, at frequencies exceeding 50 GHz. For this
case the impact of rough conductor surfaces can be taken into account by an
increase of the surface resistivity by a specific factor, which is dependent on the
materials and frequency range. For the NRD-guide topologies used in this thesis
the losses due to imperfect dielectrics are typically three times higher than the
conductor losses, and therefore, the effect of surface roughness is negligible.

At the end of Sec. 2.4, an optimum setup of NRD-guide for a feed network
based on high density polyethylene (εr=2.3 and tan δ(@24 GHz)=5.3 · 10−4) was
determined for a desired center frequency at 24 GHz and bandwidth 4 GHz. The
strip height is 5.8 mm and strip widths are 3.9 mm and 4.8 mm for the LSE01

and the LSM01 mode operation, respectively.
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e.g. roughness of conductor surfaces. The latter effect is negligible concerning the
topology and frequency range of typical NRD-guide applications. One exception
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2.5 Loss Calculation

given in Sec. 2.5, assuming an equivalent conductivity κeq based on Eq. (2.84),
with κtop=κcopper=5.62·10−8 S

m and κbottom=κaluminum=3.96·10−8 S
m and results

are shown in Figs. 2.11 and 2.12, respectively.
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Fig. 2.11: Attenuation for the LSE01 mode on an NRD-guide made of high
density polyethylene (HDPE). Calculated values (solid curve)
using Eqs. (2.80) and (2.91). Contribution by conductor loss
(dashed curve) and contribution by dielectric loss (dotted curve).
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Attenuations for these two setups have been calculated applying the formulae
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Fig. 2.12: Attenuation for the LSM01 mode on an NRD-guide made of high
density polyethylene (HDPE). Calculated values (solid curve)
using Eqs. (2.83) and (2.94). Contribution by conductor loss
(dashed curve) and contribution by dielectric loss (dotted curve).
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3 Fixed Beam Antenna for Point-to-Point
Applications

The motivation for a new type of mm-wave antennas featuring low loss and
low profile characteristics as well as the potential for low cost production has
been discussed in the introduction. Antennas for point-to-point applications
require high directivity, i.e. a narrow beamwidth of the main beam, in order
to concentrate radiated power towards a limited direction without interfering
with other radio links which may be located in the immediate vicinity. This
requirement of the so-called pencil beam antennas has a direct impact on the
aperture size and thus on the length of the feed network. If bandwidth as a
limiting factor has to be maintained a parallel type or corporate feed network
has to be chosen. Losses in the feed network often limit the gain of pencil beam
antennas, which has been demonstrated in the Introduction, Fig. 1.1. With
increasing antenna size beamwidth still decreases and thus directivity increases.
But as with the increased aperture the feed losses are increased, too, the gain
of the antenna reaches its maximum at an optimum size. Further enlargement
of the antenna aperture will even result in a lower antenna gain. Hence the
attenuation in the feed network is a key parameter of any pencil beam antenna
with high directivity.

Comparison of the attenuation for a microstrip line and for the fundamental
NRD-guide modes—Fig. 3.1 with the NRD-guide loss calculated applying the
formulae stated in Sec. 2.5 and assuming 0.2 dB per wavelength typically expe-
rienced with microstrip lines—shows two remarkable facts. By the use of ap-
propriate dielectric materials and geometric dimensions as discussed in Sec. 2.4,
the attenuation of both fundamental modes in the NRD-guide is significantly
lower than with microstrip line. Furthermore, in contrast to the attenuation in
the microstrip line which shows a linear rise over frequency, the attenuation of
the NRD-guide declines with increasing frequencies. As a result the NRD-guide
lends itself for a low loss feeding, especially for increasing frequencies such as in
the millimeter wave range.
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Fig. 3.1: Comparison of attenuation for microstrip line and
for the two fundamental NRD-guide modes.

3.1 Antenna Design

For the antenna described in this chapter a corporate network of engraved
NRD(ENRD)-guides (cross section in Fig. 3.3) serves as a feed for planar mi-
crostrip patch antenna sub arrays. A top view of the antenna is depicted in
Fig. 3.2. Smaller sub arrays of microstrip patch antennas have been used where
feed losses still are low [32, 33]. The sub arrays are coupled to the NRD-guides
via slots in the ground plane of the planar substrate, as illustrated in Fig. 3.3.
Using the planar sub arrays, an NRD-guide network with larger distances be-
tween the guides can be used, thus ensuring a considerable reduction of spurious
coupling within the feeding network. The total height of the antenna is 6.3 mm
only, plus the back sided aluminum plate.
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E field
H field

T-junction type 1

type 2
T-junction

Fig. 3.2: Top view of the antenna with the planar microstrip patch sub
arrays on the front side in solid black filled pattern, and the
slot coupled ENRD-guide on the back side in gray filled pattern.
T-junctions are used to split the power.

coupling
slot

aluminum

HDPE bonding
sheets

RT/duroid 5870

Fig. 3.3: Cross section of the antenna with the principle of the ENRD-
guide feeding of the planar structure.
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3 Fixed Beam Antenna for Point-to-Point Applications

3.2 Design and Simulation of Components

This section describes the design principle and simulation results for the key
components of the fixed beam antenna. Simulations were performed with the
commercial electromagnetic field solver for 3 dimensional structures CST Mi-
crowave Studio [34]. This simulation tool is based on the Finite Integration
Technique (FIT) [35, 36], which is a method in time domain similar to the
method of Finite Difference in Time Domain (FDTD). Maxwell’s equations are
used in the integral form and stated in a form discretized in space and time. As
a result, nearly arbitrary 3 dimensional structures can be simulated. A short
impulse, usually a modulated Gaussian impulse, is used for excitation and prop-
agates along the structure. Analysis of the electromagnetic field at predefined
waveguide ports, and application of the Fourier transform, yields the character-
istics of the structure in the frequency domain, such as S-parameters.

3.2.1 Configurations for Excitation of an NRD-guide

Basically, there are two possible configurations for the excitation of an NRD-
guide. The first configuration is based on a transition from rectangular wave-
guide to NRD-guide, the other configuration is based on a transition from mi-
crostrip line to NRD-guide.

3.2.1.1 Transition from Microstrip Line to NRD-guide

The configuration based on a transition from microstrip line to NRD-guide
[37, 38] is depicted in Fig. 3.4. Typically one of the NRD-guide metal lay-
ers is replaced by the ground metallization of a planar RF substrate with a
coupling slot. This transition allows very simple integration of discrete active
and passive devices and thus is mainly used within complex systems. Disadvan-
tages are due to the asymmetry along the height of the NRD-guide which can
excite a small portion of power in parallel plate waves. Parallel plate waves are
not bound to the dielectric material, but propagate away from the NRD-guide.
They may cause spurious coupling within the feeding network and degradation
of the radiation pattern due to radiation at the edges of the planar substrate.
Additionally, the coupling slot and the open ended microstrip line stub typically
used with this kind of transition are a source of spurious emissions, too. For this
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NRD-guide

Microstrip line

Fig. 3.4: Transition from microstrip line to NRD-guide, black arrows in-
dicating the E-field of the parallel plate waves and red arrows
indicating potential sources of spurious radiation.

reason, for the antenna described in this chapter, the configuration based on a
transition from rectangular waveguide to NRD-guide is preferred. In the next
chapters, however, antenna configurations will be presented with special features
such as dual polarization capability, which is more complicated to realize with
a transition from rectangular waveguide to NRD-guide. Another example for
application of the transition from microstrip line to NRD-guide is the scanning
receiver array described in Chapter 5, where emphasis is on a simple implemen-
tation. Details on the design and performance of these transitions will be given
there.

3.2.1.2 Transition from Rectangular Waveguide to NRD-guide

The configuration based on a transition from rectangular waveguide to NRD-
guide shown in Fig. 3.5, makes use of the field distribution similarity between
the LSM01 mode in the NRD-guide and the TE01-mode in the rectangular wave-
guide. The rectangular waveguide is set up on edge and placed symmetrically
at the end of the NRD-guide. Some tapered metal shielding in the NRD-guide
can improve the matching.

Due to the symmetrical alignment between rectangular waveguide and NRD-
guide, the excitation of parallel plate waves is not an issue with this type of
transition. Radiation of the transition is impossible due to the shielded structure.
Test setups in the mm-wave range typically use coaxial cables or rectangular
waveguides. Transitions between these two waveguide types are commercially
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3 Fixed Beam Antenna for Point-to-Point Applications

�ERectangular waveguide

NRD-guide

Fig. 3.5: Transition from rectangular waveguide to NRD-guide.

available so the excitation by a standard rectangular waveguide is optimum with
respect to testability. A minor disadvantage is the mechanical complexity and
the higher production cost. Further advantages are mechanical stability and
good reproducibility.

In [39] a broadband transition with very high return loss has been presented
using an impedance matching technique by tapering both the cross sections of
the NRD-guide and of the rectangular waveguide. Compared to the single mode
bandwidth of standard rectangular waveguide the single mode bandwidth of the
LSM01 mode in the NRD-guide is relatively narrow-band having a maximum of
25% according to [24] and results in Sec. 2.4. Thus the rectangular waveguide
taper is not necessary and might be replaced by a rectangular waveguide λ/4
transformer [40] leading to a reduced complexity. But still the taper of the
shielded NRD-guide to the dielectric filled rectangular waveguide and the λ/4
transformer section with reduced width require a complicated milling process
which does not lend itself for low cost applications. Another drawback is the
overall length of these transitions.
In most antenna applications a much lower bandwidth is sufficient. A sudden
transition from standard rectangular waveguide to NRD-guide without match-
ing, depicted in Fig. 3.5, causes reduced return loss which is usually not ac-
ceptable. The reason is mainly due to the big difference in the characteristic
impedance of the two waveguides but also due to some differences in the field
pattern. But the discontinuity introduced by the sudden transition can be ef-
fectively used to create a first impedance inverter for a band-pass filter. In [41]
a procedure is given for the design of a matching network for transitions be-
tween coplanar waveguide and microstrip line consisting of distributed elements.
There, impedance inverters are created by short sections of high impedance
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3.2 Design and Simulation of Components

lines represented by series inductors, and λ/2 transmission lines represent the
resonators.
In NRD-guide technique the characteristic impedance is dependent on the per-
mittivity, the height and the width of the dielectric rod, for details see Chapter 2.
Ease of production requires the limitation on only one dielectric material and
a fixed strip height, i.e. the distance between the metallic ground planes must
be kept constant all over the circuit. The strip width has a strong influence
on the cutoff-frequency of the fundamental and the higher modes as has been
discussed in Chapter 2.4, and can therefore be varied in a small range only, en-
suring the mono mode operation. Thus the characteristic impedance is limited
to a small range and can not be used for transformation purpose. On the other
hand, impedance inverters can be easily created by holes in the dielectric strip
represented by shunt inductors as an equivalent circuit.

RW

Resonator

SINRD

Impedance inverter

Fig. 3.6: Design procedure for the transition rectangular waveguide to
SINRD-guide.

In a reduced frequency range the sudden transition from rectangular waveguide
to NRD-guide can be described by a strongly untuned shunt resonator, as indi-
cated in Fig. 3.6. Following the design procedure given in [41], but adapted to
the equivalent circuits of the sudden transition from rectangular waveguide to
NRD-guide and that of the impedance inverter created by the drill hole in the di-
electric rod, very compact and easy to fabricate transitions have been developed
using different dielectric materials for the NRD-guide. Figure 3.7 shows both the
measured and the simulated S-parameters of the back-to-back arrangement of
two transitions from rectangular waveguide to SINRD-guide, here Rogers TMM-
6 is used as the dielectric material. The measurement data is in good agreement
with the simulation. For the fixed beam antenna described in Chapter 3, such a
transition also has been developed based on high density polyethylene (HDPE).
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Fig. 3.7: S-parameters of a back-to-back transition from rectangular wave-
guide to SINRD-guide made of TMM-6 material with one in-
verter hole to rectangular waveguide. Comparison of measured
(red curves) versus simulated (blue curves) S-parameters.
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Fig. 3.8: Measured S-parameters of the back-to-back transition from rect-
angular waveguide to SINRD-guide made of HDPE with one
inverter hole to rectangular waveguide.

46

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden.
Es gilt nur für den persönlichen Gebrauch.



3.2 Design and Simulation of Components

Comparing the measured S-parameters of the back-to-back arrangement with
an NRD-guide based on HDPE in Fig. 3.8 with those S-parameters of the back-
to-back arrangement with an SINRD-guide based on the TMM-6 material in
Fig. 3.7 reveals two facts. First, according to the lower loss tangent and lower
permittivity of the HDPE compared to the TMM-6, the insertion loss of approxi-
mately 1 dB is much lower compared to the approximately 3 dB of the transition
based on the TMM-6 material. Second, the bandwidth is increased from 1 GHz
to 1.7 GHz. The transition based on the HDPE material has been used to feed
the antenna described in this chapter.

3.2.2 Feeding Network

The corporate feeding network in this antenna for point-to-point applications
consists of a set of NRD-guides made of high density polyethylene (HDPE)
with εr=2.3 and tan δ(@24 GHz)=5.3 · 10−4. At the end of Sec. 2.4, an opti-
mum setup of NRD-guide for such a feed network was determined for a desired
center frequency at 24 GHz and bandwidth 4 GHz. The strip height is 5.8 mm
and strip widths are 3.9 mm and 4.8 mm for the LSE01 and the LSM01 mode
sections, respectively. For ease of production and in order to circumvent align-
ment problems, the feeding network has been realized as engraved NRD-guide
(ENRD-guide, Fig. 1.3, page 3 and Fig. 3.3, page 41). A dielectric block of
HDPE is glued on an aluminum plate using a bonding sheet. As HDPE is a soft
and low surface energy material, it is necessary to use a special adhesive. In
this project 50 μm thick high strength bonding adhesive transfer tape 3M 9471
LE [42] was used to glue the HDPE block on top of the aluminum plate.

Then the block is milled to remove the dielectric material around the guide. A
small layer of dielectric material (60 μm) is left below the air region to ensure
that the guide is not moved aside by the milling force. Due to the softness
of the HDPE material it is important to use the correct revolution speed and
form feed to prevent burrs during the milling and drilling process. The planar
structure including the microstrip patch antenna sub arrays is glued on top of
the NRD-guide feeding network again using the bonding sheet. The back side
metallization of the substrate serves, at the same time, as the top metallization
of the NRD-guides.

The losses for the two NRD-guide setups have been determined at the end
of Sec. 2.5 and results are summarized in Fig. 3.1, page 40. For the NRD-
guides with the LSM mode (wNRD,LSM=4.8 mm) the expected attenuation is
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3 Fixed Beam Antenna for Point-to-Point Applications

3.5 dB / m. For the NRD-guides with the LSE mode (wNRD,LSE=3.9 mm) the
expected attenuation is 3.7 dB / m. This results in a theoretical insertion loss
for the whole feeding network of only 0.3 dB mainly due to dielectric losses in
the dielectric rod, to a minor degree due to ohmic losses in the metal plates.

3.2.3 T-junctions

In the feeding network T-junctions are used to split the power. In [43] an
NRD-guide T-junction has been presented for the first time, but although metal
patches were placed along the branches to suppress spurious modes and improve
the impedance matching—the geometry of the output branches were optimized
as well—strong variation on the transmission factor dependent on frequency de-
graded the performance. Experiments and theoretical studies on curved NRD-
guide bends [44, 45] showed that losses in these structures can mainly be at-
tributed to mode conversion between the two fundamental modes. According
to the abrupt 90° bend of the geometry and due to the similarity of the electro-
magnetic field patterns with respect to a 90° rotation (Figs. 2.2 and 2.3), NRD-
guide T-junctions always produce mode conversion between the LSE mode and
the LSM mode [17, 24]. In the feeding network, the T-junctions have been op-
timized to maximize the conversion. This results in two types of T-junctions
(Fig. 3.2). Type 1 is excited by the LSM mode which is converted to the LSE
mode at the output branches. Type 2 is excited by the LSE mode which is
converted to the LSM mode at the output branches. The widths of the two
types of NRD-guide branches is chosen by the following criteria:

• a minimum width guarantees that only the desired modes can propagate
along the NRD-guide,

• a larger width reduces dielectric and ohmic losses (see Chapter 2.5).

