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Abstract

The millimeter-wave frequency range has got a lot of attention over the past few years
because it contains unused frequency spectrum resources that are suitable for delivering
Gbit/s end-user access in areas with high user density. Due to the limited output power
that the current RF active components can deliver in millimeter-wave frequencies, anten-
nas with the features of low profile, high gain, high efficiency and low cost are needed to
compensate free space path loss and increase the communication distance for the emerg-
ing high data rate wireless systems. Moreover, it is desired to have a compact system by
integrating the antenna with passive and active components at high frequencies.

In order to move towards millimeter-wave frequencies we need to face significant hard-
ware challenges, such as active and passive components integration, packaging problems,
and cost-effective manufacturing techniques. The gap waveguide technology shows inter-
esting characteristics as a new type of waveguide structure. The main goal of this thesis
is to demonstrate the advantages of gap waveguide technology as an alternative to the
traditional guiding structures to overcome the problem of good electrical contact due to
mechanical assembly with low loss. This thesis mainly focuses on high-gain planar array
antenna design, integration with passive and active components, and packaging based on
gap waveguide technology. We introduce several low-profile multilayer corporate-fed slot
array antennas with high gain, high efficiency and wide impedance bandwidth operat-
ing at the millimeter-wave frequency band. A system demonstration consisting of two
compact integrated antenna-diplexer and Tx/Rx MMICs for Frequency-division duplex
(FDD) low latency wireless backhaul links working at E-band is presented, to show the
advantages of gap waveguide technology in building a complete radio front-end. Moreover,
the use of several new manufacturing methods, such as die-sink Electric Discharge Ma-
chining (EDM), direct metal 3-D printing, and micro-molding are evaluated to fabricate
gap waveguide components in a more effective way.

Furthermore, a novel air-filled transmission line, so-called multi-layer waveguide (MLW),
that exhibits great advantages such as low-cost, simple fabrication, and low loss, even for
frequencies beyond 100 GHz, is presented for the first time. To constitute an MLW
structure, a rectangular waveguide transmission line is formed by stacking several thin
metal layers without any electrical and galvanic contact requirement among the layers.
The proposed concept could become a suitable approach to design millimeter-wave high-
performance passive waveguide components, and to be used in active and passive compo-
nents integration ensuring mass production at the same time.
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Chapter 1
Introduction

The continuously growing demand for higher data traffic and speed in cellular mobile
networks leads to the use of higher frequency bands. There are requirements that will
be challenging to address within the traditionally used frequency spectrum resources for
mobile communication. One of these challenges is how to deliver multi-Gbit/s end-user
access in areas with high user densities. It is expected that there will be a need for
extremely high peak data rates, in the order of 10 to 50 Gbit/s at backhaul to the core
network in the near future [1]. Nowadays, smart phones are not only used for voice
call, but also employed for applications that involve an extensive data consumption. For
example, for a typical fourth-generation (4G) cellular network the required backhaul data
exceeds 250 Mbit/s [2]. Moreover, the number of mobile devices and demand for higher
data connectivity are rapidly growing, which requires cost-effective novel high capacity
wireless systems.

Fig.1.1 shows a system overview of mobile networks in dense and scattered urban

Figure 1.1: System overview of the next generation cellular network backhauling [3].
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Figure 1.2: Three main 5G use cases [5].

areas. Heterogeneous network (HetNet) is one alternative to have a cost-effective and
energy efficient backhaul solution in order to deliver the demanding capacity growth for
the densely deployed mobile terminals in the fifth-generation (5G) mobile networks. In
HetNet, small cell base stations incorporated with macro cells will be deployed in a con-
ventional cellular network to extend coverage in crowded environments and improve the
capacity [4]. However, this dense deployment creates the problem of an extensive data
traffic in the backhaul side of the network.

To achieve multigigabit data rates, it would be beneficial to use wider frequency bands
in the order of several GHz. Finding these continuous frequency bandwidths below 20 GHz
is unlikely. Instead, the research effort for these ultra-high speed radio access interfaces has
been targeting the millimeter-wave frequency range (30-300 GHz), where it is easier to get
access to wider bandwidths [1]. There is a demand for ultra-high data rate backhaul point-
to-point wireless links as a flexible and cost-effective alternative to fiber optic networks
to provide multi-Gbit/s speed for the 5G wireless cellular networks, as shown in Fig.1.1.
The wireless backhaul solution has the advantage of fast and easy installation compared
to fiber optic networks. However, due to the lower capacity of microwave backhaul links,
the usage of fiber optic is currently unavoidable. By using the millimeter-wave range of
spectrum, we can achieve high capacity backhaul wireless links able to provide high speed
and low latency as fiber optic networks.

1.1 Millimeter-Wave and 5G Applications

The use of millimeter-wave frequencies is growing in many applications such as automotive
anti-collision radar at 77 GHz [6] , vehicle-to-vehicle communication [7], high resolution
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Figure 1.3: Average atmospheric attenuation for different rain rate and spectrum alloca-
tion for backhaul links at W- and D-band [3].

millimeter-wave imaging [8], satellites cross-link communication in space [9], indoor wire-
less data transmission at 60 GHz [10], and outdoor E-band (70/80 GHz) point-to-point
backhaul terminals [11]. Fig.1.2 shows some use cases that 5G systems will offer in the
future.

Millimeter-wave wireless communication systems suffer from high path loss, atmo-
spheric absorption and they are vulnerable to weather conditions and precipitation [2].
All these factors limit the hop length to a couple of kilometers at millimeter-wave fre-
quencies. The atmospheric absorption is higher at certain frequencies due to the oxygen
molecule resonance frequency and water vapor [12]. Fig.1.3 shows the average atmospheric
absorption in dB/km for different precipitation rates. The attenuation level mainly de-
pends on temperature, pressure, and humidity. At 60 GHz, due to high atmospheric
absorption, relatively secure communications can be implemented. On the other hand,
the negligible atmospheric absorption at 28 and 38 GHz makes these frequencies good
candidates for long-range radio links and emerging 5G cellular systems.

The high attenuation in the atmosphere and large absorption in urban scattering ob-
stacles at millimeter-wave frequencies could be advantageous for some applications. This
enables frequency reuse over small distances and higher security. There are several license
free bands in the millimeter-wave frequency band. For example 9 GHz from 57 to 66 GHz
(V-band) are allocated in United States and Europe for unlicensed use. The V-band is
suitable for short-range high data rate communication systems with a low probability of
intercept. The frequency band 59 to 64 GHz is attractive in particular due to a high
atmospheric absorption (i.e. over 10 dB/km) which provides an opportunity for short
range point-to-point links. Moreover, atmospheric absorption drops down significantly in
the frequency range 64-66 GHz, which is attractive for similar applications where longer
communication distances are required. For these purposes, highly-directive antennas with
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high aperture efficiency are needed. Directive antennas for radio links are generally real-
ized by using reflector antennas [13]. However, planar array antennas are more attractive
for these new applications, due to their lower volume and weight. Furthermore, array
antennas can provide rapid electronic beam steering.

