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Abstract: This paper presents an overview of fully dielectric antenna arrays with integrated dielectric power
dividers developed at Technische Universität Darmstadt
as an extension of previous work. The power dividers
are based on the principle of multimode interference and
offer one- and two-dimensional power division in a single
step, which allows the realization of small and lightweight
devices. In order to prove the concept, 1 × 4 and 4 × 4 fully
dielectric antenna arrays with integrated power dividers
milled from Rexolite are designed, realized and characterized, operating between 90 GHz and 105 GHz. To assess
miniaturization and beamsteering capabilities, three 1 × 4
arrays composed of different materials, Rexolite, Preperm
L300 and Preperm L440, are compared regarding gain,
size, weight and element spacing. Depending on array size
and material, gain is between 12.5 dBi and 22 dBi, accompanied with sidelobe levels below –7.5. All demonstrators
are realized by milling, but the designs show the potential to be 3D printed or injection molded for large scale
manufacturing.
Keywords: rod antenna, antenna array, millimeter wave
devices, dielectric waveguide, multimode interference
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1 Introduction
The mm-wave regime is of special interest for high-data
rate communication links and precise radar imaging, due
to large effective bandwidths available at unassigned high
frequency bands. Devices operating in the upper mmwave region are therefore paving the way for future communication systems and are closing the gap between the
Gigahertz and Terahertz spectrum. However, the increasing path loss is the main obstacle to overcome in order
to be able to exploit the afore mentioned benefits of a
high operating frequency. In order to compensate path
loss, high-gain antenna arrays can be used. In addition,
antenna arrays offer the possibility to perform beam steering by creating a phased array. Therefore, the potentially
narrow beam of the array can be steered towards a desired
direction, establishing a stable data link even for nonstationary scenarios.
At mm-wave frequencies, the ohmic losses of metallic waveguides and antennas become a major issue when
designing waveguiding devices. These losses can be
avoided by using dielectric waveguides (DWGs). DWGs
offer a lightweight, low loss, cost efficient and easy to
fabricate alternative to conventional waveguides. They
have been widely utilized at millimeter waves in various devices such as flexible transmission lines [1], [2] or
tunable phase shifters [3–6]. A simple way to realize a
dielectric antenna is to taper the DWG at its end, such that
a dielectric rod antenna (DRA) is formed [7]. Due to their
design, DRAs are broadband, easy to match, and fabrication can be kept simple and cost efficient. Furthermore,
gain and beamwidth can be tuned by changing the DRA’s
taper length solely, hence, no fundamental change in the
different antennas’ shapes is necessary for customization
[7]. Together with dielectric phase shifters, e. g. [3],[4],
the tunable antenna can be realized in a fully dielectric
manner.
In order to feed the different dielectric antenna elements a power distribution network is needed. A hollow
waveguide feed such as in [8], [9] could be an option,
but it is comparably heavy and has to be assembled with
individual metallic and dielectric parts. A combination of
a metallic and a dielectric approach has been shown in
[10], where the dielectric is electroplated. However, the
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advantage of solely dielectric losses is no longer given.
Classical dielectric Y-dividers [11, 12] offer the possibility
to split power fully dielectric both in x- and y-direction,
however, they are fragile and consume a lot of space since
the bending radii of the fibers have to be very smooth in
order to avoid parasitic radiation at discontinuities and
bends.
A compact and elegant way to circumvent the aforementioned drawbacks is to make use of multimode interference (MMI) [13], [14]. Originally utilized in the optical
domain, its principle can be adapted to the mm-wave
region, allowing compact integrated power splits in one
solid, mechanically robust block of dielectric material.
The basic concept of MMI is the fact that a sudden
broadening of the DWG leads to the propagation of
higher-order modes along the broad section of the DWG.
Since these modes have different propagation constants,
a varying interference pattern is formed along the multimode waveguide. At distinct lengths, separated maxima
of evenly distributed power arise. Placing single-mode
output DWGs at the positions of these maxima allows
splitting the power evenly between each output DWG.
In this manuscript the basic concept of MMI is
reviewed, before its application as a power divider for
antenna arrays is discussed, based on [15, 16] and [17].
Both one- and two-dimensional antenna arrays are
simulated, designed, realized and measured by using a
low-loss dielectric with easy processing capabilities and
a permittivity of %r = 2.53. In the two-dimensional case,
a flexible measurement setup is introduced in order to
verify equal power split, showing how the different output ports behave regarding power imbalance and phase
distribution. To assess its miniaturization and beamsteering capabilities, a feasibility analysis is carried out with
three realized one-dimensional arrays made from three
different materials with permittivities of %r = 2.53, %r = 3.0
and %r = 4.4. The results together with the possible
extension to fully dielectric phased arrays with integrated
power divider are summarized at the end of this paper.