The simulated S-parameters of the two types of T-junctions are shown in Fig. 3.9.
Both T-junctions show good performance with return loss exceeding 10 dB over
a broad frequency range of operation from 22 GHz to 25.5 GHz. Another require-
ment to T-junctions in this application is the mode purity.
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Fig. 3.9: Simulated S-parameters of T-junctions.
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3 Fixed Beam Antenna for Point-to-Point Applications

At the transition from the NRD-guide feed network to the microstrip sub arrays
only the LSM01 mode is coupled to the planar substrate layer. The LSE01 mode
is totally reflected and bounced back to the input causing mismatch and ripple.
With the transition type 1 slightly more (| s31 |=−14 dB in Fig. 3.9a) of the
inserted power of the LSM01 mode is conserved and transferred to the output
branch. With the transition type 2 the mode purity is better and power transfer
from the LSE01 mode at the input branch to the LSE01 mode at the output
branch, | s31 | in Fig. 3.9b, is lower than −15 dB over the whole bandwidth.

3.2.4 Sub Arrays

Using planar sub arrays of 9 rectangular microstrip patch radiators as indicated
in Fig. 3.2 on page 41, an NRD-guide network with larger distances between
the guides can be used, thus ensuring a considerable reduction of spurious cou-
pling within the feeding network [46]. The sub arrays are small enough to keep
microstrip feed losses low. The sub arrays are coupled to the NRD-guides via
slots in the ground plane of the planar substrate. To avoid spurious radiation
by the slot coupling, the coupling slots are covered by a microstrip patch. This
approach has been first proposed by Duffy and Pozar [33] and later investigated
in detail by Engeln [7]. The position of the patches and the feeding microstrip
lines are adjusted for equal phase excitation with a compact setup. The sub-
strate is RT/Duroid 5870 with εr=2.33 and thickness h=0.51 mm. The outer 8
patches are side fed where matching is done by adjusting the position of the
feeding point. Figure 3.10 shows the simulated radiation diagrams of the sub
array in the E- and H-plane.

Simulated return loss of one sub array fed by an LSM mode excited NRD-guide is
shown in Fig. 3.11. According to these simulation results the overall bandwidth
of the antenna will be limited by the 400 MHz bandwidth of this sub circuitry.
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Fig. 3.10: Simulated radiation diagrams of the sub array in the E-plane and
H-plane.
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Fig. 3.11: Simulated return loss of a sub array fed by an LSM01 mode excited
NRD-guide.
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3 Fixed Beam Antenna for Point-to-Point Applications

3.3 Complete Antenna Array

With the 9 resonators sub array described before, a 2×2 antenna array has been
designed. Figure 3.12 shows a photo of the pencil beam antenna. In order to
circumvent spurious radiation, the antenna is excited by a shielded transition
from rectangular waveguide to NRD-guide described in Sec. 3.2.1.2.

Fig. 3.12: Photo of the whole NRD based pencil beam antenna.

The radiation diagrams have been measured in the H-plane and in the E-plane
(Fig. 3.13) and compared to the theoretical radiation diagrams, i.e. the radiation
pattern of the sub array multiplied by the array factor. The half power beam
width is 7° in the E-plane and 11.2° in the H-plane. A −11.5 dB side lobe level is
observed at ±31° in the H-plane. This is higher than the value −14 dB, that was
expected according to the calculation from the radiation pattern of the single
antenna element multiplied by the array factor. In the E-plane there is a very
small difference between the measured radiation diagram and theory. The level
of the first side lobe is at −13.3 dB, further side lobes are at a level of −17 dB
or lower.

The slight differences in the radiation diagrams between theory and measure-
ment are identified to be due to misalignment between the feeding network and
the planar structure including the microstrip patch antenna sub arrays.
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Fig. 3.13: Comparison between measured and theoretical (sub array
multiplied by array factor) radiation diagrams.
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3 Fixed Beam Antenna for Point-to-Point Applications

The measured gain of the antenna array is 21.3 dBi at 24 GHz center frequency
including a mismatch loss of 1.3 dB. Exclusive of the mismatch loss, the gain is
approximately 22.6 dBi. The theoretical ideal gain for this array based on the
aperture area is 24.9 dBi. Thus the aperture efficiency of the antenna array is ap-
proximately 59%. The losses can be attributed to dielectric and ohmic losses in
the NRD-guide feeding (approximately 0.24 dB according to calculations based
on the formulas given in Chapter 2.5), ohmic losses in the small microstrip feed-
ing network of the sub array and the radiating patch elements (approximately
0.25 dB) and radiated power density that is present in the side lobes.

Comparing the aperture efficiency of other low loss antenna approaches in Ta-
ble 3.1 and Table 3.2 for antennas with rectangular and circular apertures, re-
spectively, shows that only microstrip antenna arrays with a waveguide feed
network can provide similar or even greater efficiency numbers.

Table 3.1: Examples of high gain, low loss antenna approaches with rectan-
gular apertures.

Citation [14] [15] [2] [2] [47] [48] this
No. of elements 16×2 8×8 4×4 32×32 8×8 n.s.† 2×2×9
Feed type †† rw rw msl msl msl horn nrd
Radiator type patch patch patch patch patch patch patch
Frequency in GHz 12.45 10 35 38 34.7 27.6 24
Aperture in mm2 40×366 175×175 18.9×18.9 n.s.† 53×51.8 150×150 73.5×53
Meas. gain in dBi 23.0 25.0 16.7 29.0 22.2 30.8 22.6
Efficiency in % 63 74 77 21 36 50 59

A linear array of four sub arrays each consisting of 4×2 circularly polarized
microstrip patch elements combined by a small microstrip feed network [14]
shows a similar aperture efficiency of 63%, but due to the arrangement of the
waveguide feed network the antenna depth is approximately 40 mm and too big
for some communication applications. A 2-dimensional array of 4×4 sub arrays
each consisting of 2×2 microstrip patch elements [15] has been reported even
with a greater efficiency of 74%. The drawback of both solutions is the higher
production cost and weight.

†n.s. is an abbreviation for not specified.
††rw indicates a feed based on rectangular waveguides, msl a feed based on microstrip lines,

and nrd a feed based on NRD-guides. In this context, horn is a cone-shaped primary
feed to a reflector type antenna.
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3.3 Complete Antenna Array

Table 3.2: Examples of high gain, low loss antenna approaches with circular
apertures.

Citation [49] [50] [11] [50] [50]
Feed type †† horn horn horn horn horn
Reflector type patch patch patch patch patch
Frequency in GHz 61 58 58.4 58 37.3
Depth in mm 25 20 25 15 14.36
Diameter in mm 100 100 100 100 100
Meas. gain in dBi 34.0 32.8 33 30.7 25.5
Efficiency in % 62 52 53 32 23

Printed reflect arrays are known to be an alternative solution for efficient, high
gain antennas with up to 62% aperture efficiency [11, 48–50], but for some
applications in the automotive radar field, where design aspects require flat
assembly, and in the wireless communications field, where increased antenna
depth has a critical impact on wind load, antenna depth of 20 mm to 25 mm is
still too high. The depth can be reduced to 15 mm by a multiply folded approach
[50], where the electromagnetic waves are reflected multiple times—twice for a
single folded, three times for a double folded and four times for a triple folded
reflector antenna—between a planar polarizing grid array and a twist and reflect
array. But that typically limits the aperture efficiency to 32%. Periodic semi-
transparent superstrate layers placed in a close distance to a metal ground plane
can be an alternative with a low antenna depth of only 14.4 mm [50], but again
aperture efficiency is limited, in this case to 23% only.

When very flat antennas are required, the feeding can be implemented with mi-
crostrip lines either on the same substrate on the same side like the radiating
elements or on the rear side of a multi layer substrate with coupling slots in
a common ground plane. For small arrays of 4×4 radiating microstrip patch
elements a great aperture efficiency of 77% has been reported [2], but when this
array is expanded to 32×32 patch elements, the aperture efficiency is only 21%.
The limitation in aperture efficiency with bigger antenna arrays having a mi-
crostrip line feeding was confirmed by another publication [47], where an 8×8
array showed 36% aperture efficiency only.

In conclusion non of the considered approaches offers the same or higher aperture
efficiency in the microwave and mm-wave range while being as flat, as lightweight
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3 Fixed Beam Antenna for Point-to-Point Applications

feeding network.

In a future version the feeding network could be implemented in substrate in-
tegrated NRD (SINRD) waveguide technique further reducing the fabrication
cost. The principle of this antenna can easily be extended to a bigger array
(e.g. 4×4 or 8×8) of the same 9 patch sub array providing not only high direc-
tivity but also high gain and high efficiency. The loss in the larger NRD-guide
feeding network for a 4×4 array is expected to amount to 0.49 dB. Assuming
that all other loss contributions are the same like for the 2×2 array the gain
should be 28.4 dBi, and aperture efficiency should be 51.3%. Using asymmetric
T-junctions an amplitude taper function could be realized for lower side lobe
levels.
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4 Dual Polarization Antennas

In the microstrip antenna field there has been increasing interest in the dual
polarization operation of microwave and millimeter-wave antennas. A dual po-
larization antenna can double the capacity of communications by means of po-
larization diversity. In multi-path propagation scenarios of suburban areas the
diversity gain can even be as high as 6 dB [51–53]. In addition, it can increase
the transmit-receive isolation of transceivers or transponders. In imaging radar
applications such as collision warning radar, military radar, or weather radar,
a dual polarization antenna provides more information on the texture of the
target, and the detection and discrimination of a target in the presence of clut-
ter can be enhanced significantly by appropriately processing the information
present in both polarizations of the backscatter signal.

One example is the ability to assess the road condition such as determining
the surface roughness, surface wetness, and detecting the existence of an ice or
snow layer on the road surface. In [54] the polarimetric backscatter responses
from an asphalt surface have been measured under three different conditions,
dry asphalt surface, wet asphalt surface, and asphalt surface covered with a
1.4 mm thick ice layer. These data sets have been used to determine phase and
extinction matrices for co polarization and cross polarization for each condition.
By comparing the backscatter signal taken with a polarimetric radar with the
theoretical values for the backscatter coefficients described by the phase and
extinction matrices, different road conditions can be reliably detected. This
information can then be linked to the anti-lock brake or traction control systems
of the vehicle. An other approach [55] uses genetic algorithms to determine the
optimum polarization states of the transmitter and receiver antennas of a non-
polarimetric radar for multiple target discrimination and classification as well
as detection of road conditions thus avoiding costly polarimetric radar systems.
Using phase shifters and variable power splitters the polarization states of a
dual polarization antenna can be easily controlled.

For the dual polarization operation of microstrip antennas a common element is
the square patch radiating element fed at dual central points of the orthogonal
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4 Dual PolarizationAntennas

edges [56], which excites TM100 and TM010 resonances with orthogonal polariza-
tions. This approach has been applied for the antennas described in this chapter.
Alternative feeding structures of planar dual polarization single elements and ar-
rays are corner feeding [57] and slot coupling [58, 59]. While for a small array
the feed losses of a microstrip line feed network can be kept relatively low, for
bigger arrays the feed losses limit the gain of the antenna, as discussed in the
introduction. Also for dual polarization antennas, series feeding to reduce feed
losses is not a good solution, because of bandwidth limitations and beam squint
with frequency. Radiation towards the rear direction is an additional problem,
when slot coupling is used to place the microstrip line feed network on the rear
side of the antenna [60].

In the previous chapter the NRD-guide has proven to be a low loss alternative
for feeding planar antenna sub arrays making quasi planar high gain antennas
feasible. Thanks to its multimode characteristic and thanks to the fact that
these modes do not interact unless at a group of asymmetric discontinuities, the
NRD-guide can also be used to feed sub arrays of microstrip antenna elements
for independent operation in two polarizations. This feature of the NRD-guide
is shown in Fig. 4.1 with the aid of the field patterns of the fundamental modes.
In this chapter two types of dual polarization antennas are described. For ease of
production and in order to circumvent alignment problems, the first antenna is
fed by a substrate integrated NRD (SINRD) waveguide as described in Fig. 1.3,
page 3. The key components of this kind of dual polarization antennas are tran-
sitions from NRD-guide to microstrip line which can excite the two fundamental
modes independently. For the LSM01 mode, the commonly used matching tech-
nique based on a λ/4 long NRD-guide stub [37, 38, 61] was applied. By contrast,
slots in the back side ground metallization of the SINRD-guide provide a match-
ing mechanism for the LSE01 mode without interference with the LSM01 mode.

magnetic fields

LSM01 mode LSE01 mode

electric fields

Fig. 4.1: Modes in the NRD-guide.

The second type of dual polarization antennas is fed by a conventional NRD-
guide. This technique enables the design of dual mode NRD-guide T-junctions,
which are required for the implementation of the corporate feed of dual polar-
ization antenna arrays. For this type of antennas positioning forms made of
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4.1 Dual Polarization Antenna Fed by a Dual Mode SINRD-guide

foam (Rohacell with permittivity similar to air) and dowel pins are used to
align the different substrate layers. In contrast to the transitions used in the
SINRD-guide dual polarization antenna, the transitions used for the array do
not require additional slots in the back side ground metallization. The match-
ing mechanism for the second mode is given by a step in the NRD-guide width.
Thus no asymmetry along the height of the NRD-guide is required which would
make the transition susceptible to the excitation of parallel plate waves.

4.1 Dual Polarization Antenna Fed by a Dual Mode Substrate
Integrated NRD-guide

Usually, the NRD-guide is used only in a single mode configuration (LSE01 or
LSM01), while the other mode is regarded to be spurious. One example is the
antenna described in Chapter 3. But since the modes are orthogonal to each
other, they can coexist on the same NRD-guide without interference as long
as there is no asymmetric discontinuity that would generate mode conversion
problems [24]. Hence the NRD-guide lends itself to feed a dual polarization
antenna, where each linear polarization is associated to one mode. Figures 4.3
and 4.4 show the principle of the antenna for horizontal and vertical excitation,
respectively. It consists of a two substrate setup (Fig. 4.2). The front side
substrate includes the microstrip feedings for radiation in horizontal and vertical
polarization, and the antenna array consists of four square patches and a small
microstrip line feeding network. The back side substrate includes the SINRD-
guide feeding. The layout of the dual polarization antenna can be found in
Appendix A.2, page 139.

metal layer with

front side substrate

back side
SINRD substrate

metal layer with

feeding microstrip
metal layer with

and antenna elements

coupling slots

matching slots

Fig. 4.2: Multi-layer setup of the dual polarization antenna (cross section).

The key component of this circuit is a dual mode microstrip to NRD-guide
transition which can excite the LSE01 mode and the LSM01 mode independently.
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4 Dual PolarizationAntennas

It basically consists of two conventional transitions from microstrip to NRD-
guide [37, 38], one for the LSE01 mode, fed by the horizontal microstrip line
highlighted brown in Fig. 4.3, the other for the LSM01 mode, fed by the vertical
microstrip line highlighted brown in Fig. 4.4. At the other end of the NRD-guide,
represented by a dashed rectangle, a transition from dual mode NRD-guide to
crossed microstrip lines serves as a feeding for the dual polarization antenna
sub array consisting of four square microstrip patch antenna elements. The
microstrip sub array including the microstrip feeding network is symmetrical
in both planes. This arrangement effectively suppresses radiation in the cross
polarization.

�H

LSE01 mode

propagation

�E

for horizontal polarization
microstrip line input

Fig. 4.3: Principle of the antenna; excitation of the antenna in
the horizontal polarization.

�H

propagation

LSM01 mode

�E

for vertical polarization
microstrip line input

Fig. 4.4: Principle of the antenna; excitation of the antenna in
the vertical polarization.

60

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden.
Es gilt nur für den persönlichen Gebrauch.



4.1 Dual Polarization Antenna Fed by a Dual Mode SINRD-guide

Figure 4.3 shows the principle of the antenna for radiation in the horizontal
polarization. The power inserted on the horizontal feeding microstrip line is
converted to an LSE01 mode wave propagating along the back side NRD-guide.
The coupling mechanism via the coupling slot and the field pattern of the LSE01

mode are shown in the three-dimensional inset. At the left-most end of the NRD-
guide the power is coupled to the horizontal microstrip line, split by microstrip
T-junctions and finally fed to the four square microstrip patch antenna elements
for radiation in the horizontal polarization. Figure 4.4 shows the corresponding
mechanism with a feeding by the vertical microstrip line via the LSM01 mode on
the NRD-guide to the vertical microstrip line for excitation of the patch antenna
elements for radiation in the vertical polarization. In the following sections the
components are described in detail.

bcell
ddrill

αdrill

propagation cross sectiontop view

εr

wNRDbcell d2 d1

(a) Setup of substrate integrated NRD(SINRD)-guide.

