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Abstract

This paper presents a novel micromachining process to fabricate a 140 GHz pla-
nar antenna based on gap waveguide technology to be used in the next-generation
backhauling links. The 140 GHz planar array antenna consists of three layers, all
of which have been fabricated using polymer-based microfabrication and injection
molding. The 140 GHz antenna has the potential to be used as an element in a big-
ger 3D array in a line-of-sight (LOS) multiple input multiple output (MIMO) con-
figuration to boost the network capacity. In this work, we focus on the fabrication
of a single antenna array element based on gap waveguide technology. Depending
on the complexity of each antenna layer’s design, three different micromachining
techniques, SU8 fabrication, polydimethylsiloxane (PDMS) molding, and injec-
tion molding of the polymer (OSTEMER), together with gold (Au) coating, have
been utilized to fabricate a single 140 GHz planar array antenna. The input reflec-
tion coefficient was measured to be below — 11 dB over a 14% bandwidth from 132
to 152 GHz, and the antenna gain was measured to be 31 dBi at 140 GHz, both of
which are in good agreement with the simulations.

Keywords Gap waveguide - Injection molding - LOS-MIMO - OSTEMER - Planar
antenna - PDMS - SUS8 - Slot array

1 Introduction

With the development of future 5SG networks, point-to-point backhauling links that
connect several base stations within the wireless network will play a very criti-
cal role in overall network performance. In 5G, data traffic will grow enormously
(~50 Gbps) at the base stations, where each user will have more than 1 Gbps data
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Fig. 1 Ericsson demonstrator of LOS-MIMO at 70 GHz band [5]

connectivity. Today’s microwave backhaul link will not be able to handle this mas-
sive data traffic. To make this possible, research on the use of frequencies beyond
100 GHz, targeting the support of the 5G evolution, is now in progress [1, 2].

Even though frequencies above 100 GHz are considered for next-generation
backhauling systems, it will be challenging to provide data rates above 50 Gbps over
a large distance using a single point-to-point link due to high path-loss and limited
output power from the available active circuits above 100 GHz. To overcome this
issue, researchers have proposed new enabler technologies such as the line-of-sight
(LOS) multiple input multiple output (MIMO) concept where an array of anten-
nas with specific spatial separation is used to support several independent channels
between the transmitter (TX) and the receiver (RX) [3, 4]. The LOS-MIMO con-
cept has been tested recently between 70 and 80 GHz by the telecom operators [5].
An example of a LOS-MIMO array is shown in Fig. 1. The LOS-MIMO systems
are different than the conventional single antenna point-to-point backhauling sys-
tems. Interestingly enough, it can be shown that the link budget for a M xM LOS-
MIMO link is 10log,;,M dB better than the corresponding link budget for M parallel
and independent SISO links. For example, a 16 TX, 16 RX LOS-MIMO link has a
signal-to-noise ratio (SNR) that is 12 dB better than a corresponding link with 16
parallel SISO channels (also with 16 TX, 16 RX antennas, but with no cross talk)
with the same conditions otherwise. This fact makes LOS-MIMO links attractive at
high frequencies, where power is difficult to generate. However, there exist no spe-
cific European Telecommunications Standards Institute (ETSI) side lobe standards
for such an array antenna at the moment.

From the published literature on antennas above 100 GHz, we find that there is
a big gap among available antenna technologies in terms of performance, fabrica-
tion complexity, and cost. The most common antennas above 100 GHz are horn-
feed reflectors, microstrip patch arrays, and waveguide-based slot array antennas.
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Although in these antennas the reflectors cover relatively large bandwidth, and in
general have high efficiency, their form factors are not appropriate for LOS-MIMO
array configuration [6]. The waveguide-based slot arrays have high efficiency, but
the impedance bandwidth of the series-fed low complexity slot array is relatively
small which makes it unfit for the LOS-MIMO application [7-9]. On the other hand,
employing printed circuit board technologies such as liquid crystal polymer (LCP)
or low-temperature co-fired ceramic (LTCC)-based arrays suffer from high dielec-
tric losses and lower antenna efficiencies [10-12]. A planar antenna with high effi-
ciency and gain with low fabrication complexity and low-cost production is prefer-
able for commercial LOS-MIMO solutions.