2 Multimode interference
Multimode interference (MMI), well described in [13], was
initially used in the optical domain for couplers and
dividers [14]. It is often referred to as self-imaging, since
the input field distribution is repeated along a multimode
waveguide. Figure 1 shows exemplary the first 5 modes of
a rectangular dielectric waveguide of width w = 12.25 mm,
height h = 1.8 mm and %r = 2.53, operating in W-Band. Due

Figure 1: Mode profiles in x-direction of the first five modes in a
multimode waveguide of width w = 12.25 mm, height h = 1.8 mm and
permittivity %r = 2.53. The vertical dashed lines in the graph denote
the waveguide’s physical boundaries. The evanescent field
components outside the dielectric are clearly visible.

to its large dimension of several wavelengths in width,
i. e. x-direction, higher-order modes can be excited along
x-direction, while the narrow height ensures no higherorder modes along y-direction.
It can be observed that the modes extend beyond
the physical boundaries of the dielectric waveguide in
a exponentially decaying manner due to the absence of
metal, which would introduce a strict boundary. If more
than one mode propagates in a waveguide, they start to
superimpose constructively or destructively. Since all m
propagating modes have different propagation constants
"m , the interference pattern shows spatial dependency
in z-direction. Using paraxial approximations [14], the
spacing of propagation constants between fundamental
(m = 0) and m-th order mode is described by
"0 – "m ≈

0m(m + 2)
,
3L0

(1)

where L0 is the so called beat length of the multimode
section [13]. It represents the coupling length of the two
lowest-order modes "0 and "1 and can be determined by
L0 ≈

√ 2
,
4 %r weff
,
3+0

(2)

where %r denotes the relative permittivity of the dielectric,
weff represents the effective width of the multimode section and +0 is the free space wavelength. Note that the
effective width of the multimode DWG has to be taken into

H. Tesmer et al.: Fully Dielectric Rod Antenna Arrays

account, since parts of the wave travel outside the dielectric (see Figure 1). With higher permittivity this width gets
closer to the physical width of the multimode waveguide
w [13].
Based on the discussions in [13], the field distribution
J(x, z) at length z in the multimode section is represented
by the summation of the field profile of all guided modes
according to
J(x, z) =

M–1



cm 8m (x)exp

m=0



jm(m + 2)0
z ,
3L0

(3)

where M denotes the maximum number of guided modes,
cm and 8m (x) describe the excitation coefficients and
modal field distributions of the considered mode, respectively. Time dependency in the form of a factor exp(j9t)
is implicitly assumed and not notated in the equation
above. At z = 0 the total field distribution is given by the
input’s field distribution. Therefore, at z = 0 the sum of
all propagable modes has to yield the input’s field distribution. If the exponential in eq. (3) is equal to 1 or (–1)m
the same (or mirrored) field distribution as at the feeding
point is obtained, hence, a so-called self-image formed in
the multimode waveguide. In general, these self-images
occur at z = Lp = p ⋅ 3L0 with p = 0, 1, 2.... In between
these distances higher-order images are formed. Without
a particular feeding position the lengths for higher-order
images are given in [13] as
LpN =

p
3L0 ,
N
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self-imaging lengths than any other feed position along
x, which is why only central feeds are used for all devices
introduced in this manuscript. Using symmetric interference, the length where N images are formed is described
by
LN = (3L0 )/4N,

(5)

which is a length four times smaller than in the general
case. Figure 2 shows the interference pattern of a centrally
fed MMI section, together with the distances L1 = 43 L0 ,
3
L2 = 83 L0 and L4 = 16
L0 . If the device is cut at z = LN
for power division, the maxima can arrive with different
phases at the cutting plane. This is due to the differing
physical distance from the central feed. In contrast to
other interference-based effects, the MMI principle considered in this paper is relying on a single feed only and
does not require a periodic structure, which is necessary,
for example, for the Talbot effect [18].

Figure 2: Ey in a multimode waveguide of width w = 12.25 mm and
permittivity %r = 2.53 at 95 GHz. Different lengths for the occurrence
of one, two and four maxima are indicated.