An atmospheric window exists at E-band (71-76 GHz and 81-86 GHz) with low at-
mospheric attenuation of around 0.4 dB/km [2]. This makes the E-band a potential
candidate to provide multi-Gbit/s data transfer and complements the conventional wire-
less links that operate in the microwave frequency band. In [14] path loss measurements
during ten months versus weather conditions for a 1 km link at 71-76 GHz is presented.
The measured attenuations for the rain rate of 20 mm/h and 40 mm/h in one kilometer are
estimated to be 10 dB and 16.4 dB at 86 GHz, respectively, which are with good agreement
with the ITU-R attenuation model in [15]. In the 71-76/81-86 GHz bands longer commu-
nication distance can be obtained due to relatively smaller gas absorption compared with
the V-band band. Therefore, this band is suitable for long range high-capacity communi-
cation with negligible atmospheric attenuation. Most applications are foreseen for fixed
and mobile infrastructure in this band [1]. The official license and spectrum allocation
are other restricting challenges that the development of the millimeter-wave applications
are facing. Since the frequency spectrum in millimeter-waves has not yet been unified in
different countries, the potential frequency interference could cause legal disputes [1].

1.2 Millimeter-Wave Hardware Challenges

At microwave frequencies, passive components such as high-Q bandpass filters and slot
array antennas are commonly realized in hollow waveguide structures, due to low insertion
loss and high power handling. However, the manufacturing cost of the hollow waveguide
structures becomes too high at millimeter-wave frequencies due to the strict tolerance
requirements in the split-block construction technique. Planar technologies such as mi-
crostrip, coplanar waveguide (CPW) and substrate integrated waveguide (SIW), are more
suitable for integration with active and passive components and easier to fabricate than
standard hollow waveguide structures. However, these transmission lines suffer from high
dielectric and ohmic losses as well as radiation leakage, especially when increasing the
operating frequency.

To move towards millimeter-wave frequencies we need to face significant hardware
challenges such as active and passive components integration, packaging problems and
the need of cost-effective manufacturing techniques. The previously mentioned tradi-
tional technologies do not fulfill the strict requirements of the emerging millimeter-wave
applications.

According to the Friis transmission formula, the power transmitted from one antenna
and received by another antenna, under idealized conditions in a certain distance, is given
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Figure 1.4: Planar transmission lines and fundamental E-field mode distribution. (a) Mi-
crostrip line. (b) Coplanar waveguide. (c) Stripline.

by:

Pr = Pt +Gt +Gr + 20 log10( λ

4πR) (1.1)

where Pr is the receiving signal output power, Pt is the transmitting signal output power,
Gr and Gt are the receiving and transmitting antenna gains, λ is the wavelength, and R is
the distance between the antennas. Free-space path loss is more critical in millimeter-wave
spectrum than lower frequencies due to a limitation related to their wavelength.

For a given transmitted power and antenna gains, the shorter the wavelength, the
shorter the transmission range. In order to improve signal to noise ratio (SNR) at the
receiver and, thereby increase the transmission range, we need to increase the power of
the transmitting signal, or use more directive antennas. Due to the limited output power
that the current active components can deliver in millimeter-waves, we can only increase
the antenna gains in order to increase the communication distance and compensate free-
space path loss. Therefore, high gain and low loss antenna is one of the most necessary
components of millimeter-wave short- and long-range wireless communication systems.
Moreover, millimeter-wave hardware modules need to have a compact size, to be highly-
integrated, and all this has to be achieved at the lowest possible cost.

1.2.1 Traditional transmission line issues at high frequencies

Planar transmission line structures such as microstrip, CPW and stripline, are printed
circuit technologies that constitute a compact and low cost solution. They are more suit-
able for integration with active and passive components and easier to fabricate compared
to the standard waveguide structures. However, these transmission lines suffer from high
dielectric and ohmic losses and radiation leakage, especially when increasing the operating
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Figure 1.5: Rectangular waveguide structure and TE10 fundamental mode distribution.

frequency. Fig.1.4 shows the planar transmission lines configuration and their fundamen-
tal mode distribution.

Thin film substrate layers can be used to decrease the dielectric loss [16–18]. However,
in order to have a 50 Ω line impedance, a narrower strip must be used for a thin sub-
strate, which increases the conductive loss due to higher resistance. Surface waves and
higher order modes can also be generated especially in the presence of discontinuities,
bends, open-ends and steps, for example in bandpass filters and the feed-network of array
antennas.

As already mentioned, standard hollow waveguides have some benefits compared to
planar technologies such as low loss and high power handling capability (Fig.1.5). The
non-planar structure of hollow waveguides makes difficult to use them in integration of pas-
sive and active components in the same module. Manufacturing and assembly tolerances,
especially at millimeter-waves, are the other disadvantages of this technology. However, if
we want to design a high-Q filter or a low loss and high-efficiency array antenna, we have
to use hollow waveguides instead of dielectric based transmission lines.

The fabrication of complex waveguide structures at millimeter-waves presents a chal-
lenging task. There are several ways to fabricate waveguide structures, such as CNC
machining and Electronic Discharge Machining (EDM). Waveguide structures are typi-
cally manufactured in split-blocks that can be connected by screwing, diffusion bonding or
deep-brazing techniques. Accurate machining techniques are needed at millimeter-wave
frequencies, which constitute difficult, expensive, and time-consuming processes.

The substrate integrated waveguide (SIW) or post-wall waveguide is introduced in [19,
20] as an attractive technology with the advantages of both planar transmission lines and
hollow waveguides (Fig.1.6). The structure of SIW is similar to a rectangular dielectric-
filled waveguide structure, where two rows of metalized via holes replace the narrow walls
of waveguide. The upper and lower metal plates and via holes form a current loop in the
cross-section, similar to the metal waveguide. All these via holes should be placed closely
to avoid possible leakage. Because there are vias at the sidewalls, transverse magnetic
(TM) modes do not exist and thereby this transmission line only supports propagation
of TEm0 modes of the traditional rectangular waveguide.

SIW has a planar profile which makes them interesting for integration with active
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Figure 1.6: (a) Substrate Integrated Waveguide. (b) Fundamental TE10 mode distribu-
tion.

components. However, due to the presence of dielectric, SIW faces the same problem as
microstrip transmission lines and shows higher loss than hollow waveguides. Moreover,
radiation losses and leakage can occur in a bad design, because the via holes do not provide
a perfect shielding [21,22].