εrεeff εeff hNRD

weq

(b) Simplified model for faster simulations (cross section).

Fig. 4.5: SINRD-guide topology: a) drilling hole pattern,
b) equivalent NRD-guide for faster simulations.

A common problem of hybrid planar/NRD-guide circuits is related to the me-
chanical support and the assembly of the planar substrate as well as the align-
ment between the different layers. For ease of production and in order to
circumvent alignment problems, all NRD-guide components for this antenna
are implemented in substrate integrated NRD (SINRD) waveguide technique
[20], Fig. 4.5a, using TMM-6† material with εr=6, tan δ(@24 GHz)=2.1·10−4,
hNRD=3.18 mm. A specific air hole pattern (d1=1.5 mm, d2=0.5 mm, bcell=1.75 mm)
†The TMM-6 material used for the dual polarization antenna is a hydrocarbon ceramic ma-

terial by Rogers. It is very hard and therefore tricky to process. To prevent overheating
of the machining and drilling tools it is important to use the correct revolution speed
and form feed dependent on the tool diameter. For the 0.5 mm drill it is necessary to use
a thin sheet of a softer material (e.g. FR-2) on top of the TMM-6 to guide the drill and
prevent it from breaking when it enters into the TMM-6 material.
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4 Dual PolarizationAntennas

is used to effectively lower the dielectric constant of the dielectric substrate re-
gions along the desired NRD-guide, thus creating a wave guiding channel in the
substrate, in this case having the width wNRD=5.25 mm. Using this technique,
complex NRD-guide circuits can be implemented in one fabrication step. The
NRD-guide layer is sufficiently robust to allow its lamination with other planar
substrates. Dowel pins can be used to align the different substrate layers. For
this application, all holes in the substrate, except for those which are used for
alignment, are blind holes with ddrill=60 μm and αdrill=118° indicated in the
cross section in Fig. 4.5a, making sure that the back side metallization is not
damaged and can be used for other purposes, e.g. matching slots. This arrange-
ment produces a small asymmetry along the height of the NRD-guide, but is
insufficient to generate significant leakage losses [62]. Simulation is done using
a simplified NRD-guide model [20], shown in Fig. 4.5b, with weq=5.1 mm and
εeff=2.79. With the formulae given in Sec. 2.5 the attenuation constants have
been calculated for the LSE01 and the LSM01 mode (Figs. 4.6 and 4.7).
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Fig. 4.6: Calculated attenuation of the LSE01 mode.

4.1.1 Design and Characterization of a Dual Mode Transition

The dual mode transition from NRD-guide to microstrip line shown in Fig. 4.8a
is a combination of two separate conventional transitions from NRD-guide to
microstrip line [37, 38] with one important modification. The quarter-wave NRD-
guide stub of the transition from the LSM01 mode to microstrip line is replaced
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Fig. 4.7: Calculated attenuation of the LSM01 mode.

by a set of longitudinal slots—represented by dashed rectangles in Fig. 4.8a—in
the back side metallization of the NRD-guide which do not affect the LSE01

mode, but act as a highly reflective discontinuity for the LSM01 mode. Fig-
ures 4.8b and 4.8c show the simulated S-parameters of the dual mode transition
from NRD-guide to microstrip line for excitation of the LSM01 mode (port 3)
and for excitation of the LSE01 mode (port 4), respectively. Port 5 is defined as
the power that is lost by radiation through the coupling slots and the matching
slots as well as excitation of parallel plate waves caused by the asymmetry intro-
duced by the matching slots in the NRD-guide substrate. Comparing the two
figures the broadband characteristic of the LSE01 mode excitation with nearly
constant insertion loss of 0.9 dB is obvious, whereas the LSM01 mode excitation
works well only in a limited frequency range from 23.6 GHz to 24.6 GHz, where
the insertion loss varies between 1 dB minimum and 1.5 dB maximum. Below
23.5 GHz and above 24.7 GHz a non-negligible part of the input power exceed-
ing −5 dB is lost by radiation and excitation of the parallel plate mode due
to the matching slots. Above 24.7 GHz also the return loss is limited to less
than 15 dB. Especially the excitation of the parallel plate mode is critical. This
mode is not bound to the afore-mentioned wave guiding channel in the substrate,
but can also propagate in the areas of the lower permittivity defined by the air
hole pattern. In a more complex array setup as presented in the next section
of this chapter, the parallel plate mode leads to spurious coupling within the
feeding network. Additionally, without further precautions, the parallel plate
mode causes radiation at the edges of the front side substrate. Hence both
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parallel plate mode and spurious radiation of the transitions can cause severe
degradation of the radiation diagram.

A test transition has been fabricated as a back-to-back transition with the overall
dimensions indicated in Fig. 4.9a. The length of the NRD-guide section oper-
ated with the LSE01 mode is 53.8 mm. The length of the NRD-guide section
operated with the LSM01 mode is 27.8 mm. The total length of all microstrip
lines for the LSE01 mode excitation amounts to 22 mm, and the total length of
all microstrip lines for the LSM01 mode excitation amounts to 32 mm. The wave-
length at 24 GHz for a 50 � microstrip line made of RT/Duroid 5870 (εr=2.33,
thickness=0.51 mm) is about 9 mm.
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(a) Setup with port naming convention and principle of matching.
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(b) Simulated S-parameters for LSM01 mode excitation.
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(c) Simulated S-parameters for LSE01 mode excitation.

Fig. 4.8: Principle structure and simulation results of the dual mode transition
NRD-guide to microstrip line.

65

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden.
Es gilt nur für den persönlichen Gebrauch.



4 Dual PolarizationAntennas

11

4

2

1

3

16

27.8

1153.8

(a) Setup with port naming convention.

-30

-25

-20

-15

-10

-5

0

21 21.5 22 22.5 23 23.5 24 24.5 25
Frequency in GHz

|s32|
|s22|

in dB
|sij |

(b) Measured S-parameters for LSM01 mode excitation.
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(c) Measured S-parameters for LSE01 mode excitation including
cross talk between the two channels (dotted curve).

Fig. 4.9: Structure of the back-to-back transition and measurement results of
the dual mode transition microstrip line to NRD-guide (two transitions
back-to-back).
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4.1 Dual Polarization Antenna Fed by a Dual Mode SINRD-guide

Since the attenuation of the microstrip line is about 0.2 dB per wavelength,
the expected insertion loss amounts to 0.7 dB for the LSM01 mode excitation
microstrip feeding lines and 0.5 dB for the LSE01 mode excitation microstrip
feeding lines.

Figure 4.9 shows the measured S-parameters of the dual mode back-to-back
transition. Comparing Fig. 4.9b with Fig. 4.9c shows a higher insertion loss of
the LSM01 mode excitation in general and a strong increase of insertion loss
for frequencies higher than 23.5 GHz. This cutoff-frequency is lower than the
24.7 GHz predicted by the simulation. According to simulation results demon-
strated in Fig. 4.8b at 23 GHz, about −5 dB of the inserted power is lost at
each transition microstrip line to NRD-guide in LSM01 mode operation due to
radiation and excitation of spurious modes. Thus per transition only −1.8 dB of
the inserted power is really transferred to the LSM01 mode on the NRD-guide.
Taking into account the losses on the NRD-guide section with the calculated at-
tenuation according to Fig. 4.7 the attenuation along the NRD-guide section can
be estimated to 27.0dB/m·27.8 mm=0.8 dB. The attenuation in the microstrip
lines amounts to 0.7 dB. As a result the expected insertion loss between port 2
and port 3 in the setup given in Fig. 4.9a amounts to 5.1 dB. This is in good
agreement with the measurement result given in Fig. 4.9b. When the power is
inserted at port 1 in Fig. 4.9a, the LSE01 mode is excited on the NRD-guide
and the longitudinal matching slots are ineffective. Therefore less power is being
lost due to radiation and excitation of spurious modes and more power (−0.9 dB
compared to −1.8 dB) per transition is transferred to the LSE01 mode on the
NRD-guide. Now with the calculated attenuation according to Fig. 4.6 taking
into account 25.9dB/m·53.8 mm=1.4 dB attenuation along the NRD-guide sec-
tion and 0.5 dB attenuation in the microstrip lines the expected insertion loss
between port 1 and port 4 amounts to 3.7 dB. This is again in good agreement
with the measurement result given in Fig. 4.9c.

The dotted curve in Fig. 4.9c represents the cross talk between the LSE01 mode
and the LSM01 mode. Ideally, interference should vanish completely due to
the absence of transverse asymmetries along the SINRD-guide transmission line.
Here a peak level of approximately −15 dB indicates a minor misalignment of
the front side planar microstrip layer relative to the back side SINRD-guide
substrate layer. With dual polarization antennas, cross talk within the feeding
structure results in an increased level of cross polarized radiation.
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4 Dual PolarizationAntennas

4.1.2 Design and Simulation of a Transition from Dual Mode
NRD-guide to Crossed Microstrip Lines

As indicated above, the coupling from the NRD-guide to the dual polarization
antenna array is done by crossed coupling slots, Fig. 4.10a. The dimensions
of the crossed coupling slots are the same as the dimensions for the coupling
slots of the dual mode transition in Fig. 4.8a. Matching of the LSM01 mode is
achieved by a longitudinal slot in the back side metallization of the SINRD-guide
substrate represented by a dashed rectangle at the distance lstub,LSM from the
center of the crossed coupling slots in Fig. 4.10a. Again this longitudinal slot
does not affect the LSE01 mode. The resonance in the LSE01 mode matching is
tuned by the NRD-guide stub length lstub,LSE. Figure 4.10c shows the simulated
S-parameters of the transition from dual mode NRD-guide to crossed microstrip
lines. Power in the LSE01 mode injected at port 1 and propagating along the
NRD-guide is transferred onto the horizontal microstrip line, and approximately
half of the power appears at port 4. Power in the LSM01 mode injected at port
2 is transferred onto the vertical microstrip line, and approximately half of it
appears at port 3. As before, port 5 is defined as the power that is lost by
radiation and the excitation of spurious modes in the NRD-guide substrate.

For measurement purposes the transitions for dual mode excitation, depicted in
Fig. 4.8a, and the transition from dual mode NRD-guide to crossed microstrip
lines, shown in Fig. 4.10a, have been combined to form the circuit depicted
in Fig. 4.11a. Compared to theory, the measured S-parameters in Fig. 4.11b
and Fig. 4.11c show a slight shift towards lower frequencies. As expected, the
bandwidth of the circuit, defined by a maximum insertion loss of 6.7 dB, is wider
reaching 1.3 GHz (from 22.2 GHz to 23.5 GHz) when driven with the LSE01 mode
compared to 1 GHz bandwidth (from 23 GHz to 24 GHz) when driven with the
LSM01 mode.

Like with the back-to-back arrangement of the transition from microstrip line
to NRD-guide, the measured insertion loss of the setup in Fig. 4.11a can be com-
pared to the corresponding value estimated by simulations and loss calculations.
According to the simulation depicted in Fig. 4.8c, page 65 at 23.5 GHz the inser-
tion loss of the transition microstrip line to NRD-guide exciting the LSE01 mode
is 0.9 dB. Figure 4.10c indicates 4.3 dB insertion loss between port 1 on the NRD-
guide and port 4 on the microstrip line. Assuming 25.9dB/m·41.0 mm=1.1 dB of
attenuation due to NRD-guide losses and 0.5 dB of attenuation due to microstrip
line losses results in 6.8 dB insertion loss which is in excellent agreement with
the measured 6.7 dB insertion loss shown in Fig. 4.11c.
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4.1 Dual Polarization Antenna Fed by a Dual Mode SINRD-guide

Also the 6.4 dB measured insertion loss at 24 GHz between port 2 and port 3 in
Fig. 4.11b corresponds very well to the estimated value of 6.3 dB when taking
1.0 dB insertion loss from Fig. 4.8b, 3.8 dB insertion loss from Fig. 4.10b and
assuming 27.0dB/m·28.5 mm=0.8 dB and 0.7 dB for the attenuation due to NRD-
guide and microstrip line losses, respectively.

From 23 GHz to 23.5 GHz, the setup works well for both excitations.
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(a) Setup with port naming convention and principle of matching.
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(b) Simulated S-parameters with LSM01 mode excitation.
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(c) Simulated S-parameters with LSE01 mode excitation.

Fig. 4.10: Structure and simulation results of the transition from dual mode
NRD-guide to crossed microstrip lines.
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(a) Setup for measurement.
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(b) Results for excitation of vertical microstrip line via LSM01 mode.
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(c) Results for excitation of horizontal microstrip line via LSE01 mode.

Fig. 4.11: Structure and measured S-parameters of the transition from dual
mode NRD-guide to crossed microstrip lines.
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4 Dual PolarizationAntennas

4.1.3 Design of the Dual Polarization Radiating Element

The radiating structure in Fig. 4.12 consists of four square microstrip patch
radiating elements and is excited by a network including the transition from dual
mode NRD-guide to crossed microstrip lines described in the previous section.

w2 w3

l2

lp

w1

dp

l1
l3

Fig. 4.12: Setup of the dual polarization radiating element.

The input impedance of a feeding point at the edge of patch antenna elements in
general, and especially of square patches needed for dual polarizable antennas, is
very high compared to the characteristic impedance of common microstrip lines.
Usually, matching towards a lower characteristic impedance can be achieved
by two measures. Either the position of the feeding point along the edge of
the patch is optimized as indicated in Fig. 4.13, left. But this results in a
strong excitation of the cross polarization and is therefore not suitable for dual
polarization antennas. Alternatively, the feeding point could be moved towards
the center of the patch as indicated in Fig. 4.13, right.

pm

ls

Fig. 4.13: Common techniques of impedance matching used for the
feeding of a microstrip patch radiating element.

Also this method does not work with dual polarized antenna elements as the
slots would disturb the orthogonal polarization. Here, matching to the charac-
teristic impedance of the output branches of the microstrip T-junctions, in this
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4.1 Dual Polarization Antenna Fed by a Dual Mode SINRD-guide

case 100 �, is done by a λ/4 impedance transformer. Due to space limitations
in the array applications described later in this work, the microstrip line trans-
former section includes an optimum mitered 90° bend [63]. The planar structure
is symmetrical with regard to both planes perpendicular to the substrate sur-
face. The dimensions due to Fig. 4.12 are l1=7.6 mm, w1=1.5 mm, l2=8.4 mm,
w2=0.9 mm, w3=0.2 mm, lp=3.8 mm, dp=10 mm. Using one single antenna el-
ement, minor excitation of the cross polarization can be observed due to the
small distance l3=0.7 mm, between the patch and the feeding at the 90° bend.
In the sub array consisting of four single antenna elements, in the E-plane and
in the H-plane, this effect is compensated due to the symmetric setup.

4.1.4 Measurements on the Dual Polarization Antenna

Finally, the circuit in Fig. 4.11a has been used to feed a dual polarization array
of four square patch antenna elements (Fig. 4.14). A test fixture transition with
a coaxial Sub-Miniature version A (SMA) connector has been used for a quick
and easy to handle interconnect to the measurement setup. The matching of
the dual polarization antenna (Fig. 4.15) for both excitations is best between
21.8 GHz and 22.5 GHz.

(excitation of LSE mode)
horizontal polarization

microstrip input for

(excitation of LSM mode)

microstrip input for
vertical polarization

Fig. 4.14: Photo of the dual polarization antenna.