(4)

where p ≥ 0 and N ≥ 1 are integers with no common
divisor. N represents the number of images obtained at
the corresponding length L. In general, these N images
have an amplitude of √1 with respect to the input
N
field’s amplitude and are not necessarily equally spaced
throughout the width of the multimode waveguide. In
order to have compact devices with shortest lengths, p = 1
is assumed and will not be explicitly indexed throughout
the rest of this paper. Based on the placement of the input
waveguide along x, different lengths for self-imaging
distances occur, since the input field’s position restricts
the excitation of certain modes. If the feed is placed
directly in the center of the multimode section (x = 0),
only y-axis-symmetric modes can be excited, which do
not show a zero in the center. Hence only modes of odd
y
y
y
order m can be excited, i. e. E11 , E31 and E51 in Figure 1.
Placing the feed in the center of the multimode
waveguide leads to symmetric interference, described in
[13]. The main benefit of this feed position is that the
corresponding interference mechanism leads to shorter

3 One- and two-dimensional
antenna arrays fed by integrated
MMI power dividers
Based on the discussions above, one- and twodimensional antenna arrays can be designed with
integrated MMI power dividers. The antennas presented
in this section are composed of Rexolite, a low-loss material of lower permittivity (%r,Rex = 2.53, tan$Rex = 6 ⋅ 10–4 at
94 GHz [19]).

3.1 1 × 4 antenna array
The first DRA array with integrated power split achieved
by MMI was proposed in [15] and forms a 1 × 4 array. Its
dimensions are given in Figure 3.
The feed is realized as a subwavelength DWG with
edge length a = 1.8mm and is located at the center of
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Figure 3: Schematic with corresponding dimensions of the 1 × 4 DRA
array with integrated power divider.

the power divider section. Its dimensions are found by
Marcatili’s approximation method [20] and are adjusted
with CST Studio Suite, such that the subwavelength
DWG big enough for mechanical handling and stability, but mono-mode propagation is still maintained. In
order to mitigate radiation losses, the MMI section is not
instantly widened to its maximum width w = 12.25 mm
but has a short tapered section. Note, that an abrupt
change in width is essential for MMI to be triggered,
hence, the taper shall not reach the subwavelength DWG.
The necessary length for the formation of four images
is calculated according to eq. (5) and fine-tuned by
full-wave simulations performed with CST Studio Suite.
Since the formation of maxima is due to interference, the
integrated power divider is inherently band limited. The
length L4 necessary for four maxima of equal intensity
is dependent on L0 , which is in turn depending on the
√
effective wavelength +eff = +0 / %r according to eq. (2).
Therefore, L4 is a frequency dependent variable. This
circumstance manifests in varying S-parameters for each
port, visualized in Figure 4. It strikes that the outer ports
P2 and P5 share similar behavior, as well as the inner
ports P3 and P4 do. This behavior is present in phase as
well. Power splits with an imbalance of less than 1 dB are
achieved in a range from 90 GHz to 105 GHz.
With the power divider at hand, the antenna elements
have to be investigated. Most important is to compensate
the phase difference of the output ports introduced by
MMI according to Figure 2. In order to do so, the DRA elements have a difference in taper length. The DRAs at the
outer ports, behind in phase, have a longer taper length
than the DRAs at inner ports. Therefore, the propagation constant of a wave traveling on the DRA with longer
taper is earlier adopted to the one of free space. Choosing the taper lengths carefully, a nearly plane phase front
can be achieved at the tips of the DRAs. This behavior is
visualized in Figure 5. The antenna elements were chosen
to have a spacing of 3.2 mm (1.01+0 at 95 GHz) in order to
reduce coupling.

Figure 4: Simulated S-parameters in magnitude (top) and their
corresponding phase difference (bottom). Pairwise similar behavior
of the output ports can be observed. The central ports (P3 and P4)
are ahead in phase with respect to the outer ports (P2 and P5) [15].

Figure 5: Simulated absolute value of the E-field along the fully
dielectric DRA array at 95 GHz.