Fabrication of antennas above 100 GHz is another challenge. Recent develop-
ments in CNC milling techniques have allowed fabrication of low-loss and high-gain
waveguide-based antennas around 100-200 GHz frequency range [13, 14]. CNC
is a widely used metal milling technique. However, CNC milling-based technique
must use very small milling tools for achieving required dimensional features in a
waveguide antenna array above 100 GHz. This consequently increases the required
amount of machining time and does not allow low-cost mass-production of large
waveguide antenna arrays. Diffusion bonding is another fabrication method which
has been used for realizing high-efficiency waveguide-based antenna arrays [8, 15].
In this method, a hollow waveguide—based multi-layer structure is formed by stack-
ing etched metal plates in vacuum at high temperature (around 1000 °C with precise
thermal control) and high mechanical pressure. In this case, the required number
of fabrication steps and prerequisite conditions lead to expensive serial manufactur-
ing techniques, suitable only for high-end scientific instrumentation or special proto-
types. Therefore, this technique is not feasible for low-cost mass-production of high-
gain antenna arrays.

Apart from the abovementioned fabrication techniques, deep reactive ion etch-
ing (DRIE)-based silicon micromachining and SU8 polymer-based fabrication
have been reported for high-frequency waveguide components and antenna systems
[16, 17]. These are promising technologies for antenna fabrication at the sub-mil-
limeter wave band. They allow precise fabrication and relatively low cost as com-
pared to CNC milling or diffusion bonding techniques. Among these two methods,
polymer-based thick layer SUS photoresist technology affords good dimensional
accuracy with low processing temperatures and at a relative low cost—making it
a better choice for antenna manufacturing above 100 GHz. However, a wideband
waveguide-based slot array needs multi-layer waveguide geometry and the SUS8-
based micromachining technique presents a shortcoming for this type of multi-layer
geometry [17]. Despite many attractive features, the SU8 technique is a complicated
fabrication process. Also, both DRIE-based silicon micromachining and SU8-based
micromachining become expensive for antenna structures having a large aperture
(more than 30 dBi gain) as very few antenna units can be placed on each wafer.
Therefore, the cost of the antenna units cannot be reduced after a certain level.

Consequently, there is a need for new low-cost fabrication methods for fabri-
cating waveguide-based antenna structures above 100 GHz. In this work, we pro-
pose a new fabrication method for fabricating a low-loss planar high-gain antenna
above 100 GHz. Recently developed multi-layer gap waveguide technology has been
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considered here due to the non-contact nature of this waveguide [18-20]. Previously,
various gap waveguide components have been realized using silicon micromachin-
ing technology and SU8-based polymers [21, 22]. Here, we propose a low-cost poly-
mer injection molding-based fabrication technique for realizing high-gain antennas
at a 140 GHz frequency range. In the proposed method, a reusable polydimethyl-
siloxane (PDMS) mold tool is fabricated by using an SU8 master. Once this mold
tool is fabricated, low-cost off-stoichiometry thiol-ene-epoxy polymer (OSTEMER)
(Mercene Labs, Sweden) can be injected into the mold to realize different layers of
the antenna. With the proposed approach, the cleanroom is only necessary to fab-
ricate mold tools. The injection molding process and metallization of the molded
parts can be performed effortlessly in a regular environment within a very short
period. This will result in a high throughput of the devices, thereby reducing the cost
significantly.