The radiation diagrams of the antenna have been measured in the E-plane and
in the H-plane for both excitations, excitation with the LSE01 mode is shown
in Fig. 4.17, excitation with the LSM01 mode in Fig. 4.18. They partly show
strong amplitude variations in the main lobe, especially in the E-plane. Inves-
tigations showed that this distortion is mainly due to spurious radiation of the
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Fig. 4.15: Measured return loss of the antenna.

feeding microstrip lines, the interconnect between the test fixture and the feed-
ing microstrip line, and the transitions from the feeding microstrip line to the
NRD-guide. The degree of perturbation is influenced by several factors. First
of all, it depends on the relative phase of the spurious radiation with respect to
the wanted radiation. But even for completely destructive superposition, it still
depends strongly on the location of the spurious radiation with respect to the
axes of rotation, as indicated in Fig. 4.16. Sources of spurious radiation close to
the axis of rotation are less critical than sources of spurious radiation located far
away. As a simple approximation, the closely located spurious radiation affect
primarily the gain of the antenna element, compared to the spurious radiation
located far away there is less influence on the shape of the radiation diagram.
For excitation with the LSE01 mode, this can be seen comparing the radiation
diagrams of co-polarization in Fig. 4.17b—the position of the feeding microstrip
line for LSE01 mode excitation in Fig. 4.16a corresponds to the axis of rotation
in the H-plane, resulting in a smooth radiation diagram—with Fig. 4.17a—the
position of the feeding microstrip line is far away from the axis of radiation, lead-
ing to a strong ripple. The same explanation holds for excitation with the LSM01

mode, but here the positions of the sources of spurious radiation in neither of
the cutting planes coincide with the axis of rotation, see Fig. 4.16b, therefore
in both planes, E-plane in Fig. 4.18a and H-plane in Fig. 4.18b the radiation
diagram shows some amplitude ripple in the main lobe and asymmetries in the
side lobes.
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4.1 Dual Polarization Antenna Fed by a Dual Mode SINRD-guide

co-polarization are below −16 dB in the H-plane. In the E-plane the spurious
radiation of the feeding causes an asymmetry of the side lobes with −15 dB at
−70° and −13 dB at +70°, and also the cross-polarization is asymmetrical but al-
ways lower than −16 dB. For the LSM01 mode excitation, the cross-polarization
and the side lobes of the co-polarization are below −11 dB in the H-plane. In
the E-plane the side lobe level is asymmetrical and at a level of −9 dB, again
due to the spurious radiation of the feeding.

Table 4.1 summarizes the measured half power beam widths of the antenna for
both excitations.

H-plane

E-plane

(a) LSE mode excitation.

E-plane

H-plane

(b) LSM mode excitation.

Fig. 4.16: Setup of the dual mode antenna element including the sources of spuri-
ous radiation.

Table 4.1: Measured half power beam width of the antenna

E-plane H-plane

LSE mode excitation 25° 38°

LSM mode excitation 37° 30°
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Fig. 4.17: Measured radiation diagrams with LSE01 excitation.
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Fig. 4.18: Measured radiation diagrams with LSM01 excitation.
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4 Dual PolarizationAntennas

4.1.5 A Transition Microstrip Line to NRD-guide for Simultaneous
Excitation of Both Modes

With the antennas described in this chapter, the nonradiative dielectric (NRD)
waveguide is used as a dual mode waveguide for feeding a dual polarization
antenna array. LSE01 and LSM01 modes are excited independently by separate
transitions from microstrip line to NRD-guide. Each of the modes causes the
planar patch array to radiate in one linear polarization. By properly choosing the
driving amplitude and the phase at the two input ports, the antenna can not only
operate in linear polarizations, vertical and horizontal or ±45° slanted, but also
in circular or elliptical polarizations, left and right hand. Radiation in circular
and elliptical polarization can even be achieved with a modified transition using
a single microstrip line and exciting both modes in the necessary phase relation.

2

3

1
metal layer
on intermediate
coupling cross

metal layer
on back sided
matching slot

LSM01

LSE01

(a) Setup and port notation.
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(b) Simulated S-parameters.

Fig. 4.19: Transition from microstrip line to NRD-guide for simultaneous exci-
tation of both modes.

Figure 4.19a shows such a transition. Here, the feeding microstrip line is oriented
under a 45° angle with respect to the crossed coupling slots resulting in an
equal power distribution, of both modes, LSE01 and LSM01, see Fig. 4.19b. For
elliptical polarization the angle can be varied in order to obtain an unequal power
distribution between the two modes. The matching mechanism is the same like
the one of the transition from dual mode NRD-guide to crossed microstrip lines
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4.2 Dual Polarization Antenna Array with Optimized Feeding Network

in Fig. 4.10a. As the wavelength is different for the two modes, it is important
to carefully adjust the length between the transition and the radiating element
for an exact 90° phase shift between the two modes.

4.2 Dual Polarization Antenna Array with Optimized Feeding
Network

The general motivation for dual polarization antennas has been discussed in
the beginning of Chapter 4, and an implementation with a feeding based on
substrate integrated NRD-guide was given in Chapter 4.1, where the transitions
from NRD-guide to microstrip line and the transition from NRD-guide to crossed
microstrip lines make use of slots in the back side metallization to provide a
matching mechanism for the excitation of the LSM01 mode. With the matching
slots only present in the back side metallization but not in the common met-
allization between the front side substrate and the back side SINRD substrate,
another asymmetry was introduced along the NRD-guide height causing an in-
creased level of parallel plate waves. Both, the increased level of parallel plate
waves and the radiation of the matching slots are root causes for a degradation
of the radiation diagrams.

The dual polarization antenna described in this chapter works without additional
slots in the back side metallization and thus provides better radiation diagrams.

Figure 4.20 shows the setup of the antenna array with two microstrip feedings—
one for radiation in the horizontal polarization and one for radiation in the
vertical polarization. It consists of two substrate layers mounted on an alu-
minum plate serving as a support, see Fig. 4.21. The front side substrate
(RT/Duroid 5870, εr=2.33, thickness 0.51 mm) includes the microstrip feedings
and two antenna sub arrays consisting of four square microstrip patch radiating
elements and a small microstrip feeding network. The intermediate substrate
(TMM-6, εr=6, tan δ(@24 GHz)=0.0021, thickness 3.18 mm) includes the corpo-
rate NRD-guide feeding network. It is milled out of a solid block and then glued
onto the supporting aluminum plate using the same type of bonding sheet that
was also used with the other antennas and described in Sec. 3.2.2. The layout
of the entire antenna can be found in Appendix A.2, page 140. A positioning
form made of a polymethacrylimide- (PMI-) rigid foam (Rohacell [64] with per-
mittivity similar to air) and dowel pins are used to align the different substrate
layers. The planar front side substrate including the microstrip patch antenna
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Fig. 4.20: Top view of the dual polarization antenna array with slot cou-
pled NRD-guide feeding network on the back side (grey).

front side substrate

NRD-guide
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metal layer with

and antenna elements

coupling slots

back side
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feeding microstrip lines

Fig. 4.21: Cross section of the antenna array.

sub arrays is glued on top of the NRD-guide feeding network using the same
type of bonding sheet. The back side metallization of the substrate serves, at
the same time, as the top metallization of the NRD-guides. The total height of
the antenna is 3.5 mm only, plus the back side aluminum plate.
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4.2.1 NRD-guide Circuit Elements

The dual polarization antenna array consists of several NRD-guides and hybrid
circuit elements. The design principles and detailed simulation results for these
components are given in this section. Sketches of the components including
naming conventions and values for the geometrical dimensions are given in Ap-
pendix A.1, page 135 et seq. The key component of the antenna is a microstrip
to NRD-guide transition which can excite the LSE01 mode and the LSM01 mode
independently. For matching the transitions from NRD-guide to microstrip line,
it is necessary to influence the propagation of the LSE01 mode and LSM01 mode
independently. In the previous chapter this was done by additional longitudi-
nal slots in the back side metallization of the NRD-guide leading to spurious
radiation and a more complicated, costlier setup including an additional small
asymmetry along the height of the NRD-guide. With the antenna described in
this section, results are improved by a step in width of the NRD-guide which
has a strong influence on the LSM01 mode, but virtually no influence on the
LSE01 mode. This matching technique is the subject of a patent application
(see footnote†, page 5).

4.2.1.1 Transition from Dual Mode NRD-guide to Microstrip Line

The dual mode transition from NRD-guide to microstrip line, Fig. 4.22, is a
combination of two separate conventional transitions from NRD-guide to mi-
crostrip line [37, 38] with one important modification. The matching for the
LSM01 mode excitation is controlled by a setup which influences the LSM01

mode but not the LSE01 mode. With the antenna described in Sec. 4.1 this has
been realized by a set of longitudinal slots in the back side metallization of the
NRD-guide, which caused some problems of radiation and was rather narrow
band.

Microstrip line

NRD-guideMicrostrip line

Fig. 4.22: Principle structure of the the transition from microstrip line to
the NRD-guide with a step in NRD-guide width.
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Fig. 4.23: Cutoff-frequency for the fundamental modes depending on the
NRD-guide width.

The antenna presented in this section works without additional slots. Analysis
of the eigenvalue equations derived in Chapter 2 leads to the cutoff-frequencies of
the different modes in the NRD-guide. The cutoff-frequency of the NRD-guide
modes is strongly dependent on the NRD-guide width (Fig. 4.23). Using an
NRD-guide width wNRD=5 mm provides a wide band of operation where both
fundamental modes LSE01 and LSM01 are operated above the cutoff-frequency,
but the first higher order mode LSE11 is well suppressed due to its high cutoff-
frequency. If the NRD-guide width is reduced to wNRD=3 mm, we observe a wide
frequency range of operation from 22.5 GHz to 25.5 GHz (3 GHz bandwidth or
12.5% fractional bandwidth) where the LSM01 mode can not propagate due to
its high cutoff-frequency and the LSE01 mode propagates as frequency is well
above the related cutoff-frequency, see Fig. 4.24. Thus the step in the NRD-
guide width acts as a strong discontinuity for the LSM01 mode; the dashed
curve in Fig. 4.25 indicates that an LSM01 wave inserted at port 2 is completely
reflected. The step can be used to create a λ/4 stub for the LSM01 mode but has
virtually no effect on the propagation of the LSE01 mode, which is indicated by
the dotted curve in Fig. 4.25 representing the return loss of the discontinuity
when exicted with the LSE01 mode.
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Fig. 4.25: Simulation of a step in the NRD-guide width (wNRD,1=5 mm,
wNRD,2=3 mm).
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4 Dual PolarizationAntennas

Requirements for the transition are a good matching, a high level of isolation
between the LSE mode excitation and the LSM mode excitation, and a low
level of the parallel plate (PP) mode excitation between the ground metallization
layer of the front side substrate and the back side aluminum plate. The isolation
can be expected to be noncritical, as the transition is quasi-symmetrical along
the width of the NRD-guide; only the microstrip line stub of the LSM01 mode
feeding contributes to a slight asymmetry. Nevertheless, the excitation of the
parallel plate mode is of a great concern. It is not guided by the NRD-guide
and can therefore cause both spurious coupling within the feeding network and
distortion of the radiation diagrams due to spurious radiation.

Simulations with the commercial finite integration time domain simulator CST
Microwave Studio [34] (Fig. 4.26 and Fig. 4.28) of such a transition from dual
mode NRD-guide to microstrip line show a good performance in the frequency
range from 23 GHz to 25 GHz.

For the LSE01 mode excitation in Fig. 4.26, the bandwidth of the transition is
limited at the lower frequency end by the cutoff-frequency in the reduced NRD-
guide, fc,LSE,01=22.2 GHz. The additional resonance is due to minor reflections
at the step of the NRD-guide width and can be used to improve the bandwidth
or the level of matching, e.g. by optimizing the offset distance between the two
transitions as indicated in Fig. 4.27 for a distance 8.5 mm and 10 mm, respec-
tively. For increasing frequencies the excitation of the parallel plate mode (PP,
dotted curve in Fig. 4.26a) gets more and more critical and together with a
reduced return loss, sets the band limit at the upper frequency end.

Assuming that a minimum return loss of 10 dB is required, the frequency range
of operation of the transition with the LSE01 mode excitation is 22.5 GHz to
26 GHz (3.5 GHz bandwidth or 14.4% fractional bandwidth).
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(a) Excitation by the microstrip line.
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(b) Excitation by the NRD-guide with the LSE01 mode.

Fig. 4.26: Simulated S-parameters (insertion loss |s31|, return loss |s11|, ex-
citation of the parallel plate (PP) mode |s41|) of the transition
microstrip line to the NRD-guide (LSE01 mode).
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Fig. 4.27: Simulated S-parameters (insertion loss, return loss, excitation of
the parallel plate (PP) mode) of the transition microstrip line
to the NRD-guide (LSE01 mode), the offset distance between
the two coupling slots being 8.5 mm (solid curve) and 10 mm
(dotted curve), respectively.

For the LSM01 mode excitation in Fig. 4.28 the bandwidth of the transition is
limited at the higher frequency end by both the cutoff-frequency of the LSE11

mode in the full width NRD-guide (dotted curve with cross symbols in Fig. 4.24),
and the cutoff-frequency of the LSM01 mode in the reduced width NRD-guide
stub (long dashed curve with square symbols) causing a transmission zero at
25.3 GHz. With the 10 dB return loss definition the frequency range of opera-
tion of the transition with LSM01 mode excitation is 23 GHz to 25 GHz (2 GHz
bandwidth or 10.4% fractional bandwidth).
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(a) Excitation by the microstrip line.
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(b) Excitation by the NRD-guide with the LSM01 mode.

Fig. 4.28: Simulated S-parameters (insertion loss |s31|, return loss |s11|, ex-
citation of the parallel plate (PP) mode |s41|) of the transition
microstrip line to the NRD-guide (LSM01 mode).
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4.2.1.2 Transition from Dual Mode NRD-guide to Crossed Microstrip Lines

The same idea serves for the development of a transition from dual mode NRD-
guide to crossed microstrip lines via crossed coupling slots (insert of Fig. 4.29).
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Fig. 4.29: Simulated S-parameters of dual mode transition NRD-guide to
crossed microstrip lines excited with the LSE01 mode.

An extensive parameter study showed that by having a section of wider NRD-
guide width wNRD=6.6 mm and thus allowing the propagation of the LSE11

mode, Fig. 4.1, page 58 in the region of the coupling cross, the operational
bandwidth of the transition can be extended. Simulation with excitation with
the LSE01 mode shows good and, with 3 GHz bandwidth, also broadband per-
formance. Below 22.5 GHz return loss gets lower than 10 dB and transmission
is limited by mismatch. The asymmetry caused by the crossed coupling slots
produces a parallel plate wave that gets stronger with increasing frequencies and
reaches −11 dB at 25.5 GHz. According to the problems related to parallel plate
waves, which have been described earlier in this chapter, it is not recommended
to use this transition at frequencies higher than 25.5 GHz. In case of excitation
with the LSM01 mode (Fig. 4.30), the parallel plate mode is negligible. The
bandwidth is limited to 1.4 GHz. Below 23.2 GHz and above 24.6 GHz return
loss is lower than 10 dB and transmission is limited by mismatch.
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Fig. 4.30: Simulated S-parameters of dual mode transition NRD-guide to
crossed microstrip lines excited with the LSM01 mode.

4.2.1.3 Dual Mode NRD-guide T-junction

In order to extend bandwidth a parallel type feeding topology has been cho-
sen for the antenna array presented in this chapter. Symmetrical NRD-guide
T-junctions are used to equally split the power implementing a constant power
distribution between all sub arrays. NRD-guide T-junctions always produce
mode conversion between the fundamental LSE01 mode and the LSM01 mode
[17, 24]. With the fixed beam antenna with single polarization in Chapter 3, only
one mode is desired on each NRD-guide section of the feeding network, and the
two types of T-junctions can be optimized separately for optimum mode con-
version. In the dual mode feeding network for the dual polarization antenna
the T-junctions must distribute both modes simultaneously. As a consequence,
they have been optimized to maximize the conversion for both modes. If the
T-junctions are excited by the LSM01 mode, the power is converted to the LSE01

mode at the output branches. If the T-junctions are excited by the LSE01 mode,
the power is converted to the LSM01 mode at the output branches.

In a first step, the T-junction is optimized by a variation of the dimensions of
a center notch opposite to the input branch (Fig. 4.31 left) to obtain a good
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for LSM01 matching
drilled holes

lateral notches
for LSM01 matching

notch for LSE01 matching

Fig. 4.31: Design of the dual mode NRD-guide T-junctions with lateral
notches (left), with drilled holes (right) for LSM01 matching.

matching for an excitation with the LSE01 mode. This results in a strong mis-
match for an excitation with the LSM01 mode. To prevent this, a discontinuity
with the same return loss for an LSM01 excitation is inserted at a half a wave-
length distance to the T-junction to form a resonator. This discontinuity should
not influence the propagation of the LSE01 mode. So a reduction of the NRD-
guide width in form of small lateral notches has proven to be the right choice
(Fig. 4.31 left). In the final version of the T-junction the lateral notches were
replaced by drilled holes depicted in Fig. 4.31 right. This gives a number of elec-
trical and mechanical advantages including simplification of production, better
mechanical stability and broader bandwidth. These matching techniques both
with lateral notches and with drilled holes are the subject of a patent applica-
tion (see footnote†, page 5). It is worth to note that the T-junction does not
add any contribution to the parallel plate mode excitation as it is symmetrical
along the height of the NRD-guide, and simulation can be accelerated signifi-
cantly by making use of the symmetry plane. The simulated S-parameters of
the T-junction for LSE01 mode and LSM01 mode excitation (Figs. 4.32 and
4.33, respectively) show good and broadband performance between 22.5 GHz
and 25 GHz, with matching of the LSM01 mode being slightly better concerning
both level and bandwidth.