Figure 6a shows the fabricated antenna, milled from Rexolite in one piece. For measurements the dielectric feed
is connected to a WR10 hollow-waveguide-to-dielectricwaveguide transition [21], [22]. The antenna together with
the waveguide transition is mounted on a rotary table
for pattern characterization (Figure 6b). The reference
antenna is a 22 dBi standard gain horn antenna.
The measured, individually normalized antenna pattern for selected frequencies are given in Figure 7.
Good agreement between simulation and measurement is
achieved. In E-plane, the pattern is formed by the chosen
rod shape, while in H-plane the rod array determines the
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Figure 8: Gain, SLL and input reflection of the 1 × 4 DRA array over
frequency [15].

Figure 6: (a) DRA array milled from Rexolite which is (b) mounted on
the rotary table for pattern characterization [15].

pattern. An overview of the frequency dependent behavior
regarding gain, sidelobe level (SLL) and input reflection is
given in Figure 8. The measured gain is between 16.5 dBi
and 18 dBi, while the SLL stays below –10dB in the design
range.

3.2 4 × 4 antenna array
The concept of MMI can be extended to a two-dimensional
approach. As described in [23], the field expression
in eq. (3) is extended to represent higher-order mode
propagation in the second dimension, hence forming:
J(x, y, z) =



jk(k + 2)0z
jm(m + 2)0z
exp
.
ckm 8km (y)exp
3Lx0
3Ly0
m=0

M–1
K–1 

k=0



(6)

Figure 7: Individually normalized measured pattern of the 1 × 4 DRA
array at selected frequencies, compared with simulation results
(dashed). (a) H-plane shows narrow beam width due to the array
while (b) E-plane is dominated by the pattern of a single element
[15].

m and k denote the order of the two dimensional modes
"mk for x- and y-direction, respectively. The two exponentials describe dependency on the beat length and mode
order in x- and y-direction. For an axis-symmetric device
Lx0 = Ly0 = L0 , since the effective widths of the MMI section are the same in both directions (weff x = weff y ). Therefore, for central feed positioning, one particular length for
the formation of N maxima in both x- and y-direction can
be calculated: LNN = (3L0x )/4Nx = (3L0y )/4Ny = (3L0y )/4N.
Figure 9 depicts the model of the two-dimensional power
divider with 16 output ports, proposed in [16], and its corresponding dimensions. Due to the symmetric design, it
is sufficient to investigate four out of 16 output ports.
Similar to the one-dimensional case, even if the ports
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Figure 9: Schematic of the two-dimensional power divider with its
corresponding dimensions. The 16 output ports, showing equal
output power, can be classified into three groups, depending on the
corresponding phase (see color code).

are well balanced, their phase differs, depending on
the port’s distance to the center of the MMI section.
Inner ports are ahead in phase compared to ports having a larger radial distance from the central point of the
divider.
In order to verify a 1/16 power split in practice and
the corresponding phase distributions as simulated, the
1 : 16 power divider was milled in one piece from Rexolite.
Since only two ports could be simultaneously measured
in the lab, while all other ports have to be well matched,
adaptable port access has to be accomplished. This is
done by using a pin-plug structure in order to be able to
connect the measurement probe or a radiation element
to the ports. If a port is measured, a dielectric output
is connected while all other ports are terminated with a
radiation taper, radiating away from the measured port.
This measurement principle is depicted in Figure 10. A

Figure 10: (a) Fabricated parts for characterization and (b)
characterization setup of the 2D MMI power divider. The radiation
tapers can be turned such that they will always radiate away from
the WR10 transition, so the measurement is not disturbed.

more detailed description of the measurement is provided
in [16]. Measurement results regarding magnitude and
phase of the output ports are given in Figure 11. High
agreement is achieved for the phase distribution, while
agreement differs in magnitude at the upper frequency
band. Deviations may be caused by small misalignments
when measuring the different ports. All 16 ports are measured and the symmetrical behavior could be verified. The
input reflection is below –15dB up to 105 GHz. In order
to use the divider for an antenna array, three different
phase offsets have to be compensated in the 4 × 4 array.
Again, we make use of different taper lengths of the DRAs
in to achieve phase alignment. Therefore, with the four
inner ports (red marked in Figure 9) forming the reference phase and being connected to DRAs with a certain
taper length, the ports 90○ behind (cyan in Figure 9)
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Figure 11: Output power levels and corresponding phases for the
ports defined in Figure 9. Simulated results are depicted with
dashed lines [16].

have to be connected to DRAs with longer taper length
and the ports at the four edges of the array have to be
connected to DRAs with the longest taper length. These
lengths have been optimized with the help of CST Studio
Suite. The detailed rod lengths can be found in [16]. The
DRAs show the same plug structure used for measuring
the single ports and can be easily connected to the fully
characterized power divider. The two-dimensional power
divider shows an element spacing of 3.7 mm (≈ 1.17+0 at
95 GHz) for decoupled output ports. This distance is given
by the milling process when the device is fabricated in
one piece. The assembled array is depicted in Figure 12.