In our previous work, we used SU8 as a device material for one layer and master
material for the two other layers [23]. Considering the challenges of SU8 fabrication
and further investigation on PDMS molding lead us to modify the fabrication pro-
cess. One of the major challenges of our previous process was the alignment chal-
lenge caused by the layers being made of different materials. In the current work,
we present a new fabrication process where all layers are fabricated by injection
molding of OSTEMER, a new type of thermosetting polymer developed specifically
for microfabrication. The OSTEMER can be selected to provide a very stiff and
flat surface. All materials and machining processes used here closely resemble the
well-accepted standard soft lithography process resulting in a low-cost fabrication
process [24]. This paper is organized as follows. Section 2 presents the design of a
high-gain planar antenna based on gap waveguide technology. Section 3 presents the
proposed MEMS fabrication technique, and Section 4 discloses the results, discus-
sion, and comparison between already published and the presented work.

2 Design of the Planar Array

Gap waveguide technology can be explained as a metamaterial-based wave-guiding
structure that uses a periodic electromagnetic band gap (EBG) geometry around a
certain type of guiding path where electromagnetic waves can be guided and con-
trolled even in an oversized parallel-plate structure [25]. This waveguide can be
realized without any requirement of metal contact between the upper metal surface
and the lower metal surface which is an advantage in the case of multi-layer wave-
guide structures, relaxing the fabrication tolerance requirements above 100 GHz.
Moreover, gap waveguide—based slot arrays suffer neither from lossy dielectrics nor
from unwanted radiation losses and these antennas operate at a relative bandwidth
of more than 30% [26]. Usually, wideband waveguide slot arrays require corporate
feed networks. Therefore, more space is required to design a feed network for such
antenna array. Hence, an intermediate cavity layer is typically used between the radi-
ating slot layer and the feeding waveguide layer. Figure 2 shows a subarray of the
proposed antenna array with all three layers: the slot layer, the cavity layer, and the
feeding layer.
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Fig.2 Exploded view of the
multi-layer subarray concept

Feeding Ridge gap waveguide

A complete 16 X 16 slot array antenna consists of, in total, 64 such subarrays. The
working principle of the proposed antenna is similar to the work mentioned in [27].
However, as some dimensions of the antenna were becoming very challenging to
realize, this antenna has been re-optimized for the 140 GHz band, taking several
fabrication limitations of the proposed fabrication method into consideration. As it
is known from dual-layer cavity back slot arrays, here also the radiating slots are
placed above the cavity layer. By proper design of the cavity, the four slots in each
subarray can be excited with the same phase and amplitude, which is the key for
broad side radiation. Also, a corrugation is added in the radiating layer to suppress
the mutual coupling between the neighboring slot elements. The depth of these cor-
rugations is optimized to improve both S;; and the radiation pattern of the antenna.
The cavity layer is placed above the feeding layer and the electromagnetic energy is
coupled from the feed layer to the cavity layer by the coupling slot placed at the bot-
tom of the cavity layer. The feeding layer consists of sixty-three 3-dB power dividers
cascaded one after another. One such section of 3-dB ridge gap power divider is
shown in Fig. 3.

Figure 4a shows the geometric arrangement of the proposed multi-layer
16 X 16-element slot array antenna. A ridge gap waveguide power divider is built
in a cascaded fashion to feed 64 cavities, each of which excites four radiating slots.
The input section of the antenna is excited with a standard D-band (110-170 GHz)
waveguide flange. Thus, a transition from normal rectangular waveguide to ridge
gap waveguide is needed here. The transition used in this work is very similar to the
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Fig.3 Three-dB power divider
sections

Input
ort

Fig.4 a Numerical model of
the proposed 16 X 16-element
array antenna in CST microwave
studio. b Transition from ridge
gap waveguide to WR-6.5

Slot layer
Radiating slot
Corrugation
Cavity layer
Coupling slot
Cavity pins

Feed layer
Feed layer pins
Feed ridge gap waveguide

Spacer to define air gap

symmetric transition proposed in [27]. A matching step at the end of each ridge is
used to achieve a good matching from WR-6.5 to the ridge gap waveguide, shown
in Fig. 4b. The pin dimensions in the cavity layer and the feed layer are designed
according to the guidelines presented in [28] and are mentioned in Table 1. The
complete antenna is simulated using CST microwave studio with open radiation
boundaries. Figure 5 shows the simulated S; of a 2 X2 subarray element, a complete
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Table 1 Parameters of the complete array antenna