Also the spurious conversion is higher (nearly constantly −15 dB compared to
typically less than −20 dB) when the input NRD-guide is excited with the LSE01

mode (|s21| in Fig. 4.32). This will lead to a higher level of cross polarization
of the antenna array. When the input NRD-guide is excited with the LSM01

mode, the spurious conversion is negligible (|s31| in Fig. 4.33), and the level of
cross polarization is expected to be low, too.
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Fig. 4.32: Simulated S-parameters of the dual mode T-junction excited
with the LSE01 mode.
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Fig. 4.33: Simulated S-parameters of the dual mode T-junction excited with
the LSM01 mode.
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4.2.2 Measurements of Dual Mode NRD-guide Test Circuits

4.2.2.1 Test Circuit for Dual Mode Excitation

In order to prove the functionality of the dual mode feeding of the antenna, the
transitions and T-junctions described in Sec. 4.2.1 have been implemented in a
back-to-back arrangement with 13.2 mm distance. The simulated S-parameters
of the single components have been combined analytically using the propagation
properties and length of the NRD-guide section between the reference planes
of the respective subcircuits. The resulting S-parameters serve as a reference
in the following comparison to the measurement results of the back-to-back
arrangement.

The first circuit analyzed accordingly is the back-to-back arrangement depicted
in Fig. 4.34a consisting of two transitions from microstrip line to NRD-guide
for dual mode excitation. In Fig. 4.34 the solid brown curves represent the
simulated return loss of a single transition NRD-guide to microstrip line as given
in Fig. 4.26a and Fig. 4.28a, for excitation with the LSE01 mode and with the
LSM01 mode, respectively. The blue curves represent the S-parameters resulting
from the back-to-back combination of the S-parameters from the simulation
of the single transitions here referred to as theoretical S-parameters. The red
curves display the measured S-parameters of the back-to-back arrangement. For
the excitation with the LSM01 mode from 22 GHz to 23.5 GHz the theoretical
S-parameters (blue curves in Fig. 4.34b) are in excellent agreement with the
measured S-parameters (red curves). From 23.5 GHz to 24 GHz the mismatch
of a single transition is not correctly anticipated by the simulation, and thus
multiple reflections between the slot couplings of the two transitions result in a
different course of the return loss (solid red and blue curves). A transmission zero
in the measured transmission coefficient (sharp drop of the dotted red curve at
24.7 GHz) indicates the cutoff-frequency of the LSM01 mode in the NRD-guide
section with reduced width wNRD=3 mm. Instead of being completely reflected,
the LSM01 mode wave leaks into the NRD-guide section with reduced width, is
partly attenuated, partly reflected, and causes strong mismatch at the coupling
slot. According to the simulation the cutoff-frequency is located at 25.3 GHz
(sharp drop of the dotted blue curve). This indicates that in fact the electrical
and mechanical properties of the materials are different to the assumed values.
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(a) Measurement setup.
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(b) Results for excitation with the LSM01 mode.
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(c) Results for excitation with the LSE01 mode.

Fig. 4.34: Measured (red) versus theoretical (blue) S-parameters of the dual mode
back-to-back transition microstrip line to NRD-guide to microstrip line
(dotted: insertion loss; solid: return loss), and simulated return loss of a
single transition NRD-guide to microstrip line (solid brown), simulations
assuming εr,tape=2 and htape=50 μm.
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For the excitation with the LSE01 mode from 22.4 GHz to 25.5 GHz the the-
oretical S-parameters (blue curves in Fig. 4.34c) are in good agreement with
the measured S-parameters (red curves). Below 22.4 GHz the theoretical trans-
mission coefficient shows a steep slope according to the limited return loss of
the single transition indicated by the brown curve. The measurement does not
confirm this mismatch, the measured transmission coefficient is nearly constant
with frequency. Above 25.5 GHz the measured transmission coefficient drops
with a steep slope according to the excitation of higher order modes, while the
theoretical transmission coefficient stays nearly constant with frequency. The
last two observations again indicate that the assumptions concerning the prop-
erties of the materials used in the NRD-guide implementation are not exact and
have to be reviewed.

The electrical properties of the dielectric material TMM-6 have been determined
by a 2-port characterization of a rectangular waveguide section filled with this
material. The height and width of the TMM-6 parts are controlled very well
during the milling process and confirmed by measurements. On the other hand,
there was only little information about the electrical and mechanical properties
of the bonding sheet. Due to the manufacturer the thickness is 50 μm, but in
fact the sheet is soft and thus the thickness can not be controlled very well
during production. Another effect related to the softness of the bonding sheet,
is that after the assembly of the distinct layers the bonding sheet extends again,
when the pressure of the gluing process is released. The dielectric constant of
the bonding sheet can not be directly measured due to the consistency of the
material.

In conclusion, there is a great inaccuracy due to the bonding sheet. According
to a parameter study both thickness and dielectric constant of the bonding
sheet have a strong impact on the propagation constant of the fundamental
modes as well as on the cutoff-frequency of the higher order modes. Thus
the properties of the bonding sheet have been optimized to fit the simulated
cutoff-frequency to the cutoff-frequency observed with the measurement results
leading to εr,tape=5 and htape=80 μm. Simulations of the transition from NRD-
guide to microstrip line have been repeated assuming the corrected properties
of the bonding sheet. In the comparison of the measured S-parameters versus
the theoretical S-parameters based on the new simulations in Fig. 4.35b, the
frequency of the transmission zero with 25 GHz comes closer to but is still higher
than the 24.7 GHz observed with the measurement. This indicates that εr,tape

is even higher than 5 and that due to the softness of the material htape should
be assumed to be greater than 80 μm.
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(a) Measurement setup.
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(b) Results for excitation with the LSM01 mode.
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(c) Results for excitation with the LSE01 mode.

Fig. 4.35: Measured (red) versus theoretical (blue) S-parameters of the dual mode
back-to-back transition microstrip line to NRD-guide to microstrip line
(dotted: insertion loss; solid: return loss), and simulated return loss of a
single transition NRD-guide to microstrip line (solid brown), simulations
assuming εr,tape=5 and htape=80 μm.
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By increasing both thickness and permittivity of the bonding sheet the propaga-
tion constant of the LSE01 mode in the NRD-guide section with reduced width
is increased, and with it the electrical length of the NRD-guide stub. As a conse-
quence, the lower end of the frequency range of matching of the single transition
excited with the LSE01 mode (brown curve in Fig. 4.35c) is now shifted down in
frequency to nearly 22 GHz resulting in a better fit between measurement and
theory between 22 GHz and 23.3 GHz. On the other hand, the level of return
loss of the single transition is increased and results in a maximum mismatch of
−8 dB between 22.5 GHz and 23 GHz, which is not confirmed by the measured
S-parameters. Some deviation between theoretical and measured return loss
(solid red and blue curves) between 24 GHz and 25.5 GHz indicates that the
slot coupling is not yet perfectly modeled with the assumptions on the electri-
cal properties of the bonding sheet. Yet another cause of deviation is that the
coupling slot in the common ground metallization is partly filled with the soft
bonding sheet and partly filled with air. This has an influence on the resonance
frequency of the coupling slot. In addition, deviations might also be an indica-
tion for irregularities in the assembly of the structure, e.g. an air gap between
the TMM-6 material and the planar substrate, which particularly in the vicinity
of the coupling slot has a major impact on the performance of the transition.

4.2.2.2 Test Circuit for Dual Mode Transition to Crossed Microstrip Lines

The circuit depicted in Fig. 4.36a is a combination of the dual mode excitation
shown in the inset of Fig. 4.28 and the transition from dual mode NRD-guide
to crossed microstrip lines shown in the inset of Fig. 4.29. To avoid reflections
at the ports which are not connected, absorber wedges are placed on top of
those microstrip lines. They are made of the two-component absorber material
C-RAM 369 by Cuming Microwave Corporation [65].

As expected, the bandwidth for an LSM01 mode excitation (Fig. 4.36b) suffers
from the reduced cutoff-frequency of the LSE11 mode. Above 23.8 GHz the
insertion loss strongly increases with frequency. For the LSE01 mode excitation
(Fig. 4.36c) the circuit works well in the whole frequency range though there is
some amplitude ripple due to minor reflections at the transitions. As expected
by symmetry considerations, the measured isolation between the two channels
is noncritical and is measured to below −25 dB for both excitations in the whole
band of operation.
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(b) Results for excitation with the LSM01 mode.
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(c) Results for excitation with the LSE01 mode.

Fig. 4.36: Measured (red) versus theoretical (blue) S-parameters of the dual
mode back-to-back transition microstrip line to NRD-guide to crossed
microstrip lines (dotted: insertion loss, left y-axis; solid: return loss,
right y-axis), simulated return loss of a single transition NRD-guide
to microstrip line (solid brown), and simulated return loss of a single
transition NRD-guide to crossed microstrip lines (solid green).
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4.2.2.3 Test Circuit for Dual Mode NRD-guide T-junction

In order to validate the proper operation of the dual mode T-junction, the circuit
described in Fig. 4.37 has been fabricated and measured.

4

3

1

2

Fig. 4.37: Measurement setup of the dual mode T-junction.

Again, absorber wedges have been placed on the microstrip lines to avoid re-
flections at the ports which are not connected. The analysis of the measured
S-parameters is difficult as it includes effects of five different components: the
three transitions from NRD-guide to microstrip line (LSM01 mode and LSE01

mode), the dual mode T-junction, and the mismatch of the absorber wedges.
In the results for the excitation with the LSM01 mode shown in Fig. 4.38a the
bandwidth limitation is in agreement with the bandwidth limitation of the single
transition from the microstrip line to the NRD-guide at the input branch of the
T-junction. Below 23 GHz the strong mismatch of the single transition causes
multiple reflections with the mismatch of the T-junction and thus a strong am-
plitude ripple on the transmission coefficient. Above 23.8 GHz the insertion
loss is increased due to the reduced cutoff-frequency of the LSM01 mode in the
NRD-guide section with reduced width wNRD=3 mm and agrees well with the
increased insertion loss in the measurement results of the back-to-back arrange-
ment of two single transitions in Fig. 4.35b. In Fig. 4.38b the insertion loss for an
excitation with the LSE01 mode on the input branch of the T-junction is lowest
between 22.4 GHz and 22.8 GHz, where also the return loss is best. According
to the simulation results in Fig. 4.32 and Fig. 4.35, the circuit should work best
between 23.5 GHz and 24.5 GHz, because this is the frequency range where all
subcircuits show the highest return loss. The frequency shift between theory
and measurement can be only explained by inaccuracies in the assembly of the
circuit, e.g. air gaps between the dielectric rod and the ground metallization
of the microstrip line and tolerances in the position of the coupling slots. In
coincidence with the simulations the crosstalk between the fundamental modes
for an excitation with the LSE01 mode at the input branch is nearly constant
with frequency at a level of −16 dB. For an excitation with the LSM01 mode at
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the input branch the cross talk in general is much lower and shows a deep notch
between 22.8 GHz and 24 GHz.
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(a) Results for excitation with the LSM01 mode.
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(b) Results for excitation with the LSE01 mode.

Fig. 4.38: Measured S-parameters of the dual mode T-junction.
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4 Dual PolarizationAntennas

4.2.3 Measurements of the Linear Array of 2×2 Sub Arrays

Using the components described before, an antenna array consisting of two
2×2 sub arrays has been implemented (Fig. 4.20, page 80). A photograph of
the antenna array is given in Fig. 4.39. For a quick and easy handling the
antenna has been placed on a test fixture with a coaxial SMA connector.

(excitation of LSE mode)
vertical polarization
SMA connector for

(excitation of LSM mode)

SMA connector for
horizontal polarization

Fig. 4.39: Photo of the dual polarization antenna consisting of two 2×2
sub arrays.

The radiation diagrams of the antenna array have been measured at 22.7 GHz in
the E-plane and in the H-plane for both excitations (Figs. 4.40 and 4.41). The
notation with x-y-z coordinates is according to the definition in Fig. 4.20.

When the array is excited with the LSE01 mode, the first side lobes in the
x-z-plane (H-plane) are below −15 dB and the second side lobes are below
−12 dB. Cross polarization is −18 dB at boresight and reaches a peak value of
−13 dB at the notches of the main lobe where cross polarization is usually not as
critical. One part of the high level of cross polarization can be attributed to the
reduced mode purity at the output branches of the NRD-guide T-junctions when
the input branch is excited with the LSE01 mode (dotted curve in Fig. 4.32).
But having in mind the symmetry of the assembly with respect to the y-axis, any
radiation due to the spurious mode transfer from the LSE01 mode at the input
branch to the LSE01 mode at the output branches must result in an anti-phase
excitation of the radiating square patch elements with opposite x-components
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4.2 Dual Polarization Antenna Array with Optimized Feeding Network

of the electric field. In the far field at boresight, the electric field would cancel
resulting in a perfect cancellation of the cross polarization. As a consequence
the −18 dB cross polarization at boresight and also part of the increased cross
polarization in other directions must be caused by radiation of the feed. Another
possible cause for the increased level of cross polarization at boresight is a slight
angular missalignment between the reference antenna and the dual polarization
antenna under test.

In the y-z-plane (E-plane) the radiation diagram shows an amplitude ripple in
the main lobe (Fig. 4.40b). This distortion is also due to spurious radiation
of the feeding microstrip lines. The degree of perturbation of the radiation
diagram strongly depends on the location of the sources of spurious radiation
(mainly radiation of the open ended microstrip stubs and the coupling slots of
the transitions from the feeding microstrip line to the NRD-guide), and on its
distance to the axis of rotation, as discussed in Sec. 4.1.4. For a rotation in the
x-z-plane (Figs. 4.40a and 4.41a) the transitions from the feeding microstrip line
to the NRD-guide are laying on the axis of rotation and thus spurious radiation
has no effect on the shape of the radiation diagram. The spurious radiation is
also the root cause for the asymmetry of the radiation diagram in the y-z-plane.
The level of the side lobe at −60° is −17 dB while the side lobe at +60° is
−14 dB.

When the array is excited with the LSM01 mode, the first side lobes in the
x-z-plane (E-plane, Fig. 4.41a) are below −11 dB and the second side lobe
at −75° is at −24 dB. Again spurious radiation of the feed is the cause for
a slight asymmetry of the radiation diagram. The cross polarization is in accor-
dance with the simulation results of the NRD-guide T-junction excited with the
LSM01 mode (Fig. 4.33) lower than when the array is excited with the LSE01

mode. At boresight cross polarization is below −20 dB and reaches a peak value
of −17 dB at the edge of the main lobe.

In the y-z-plane (H-plane) the radiation diagram is asymmetrical with the side
lobe at −60° with a level of −17 dB and the side lobe at +60° with a level
of −12 dB. In contrast to the excitation with the LSE01 mode there is virtually
no amplitude ripple in the main lobe. The reason is that the source of spuri-
ous radiation, i.e. the transition from microstrip feeding to the NRD-guide for
excitation with the LSM01 mode is much closer to the radiating square patch
elements and thus the impact on the radiation diagram is shifted towards the
side lobes, resulting in the asymmetry concerning their amplitude level.
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(a) Radiation diagrams in the x-z-plane (H-plane).
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(b) Radiation diagrams in the y-z-plane (E-plane).

Fig. 4.40: Measured radiation diagrams of the antenna array excited with
the LSE01 mode.
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(a) Radiation diagrams in the x-z-plane (E-plane).
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(b) Radiation diagrams in the y-z-plane (H-plane).

Fig. 4.41: Measured radiation diagrams of the antenna array excited with
the LSM01 mode.
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Table 4.2: Measured half power beam width of the antenna array

x-z-plane y-z-plane

LSE mode excitation 17° 35°

LSM mode excitation 21° 31°

Table 4.2 summarizes the measured half power beam widths of the antenna array
for both excitations.