Figure 12: Fully assembled 4 × 4 DRA array with integrated 2D power
divider, connected to a WR10 transition. This setup is mounted on a
rotary table for pattern acquisition [16].

Figure 13: Individually normalized measured pattern of the 4 × 4
DRA array at selected frequencies, compared with simulation results
(dashed). (a) H-plane and (b) E-plane show similar behavior [16].

Figure 13 depicts the antenna array together with the
WR10 transition necessary for measurements. The pattern
is measured in the same way as the 1 × 4 DRA array’s pattern. Figure 13 shows the measured, individually normalized pattern in E- and H-plane. In contrast to the 1 × 4 DRA
array, the E-plane pattern is now narrowed as well, due to
the second dimension of the array. The behavior of gain,
SLL in H-plane and input reflection is given in Figure 14.
Compared with the results of the 1 × 4 array (Figure 8) similar SLL behavior and up to 4.5dB higher gain at 97.5 GHz
are achieved. An increased input reflection is observed,
however, it is still below –15dB. Gain is approximately 2dB
lower than simulated. This can be caused by the amount
of individual DRAs with fabrication tolerances connected to the 16 output ports. The reconfigurable port access
(pin-plug structure) can introduce slight losses, and phase
may not be exactly compensated. These influences can be
eliminated if array and power divider are manufactured
from one piece, as Figure 8 indicates, where simulated
and measured gain show less deviations. Especially 3D
printing or injection molding can prove advantageous
when considering the production of a two-dimensional
structure.
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Table 1: Comparison of DRA arrays composed of Rexolite,
Preperm L300 and Preperm L440. For definition of variables see
Figure 15.
Material

%r

Rexolite
L300 [17]
L440 [17]

2.53
3.0
4.4

tan$

l⋅w

6 ⋅ 10–4 (94 GHz)
1.5 ⋅ 10–3 (60 GHz)
6 ⋅ 10–3 (22 GHz)

384.6 mm2
304.1 mm2
202.4 mm2

d/+0
@95 GHz
1.013
0.855
0.697

Figure 14: Gain, SLL and input reflection of the 4 × 4 DRA array over
frequency.

4 Feasibility analysis of 1 × 4
antenna arrays with materials of
higher permittivity
It has been shown in [24] that a controlled phase difference along the DRA elements provides reasonable beam
steering capabilities. A phased array can provide reconfigurable phase relations to steer the beam in different
directions, but grating lobes have to be suppressed by
moving the antenna elements closer together. In order
to assess miniaturization and beamsteering capabilities, higher permittivity materials are investigated. For
simplicity reasons regarding design, fabrication and verification, only one-dimensional antenna arrays are considered. They are then compared to the 1 × 4 array introduced in the previous Section.
The design is straightforward according to the theory
described in Section 2 and Section 3. Detailed information can be found in [17]. Since the permittivity increases,
the dimensions of the single mode fiber decrease. Similarly, the overall dimensions of the MMI section decrease,
allowing more narrow placement of the output ports, and
therefore, the antenna elements. The materials considered
are Premix’ Preperm L300 and L440, whose successors are
now known as Preperm PPE300 and PPE440 [25], respectively, showing a relative permittivity of %r,L300 = 3.0 and
%r,L440 = 4.4. Important parameters of the materials and
the antenna arrays are compared in Table 1. All arrays
are realized as one piece, milled from the corresponding
materials, and are depicted in Figure 15. A reduction of
the sectional area of 52% is achieved when using Preperm
L440 instead of Rexolite. Correspondingly, the weight of

Figure 15: DRA arrays made from three different materials.

the array (0.5 g) is reduced by 30% to 0.35 g. In addition,
closer element spacing d of 0.697+0 at 95 GHz instead of
1.013+0 can be realized. All three arrays are well matched
according to Figure 16. In fact, especially in the case of
L440, simulations predicted worse matching than measured, highlighting the uncertainty of the loss tangent of
the material in the measurement range. In addition, both
high permittivity structures had to be manually adjusted
to fit to the WR10 transition, which increases tolerances.