1.2.2 Array antenna challenges
The design of high gain, high efficiency and low profile antennas is one of the main chal-
lenges of millimeter-wave wireless systems. Planar array antennas are very popular and
widely used because of their advantages such as flat structure, low volume and weight.
Furthermore, in array antennas the main beam direction can be rapidly changed by elec-
tronic steering. These facts make them attractive for many applications.

In the design of a broadside-radiating antenna array, the element spacing is required
to be within one wavelength to avoid high grating lobes. However, the element spacing
may become larger than one wavelength in order to accommodate a fully feeding branched
also called corporate distribution network, especially at high frequencies. Therefore, it
is important to know the grating lobe behavior and its effect on the aperture efficiency.
[Paper A] makes such a study and validates a simple formula for the efficiency reduction
due to grating lobes. Several methods have been developed to suppress grating lobes,
such as aperiodic array configurations including rotated sub arrays [23], ring-grid array
with trapezoid sub-arrays [24], arrays of random subarrays [25], random element and
subarray positioning [26], and processing techniques in synthetic aperture radar (SAR)
systems [27,28].

A high gain array antenna with a large number of elements requires long transmission
lines in the distribution network, and these lines must have very low losses. Although
microstrip and SIW arrays have low profile, they suffer from dielectric and ohmic losses,
which is a disadvantage for high gain millimeter-wave applications [29–31]. The losses can
be partly reduced by using low loss dielectrics, but these materials are expensive, and also
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Figure 1.7: (a) Surface Currents distribution for TE10 mode in rectangular waveguide
walls [35]. (b) Sensitive and least-sensitive places for joining walls.

quite soft which can affect in the performance due to mechanical tolerances. Moreover, it
becomes difficult to machine and make via holes through those types of planar structures.
Leakage and surface waves may become a major problem in microstrip array antennas,
especially in a big distribution network [32]. They can have a large effect on the radiation
patterns, and thus, lead to a reduction in the antenna efficiency and thereby affecting the
gain. Hybrid corporate-fed array antennas are proposed in [33] and [34] to reduce the
dielectric loss of the distribution network, by using a microstrip ridge gap waveguide feed
network and Substrate Integrated Cavity (SIC) radiating layer.

Slotted waveguide array antennas have been known for years and still are the best
choice for high efficiency and high power applications. The basic principle of the slot
antenna is disturbing the surface current on the waveguide walls by introducing slots.
Hollow waveguide distribution networks show low loss and high efficiency, which make
them suitable for such applications that require high gain antennas [36–38]. However,
the tiny gaps between the antenna blocks can also cause leakage and radiation, if they
disturb the surface current (Fig.1.7). Therefore, the fabrication of a complex waveguide
structure is a challenging task, especially at millimeter-wave frequencies. The requirement
of having good electrical contact between the building blocks to avoid leakage increases the
fabrication cost and manufacturing complexity. This is especially critical when building
up multilayer waveguide slot array antennas where precise assembly is needed.

Series-fed slotted waveguide arrays are simple but provide a narrow bandwidth due
to the long line effect [39]. In a single layer structure, it is normally not possible to feed
each radiating element in parallel (full corporate-feed) because of the space limitations
associated with keeping the element spacing smaller than one wavelength (λ0) to avoid
grating lobe [40]. Multi-layer corporate distribution networks [41] show a wider bandwidth
than series-fed arrays [42]. In these antennas, radiating elements are fed in parallel by
using a corporate-feed network, formed by waveguide power dividers. However, it is very
difficult to achieve good electrical contact between the vertical walls and the upper layer
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Figure 1.8: Surface current distortion in slotted waveguide antennas. (a) Current cut
in broad-wall slot antenna. (b) Narrow-wall slot antenna without problem of disturbing
current.

(a) (b)

Figure 1.9: (a) Array antenna feed-network with many screws. (b) Flatness problem.

in a distribution network, where a narrow vertical wall is separating each closely spaced
waveguide branch [42,43].

To overcome the problem of leakage due to the assembly in the broad-wall slotted
waveguide antenna, a narrow-wall slotted waveguide can be used (Fig.1.8). This antenna
can be manufactured in E-plane split-block without disturbing and cutting the surface
current on the waveguide walls.

The flatness of the metal layers is another key aspect to assure good electrical contact
between plates. Guaranteeing good plate flatness, especially in a large surface, is not an
easy task. A high-quality surface finishing over the whole metal contacts, as well as good
alignment of the two blocks, must be achieved in order to remove the gaps between the
two split-blocks and achieve a good electrical contact. Moreover, lots of screws are needed
to ensure good contact, and this is not always successful (Fig.1.9).

In [Paper G] we have further studied the mentioned problems at V-band. We have
manufactured a rectangular waveguide line in H-plane split-block and used several screws
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Figure 1.10: (a) Photograph of the fabricated H-plane split-block rectangular waveguide.
(b) Cross-section of the original line. (c) Cross-section of the modified line.

on the side walls to assemble the two pieces. Fig. 1.10 (a) shows the manufactured
prototype. Fig. 1.11(a) shows measured S-parameters of the rectangular waveguide line
with flat top walls, as illustrated in Fig. 1.10 (b). The measurement shows significant
leakage due to the existing tiny gap between the two blocks. To improve the electrical
contact between the blocks, and thereby reduce the leakage, the bottom block of the
prototype is modified by making small steps at the sides of the waveguide walls. The cross-
section of the modified waveguide is shown in Fig. 1.10 (c). The measured S-parameters
of the modified waveguide are presented in Fig. 1.11(b). In this measurements we can
observe that by adding a small step the performance drastically improves. It is worthy
mentioning that the fabricated rectangular waveguide is a straight line and in presence of
discontinuity the performance will degrade as well.

The previously mentioned strict mechanical requirements lead to use complex and
high-precision manufacturing techniques and innovative ideas. A corporate-fed multilayer
rectangular waveguide cavity-backed slot array antenna is reported in [44]. This is based
on normal rectangular waveguide technology realized by diffusion bonding of many thin
copper plates in order to achieve good electrical contact between all the plates. It shows
high efficiency and wideband performance, but the diffusion bonding technique is expen-
sive in mass production. Diffusion bonding is a solid-state welding technique capable of
joining metals. Diffusion bonding is typically implemented by applying both high pres-
sure and high temperature to the materials to be welded. Another attempted solution,
a novel over-sized post-wall waveguide fed by a quasi − TEM mode array antenna in
a parallel-plate waveguide configuration is introduced in [45]. In this design, a compact
design is achieved by using densely placed posts on the same layer as the parallel plate.
This solution has a narrow bandwidth and also quasi− TEM mode is difficult to obtain
by combining TEn0 modes. Several attempts have been made for solving the junction
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Figure 1.11: (a) Measured S-parameters of the rectangular waveguide with flat top walls.
(b) Measured S-parameters of the modified line by adding small steps [Paper G].

problem at the radiating layer where screws cannot be inserted, such as alternating-phase
fed single-layer slotted waveguide array which removes the need of the electrical contact
between plates [46].