Much of the distortion in the radiation diagrams is attributed to the spurious
emissions of the microstrip feedings and the transitions to the NRD-guide. The
results can be improved considerably by removing those transitions from the
front side. One alternative could be to replace the back side aluminum plate
by an other planar RF substrate with the two transitions integrated. A metal
shielding could be used to prevent radiation from back side. Another option is
the use of co-layered interconnects between the NRD-guide corporate feeding
network and planar circuits as proposed in [66]. However, this approach intro-
duces another asymmetry along the height of the NRD-guide and is therefore
susceptible to excitation of parallel plate waves and leakage [67]. Another chal-
lenge is the implementation of the dual mode transitions with the co-layered
topology.

The antenna gain of the dual polarization antenna array when excited with
the LSE01 mode was measured over a frequency range from 22 GHz to 23 GHz
as indicated in Fig. 4.42. The peak value is 11.24 dBi at 22.4 GHz including
microstrip line feed loss (0.88 dB) and mismatch loss (0.12 dB). The half power
bandwidth is 0.8 GHz, i.e. 3.6% fractional bandwidth. Exclusive of the above
losses, the gain is approximately 12.2 dBi. The theoretical directivity for this
array based on the aperture area is 15.1 dBi at 22.4 GHz. Thus the array and
feed network efficiency is approximately 51% (measured gain minus ideal gain).

When excited with the LSM01 mode, the maximum measured gain of this array
is 10.2 dBi at 22.7 GHz including microstrip line feed loss (1.1 dB) and mismatch
loss (0.82 dB). Exclusive of the above losses, the gain is approximately 12.1 dBi.
The theoretical ideal gain for this array based on the aperture area is 15.3 dBi
at 22.7 GHz. Thus the array and feed network efficiency is approximately 49%
(measured gain minus ideal gain). The remaining losses are partly due to spuri-
ous emissions of the microstrip feeding, partly due to ohmic and dielectric losses
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Fig. 4.42: Measured gain of the antenna array excited with the LSE01

mode.

in the NRD-guide feeding (approximately 1.1 dB for LSM01 mode excitation,
1.4 dB for LSE01 mode excitation).
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5 A Low Cost Low Profile Scanning
Receiver Array

5.1 Introduction

5.1.1 Motivation for Automotive Sensors

In recent years car manufacturers and their suppliers have shown an increasing
interest in safety and comfort applications for the automotive sector. These
applications ask for environmental sensors which scan the surrounding of the car
and provide information about obstacles to a micro-controller or digital signal
processing unit. With more conventional applications, e.g. for navigation and
control in the aeronautical field, reliability and performance have highest priority,
and cost typically is not the main issue. But for automotive applications, cost
usually decides on success or failure of one approach or the other. Other, general
requirements are robustness against severe weather conditions, high reliability,
long lifetime, fast scanning capability, and agility.

5.1.2 Comparison of Sensor Types

While some of these requirements can be handled quite well by approaches based
on light detection and ranging (LIDAR) [68, 69], also referred to as laser scanners,
ultrasonic sensors, infrared devices and video cameras, those approaches tend
to be sensitive to bad weather conditions like fog, snow, heavy rain and spray
water caused by cars driving in front. In addition, video cameras do not work
well in darkness. Collision warning and driver assistant comfort systems based
on radio detection and ranging (RADAR) are of special interest because they
work well in all weather conditions [70] and provide detection ranges from within
a few centimeters of the vehicle to several hundred meters. Another advantage
of radar sensors is the capability to directly measure relative radial speed of one
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5 A Low Cost Low Profile Scanning Receiver Array

or many targets by analyzing the Doppler frequency offset of the received versus
the transmitted signal.

5.1.3 Applications of Radar Sensors

Applications of radar sensors include extended versions of parking assistant,
e.g. fully automated parallel parking, detection and tracking of obstacles or
pedestrians in front of the vehicle, speed adaption to the specific traffic situation
known as adaptive cruise control (ACC), stop and go functionality or in a more
complex and complete manner autonomous intelligent cruise control (AICC),
and pre-crash safety functionalities like seat-belt tighteners, preconditioning of
head restraints or the activation of airbags for the driver and passengers as
well as for pedestrians. Another application that is typically based on radar
sensors yet not as well known is the lane change assistant (LCA) and blind spot
surveillance [70, 71]. It permanently scans the adjacent lanes on expressways or
other multilane highways and gives an acoustic or optical warning or even starts
vibration of the steering wheel when the driver starts to change to the adjacent
lane while another car is approaching on that lane from behind. Another similar
example is the warning against vehicles which drive on adjacent lanes in front
and suddenly start to cut into the lane used by the vehicle equipped with the
sensor.

5.1.4 System Requirements

The afore mentioned applications have different implications on the requirements
for the sensors. Forward looking sensors for AICC systems require a long range
radar (LRR) sensor with highest gain for good detection capability over a large
range up to 150 meters, sharpest antenna beam width of 2° to 3° in azimuth
in order to distinguish targets on different lanes far ahead, and measurement
of relative radial velocity. Usually there is no need for a wide angular view
and a ±7° total scanning range is enough for AICC to follow smooth curves on
expressways.

Short range radar (SRR) systems such as detection of near-by rear and side
obstacles, and early warning of side crash impact are performed typically in the
range of a few meters and thus beamwidth and gain are not that important but
the call for observation of the full surrounding of the vehicle requires a large
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angular view, possibly 180°. High angular resolution is required in order to
distinguish closely spaced targets or to perform target or obstacle recognition
for detection of road boundaries and early warning of side crash impact. Good
angular resolution can be achieved or with antennas with beam switching [72]
or beam steering capability or with a set of different sensors applying the multi-
lateration approach [73] or the monopulse approach [72]. Both multilateration
and monopulse tend to be ambiguous for several targets being located at similar
distances. With the monopulse approach, tolerances in the alignment of the
antennas limit the angular point accuracy. And some part of the dynamic range
is used for angular resolution which reduces the maximum range for a given
antenna aperture. Multilateration only gives good angular point accuracy for
short range. Beam steerable antennas can provide both, high angular resolution
over a large scan range and maximum dynamic range.

But not only for sensor applications for the car industry, antennas with electronic
scanning facilities are becoming increasingly important. Also in communication
systems, e.g. mobile phone networks like Global System for Mobile Commu-
nications (GSM) and Universal Mobile Telecommunications System (UMTS),
wireless local area networks (W-LAN), and wireless multiple access (WiMAX)
systems of the IEEE 802.11-xx standard, beam steerable and smart antennas
provide a wide field of improvements.

Another potential field of application are the ground and the satellite termi-
nals of low orbit satellite (LEO) systems. One example is the Iridium satellite
network [74, 75].

5.1.5 Beam Switching and Steering Approaches with Increased
Angular Resolution

In the past years several beam steerable antenna approaches have been investi-
gated with the goal to increase both angular resolution and scan range (angular
view) enabling at the same time fast scan sweeps. In the beginning the antenna
beams of surveillance radar and communication systems have been mechani-
cally rotated or electronically controlled by phased arrays using phase shifters.
Usually mechanical scanning systems do not meet the requirement of the afore
mentioned sensor and communication systems for fast scanning. Phased array
antennas or Electronically Steerable Arrays (ESA) using electronic phase shifters
[76] offer distinct advantages over mechanically rotated antennas. A nearly flat
setup is possible and electronic beam scanning provides an inertia-less steering
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system with superior life expectancy and allowing faster scanning. But those
approaches are by far too complex and with a per module cost of approximately
US$1000 they are also way too expensive to be used for automotive applications.
In a first approach to increase the scanning agility of sensors based on mechan-
ical steering, the much smaller and lighter reflector was moved instead of the
complete antenna. One example to increase the scan rate of antennas based on
mechanical steering is a high gain Cassegrain-type antenna with low side lobes,
enabling e.g. the detection of a motorcycle in one lane at the same range as a
heavy truck in another lane, that has been made steerable by mechanically rotat-
ing the main reflector [77]. The same approach has been applied to a low profile
folded reflect array antenna [78] consisting of a fixed planar polarizing grid and a
planar twisting and focusing reflect array, the latter being tilted without moving
the whole antenna. The downside of all mechanical scanning approaches, even
though substantially reduced by rotating only the lighter reflector, is the limi-
tation in angular scan rate also referred to as update rate according to inertia.
Other issues of mechanical scanning are long term precision and life time.

An alternative solution has been found in beam switching. One solution to
the multibeam approach is to apply several feeds to one reflector antenna [10],
another solution is to use several primary antennas to one dielectric lens [72].
A similar approach [79] makes use of a beam forming network, in this case a
Rotman lens [80, 81] based on microstrip technology to feed several rows of
serially fed microstrip patch antenna arrays. But all those approaches require a
fast and low loss switching network that operates reliably over a long period of
time of 10 years and more with about 109 cycles per year. A low loss solution at
mm-waves can be a non-contact cylindrical NRD-guide switch [82]. A polyhedral
cylinder, in this case with a square cross section, with four outer surfaces each
consisting of one NRD-guide which serves as a dielectric resonator. The four
dielectric resonators are located at different lateral offsets to the focus of a
dielectric lens. Hence rotation of the polyhedral cylinder makes the antenna
switch between four beams. The main advantage of this approach is a very low
switch insertion loss with less than 0.1 dB at 60 GHz. The main disadvantages
are an increased production cost due to a complicated mechanical arrangement,
a limited switching speed, and the potential for a beam offset in elevation caused
by limited accuracy in the rotation of the polyhedral cylinder.

Leaky wave antennas are well known to enable high gain and low loss anten-
nas with beam steering capability [83–85]. But as with other types of traveling
wave antennas, they show limitations concerning the scan range, especially in
the broadside direction. Leaky-wave antennas can be grouped in two kinds, the
uniform type with a uniform aperture along the leaky waveguide structure and
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the periodic type which is periodically modulated along the wave guiding struc-
ture. Leaky-wave antennas of the uniform type can only radiate in the forward
quadrant but not in the backward quadrant. Also, they cannot approach broad-
side too closely, and depending on geometry they are limited towards end fire,
too. Leaky-wave antennas of the periodic type can scan from backward end-fire
through broadside into part of the forward quadrant, except for a narrow region
around broadside called open stop band, where reflections from all perturbations
in the wave guiding structure superimpose in-phase at the input port resulting
in a large voltage standing wave ratio (VSWR) and a typical dip in gain for
broadside radiation [85]. There are techniques [86] which permit periodic leaky
wave antennas to scan through broadside with nearly constant gain by using
pairs of radiating elements with a spacing of λg0/4, where λg0 is the guide wave-
length at broadside frequency. This configuration allows the reflected wave from
one radiating element to be canceled by that of the other radiating element. But
typically those techniques also degrade the performance of the antenna with re-
spect to scan range, side lobe level, and radiation efficiency. Another general
issue of the periodic leaky wave antenna is the dependency of beamwidth on
frequency, and an even more critical problem is the need for variation of the ra-
diation frequency (RF) to control the scan angle. A frequency sweep of the RF
typically has a negative impact on system parameters like e.g. the degradation
of range resolution in a frequency modulated continuous wave (FM/CW) radar
sensor. Therefore some investigations have been driven by the goal to imple-
ment leaky-wave antennas that work at a fixed RF. PIN diodes have been used
to electronically control the propagation characteristics of a switchable leaky
wave antenna in [87] and thus switch the main beam between two states, +13°
and −22°, but that approach does not work for a continuous sweep from back-
ward to forward quadrant. Another approach that enables leaky-wave antennas
for beam scanning at fixed RF has been found in the beam scan controlled by
the grating of the wave guiding structure. With a mechanically movable grat-
ing film with variable element-to-element spacings [88], the scan angle could be
modified directly over a wide scanning range ±50° at 35 GHz or 40 GHz. In [89]
a similar approach has been presented using a spinning grating for operation
at 94 GHz. But as with the frequency controlled leaky-wave antennas, both
approaches must circumvent the open stop band issue. Another drawback is
according to the mechanical scanning that again limits the angular scan rate
and causes potential problems of point-inaccuracy. And the spinning grating
with parabolic reflectors is a rather bulky construction that can not easily be
integrated in the car front. In order to simultaneously circumvent all three prob-
lems, that of open stop band, that of RF fixed scanning, and limitations due to
movable parts and inertia, composite right/left-handed (CRLH) transmission
lines have recently been investigated in detail applying both the periodic and
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the uniform leaky-wave antenna approach. Earlier implementations [90–92] of
a periodic leaky wave antenna were based on a multiplicity of lumped LC unit
cells and resulted in a complicated design that does not lend itself to low cost
mass production. A more recent approach [93] uses a uniform ferrite-loaded
open waveguide structure with composite right/left-handed (CRLH) response.
Thanks to a gapless nonzero group velocity transition between the left- and
right-handed bands, this antenna overcomes the problem of the open stop band
yet providing the possibility for scanning at a fixed frequency but by biasing.
This method of creating a balanced structure is comparable to the method of
reflection cancellation of the periodic type leaky-wave antenna. Although sim-
ulation results for this approach are very promising, the variation of antenna
gain with scan angle with approximately 4 dB is still too high, and for increasing
frequency in the microwave and mm-wave range the losses of the ferrite material
become prohibitively large.

Another approach [94, 95] is a reflect array based on ferroelectric phase shifters.
This approach eliminates feed losses by applying quasi optical feeding. But
ferroelectric phase shifters exhibit relatively high RF losses of 3 dB to 4 dB at
24 GHz. One advantage though is continuous phase shift over DC bias voltage.
But this is at the cost of very high supply voltages of typically 350 V, which
makes the control circuitry complicated and error-prone.
Liquid crystal reflectarrays are an other interesting approach that showed beam
steering capabilities in the mm-wave region at 35 GHz [96] and at 77 GHz [97].
Biasing voltage is typically limited to the range from 0 V to 25 V, and control
circuitry can be easily implemented using common SMD components. Scanning
range capability with −35° to +25° at 35 GHz and −10° to +25° at 77 GHz is
quite good. But first implementations showed only poor side lobe level behavior
as high as −4.2 dB with the main beam at broadside and −6 dB for the steered
beams. The poor radiation pattern characteristic is mainly due to amplitude
and phase errors of the reflector unit cells. The amplitude and phase errors are
caused by losses in the unit cells which can be as high as 20 dB in the resonance
region thus limiting the usable phase range of the complex reflection coefficient.
As a result also the gain variation as a function of steering angle is very high
and with 4 dB too high for practical applications.

In addition, in the last years there was a big interest in reducing cost and com-
plexity of phased arrays and their key component the phase shifter. Microelec-
tromechanical systems (MEMS) [76, 98] can be a low loss solution at microwave
(0.5 dB per bit or 1.4 dB insertion loss for a 3-bit K-band phase shifter) and mm-
wave frequencies (0.8 dB per bit and 0.9 dB per bit for a V-band and W-band
phase shifter, respectively) for discrete phase shifts. Typical approaches include
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switching between different delay lines and, for smaller phase increments, stub-
loaded line phase shifters [79], with the latter being a constant phase type phase
shifter that is inherently narrow-band and produces beam squint when used for
phased arrays. RF MEMS phase shifters have been first reported in 1999 [99]
and since then many circuits have been developed covering the frequency range
from 8 GHz to 94 GHz [100, 101]. But the MEMS technology is still in a rather
premature state and the lifetime of MEMS switches is of concern for long term
applications especially for the high switching rates required for beam scanning
antennas. The lifetime of today’s MEMS phase shifters is in the range of several
billion (109) cycles. For automotive radar the required lifetime is in the range
of 10 billion cycles assuming a scan rate of 20 Hz with eight antenna beams, i.e.
a 3-bit phase shifter and accordingly higher for more beams, 4 hours operation
per day over a 10 years period. So for automotive radar sensors as for ground
terminals of satellite high-data-rate communication systems, the MEMS phase
shifter technology starts to become an interesting alternative, but more tests
are required to prove long term reliability. Moreover, to avoid charging of the
insulator between the cantilever and the lower metal contact, the bias voltage
is varied between positive and negative pulses. Thus, MEMS circuits consume
negligible DC power, but require complicated bias control circuits.