Component Parameter Value (mm)
Radiating slot Length 1.11
Width 0.58
Round radius 0.1
Distance between slot and cavity layer Airgap 0.19
Corrugation Width 0.47
Depth 0.49
Top metal plate Thickness 0.75
Coupling slot Length 1.35
Width 0.3
Round radius 0.1
Cavity layer pin Length 0.321
Width 0.321
Height 0.644
Pin period 0.708
Middle metal plate Thickness 1.39
Waveguide transition Length of step 0.587
Height of step 0.063
Bottom metal plate Thickness 2.89
Feed ridge gap waveguide Width 0.343
Feed layer pin Length 0.214
Width 0.214
Height 0.644
Period of pins 0.708
Aperture area Length of the array 29.20
Width of the array 26.4
Distance between feed and cavity layer Air gap 0.19
Bottom waveguide opening Length 1.63
Width 0.815

antenna array, and a stand-alone feed network, which is simulated by placing ports
at each output of the 3-dB T-junction. Furthermore, Table 1 presents all important
dimensions of the three layers of the complete antenna array.

3 Fabrication Process

To overcome the complications of conventional CNC machining, micromachining
using a polymer was used to fabricate a gap waveguide—based slot array antenna
operating at 140 GHz. SUS is a negative photosensitive epoxy-based polymer. It
is suitable to fabricate high—aspect ratio structures and can be spin-coated up to
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Fig.5 Simulated S, of the O T v ! ' )
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thicknesses of 1 mm in one layer. SU8 has previously been used for RF applications
as well as for gap waveguide structures [17, 29-31].

Depending on the geometry of the proposed antenna and considering the chal-
lenges of SU8 fabrication, we reported a fabrication process where the slot layer
of the proposed antenna design was fabricated with SU8 but the cavity layer and
the feed layer were made of OSTEMER [23]. To fabricate the cavity layer and the
feed layer, we used an SU8 master to produce the PDMS molds and later the PDMS
molds were used for injection molding of OSTEMER. Further investigations of the
fabrication process revealed that different layers made of different materials could
cause misalignment between each layer due to a non-identical shrinkage rate of the
polymers, which can affect the antenna performance. PDMS is known to shrink
during curing [32, 33]. Even though OSTEMER does not shrink during curing, the
shrinkage of the PDMS is transferred to the layers made of OSTEMER. SUS8 on
the other hand has a negligible shrinkage effect. Due to the PDMS shrinkage, we
assume some misalignment will occur among the layers made of OSTEMER and
the layer made out of SUS. Figure 6 shows the simulated S;; due to the abovemen-
tioned misalignment effect caused by the shrinkage of one individual layer at a time,
and the simulation results when all layers have similar shrinkage compared to the
design. Figure 6 clearly shows that if all the layers experience similar shrinkage,
the mutual misalignment among layers will decrease and the overall antenna perfor-
mance of the fabricated antenna will improve.

To avoid the complexity of using different materials for different layers and to
make a more rapid process, we propose in this paper a new fabrication technique.

In this fabrication process, SU8 was only used to make master imprints for
PDMS molds. An SU8 master was fabricated for each layer. These masters were
in turn used to make PDMS molds for each layer. PDMS as a mold material offers
several advantages such as high replication accuracy, reusability, and easy demold-
ing [34]. The PDMS molds were used together with milled Al pieces for injection
molding. The Al pieces defined the waveguide opening in the feed network layer and
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Fig.6 Simulation results 0 ‘
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the coupling slots in the groove gap cavity layer. The molds were then injected with
the OSTEMER. The detailed fabrication process is described in this section. A sche-
matic of the complete fabrication process is presented in Fig. 7.