1.3 Thesis Motivation and Contribution
There exists a big gap between planar transmission lines such as microstrip, CPW and
SIW, and the non-planar hollow waveguides in terms of performance such as loss and
fabrication flexibility. Fig.1.12 compares the performance of some reported planar high
gain array antennas based on different technologies in terms of loss, fabrication complexity
and cost. Microstrip and SIW array antennas have lower profile and cost than hollow
waveguide arrays, but they suffer from higher loss which is a disadvantage for high gain
antennas. Therefore, we instead realize slot array antennas in separated metal layers that
are assembled without requiring any metal contact between them. This is possible by using
the new metamaterial-based gap waveguide technology. Our research goal is to introduce
a solution to overcome and reduce the mentioned gap between planar transmission lines
and hollow waveguides.

The aim of this thesis is to design efficient array antennas and integration with passive
components, as well as RF circuitry for next generation millimeter-wave wireless commu-
nication systems. One of the main current research challenges is to find a new type of
transmission line which can be fabricated in a cost-effective and flexible way, and that also
shows low-loss at millimeter-wave frequencies. We explore and demonstrate the advan-
tages of gap waveguide technology as an alternative to the traditional guiding structures
to overcome the problem of good electrical contact due to mechanical assembly providing
a low loss solution, especially at high frequencies. The gap waveguide technology is suit-
able for millimeter and sub-millimeter-wave frequencies, since high integration capability
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Fabrication complexity & cost

Loss
LTCC and SIW 

Microstrip
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Desired array antenna

Figure 1.12: Comparison of different array antenna technologies performance. ( Microstrip
array antennas [47], LTCC and SIW array antennas [48,49], Hollow waveguide slot arrays
[44])

of active and passive components are required for these new emerging systems, although
a lot of challenges still need to be solved. Some of the major issues found at these fre-
quencies are the strict manufacturing and assembly tolerances. Moreover, we introduce a
novel air-filled multilayer waveguide (MLW) transmission line for the first time with ad-
vantages of low form factor, low loss, mass-producible, and cost-effective at the millimeter
frequency band, especially for frequencies above 100 GHz.

Wireless communication systems are traditionally built up by designing separately the
main building blocks of the system, i.e. antenna, diplexer, and RF circuitry, whereas the
realization of the whole system package comes afterwards. Fig.1.13 shows an overview of
the appended papers of this thesis classified in different categories. The main goal of this
thesis is to design a complete gap waveguide radio front-end by integrating a high gain
array antenna, a diplexer, and Tx/Rx monolithic microwave integrated circuits (MMICs)
circuitry in one package, in order to show the advantages of gap waveguide technology in
terms of system integration and packaging.

This thesis contains the design, implementation, and performance characterization of
several hardware prototypes to reach our goal as follows:

1. Low-loss and high performance passive components design

• High gain antennas are essential components to compensate for the losses in point-
to-point wireless links, due to the high path loss at millimeter-wave frequencies.
The gap waveguide technology presents some benefits for high frequency antenna
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Figure 1.13: Trend towards more integrated and interconnected system in future.

applications. It has a planar profile, and it can be used as a low loss distribu-
tion network for an antenna array. This thesis is partially focused on the design
of passive components, particularly array antennas and bandpass filters based on
gap waveguide technology for millimeter-wave applications. Several low profile mul-
tilayer corporate-fed slot array antennas with high gain, high efficiency and wide
impedance bandwidth for V- and E-band have been designed and are thoroughly
explained in this thesis.

2. Realization and manufacturing techniques

• In gap waveguide, periodic textured structures, in the form of pins or mushrooms, are
used to realize an Artificial Magnetic Conductor (AMC). The fabrication of the tex-
tured structure presents a challenging task, especially at millimeter-wave frequencies,
due to the relatively complex pattern and physical dimensions. The conventional
Computer Numerical Control (CNC) machining technique is very time-consuming
and not effective to manufacture gap waveguide structures. The realization of gap
waveguide structures with faster and cheaper approaches is another part of this
thesis. A fast modern planar 3-D manufacturing method called die-sink Electric
Discharge Machining (EDM) is used for the first time to manufacture a large pla-
nar high gain antenna at millimeter-wave. Direct Metal Laser Sintering (DMLS)
3-D printing technique and Reaction Injection Micro-Molding (RIM) are examples
of alternative manufacturing methods that we have explored to manufacture gap
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Chapter 1. Introduction

waveguide array antennas at E- and D-band, respectively. Moreover, MLW waveg-
uide structures are fabricated with cost-effective and mass-producible technologies,
i.e. metal chemical etching and laser-cutting.

3. Integration with active and passive components

• The integration of active and passive components, such as bandpass filters (BPFs),
diplexers, amplifiers and monolithic microwave integrated circuits (MMICs) with
the feed-network of an array antenna based on gap waveguide technology is the
main goal of this thesis. A more compact system can be realized with higher level
integration. To go towards this goal, a co-design of different parts is required in
order to obtain a high performance module.

1.4 Thesis Outline
The thesis is divided in two main parts. The purpose of the first part, organized in seven
chapters, is to introduce the subject and the background needed in order to have a better
understanding of the appended papers, presented in the second part.

The first part of the thesis is organized as follows: in Chapter 2 a brief description of
the theoretical background of array antennas is introduced. The results of a generic study
on grating lobe in a directive fixed beam array antenna is presented. In this chapter,
the fundamental directivity limitations in dense array antennas due to mutual coupling,
and sparse arrays caused by grating lobes are discussed as well. The content of this
chapter is related to papers [A],[B] appended in the second part of this thesis. Chapter 3
outlines an overview of gap waveguide where the fundamental operating principle of this
technology is briefly described. Furthermore, previous investigations performed on the
design and experimental evaluation of passive components, array antennas and packaging
on all possible variants of gap waveguide technology at different frequency bands are
summarized in this chapter. In Chapter 4 the designs of several passive components
such as high gain array antennas performed by the author of this thesis are presented.
The integration of a diplexer and a monopulse comparator network, together with the
feed-network of an array antenna based on gap waveguide, is also another topic of this
chapter. Papers [C-J] annexed in the second part of the thesis are related to Chapter 4.
A brief description of the design and the performance evaluation of a compact integrated
antenna-diplexer-circuit module is given inChapter 5. This is more thoroughly explained
in [Paper K] attached at the second part of this thesis, where a multi-Gbit/s real-time
data transmission at E-band is also successfully demonstrated. In Chapter 6 a novel
air-filled multilayer waveguide (MLW) transmission line is introduced together with a
manufactured demonstrator at D-band as a proof-of-concept. [Paper L] deals in detail
about the content of chapter 6. Finally, Chapter 7 summarizes and concludes the first
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1.4. Thesis Outline

part of the thesis with a brief summary of the listed contributions together with potential
future research opportunities.