In conclusion, non of the approaches described so far provides a one-fits-all
solution to the applications given in Secs. 5.1.4 and 5.1.5 meeting all the require-
ments the most important of which are low profile, low loss, high gain, high
angular resolution, fast scanning rates, wide angular view, long term reliability,
and low cost. For those applications antennas with continuous electronic beam
scanning are the best solution. In the higher frequency range, this typically is
associated with increasing loss and cost using conventional phased array tech-
niques. Moreover, phase shifters experience temperature-sensitivity, hysteresis
and quantization errors, and are limited to the microsecond phase shifting time
range [102]. A possible solution is the use of frequency scanned arrays, as it
is demonstrated for automotive radar applications, e.g. in [103], where simple
series-fed frequency-scan arrays are used for beam steering with no phase shifter
components except for fixed delay lines. In [104] a wide scanning range was
achieved with a frequency scanned antenna array using a suspended stripline
negative index transmission line. In [105–107] alternative approaches have been
presented using heterodyne principles with a frequency sweep in the local oscilla-
tor (LO) path. Thus, radio frequency (RF) can be kept constant, and available
bandwidth can be fully exploited for other purposes. In order to keep the LO
and, consequently, the intermediate frequency (IF) variation small, long delay
lines between the tapping points of the LO feed line have been selected [108],
leading to a rather bulky and costly setup as rectangular waveguide was cho-
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sen for low loss behavior. The nonradiative dielectric (NRD) waveguide on the
other hand is known to be a low loss waveguide especially for increased frequen-
cies, while allowing for low profile and low cost applications [109]. Therefore,
for this chapter a 19 GHz receiver array using an NRD-guide LO feed line was
investigated.

5.2 Antenna Design

A block diagram of the scanning array is given in Fig. 5.1. The RF signal is
received by an array of four microstrip antenna elements. Each antenna element
is connected to a mixer. The LO signal is distributed via a serial NRD-guide
feeding providing the frequency dependent phase shift for beam scanning. A
bandpass topology of the tapping points ensures good matching and solves the
open stop band problem. In the mixers the RF signals are down-converted to
the IF band including the phase shift. The IF signals finally are combined in-
phase by a four-to-one Wilkinson power combiner network. A stronger weighting
of the inner two channels is used for reduction of the side lobe level and in
order to compensate for the deviation of the power distribution along the LO
feeding. The layout of the low cost low profile scanning array can be found in
Appendix A.2, page 141.

An LO frequency variation of 2.0 GHz in the 22.8 GHz to 24.8 GHz range al-
lows for a 28° scan. In order to have a wide scanning range while maintaining
the circuit rather small, the LO frequency is chosen to be higher than the RF
frequency (high-frequency injection). The receiver array consists of two lay-
ers. Antenna elements, mixers, filters and the IF power combination are imple-
mented as planar structures on Ultralam 2000 (εr=2.48, thickness=0.26 mm).
The LO feeding network is made of an NRD-guide with Rogers TMM-6 (εr=6,
tan δ(@24 GHz)=2.1·10−3, wNRD=6 mm, hNRD=3.18 mm). The total height of
the antenna is 3.5 mm only, plus the back sided aluminum plate.

The following sections describe first the design of all components, and detailed
simulation and measurement results of those sub-circuits are given. Section 5.4
deals with the characterization and the performance of the complete receiver
array. In Sec. 5.5 an alternative approach to the conventional NRD-guide feeding
network is proposed, and simulation results are compared to the original feeding.
This feeding provides a steeper phase increment with frequency and hence a
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3.8...5.8 GHz

RF signal Constant
19 GHz

LO feeding Mixer and
antenna array

Wilkinson
combiner

of LO signal

22.8...24.8 GHz

network

IF signal

Frequency scan

Fig. 5.1: Block diagram of the scanning array.

greater angular scan with less LO frequency variation.

5.3 Design and Simulations of the Components

5.3.1 Design and Simulations of Hybrid Couplers

The serial LO feeding consists of a simple straight line of an NRD-guide saving
space compared to other approaches, and meandering of the feed line is not
required. Coupling between the planar mixers and the feeding is done by a slot
in the common ground metallization. The distance between the tapping points,
i.e. the coupling slots, is set by the condition that for optimum suppression of
the secondary main lobes the antenna elements must be placed at a half a free
space wavelength distance with respect to the RF. For given NRD-guide dimen-
sions the wavelength of the LSE01 mode is shorter than the wavelength of the
LSM01 mode, hence, the NRD-guide feeding has been designed for operation in
the longitudinal section electric (LSE) mode. Another good reason is the trans-
verse orientation of the coupling slots with respect to the feeding, this makes
the implementation of the balanced mixer circuit very compact. The coupling
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5 A Low Cost Low Profile Scanning Receiver Array

slot in one of the ground planes introduces a discontinuity to the NRD-guide.
The coupling coefficient and the degree of mismatch of this discontinuity are
both increased with the length of the slot, thus the slot length is used to op-
timize the coupling coefficient to a given value. In order to limit the required
LO bandwidth while maintaining the scan range, a steep phase increment over
frequency is one of the goals for the feeding. In this regard band-pass filters
can provide an improvement compared to a simple NRD-guide. With NRD-
guide band-pass filters typically an air gap discontinuity between the resonator
sections has been used [110, 111] to form an impedance inverter. For ease of
production and in order to circumvent alignment problems between the adjacent
resonator sections, an alternating width approach was introduced in [110]. The
width of the NRD-guide sections that represent the inverters was fixed to a value
assuring the operation below the cutoff-frequency. The inverter coefficient was
set by optimizing the length of these sections. Although this approach solves
the alignment issue, it is still rather complicated in production and sensitive
to the milling accuracy. With the NRD-guide feeding for the scanning receiver
array an alternative approach has been investigated using drill holes with op-
timized diameter values, thus providing a very simple yet accurate solution to
the alignment problem. In Fig. 5.2 the design steps for the hybrid couplers are
depicted. First, a three resonator NRD-guide band-pass is designed, where the
four impedance inverters are implemented by drill holes in the dielectric mate-
rial with different diameters. Then one of the smaller holes is replaced by the
coupler NRD-guide to microstrip line including the coupling slot in the common
ground metallization between the planar structure and the back side LO feeding
network.

K0,1 K1,2 K2,3 K3,4

(NRD-guide)(NRD-guide)

Inverter holes in NRD-guide

Port 4 (msl)Coupling slot

Port 3 (msl)

Port 2Port 1

Fig. 5.2: Design steps of the couplers NRD-guide to microstrip line.
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5.3 Design and Simulations of the Components

One task of the LO feeding network is to provide the same LO power level to
all mixer circuits. The slot coupling between the NRD-guide and the microstrip
line in general is non-ideal and thus generates some amount of radiation. Due
to its non-symmetric property also parallel plate waves are generated. A typical
value for losses due to radiation is −10 dB relative to the power injected to the
coupler at port 1 in Fig. 5.3.

Port 5
radiation and
spurious modes

Port 1
(NRD-guide) (NRD-guide)

Port 2
Port 4 (msl) Port 3 (msl)

Fig. 5.3: Port naming convention of the couplers NRD-guide to microstrip line.

According to the formulae given in Sec. 2.5 the total attenuation coefficient in
the NRD-guide including both ohmic and dielectric losses is αt=2.61/m which
equals to 22.4 dB/m for the wave attenuation. The signal flow diagram given in

e−αt·le−αt·l e−αt·l

|s31,c1| |s31,c2| |s31,c3| |s21,c4|

|s41,c1| |s41,c2| |s41,c3| |s31,c4|

|s51,c2| |s51,c3||s51,c1|
|s51,c4|

Fig. 5.4: Signal flow diagram of the LO feeding network describing the power
transfer coefficients, the coupling coefficients, and the attenuation in
the NRD-guide.

Fig. 5.4 summarizes the effects that have an impact on the calculation of the
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5 A Low Cost Low Profile Scanning Receiver Array

|s21,ci| being the power transfer coefficient (NRD-guide to
NRD-guide) of the coupler with index i,

|s31,ci| = |s41,ci| being the coupling coefficient (NRD-guide to microstrip
line) of the coupler with index i,

|s51,ci| being the coefficient of radiation and excitation of
spurious modes.

The power balance equation for each coupler

|s21,ci|2 = 1 − 2 · |s31,ci|2 − |s51,ci|2 (5.1)

with the criteria for equal power distribution to all mixer circuits

|s31,ci|2 = |s21,ci|2 · e−αt·l · |s31,ci+1|2 (5.2)

= (1 − 2 · |s31,ci|2 − |s51,ci|2) · e−αt·l · |s31,ci+1|2 (5.3)

can be solved for the coupling coefficient of the coupler |s31,ci|2 and results in

|s31,ci|2 =
(1 − |s51,ci|2) · e−αt·l · |s31,ci+1|2

1 + 2 · e−αt·l · |s31,ci+1|2 . (5.4)

Starting with the last coupler with index 4 and successive application of equa-
tion (5.4) leads to the optimum coupling coefficient values for the hybrid NRD-
guide/microstrip line couplers given in Table 5.1.

Table 5.1: Optimum coupling coefficients for the four couplers.

|s31,c1| |s31,c2| |s31,c3| |s31,c4|
|s31,ci| [dB] −10.2 −8.7 −6.4 −3.5

Figures 5.5 through 5.8 show the simulated S-parameters of the four hybrid
couplers with the coupling coefficients agreeing well with the optimum values
given in Table 5.1. Typically, the coupling coefficient is nearly constant between
22 GHz and 25 GHz with only small amplitude variations. With the first coupler
the coupling coefficient shown in Fig. 5.5 is slightly increasing beyond 24.5 GHz
resulting in some deviation from the equal power distribution to all mixers.
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Fig. 5.5: Simulated S-parameters of the first coupler.
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Fig. 5.6: Simulated S-parameters of the second coupler.
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Fig. 5.7: Simulated S-parameters of the third coupler.
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Fig. 5.8: Simulated S-parameters of the fourth coupler.
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5.3 Design and Simulations of the Components

Due to the fact that the drill hole diameters are kept the same for the first three
couplers and are not matched to the length of the coupling slot, i.e. the degree of
discontinuity, the return loss is more and more limited with increasing coupling
coefficients. But still in the worst case being the third coupler, the return loss
exceeds 13 dB over the complete operational bandwidth.
The last coupler (insert in Fig. 5.8) has a different topology. The complete power
should be transferred to the microstrip line, thus the matching mechanism is
the same like for a conventional transition between NRD-guide and microstrip
line with a short NRD-guide stub. The bandwidth is limited by the reduced
return loss above 25 GHz, but again between 22 GHz and 25 GHz the coupling
coefficient is nearly constant.

5.3.2 Design of a Balanced Mixer with an NRD-guide LO Feed

The mixers designed for the scanning receiver array are implemented as single
balanced mixers, using Skyworks’ low barrier silicon beam-lead Schottky diode
pairs DMF 2828-000 [112] in a series configuration. This diode pair with a for-
ward voltage VF(IF=1 mA)=270 mV to 350 mV requires a relatively low drive
level. A commercial large signal model of the diode was not available at the
time, but had to be set up using the standard diode model in the circuit sim-
ulator within Agilent’s Advanced Design System (ADS) [113]. The parameters
within the model have been optimized step by step to fit simulation results to
the measurement results of the diode pair. Details about measurements of the
DC and RF characteristics and modeling of the diodes can be found in [114].
According to [115] advantages of a balanced mixer topology shown in Fig. 5.9
over a single diode configuration are

• systematic suppression of certain spurious intermodulation products,

• inherent LO to RF isolation without additional filters,

• suppression of amplitude modulation (AM) noise in the balanced signal.

A disadvantage of balanced mixers is their greater LO power requirement. Which
intermodulation products are suppressed is dependent on whether the RF drive
or the LO drive to the two diodes is anti-phase (balanced). The signal injected
to the Δ port of the 180° hybrid appears to be an anti-phase drive to the diodes
and is canceled at the IF port without additional filtering. Typically, the LO
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0° 0°

LO

RF

IF

180°

0°

Δ

Σ

Fig. 5.9: Block diagram of a single-balanced mixer.

drive is much higher than the RF power level and shall thus be strongly sup-
pressed by the mixer, so with this implementation the LO signal is injected
to the Δ port of the 180° hybrid, and the RF signal is injected to the Σ port.
As a consequence, if the mixing products are at fmix=m · fRF ± n · fLO, the
mixer will reject all products where m is even. A detailed discussion on the
suppression of intermodulation products with different mixer configurations can
be found in [115].

LPF
IF

(NRD-guide,
LO port

LSE01mode) Δ

Σ

RF

coupling slot

Fig. 5.10: Setup of the balanced mixer.

For the beam steerable antenna described in this chapter a special type of a
single balanced mixer has been developed using the NRD-guide as an LO feed.
The principle of the mixer is shown in Fig. 5.10. The 180° hybrid is implemented
by a modification of the couplers described in Sec. 5.3.1, page 115 et seq. The
NRD-guide excited by the LSE01 mode represents the Δ input terminal causing
an anti-phase drive of the antipodal diodes pair located at either end of the
microstrip line ring which represents the output terminals of the 180° hybrid.
Assuming that the diodes are identical, the common node between the diodes is a
virtual ground to the LO signal. An additional microstrip line branch attached
perpendicular to the microstrip line ring, provides the Σ input terminal fed
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5.3 Design and Simulations of the Components

by the RF signal. For a low conversion loss the RF impedance level at the
common node between the diodes must be low, too, i.e., the circuit must not
only provide a short for the LO but also for the RF signal. This is accomplished
by the distributed low-pass filter (LPF in Fig. 5.10), which starts with a shunt
capacitance implemented by a low impedance microstrip line section. The length
of the microstrip line section between the diode pair and the LPF is adjusted
to provide this RF short to the diodes. Another task of the LPF is to reject
remaining spurious intermodulation products. In order to suppress IF signal
leakage to the RF port and to guarantee low conversion loss, the diodes should
be also IF short circuited at their input leads. This is achieved by radial stubs
which are attached to the microstrip ring via a short high impedance microstrip
line.

For evaluation purposes the balanced mixer configuration has been implemented
and characterized as a stand alone test circuit. The LSE01 mode on the NRD-
guide is excited with a typical transition from microstrip line to NRD-guide
using a transverse coupling slot. A transition of this kind is part of the dual
mode transition that has been used for feeding the dual polarization antenna
in Chapter 4. The principle of the transition has been discussed on page 60,
and simulation results have been given in Sec. 4.2.1.1, page 85 et seq. Fig-
ures 5.11 and 5.12 show the measured conversion loss versus LO power level and
LO frequency when the mixer operates as a down converter with fRF=19 GHz
and PRF=−8 dB. Optimum LO frequency range is 22.3 GHz to 24.1 GHz with
conversion loss lower than 9 dB.
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Fig. 5.11: Measured conversion loss as a function of the LO power level
with different LO frequencies (fRF=19 GHz, PRF=−8 dBm).
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Fig. 5.12: Measured conversion loss as a function of the LO frequency with con-
stant RF frequency (fRF=19 GHz, PLO=11.3 dB, PRF=−8 dBm).
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5.4 Performance of the Scanning Receiver Array

A photo of the complete receiver array is shown in Fig. 5.13. A detailed layout
of all parts can be found in Appendix A.2, page 141. The IF output signals of
the mixers are filtered by distributed low-pass filters (LPF) and then combined
in-phase by a four-to-one Wilkinson combiner network. A stronger weighting of
the inner two channels is used for reduction of the side lobe level and in order
to compensate for the deviation of the power distribution of the LO feeding
network described in Sec. 5.3.1.

IF out

LO in

4 microstrip
antenna elements

4 low-pass filters

NRD-guide

combiners
3 Wilkinson

4 mixers

Fig. 5.13: Photo of the complete antenna.

A block diagram of the measurement setup for the radiation diagrams of the
antenna is given in Fig. 5.14. Some part of the transmit signal is fed to another
mixer providing a reference signal. Both reference (IF) signal and receiver array
output are fed to the down-converter of a network analyzer operated in a dual
frequency mode. In this way, a coherent and sensitive measurement setup could
be achieved [116].
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Fig. 5.14: Block diagram of the antenna measurement setup.
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Fig. 5.15: H-plane radiation diagrams of the antenna array operated in the
receive mode at 19 GHz (LO frequency fLO=22.8 GHz . . . 24.8 GHz,
IF frequency fIF=3.8 GHz . . . 5.8 GHz, all diagrams normalized to
0 dB).