Figure 16: Simulated and measured input reflection of three 1 × 4
DRA arrays made from different materials.
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Figure 17: Individually normalized H-plane pattern of 1 × 4 DRA
arrays composed of (a) Preperm L300 and (b) Preperm L440 at
selected frequencies, compared with simulation results (dashed)
[17].
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with increasing permittivity. This is due to the more lossy
high permittivity materials. In addition, since the evanescent components decrease with higher permittivity, the
wave is more concentrated in the dielectric with increasing permittivity. Therefore, higher losses have even more
impact. In general, due to the smaller aperture size of the
antennas when decreasing their physical size, the main
beam broadens (c.f. Figure 17 and Figure 7a), and gain
decreases. SLLs stay in the same order with all materials. L440 is inferior to the two other materials regarding
gain and SLL throughout the whole frequency range. This
can be due to the fact that the losses around 100 GHz
of L300/L440 were unknown at the time of measuring
[17]. The now available successor materials, PPE300 and
PPE440 [25], are characterized up to 60 GHz and show
losses reduced by a factor of 2 in the case of PPE440 compared to L440. Tolerances of approximately 50 ,m during
the milling process have higher impact in the high permittivity designs since overall dimensions are smaller. In
addition, the WR10 transition is not fully optimized for a
permittivity of %r,PPE440 . Nevertheless, it could be shown
that increasing permittivity can be used in order to produce compact DRA arrays, also suitable for phased array
applications. For an MMI fed antenna array with an element spacing d ≤ 0.5+0 at 95 GHz a material of %r ≈ 6, such
as Premix’ PPE650 [25] (%r = 6.5 at 60 GHz) can be used.
In order to realize a phased array, phase shifters could
be introduced in the DRA elements by using microwave
liquid crystal, which has already been successfully combined with dielectric components [26].

5 Conclusion

Figure 18: Measured gain and SLL for three 1 × 4 DRA arrays made
from different materials.

The pattern obtained in H-Plane for both Premix materials
are given in Figure 17. They are measured as described in
Section 3. Figure 18 shows a comparison of measured gain
and SLL for all three materials, indicating decreasing gain

This paper presents an overview of fully dielectric antenna
arrays with integrated power dividers. The key mechanism for these compact devices is multi-mode interference (MMI), which allows both one- and two-dimensional,
equal power splits in a single step. Using specific lengths
of the multimode waveguide, different amounts of equally
spaced maxima of equal power can be formed and distributed to single-mode output waveguides. A possible
application is to utilize the MMI power divider as a feeding structure for antenna arrays, e. g. made of dielectric
rod antennas (DRAs). DRAs are demonstrated to be an
easy to control antenna element, since the single mode
waveguides have to be tapered only in order to form
an antenna. As power splits are of equal magnitude
but not necessarily of equal phase, phase adjustment
is mandatory for a satisfying antenna pattern and gain.
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Therefore, the DRAs show different taper lengths. Oneand two-dimensional DRA arrays are proposed in this
paper, with gain, ranging between 12.5 dBi and 22 dBi,
depending on array size, frequency and material. In the
design range of 90 GHz to 105 GHz the sidelobe levels
are below –10 dB, with the exception of the array made
from Preperm L440. The proposed materials of higher permittivity, L300 and L440, show a reduction of size and
weight, as well as a reduction of element spacing, while
the overall performance could be kept similar to the lower
permittivity 1 × 4 Rexolite array. Throughout all proposed
designs the simulations show good agreement with the
measurements, indicating reliable design possibilities.
In the case of the two-dimensional array, a measurement setup for power divider characterization has been
introduced by the proposed pin-plug structure, which
allows interchangeable connections to the outputs of the
power divider. High gain of 22 dBi could be achieved.
The necessary multimode waveguide can be easily
fabricated from plastics in one piece. In this work, fabrication is realized by CNC-milling, but other concepts such
as injection molding or 3D printing are possible alternatives well suited for mass production. At lower frequencies
(up to 11 GHz) several 3D printed materials have already
been characterized [27]. In [28], a 3D printed Alumina
structure operating at W-band is presented and compared
to counterparts of different materials created by classical
manufacturing techniques.
Acknowledgment: The authors would like to thank CST
AG, Germany, for providing CST Studio Suite and Premix Oy, Rajamäki, Finland, for supply of the Preperm
materials.
The authors are with the Institute for Microwave
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