The most relevant contributions of the author are included in the form of 12 appended
papers [A-L], which are presented in the second part of the thesis . Additionally, other
related publications of the author can be found as references in the section List of Publi-
cations.
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Chapter 2
Theoretical Background

An antenna with a large directivity requires to have an aperture with a large dimension.
Conventionally, reflector antennas with a large aperture size have been used to obtain a
high directivity. Another approach is to use array antennas, which contain several inter-
fering antenna elements that are located in different places, and possibly with different
spacing between elements to form a larger aperture. This type of antennas is very pop-
ular and widely used because of their advantages such as flat structure, low volume and
weight. Furthermore, in array antennas the main beam direction can be rapidly changed
by electronic steering. This makes them attractive for many applications. Array antennas
can be constituted of different grid and lattice, have a linear or planar profile or also
be regular, aperiodic or conformal. In regular arrays, the elements have a uniform spac-
ing. In contrast, in aperiodic array antennas, the element spacing between the consisting
elements of the array is not equal in different locations.

Usually, in the design of regular array antennas, the element spacing is required to
be within one wavelength in order to avoid high grating lobes. However, the element
spacing may become larger than one wavelength, especially at high frequencies, due to
limited space to accommodate the feeding or beam forming network. Several methods
have been developed to suppress grating lobes, such as aperiodic arrays configurations
including rotated sub arrays [23], ring-grid array with trapezoid subarrays [24], arrays
of random subarrays [25], random element and subarray positioning [26], and processing
techniques in synthetic aperture radar (SAR) systems [27,28]. Although it is required to
have small element spacing to avoid grating lobes, having very small element spacing also
rises another issue related to the mutual coupling between the elements. Mutual coupling
becomes a critical problem in dense arrays where the array’s elements are placed very
close to each other (< 0.5λ), since it affects the impedance matching of the elements.

This chapter presents a brief theoretical basis of array antennas and fundamental
directivity limitations in sparse and dense regular arrays. The effect of element spacing
in directivity, aperture efficiency, and radiation pattern has been studied for two extreme
cases, i.e. when the element spacing becomes larger than 1λ in [Paper A], and for an
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Chapter 2. Theoretical Background

Figure 2.1: Array antenna with rectangular lattice [50].

element spacing smaller than 0.5λ in [Paper B].

2.1 Planar Regular Array
Fig. 2.1 shows a planar array with a rectangular lattice in xy-plane. The far-field function
of the array can be calculated by multiplying the far-field function of the element (G(r̂)),
and the array factor (AF (r̂)) as shown in (2.1) [50].

GA(r̂) = G(r̂)AF (r̂) (2.1)

the array factor (AF (r̂)) can be calculated by summation of element-by-element with
different excitation weight (AmnejΦmn), as shown in (2.2) [50].

AF (r̂) =
N∑
n=1

M∑
m=1

Amne
jΦmnejkrmn·r̂ (2.2)

Calculating the array factor with (2.1) becomes time consuming for large arrays. Another
approach is to calculate the array factors as grating lobes sum, as shown in (2.3) [50].

AF (r̂) = ejΦc
1

dxdy

∞∑
p=−∞

∞∑
q=∞

Ã(kx − kΦx − p
2π
dx
, ky − kΦy − p

2π
dy

) (2.3)

where kΦx and kΦy are the propagation constants of the phase excitations in x and y direc-
tions, and Ã(x, y) is the two-dimensional Fourier transform of the excitation distribution
A(x, y) as follows [50]:

Ã(kx, ky) =
∫ ∞
−∞

∫ ∞
−∞

A(x, y)ejkxxejkyydxdy (2.4)
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Figure 2.2: Slot unit cell geometry that is used as the element of a regular array.

2.2 Grating Efficiency
In a regular array antenna, when the element spacing becomes greater than one wave-
length, the first grating lobes appear in the visible region for a broadside scan. The main
negative effect of these grating lobes is a reduction in the antenna directivity. The grating
lobes can appear even for an element spacing smaller but, close to one wavelength when
the main beam steers. The level of the grating lobes, and consequently the directivity
reduction, depends on the element far-field function and the element or subarray spacing.
A simple formula called “grating efficiency” is presented in [50] (Sec.10.3.5). The grating
efficiency is the reduction in directivity and therefore the aperture efficiency due to the
power lost in the grating lobes. It is given by the following formula:

egrt = |G(θ0, ϕ0)|2∑
pq
|G(θpq, ϕpq)|2 cos θ0

cos θpq

(2.5)

The sum is taken over all visible grating and main lobes. In (2.5) G(θ,ϕ) is the vector
far-field function of the single embedded element, (θ0, ϕ0) is the direction of main beam
and (θpq, ϕpq) are the directions of the grating lobes. The embedded element far-field
function is the far-field function of the whole array when only one element is excited and
all the other elements are terminated in the port impedance. This formula is derived
under the following assumptions:

1. All grating lobes are in the visible region and no grating lobe are located at grazing
angle.

2. The array is large and provides a pencil beam.

3. The edge effects are approximated by assuming that all elements have the same
embedded radiation pattern.
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Figure 2.3: (a) Grating lobes and main beam spectrum for element spacing greater than
one wavelength in E-plane. (b) Radiation far-field pattern of 32×32-element array with
element spacing equal to 6λ in E-plane, and smaller than λ in H-plane.

With the simple formula (2.5) and the knowledge of the radiation pattern of the
element, we can analytically estimate the aperture efficiency and, thereby, the directivity
of the array in the presence of grating lobes. In the following sections the accuracy
evaluation of the grating efficiency formula for two cases, i.e. grating lobes in E- and
H-planes, is presented by a comparison with numerical and analytical solutions. More
elaborate explanation and details can be found in [Paper A].