3.1 SU8 Master Fabrication

The SUS8 master consists of a SU8 base layer. For the base layer, SU8 2035 was
dispensed on a 4" Si wafer, spun, baked, flood-exposed without a photomask, and
then post-exposure baked. The rest of the fabrication process was optimized for each
layer as described below.

1) Slot layer master

To fabricate the slot layer master, SU8 2150 was dispensed on the base layer
and spun to obtain a 258 pm + 10 pm thick SUS layer, followed by a typical soft
baking process. The two-step soft baking that starts at 65 °C and then ramped
up to 95 °C helps to decrease stress between the SUS8 layer and the Si wafer.
After that, the wafer was UV-exposed to outline the radiating slot elements and
a post-exposure bake was done at 75 °C for about 2 h. Once the first layer was
done, SU8 2150 was dispensed, spun, and soft-baked on the previous layer to
achieve an additional 493 pm + 10 pm thick layer. After soft bake, the SUS layer
was UV-exposed to obtain the slots and the required corrugation between the
two slots. Later, a post-exposure bake for 2 h was performed, and the wafer was
subsequently developed with strong agitation in mr-Dev 600 solution to define
the structures.

2) Cavity layer master

Similarly, the cavity layer master also contained an SUS8 base layer, pins, and
the support spacer structure on the edge of the device. SU8 2150 was spun on the
base layer to obtain a 644 pm+ 10 pm thick layer, followed by a soft bake, UV
exposure, and a post-exposure bake. SU8 2035 was dispensed and spun on top
of the previous 644 pm+ 10 um thick layer to define the support spacers on the
side of the structure. These support spacers help to maintain the needed air gap
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a) SUS base layer on Si wafer

- ¢) PDMS on SUS8 master
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Fig.7 Schematic of the complete fabrication process

between the top radiating layer and the cavity layer. Once soft bake, UV exposure,
and post-exposure bake at 95 °C for 20 min were completed, SU8 layers were
developed in mr-Dev 600 solution. Figure 7a—f show the process flow of fabricat-
ing the SU8 master for the cavity layer.

3) Feed layer master
The fabrication of the bottom feed layer SU8 master is similar to the fabrication
process of the cavity layer master. An extra process step was added to make the

small step in height on the ridge waveguide section at the opening of the bottom
transition, as shown in Fig. 4b. To get a 580 pm=+10 pm thick layer, SU8 2150
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was again dispensed on the base layer and spun. Additional fabrication steps includ-
ing soft bake, UV exposure, and post-exposure bake were also completed afterward.
SUS8 2035 was dispensed on top of thick SU8 2150 layer and spun to reach a thick-
ness of 63 pm+1 pm, thus adding this layer to the periodic pins and defining the
required height in the transition section. Later, the deposited layer was soft-baked
and UV-exposed, followed by a post-exposure bake. SU8 2035 was dispensed again
and spun to a thickness of 110 pm =+ 1 pm, to define the spacers. After soft bake, UV
exposure, and post-exposure bake, the wafer was developed in mr-Dev 600 solution.

After development, all the masters went through a hard baking process. The
hard baking was done at 150 °C for 20 min. The hard bake was done to strengthen
the adhesion between the device structure and the base layer. The master was then
treated with CHF3 to make it non-stick and facilitate the release of the PDMS mold.

3.2 PDMS Molding

Sylgard 184 PDMS was used to make PDMS molds from all three SU8 masters.
Obtaining PDMS molds for the cavity layer and the feed layer was relatively a
straightforward process as there were no narrow openings. The PDMS was mixed
in a standard 10:1 curing ratio, and the preparation time was less than 10 min. After
pouring the PDMS prepolymer into the master, the PDMS was degassed in a vac-
uum chamber and later cured at 80 °C for 3 h. The cured PDMS mold was removed
from the master subsequently. For the slot layer, the SU8 master was dipped in a
toluene bath for 2 min and dried with a nitrogen gun, before dispensing the PDMS.
The toluene bath reduces the surface tension of the SU8 structure, hence allowing
the high viscosity PDMS to enter the narrow slot openings. The PDMS was then
degassed in a vacuum chamber, cured at 80 °C for 3 h, and removed from the SUS
master. Figure 7g and h show the process flow of fabricating the PDMS mold from
the SU8 master of the cavity layer.