Figure 5.15 shows the H-plane radiation diagrams of the receiver arrangement
with the RF frequency fixed at 19 GHz and the LO frequency varied from
22.8 GHz to 24.8 GHz, resulting in a scan range from −7° to +21°. The dotted
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Fig. 5.16: Measured steering angle and side lobe level of the radiation
diagram of the receiver array as function of the LO frequency.

curve in Fig. 5.16 shows that in the frequency range from 22.8 GHz to 24.8 GHz
the side lobe level is below −10 dB. Measurement of the radiation diagrams for
a wider range of LO frequencies indicated that allowing a slightly higher side
lobe level of −8 dB, the scan range is extended to −11.8° to +23.5°.

In [108] it was shown that by injecting a 3.8 GHz to 5.8 GHz signal at the IF
port and a 22.8 GHz to 24.8 GHz signal at the LO input port in Fig. 5.13, the
antenna can also be operated in a transmit mode with a constant RF signal at
19 GHz.

5.5 Two-path Band-pass Filters for a Steeper Phase Increment

In [117] a class of two-path multimode band-pass filters using the NRD-guide
was proposed, providing an additional pole of attenuation close to the cut-off
frequency thus offering steeper slopes in the filter characteristic than one-path
NRD-guide band-pass filters.

A similar setup depicted in Fig. 5.17 provides a steep phase increment over
frequency to allow for a wide scanning range with a low LO frequency variation.
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LO port

(NRD-guide,
LSM01mode)

(NRD-guide,
LSM01mode)

LO port

Fig. 5.17: Setup (top view) of the two-path NRD-guide band-pass filter.

In this approach, the center section of the three resonator band-pass filter in
Fig. 5.2, page 116 is replaced by two parallel dielectric strips, and the gap
between the two-path section in the center and the single-path sections at either
end is carefully adjusted for providing the proper inverter coefficient.

The step from the one-path NRD-guide to the two-path NRD-guide excites
both the LSE01 and the LSM01 mode in the two-path NRD-guide section. This
increases the order of the band-pass filter by one. So actually the two-path
NRD-guide band-pass filter is of order four and has therefore a steeper phase
increment compared to a one-path NRD-guide band-pass filter with identical
physical length. The symmetry along the NRD-guide prevents the excitation
of the LSE01 mode in the one-path NRD-guide sections. In Fig. 5.18 two of
the four expected resonances are falling on the same frequency and thus only
three reflection zeros can be observed. The rectangle in this figure indicates the
frequency range from 23.92 GHz to 24.64 GHz where return loss exceeds 15 dB.

Comparison of the phase increments in Fig. 5.19 of a two-path NRD-guide band-
pass filter and of a one-path NRD-guide band-pass filter shows the big advantage
of the first. In the 0.72 GHz range from 23.92 GHz to 24.64 GHz indicated by
the rectangle, where according to Fig. 5.18 return loss exceeds 15 dB, a variation
of the phase increment by 188° is achievable, leading to a wider scanning range
compared to the 2 GHz range from 23 GHz to 25 GHz, where only a variation of
the phase increment by 145° is achievable with the one-path NRD-guide band-
pass filter.
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Fig. 5.18: Simulated S-parameters of the two-path NRD-guide band-pass filter.
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middle), showing the steeper characteristic of the first.
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Considering the phase and amplitude characteristics of couplers with two-path
NRD-guide sections, expected radiation patterns have been calculated for con-
trol signals with different frequencies. The calculated radiation diagrams have
been analyzed in terms of steering angle of the main lobe in azimuth and side
lobe levels. Figure 5.20 plots both values (solid curves) versus the control signal
frequency. For comparison the measured values (dashed curves) are given for
the receiver array with the conventional NRD-guide feeding, too. Allowing a
side lobe level of −8 dB the main lobe can be steered between ±45° with an LO
frequency variation of only 0.72 GHz.
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Fig. 5.20: Measured steering angle and side lobe level (dashed curves) of
the radiation diagram of the receiver array dependent on the
LO frequency versus calculated values (solid curves) based on
a feeding with two-path sections.
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6 Summary

This thesis deals with the investigation and development of low profile, low loss
antennas with emphasis on reduced cost implementations for different commu-
nication and radar applications in the microwave and millimeter-wave region.
All antennas investigated in this work are implemented in the K-band (18 GHz–
26.5 GHz) as for this frequency range measurement facilities and power ampli-
fiers were readily available, but actually they lend themselves for applications in
the mm-wave range where the low loss characteristic of the NRD-guide is even
more pronounced.

In the first part, Chapter 3 a fixed beam antenna for point-to-point ap-

plications is presented. The focus for this antenna is to implement a low cost
solution for high gain antennas with high efficiency and a flat setup. To meet this
goal, a planar antenna array is combined with an NRD-guide feeding structure.
The NRD-guide provides a low loss, lightweight and easy to fabricate alterna-
tive to conventional rectangular waveguide techniques. This antenna shows a
depth of only 6.3 mm. Such a low profile can otherwise only be achieved with
purely planar techniques like microstrip antennas fed by a microstrip line feed-
ing network, but then at the cost of increased loss and reduced efficiency. The
half power beam width of this antenna array is 7° in the E-plane and 11.2° in
the H-plane. Maximum gain is 22.6 dBi at 24 GHz and aperture efficiency is
59%. A comparison with values given in literature reveals that only microstrip
antenna arrays with waveguide feed network can provide similar or even greater
efficiency numbers. But this is at the cost of a more complex feeding network
with increased production cost and a bulkier and heavier setup. In a future
version the feeding network could be implemented in substrate integrated NRD
(SINRD) waveguide technique further reducing the fabrication cost. The princi-
ple of this antenna can easily be extended to a bigger array of the same 9 patch
sub array providing not only higher directivity but also higher gain. Side lobe
levels can be further reduced applying an amplitude taper function by using
asymmetric T-junctions in the NRD-guide feed network.
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6 Summary

The second part, Chapter 4 deals with the implementation of dual polariza-

tion antennas. The NRD-guide is used as a dual mode waveguide for feeding
a dual polarization antenna array. Thanks to its multimode characteristic and
the fact that these modes do not interact unless at a group of asymmetric discon-
tinuities, the NRD-guide can be used to feed sub arrays of microstrip antenna
elements for independent operation in two polarizations. The longitudinal sec-
tion electric (LSE) mode and the longitudinal section magnetic (LSM) mode
are excited independently by separate transitions from microstrip line to NRD-
guide. Each of the modes causes the planar patch array to radiate in one linear
polarization. In a first implementation of the dual polarization antenna

the feeding network is implemented in the substrate integrated NRD (SINRD)
waveguide technique. With this antenna the production process of the feed net-
work only includes drilling and no machining. This has two major advantages
over a conventional NRD-guide implementation. First, the production cost is
reduced substantially and, second, it solves the alignment issue between the dis-
tinct layers because some of the drill holes in the dielectric material together
with dowel pins can be used to align the NRD-guide feeding structure with the
planar radiating structure. With this antenna the dual mode transitions are
implemented by a set of slots in the ground metallization. For the LSM01 mode,
the commonly applied matching technique based on a λ/4 long NRD-guide stub
is used. By contrast, slots in the back side ground metallization of the SINRD-
guide provide a matching mechanism for the LSE01 mode without interference
with the LSM01 mode. The dual polarization antenna consisting of four square
patch radiators shows a half power beamwidth between 25° and 38° in the E-
and H-plane for excitation with both modes.
The second antenna described in Chapter 4 is a dual polarization antenna

array of two sub arrays. In contrast to the transitions used in the SINRD-
guide dual polarization antenna, the transitions used for the array works without
additional slots in the back side ground metallization. A reduction in the width
of the NRD-guide is used to control the matching of the transitions for both
modes independently. Thus no asymmetry along the height of the NRD-guide
is required which would make the transition susceptible to the excitation of
parallel plate waves. The dual polarization antenna array consisting of two iden-
tical sub arrays with 2×2 square patch radiators shows half power beamwidths
of 17° and 35° when excited with the LSE01 mode and 21° and 31° when excited
with the LSM01 mode. The gain of the antenna array when excited with LSE01

mode is 12.2 dBi, that is the array and feed network efficiency is 51%. When
the array is excited with the LSM01 mode, gain is 12.1 dBi and efficiency is 49%.
This antenna array can be easily extended to a bigger array with higher gain by
duplicating the existing structure. All necessary sub circuits are described in
detail. Both implementations of dual polarization antennas show with 3.5 mm
antenna depth a very flat and compact setup.
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The third part, Chapter 5 describes the design and implementation of a low

cost low profile scannable receiver array. Possible applications include
radar sensors in the automotive field, ground terminals of low earth orbit (LEO)
satellite communication systems and smart antennas for wireless communication
networks. The antenna beam scanning is achieved by a frequency scan of the
LO signal. In this array, scan range was limited to −11.8° to +23.5° due to a
phase offset of the couplers and a limited phase increment over the LO frequency.
The couplers are key components to this kind of scanning antenna. Two-path
NRD-guide band-pass filters feature a steeper phase increment with frequency
as compared to conventional NRD-guide band-pass filters. A scanning receiver
array with reduced LO frequency variation and wider scanning range using two-
path NRD-guide band-pass filters has been proposed and investigated in detail.
Simulation results of those two-path NRD-guide band-pass filters indicate the
potential for a scanning range of the antenna of ±45° within an LO frequency
variation of only 0.72 GHz. For a smaller beamwidth in the H-plane, the array
can be easily extended to more antenna elements. In the E-plane the beam
might be narrowed by using a set of serial fed patches. The total height of
the antenna is only 3.5 mm plus the back side aluminum plate and thus the
scannable receiver array suits very well to automotive sensor applications where
space requirements are typically critical and low profile setups are required. The
lateral dimensions of the antenna (120 mm × 95 mm) have not been optimized
and could be further reduced by the use of smaller designs of the planar parts
including approved and low cost MMIC mixers. The possibility to drive this
type of antenna arrays in a transmit mode was shown with a similar antenna
and presented in [108]. The scan range in transmit mode operation has been
proven to be identical to the scan range in receive mode operation but inverse
over LO frequency.
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A Appendix

A.1 Design Details on the Components of the Dual
Polarization Antenna

This appendix gives the layouts and lists the dimensions of all the components
of the dual polarization antenna described in chapter 4.2.

A.1.1 Dual Mode Transition from NRD-guide to Microstrip Line

This dual mode transition from microstrip lines to an NRD-guide is used to
independently excite the LSE01 mode and the LSM01 mode on the same NRD-
guide section in the dual polarization antennas. The setup with the naming of
the dimensions is given in Fig. A.1 and specific values for the dimensions are
stated in Table A.1. Simulation results and measurement results are given in
section 4.2.1.1, page 81 and section 4.2.2, page 92, respectively.

wnrd

lstub,nrd,LSE

ls,LSM

ls,LSE

wnrd,red
lstub,msl,LSE

lstub,nrd,LSM

lstub,msl,LSM

Fig. A.1: Setup (top view) of the dual mode transition NRD-guide to microstrip
line.
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A Appendix

stub length microstrip line, LSE-Mode lstub,msl,LSE 2.3 mm
stub length microstrip line, LSM-Mode lstub,msl,LSM 2.0 mm
stub length NRD-guide, LSE-Mode lstub,nrd,LSE 3.4 mm
stub length NRD-guide, LSM-Mode lstub,nrd,LSM 0.8 mm
slot length, LSE-Mode ls,LSE 5.0 mm
slot length, LSM-Mode ls,LSM 4.6 mm
width of reduced NRD-guide wnrd,red 3.0 mm
width of NRD-guide wnrd 5.0 mm

Table A.1: Dimensions of the dual mode transition NRD-guide to mi-
crostrip line (Fig. A.1).
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A.1 Design Details on the Components of the Dual Polarization Antenna

A.1.2 Dual Mode NRD-guide T-junction

This NRD-guide T-junction is a 3 dB power divider with good matching per-
formance for both modes, LSE01 and LSM01. The T-junction is optimized for
maximum power conversion to the LSE01 mode at the output branches when
excited with LSM01 mode at the input branch and vice versa. The setup with
the naming of the dimensions is given in Fig. A.2 and specific values for the
dimensions are stated in Table A.2. Details on the matching and optimization
principle and on simulation results can be found in section 4.2.1.3, page 89.

dx,hole

wnrd

dz,hole

wnotch

rhole

dnotch

Fig. A.2: Setup (top view) of the dual mode NRD-guide T-junction with match-
ing holes.

notch depth dnotch 1.5 mm
notch width wnotch 3.0 mm
distance of drill in x-direction dx,hole 3.8 mm
distance of drill in z-direction dz,hole 1.5 mm
radius of drill rhole 0.6 mm
width of NRD-guide wnrd 5.0 mm

Table A.2: Dimensions of the dual mode NRD-guide T-junction with match-
ing holes (Fig. A.2).
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A.1.3 Dual Mode Transition from NRD-guide to Crossed Microstrip
Lines

This transition is used for feeding the dual polarization antenna sub arrays de-
scribed in section 4.2.3, page 100. The setup with the naming of the dimensions
is given in Fig. A.3 and specific values for the dimensions are stated in Table A.3.
Simulation results and measurement results are given in section 4.2.1.2, page 88
and section 4.2.2.2, page 96, respectively.

ls,LSE

dnrd,step

wnrd,stub,LSE

lstub,nrd,LSM

lstub,nrd,LSE

wnrd

ls,LSM

wnrd,stub,LSM

Fig. A.3: Setup (top view) of the dual mode transition NRD-guide to crossed
microstrip lines.

stub length NRD-guide, LSE-Mode lstub,nrd,LSE 3.2 mm
stub length NRD-guide, LSM-Mode lstub,nrd,LSM 1.4 mm
slot length, LSE-Mode ls,LSE 4.2 mm
slot length, LSM-Mode ls,LSM 5.0 mm
distance of step in width NRD-guide, LSM-Mode dnrd,step 2.0 mm
stub width, NRD-guide, LSE-Mode wnrd,stub,LSE 3.0 mm
stub width, NRD-guide, LSM-Mode wnrd,stub,LSM 6.6 mm
width of NRD-guide wnrd 5.0 mm

Table A.3: Setup (top view) of the dual mode transition NRD-guide to
crossed microstrip lines (Fig. A.3).
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A.2 Layouts of the NRD-guide Fed Antennas

A.2 Layouts of the NRD-guide Fed Antennas

This appendix gives the detailed layouts of the antennas described in Chapter 4
and Chapter 5.

1

3 3

4

5

2

8

8

96

7

3 3

Fig. A.4: Layout of the dual polarization antenna fed by an SINRD-guide:
1: SINRD-guide feeding made of Rogers TMM-6, 2: drill hole pat-
tern in the Rogers TMM-6 material, 3: dowel pins, 4: input for radia-
tion in the vertical polarization, 5: input for radiation in the horizon-
tal polarization, 6: small microstrip line feeding network, 7: square
microstrip patch antenna elements, 8: coupling slots in the back side
metallization of the front side substrate RT/Duroid 5870, 9: crossed
coupling slots.
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4

4

44

4

4

10

8

3 3

9

9

2

2

2

1

7

5 6

Fig. A.5: Layout of the dual polarization antenna array: 1: corporate NRD-
guide feeding network made of Rogers TMM-6, 2: positioning forms
made of Rohacell foam, 3: fixing plates for the SMA connectors,
4: dowel pins, 5: input for radiation in the vertical polarization,
6: input for radiation in the horizontal polarization, 7: small mi-
crostrip line feeding network, 8: square microstrip patch antenna el-
ements, 9: coupling slots in the back side metallization of the front
side substrate RT/Duroid 5870, 10: crossed coupling slots.
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A.2 Layouts of the NRD-guide Fed Antennas
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4
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4
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13 13 13 13

77 7
10

11

1

5
6

3

9

12

22

3

Fig. A.6: Layout of the scanning receiver array: 1: dielectric rod made of
Rogers TMM-6, 2: positioning form made of Rohacell foam, 3: fixing
plates for the SMA connectors, 4: dowel pins, 5: back side aluminum
plate, 6: planar substrate RT/Duroid 5870, 7: coupling slots in the
back side metallization of the front side substrate, 8: LO input,
9: IF output, 10: diode pairs, 11: low pass filters, 12: SMD resistors
100 �, 13: antenna elements receiving the RF signal.
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