2.2.1 Grating lobes in E-plane
Fig. 2.2 shows a half-wavelength slot antenna in an infinite ground plane as the array
unit cell. The slot has a length of a = 0.505λ and a width of b = 0.067λ (� λ). The
far-field function of narrow slots is well-known, and that is the main motivation to use this
antenna for analytical evaluation purpose. The spectrum of grating lobes of a case with
grating lobes only in E-plane for an in-phase rectangular grid is shown in Fig. 2.3(a). To
satisfy this assumption, the element spacing in H-plane is smaller than one wavelength.
Fig. 2.3(b) shows the radiation pattern of a 32×32 slot array when the element spacing
in E-plane is equal to 6λ. As can be seen, grating lobes appear with the same level of
the main beam, since the slot antenna has an omnidirectional radiation pattern in the
E-plane. In order to verify the accuracy of formula (2.5), the numerical and analytical
results of the grating efficiency have been compared with the aperture efficiency obtained
from full-wave numerical simulations.
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Figure 2.4: Aperture efficiency of 32×32-element slot array with different element spacing
in E-plane.

Fig. 2.4 shows the aperture efficiency of an array with different element spacing in E-
plane. The element spacing in E-plane varies from 0.4λ to 10λ while the element spacing
is fixed to dx = 0.67λ in H-plane. For the numerical approach, the single element has
been simulated in an infinite array environment by applying the Master/Slave boundary
condition in HFSS. By using this, and combined with a truncation to 32 × 32 elements
(done by HFSS), the directivity and the far-field function of the 32×32 array for different
element spacings is obtained. Then the aperture efficiency is calculated by using eap =
D/Dmax, where Dmax is the maximum achievable directivity from an aperture (Dmax =
4πA/λ2). These results are in Fig. 2.4 marked with “eap - Numerical”. Furthermore, the
grating efficiency is calculated by substituting the level of the main beam and grating
lobes obtained from the simulated radiation patterns into the grating efficiency formula.
These results are marked with “egrt - Numerical”.

The analytical and simulated grating lobe levels show good agreement with each other
except when there are grating lobe directions near the end-fire directions (along the ground
plane). The reason for this difference is that the isolated element pattern is here used
instead of the embedded element pattern.. According to Fig. 2.4, the isolated element
pattern is quite accurate for calculating the grating lobe level except when there are
grating lobes radiating along the ground plane.

2.2.2 Grating lobes in H-plane

The spectrum of grating lobes for the case where the grating lobes only appear in H-
plane is shown in Fig. 2.5(a). The radiation pattern of a 32×32 slot array with a H-plane
element spacing of 6λ is shown in Fig. 2.5(b). Compared to Fig. 2.3(b), there is no grating
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Figure 2.5: (a) Grating lobes and main beam spectrum for element spacing greater than
one wavelength in H-plane. (b) Radiation far-field pattern of 32×32-element array with
element spacing equal to 6λ in H-plane, and smaller than λ in E-plane.

lobe at the grazing angle since the slot element has a cosine shape pattern in H-plane,
which tapers the total array’s far-field radiation pattern. The aperture efficiency of a
32×32-elements array with different element spacing in H-plane is shown in Fig. 2.6. The
element spacing in H-plane varies from 0.6λ to 10λ, and the element spacing is fixed to
dy = 0.67λ in E-plane, contrary to our assumptions in the previous section. The accuracy
of the grating efficiency formula on the presence of grating lobes in different planes, and
even when scanning the beam, is evaluated in [Paper A] in more detail. It is expected that
this formula would also be quite accurate for other types of array elements that radiate
from or above metal ground planes.

2.3 Embedded Element Efficiency
In 1964, Hannan addressed the so-called element-gain paradox in antenna arrays by in-
troducing an embedded element efficiency concept [51]. In the element-gain paradox, the
array gain is always smaller than the sum of the element gains. In [Paper B] the usefulness
of his approach has been shown by evaluating directivities and aperture efficiencies of an
array of slots by using commercial full-wave EM solvers. The results show that by using
embedded element analysis, the realized gain of regular arrays actually becomes equal to
the sum of the realized gains of the embedded elements. Therefore, the embedded ele-
ment efficiency is more practical to use in design and numerical analysis, than the more
commonly used active element pattern approach. The more popular approach to analyze
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Figure 2.6: Aperture efficiency of 32×32-element slot array with different element spacing
in H-plane.

array antennas is to use the active element pattern [52,53]. The active element pattern is
the far-field function when all elements are excited. However, the active element pattern
is a theoretical construction that cannot be directly measured, whereas the embedded
element is very practical and directly measurable on its ports.

Dense arrays suffer from strong mutual coupling among the ports of the neighboring
elements. The overall effect of the mutual coupling is characterized by the radiation
efficiencies of the embedded elements of the array, and this is the essential degrading
performance parameter of multi-port antennas for MIMO systems [54].

Consider again an array of 32×32 open-ended waveguides, each of them with aperture
dimensions a = 0.505λ and b = 0.067λ along y-and x-directions as shown in Fig. 2.2.
Fig. 2.7 shows the realized gain of the array as a function of the element spacing in E-
plane. The element spacing is fixed to dx = 0.67λ in x-direction (H-plane) and it varies
from 0.1λ to 10λ in y-direction (E-plane). Therefore, when the element spacing is 0.1λ,
parallel slots are extremely close to each other, and when the element spacing is 10λ they
are very far apart. The maximum available directivity (Dmax = 4πA/λ2) of the array
is plotted as the straight solid diagonal line in Fig. 2.7 marked as “maximum available”.
The realized gains of the whole array and of its elements have been calculated by three
different full-wave numerical approaches:

(a) Infinite array approach: This consists of simulating a unit cell of the array with
periodic boundary conditions, and corresponds to exciting all waveguide elements
with the same amplitude and phase.

(b) Embedded element approach: An element in the center of the array is simulated
when all the other elements are present and terminated. The realized gain of the
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Figure 2.7: Realized gain of 32×32 element regular array of open-ended waveguides in
infinite ground plane when the element spacing in H-plane is dx = 0.67λ for different
element spacings in E-plane, by using different methods.

total array is Garr = MNGemb.

(c) Isolated element approach: This is one open-ended waveguide in an infinite
ground plane. An approximate array gain can be obtained from Garr = MNGiso.
This result is shown as the curve called “asymptote from isolated element gain” in
Fig. 2.7. The directivity of the isolated element can in our case also be found
analytically to be 5.2 dBi from the analytical far-field function of a single slot [50].

Fig. 2.7 shows that the gain simulated with the infinite array method approaches
the isolated element asymptote in a slowly oscillating manner for large dy. The slow
convergence is due to all the grating-lobes that appear with periodic intervals of 1λ.
They have a large effect in E-plane because the isolated element pattern of a slot is
omnidirectional in E-plane.