3.3 Injection Molding

The PDMS molds were aligned with a milled aluminum (Al) mold which was used
to define the waveguide opening in the feed network layer and the coupling slots
in the groove gap cavity layer. The Al mold for the slot layer was flat as the com-
plete structure was defined in the SU8 master and transferred to the PDMS mold.
All Al molds have two holes, one for injecting OSTMER and one for extracting the
air inside the cavity at the same time. The aligned Al mold and the PDMS mold
were placed in a vacuum chamber before injecting with liquid OSTEMER 322 pre-
polymer. The OSTEMER prepolymer was exposed to UV through the transparent
PDMS mold. The UV exposure initiates the polymerization of the liquid prepolymer
and turned it into a solid but flexible OSTMER layer. The UV-cured OSTEMER
layer was then de-molded and hard-baked at 120 °C for 2 h to obtain the mechanical
stiffness. The hard-baked OSTEMER layers were then sputtered with 20 nm thick
titanium (Ti) and 200 nm thick Au and later electroplated with Au to achieve a con-
ductive surface of 1.1 um. Figure 8 shows the injection molding setup.
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PDMS mold aligned
with the Al mold

Glass plate
Flow channel

Hole to inject

Clips to press polymer
Al mold for the cavity layer defining Syringe for injection
the openings for the cavity slots molding

(@)

Alignment pin  Hole to inject OSTEMER
(b) () (@)
Fig. 8 Injection molding setup for fabricating the cavity layer. a Schematic of injection molding setup. b

Al mold with openings for coupling slots. ¢ PDMS mold placed on Al mold for injection molding. d The
cured and Au-coated OSTEMER cavity layer

3.4 Summary of Rapid Fabrication Process

The fabrication process described above states that the SUS8 fabrication is the
most extensive and complicated part of the complete fabrication process. The
proposed template-based injection molding process overcomes the difficulties of
SUS fabrication, as the SU8 masters can be fabricated once and repeatedly used
as a template. Furthermore, mass production of the antennas using OSTEMER
injection molding can be performed without using the cleanroom facilities. As
shown in Fig. 9, the time-consuming micromachining part and the complicated
parts need to be prepared only once and can be reused later as templates. When
the reusable part is prepared, the rest of the fabrication process can be carried out
without the use of any cleanroom facility and is a comparatively fast and straight-
forward process.

4 Measurement Results and Discussion

In this section, we present the measurement results of the antenna obtained from
the adopted fabrication method, together with discussions of the results.
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4.1 Measurement Results of the Array Antenna

Figure 10 shows the fabricated parts and the assembled antenna. All the layers were
fabricated using OSTEMER 322. The measurement was done using a Keysight PNA
N5242A and VDI D-band extender module having a WR-6.5 waveguide interface.
The simulated S;; for the complete 16X 16 element antenna array is well below
— 14 dB level over the band of interest, 135-150 GHz (Fig. 5). Figure 11a presents
the S|, measurement results of two antennas for the process where the slot layer was
made of SUS8 and the cavity and feed layers were made of OSTEMER. Figure 11b
presents the measured S;; of two antennas where all the layers were made out of

Fig. 10 Fabricated antenna. a
Slot layer. b Feed layer. ¢ Cav-
ity layer. d Complete antenna
module mounted with WR-6.5
flange
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Fig. 11 Simulated and measured 0
S|, for the 16X 16 element
antenna array. a Slot layer made
of SUS, the cavity layer, and the
feed layer made of OSTEMER.
b All layers made of OSTEMER

-==:Measured antenna-1,0STEMER+SU8 layers
—eo—: Measured antenna-2, OSTEMER+SU8 layers
= Simulated

130 135 140 145 150 155 160
Frequency (GHz)
(@)
—w—Measured antenna 1, only OSTEMER