Fig. 2.8 represents the embedded element efficiencies evaluated in different ways for
small element spacing dy/λ. The continuous straight red line shows Hannan’s asymptotic
formula as follows:

eemb = π
dx
λ

dy
λ

(2.6)

The continuous blue line with squares is obtained by using the definition of the embedded
element efficiency for a lossless multi-port antenna following the next equation:

(eemb)j = 1−
MN∑
i=1
|Sij|2 (2.7)
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Figure 2.8: Embedded element efficiency of the same 32×32 array as in Fig. 2.7, evaluated
by different accurate and approximate methods.

where Sij is the S-parameter between ports i and j. It is evaluated numerically from
all S-parameters obtained from the embedded element simulations described in (b) and
marked as “from all S-parameters”. Therefore, the embedded element efficiency is seen to
represent the sum of the power lost in the matched source impedance on the excited port,
as well as in the matched loads on all unexcited ports.

The dashed green line shows the embedded element efficiency when correcting Han-
nan’s asymptote by the mismatch factor of the fully-excited array, i.e., the mismatch
factor when all elements are equally excited. The final curve of circles is marked “gain
per element minus 6 dB”. This is obtained by taking the result from the infinite array
approach, dividing it with MN to get the realized gain per element, and finally removing
the 6 dB directivity of a single embedded element in a dense array.

The results show that Hannan’s asymptote represents the highest efficiency for all
dy/λ. Thus, it is the fundamental limiting factor describing the fact that the embedded
element will have low radiation efficiency in dense arrays. By correcting this with the
mismatch factor, the same result has been obtained from the full wave simulation (“gain
per element minus 6 dB”). This demonstrates that it is very easy to correct from Hannan’s
asymptote to get the actual realized gain in dense regular arrays, but then we need to
know the S-parameters of the array elements when all the elements are excited. Finally,
we can see that the actual embedded element efficiency evaluated from all S-parameters
using (2.7) is lower than the four other results, and approaches them for small element
spacing.

Eq. (2.7) can never be larger than unity (0 dB) by definition. However, the three
other curves can be larger than unity when the assumptions dx � λ and dy � λ for which
they are evaluated, are not satisfied. This assumption is implicit also in the full wave
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efficiencies when assuming that the directivity of the embedded element is 6 dBi. If the
directivity is larger, the computed value of the embedded element efficiency will be lower
and, thereby, satisfy the physical requirement of eemb 6 1.

2.4 Summary and Conclusions
In this chapter, a brief theoretical background of array antennas is presented. Two extreme
cases where the element spacing becomes larger than one wavelength and smaller than
half a wavelength have been carefully investigated. We have presented and verified a
simple formula called “grating efficiency” for calculating the aperture efficiency of regular
array antennas in the presence of grating lobes. This formula is verified by considering a
large uniformly excited planar slot array antenna and using EM simulations and analytical
approach. The agreement is good for both the broadside radiation and steered main beam,
as shown in [Paper A]. Moreover, we have numerically shown that the embedded element
efficiency fully explains the so-called element-gain paradox as theoretically predicted by
Hannan [51] and Kahn [55].
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Chapter 3
Gap Waveguide Technology Principle and
Overview

The gap waveguide technology was recently introduced in [56] as an extension of previous
studies on hard and soft surfaces presented in [57]. In brief, gap waveguide technology
can be explained as a new metamaterial-based wave-guiding structure that uses a periodic
electromagnetic band gap (EBG) geometry around a certain type of guiding path, such as
strip, ridge or groove to control the power flow direction. The foundation of gap waveguide
is originated from soft/hard boundary conditions and the cutoff of electromagnetic waves
on a parallel PEC/PMC waveguide configuration. The soft surface has the ability to stop
the propagation of any polarization wave along the surface. For example, corrugations
act as a soft surface along the direction of the corrugation. On the other hand, the hard
surface supports the propagation of waves along its surface.

3.1 Gap Waveguide Concept
As briefly mentioned, the fundamental operating principle of gap waveguide technology
is based on the cutoff of any propagating wave on a PEC/PMC parallel-plate waveguide
configuration. When the air gap between the two plates is smaller than λ/4, no wave can
propagate between the plates, due to the existing PEC/PMC boundary conditions. This
idea is shown in Fig.3.1. By introducing a metal strip in the PMC surface, a TEM mode
will be able to propagate along the strip. Therefore, in the latter situation we can control
the propagation of waves in desired directions between the two plates.

In practice, the PMC condition is artificially realized by using Artificial Magnetic
Conductors (AMCs) to emulate the high impedance boundary condition of a PMC surface
[58]. In gap waveguides, the AMC is realized in the form of periodic textured structures
(e.g. metal pins or mushroom structures) in combination with a smooth metal plate, with
an air gap between them. When the air gap is smaller than quarter wavelength there is a
cutoff of all propagating modes within the gap due to the high surface impedance created
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(a) (b)

Figure 3.1: Basic operating principle of gap waveguide. (a) PEC − PMC Parallel-plate
electromagnetic wave cutoff. (b) TEM local waves propagation.

(a) (b)

(c) (d)

Figure 3.2: Different gap waveguide geometries and desired modes of propagation.
(a) Ridge gap waveguide. (b) Groove gap waveguide. (c) Microstrip gap waveguide.
(d) Inverted-microstrip gap waveguide. [60]

by the periodic texture [59]. This can be used to control the direction of propagation of
the wave without leaking away in other directions.

Based on the type of guiding line, propagation characteristics and band gap structure,
the gap waveguide can be realized in different versions. Ridge gap waveguide [61], groove
gap waveguide [62], microstrip gap waveguide [63], and inverted microstrip-ridge gap
waveguide [64] are the four basic varieties of gap waveguide technology. Fig.3.2 shows
the different gap waveguide configurations and the fundamental modes. The ridge gap
and groove gap waveguides can be seen as equivalent versions of ridge waveguide and
rectangular waveguide transmission lines, respectively [65].

The printed versions, i.e. microstrip and inverted-microstrip gap waveguides, use the
advantages of printed circuit board (PCB) technology to fabricate the guiding line with
a simple and cost-effective method. The inverted-microstrip gap waveguide consists of a
strip line placed on a substrate layer. In this configuration, a quasi-TEM mode propagates
in the gap between the strip and the top plate. The substrate is packaged with a bed of
nails from the backside, which eliminates any possible leakage and surface waves within
the substrate. In microstrip gap waveguide, the periodic EBG structure is embedded
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Ridge

zero-gap zero-gap

(a) (b)

Figure 3.3: Cross-sections of zero-gap concept. (a) Ridge zero-gap waveguide, and
(b) Groove zero-gap waveguide.

within the substrate by using mushrooms, which offers a compact design. In the printed
gap waveguide, the field is mainly propagating within the air gap between the strip line
and the upper lid. However, it has been shown in [64,64] that the fringing field goes inside
the substrate and increases the insertion loss.