—==:Measured antenna 2, only OSTEMER
- Simulated

s,,(dB)

0 " L " " A
130 135 140 145 150 155 160
Frequency (GHz)

(b)

OSTEMER. Two antennas were measured to assess the repeatability of the process
and the measurements are compared to the simulation. Good agreement with the
simulation result is observed and the measured S,; is below the —11 dB level over
the band of interest (Fig. 11b). Comparing Fig. 11a and b, we can see that the anten-
na’s S;; performance has been improved over the band 132-152 GHz by changing
the fabrication process. The improved S;; suggests that a reduction in the misalign-
ment between layers improves the performance.

From the simulation results presented in Fig. 6, we see that the cavity layer is
critical and shrinkage in the cavity layer has a detrimental effect on the performance
of the antenna. This critical issue is explained below. For a specific resonance mode,
magnetic field lines exist in two parts of the cavity as is shown in Fig. 12. These
magnetic lines are cut by the radiating slots and, as a result, induce a perpendicu-
lar uniform electric field distribution in all the four radiating slots. The frequency
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Fig. 12 The magnetic field distribution (red lines) in the cavity layer and the electric field distribution in
the slot layer (black lines) of the proposed antenna array

of the resonance mode inside the cavity layer and the resonance of the radiating
slot antenna elements are usually optimized to have a maximum coupling of electro-
magnetic (EM) energy from the cavity layer to the slot layer. Dimensional variation
in the cavity layer causes a change in frequency of the resonance mode and thus
changes the magnetic field lines inside the cavity layer. This simultaneously causes a
mismatch in resonance frequencies of the cavity layer and the slot layer. As a result,
the EM energy is reflected to the feed layer (bottom layer of the antenna) instead of
coupling to the slot layer, and the S,; of the antenna is greatly disturbed.

If we compare the measurement result of Fig. 11b with the simulated S;; result,
we can see that the operating bandwidth has shifted slightly towards the lower fre-
quencies. This shift is due to the inaccuracy in the compensation factor 1.4+0.1%
of PDMS shrinkage in the layout design, which resulted in fabricated layers being
slightly enlarged (approximately 22 pm to 32 pm) compared to the target dimen-
sions. Running full-wave simulations using different shrinkage values, we verified
that the same shrinkage or expansion of all layers compared to the nominal dimen-
sions will cause a bandwidth shift. Additionally, we use three guiding pins to mount
the layers with the base plate. Also, the alignment process between the top and bot-
tom mold, which is currently a manual process, can introduce about 20 to 25 pm
misalignment, which can affect the overall antenna performance. This misalignment
could be a possible reason of the S;; peak around 145 GHz.

The radiation pattern and the gain of the array antenna were measured in an
anechoic chamber. The simulated and measured radiation patterns are presented in
Figs. 13, 14, and 15. Comparing the simulated radiation pattern with the measured
radiation pattern, we see that the measured patterns show good agreement with the
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Fig. 13 Simulated and measured
E-plane pattern and H-plane
pattern at 132 GHz

Fig. 14 Simulated and measured
E-plane pattern and H-plane
pattern at 142 GHz

Fig. 15 Simulated and measured
E-plane pattern and H-plane
pattern at 152 GHz
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simulated patterns. The first side lobe is around — 10 dB, both in the E-plane and
the H-plane which is a bit higher than the theoretical value of — 13 dB for a uniform
array antenna. The far-out side lobes are — 16 dB lower in the E-plane and —20 dB
lower in the H-plane pattern, which also agrees well with the simulated values.
Measured half power beam width (HPBW) for E-plane and H-plane are 4.0° and
4.1° at 132 GHz, 3.7° and 3.9° at 142 GHz, and 3.6° and 3.8° at 152 GHz, respec-
tively. This implies that the fabrication process adopted in this work produces rela-
tively low phase and amplitude imbalance within the 16X 16 array antenna. Oth-
erwise, the measured side lobes of the antenna array would have relatively higher
values.

The gain measurement result is presented in Fig. 16. The measured total gain is
about 31 dBi over the band of interest from 135 to 150 GHz. The gain response is
quite flat over the band of interest with a gain variation of approximately 1 dB. The
maximum 2.25 dB difference between the simulated gain and measured gain occurs
at the upper band edge, after 150 GHz. The measured total efficiency of the proposed
antenna is calculated from the difference between the measured gain of the antenna
and the maximum available directivity for the aperture size, D,,,, (or the 100% effi-
ciency line). It is found that the total efficiency of the antenna array varies between
53 and 62% over the frequency band 132—152 GHz and the efficiency is about 58%
at mid band. There is a drop in gain after 152 GHz. The gain drop can be attributed
to the following factors. One factor is due to the higher level of the reflected signal
(higher value of S,; after 152 GHz). The second factor is that the side lobe of the
antenna in the E-plane is around — 15 dB level at 152 GHz. This value is going to
be higher above 152 GHz as the subarray size in the E-plane will become larger in
terms of wavelength. Thus, power will be lost in these unwanted side lobes in the
E-plane and this results in a decrease of main beam gain. The feed waveguide losses
will also increase at higher frequency due to surface roughness; hence, the gain of
the antenna deteriorates above 152 GHz. The measured surface roughness of the
fabricated antenna is 26 nm+8 nm. In the simulation, the surface roughness was

Fig. 16 Simulated and measured 36 T T T T T
gain of the 16X 16 array ; i | = === Measured Gain '
¢ 1| I—— S {.| = Simulated Gain T .
=sm=s= 100% Efficiency Line

Gain (dBi)

28 | 1 1 'y
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Frequency ( GHz)
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not considered. However, the measured total efficiency of the antenna is at least 53%
over the band of interest, which is acceptable for the intended LOS-MIMO applica-
tion. Also, it is believed that 10-15% BW is representative for LOS-MIMO backhaul
link, as the regulatory studies on channel arrangements in Europe is going on, with
the focus on the 92—-114.25 GHz and 130-174.8 GHz ranges: commonly referred to
as the W-band and D-band, respectively [35]. Therefore, the fabricated antenna with
14% BW will be suitable for LOS-MIMO application.

4.2 Comparison

This section provides a comparison of the performance of our antenna with similar
100-GHz frequency band antennas. The main structural features and performance
of various reported 100 GHz high-gain antenna arrays are summarized in Table 2.
Due to the lack of dielectric losses in the feed network, the proposed antenna has
much higher efficiency compared to the ones presented in [10, 12]. The antenna effi-
ciency of the proposed work is very similar to the hollow metal waveguide-based
slot array antennas presented in [8]. It has been reported that the production cost can
be reduced almost 60% by using injection molding process instead of CNC milling
for batch fabrication of MEMS devices [36]. However, due to the relaxed fabrication
requirements such as no requirement of electric connection between the side walls
of gap waveguide technology, the production cost of the proposed antenna can be
reduced by using polymer-based injection molding technique.

5 Conclusion

In this paper, we present a 140 GHz micromachined antenna array with more than
30-dBi gain which can be potentially used in a large 2D array for LOS-MIMO back-
hauling links. To develop a MIMO setup, it is important to consider the following
parameters: antenna gain, working bandwidth of the antenna, form factor of the
antenna, fabrication complexity, and production cost. We used different microma-
chining techniques to fabricate this antenna. The purpose of using a combined fabri-
cation technique is to make the final fabrication process rapid and less complicated.
The overall performance of the antenna elements consisting of three Au-coated
polymer layers is satisfactory. The input reflection coefficient was measured to be
below—11 dB over a 14% bandwidth from 132 to 152 GHz, and the antenna gain
was measured to be 31 dBi at 140 GHz, both of which are in good agreement with
the simulations. Additionally, the performance of the polymer-based antenna array
is expected to improve even further if we transfer this process towards a more auto-
mated fabrication method.
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