Gap waveguides have interesting characteristics such as low loss, flexible planar manu-
facturing, and cost-effectiveness [66]. The most remarkable advantage compared to tradi-
tional planar transmission lines like microstrip , CPW and SIW, is that the gap waveguide
provides a planar profile with low loss, since the wave propagates in the air. This new
technology has almost no dielectric loss (especially in ridge and groove gap waveguide con-
figurations ), and it is mechanically more flexible to fabricate and assemble than hollow
waveguide structures. This mechanical flexibility is due to the fact that good electri-
cal contact between the different building blocks of a gap waveguide prototype is not
needed because any possible leakage of fields is eliminated by the inherent cutoff principle
provided by the PEC/PMC configuration.

Previous works on gap waveguide in [64, 67] show that at high frequencies the as-
sembly tolerances, specially related to the gap stability, can affect the overall component
performance. A new gap waveguide concept, so-called zero-gap, is presented in [Paper
G], where the air gap between the upper lid and the pin texture of the conventional gap
waveguide structures has been reduced to almost zero. Fig.3.3 shows a sketch of ridge
zero-gap waveguide and groove zero-gap waveguide structures. When the air gap is re-
duced, the periodic metal pin layer (which emulates the AMC characteristics) may come
in contact with the top metal lid. A statistical analysis of a random contact of the pin
texture and the top metal plate is performed in [Paper G] in order to investigate the effect
of uncertain capacitances between the pins and upper plate. In this new gap waveguide
variety, the periodic pin texture creates a stopband for parallel plate modes, and it is also
used as a mechanical support while assembling the waveguide structure. This represents a
significant manufacturing advantage especially for corporate feed-network of array anten-
nas at millimeter-wave frequencies. All the designed antennas, diplexers, and integrated
modules presented in this thesis are based on ridge and groove zero-gap waveguides as
shown in Fig.3.3.
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Figure 3.4: Dispersion diagram for the infinite periodic pin unit cell (a=0.4 mm,
df=1.3 mm, p=0.8 mm, and g=0.05 mm).

Bottom Metal Plate

Ridge

Top Metal Plate

(a) (b)

Figure 3.5: Geometry of (a) ridge gap waveguide, and (b) groove gap waveguide with
half-height pin unit cell.

3.1.1 Dispersion diagram of periodic EBG

As mentioned before, the periodic texture (e.g. pins or mushrooms) creates a stopband for
the parallel-plate modes and suppresses undesired modes and any potential field leakage.
It acts as a high impedance surface when the air gap is smaller than λ/4. The disper-
sion diagram of the unit cell of the periodic structure is the most important parameter
when designing the stopband, which is a function of the geometrical parameters of the
structure. In [59] a generic study and performance evaluation of different periodic EBG
structures, such as pins, corrugations, and mushrooms to use in gap waveguide technology
is thoroughly evaluated.

Fig. 3.4 shows the dispersion diagrams of two pin unit cells that create the stopband
for the parallel plate modes presenting more than one octave bandwidth. The dispersion
diagrams of these unit cells are calculated using the Eigenmode solver of CST Microwave
Studio by considering periodic boundary conditions. The pin dimensions have been suit-
ably chosen to provide a stopband that covers sufficiently the whole V-band. Fig. 3.4(a)
shows a conventional pin unit cell that is typically used to form ridge and groove gap
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Figure 3.6: Dispersion diagram for the infinite periodic unit cell including, (a) A ridge
embedded within a pin texture (a=0.4 mm, df=1.3 mm, p=0.8 mm, g=0.05 mm,
gr=0.25 mm, wr=1 mm, and dr=1.1 mm), and (b) A groove within pins texture
(wg=3.78 mm, d=1.5 mm, a=0.75 mm, g=0.05 mm, and p=1.8 mm).

(a) (b)

Figure 3.7: (a) Geometry of printed inverted-microstrip gap waveguide, and (b) Dispersion
diagram of the EBG unit cell [68].

waveguide transmission lines of Fig. 3.2(a) and (b). As can be seen, the aspect ratio of
the pin (the ratio of the height to the width) is very high (3.25:1), which makes it difficult
to manufacture especially with some fabrication techniques such as injection molding.
In [69, 70] a new form of pin unit cell, so-called half-height, is presented to facilitate the
fabrication. Fig. 3.4(b) shows a half-height pin and its corresponding dispersion diagram.
In this unit cell both the upper and lower plates have pins with half of the height of
the original ones as shown in Fig. 3.4(a). Fig. 3.5 illustrates the geometry of rigde gap
waveguide and groove gap waveguide with half-height pin texture in contrast with the
conventional gap waveguide technology types of Fig. 3.2.

By introducing a ridge between the pin texture, a quasi-TEM mode propagates in
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(a) (b)

(c) (d)

Figure 3.8: Gap waveguide array antennas. (a) Magneto-electric dipole antenna with
microstrip gap waveguide feed network [71], (b) Cavity-backed slot array antenna with
ridge gap waveguide feed network [72], (c) Slot array antenna with inverted gap waveguide
feed network [73], and (d) Single-layer slot array antenna with groove gap waveguide feed
network [74].

the air gap between the ridge and the upper plate. Fig. 3.6(a) shows that there is a
single propagating mode over the frequency band 40-90 GHz, which covers the whole
unlicensed 60 GHz frequency band. The pin texture can also be used to constitute a groove
that supports the propagation of the fundamental TE10 mode, as shown in Fig. 3.6(b).
Moreover, the bed of nails of the inverted-microstrip waveguide can also be replaced by a
mushroom-type EBG structure as illustrated in Fig. 3.7. It is important to remark that in
all these gap waveguide variants there is no need for good electrical contact between the
textured surface and the upper metal plate. This is due to the electromagnetic bandgap
properties provided by the pin or mushroom-type EBG surfaces.

3.2 Gap Waveguide Benefits and Early Studies

The usefulness of gap waveguide technology has been evaluated and demonstrated in many
different applications. A summary and an overview of some pioneer works that have been
explored and shown the advantages of gap waveguide are presented in this section.

32



3.2. Gap Waveguide Benefits and Early Studies

(a) (b) (c)

Figure 3.9: Gap waveguide bandpass filters based on, (a) groove gap waveguide [91],
(b) microstrip gap waveguide [92], and (c) ridge gap waveguide stacked resonators [93].

3.2.1 Transitions
Since the gap waveguide is a new type of transmission line, there is a critical need for
transitions between different gap waveguide variants and conventional transmission lines.
Several transitions working at different frequency bands and showing diverse arrange-
ments, such as ridge gap waveguide to coaxial [75], inverted-microstrip gap waveguide to
rectangular waveguide [64], ridge gap waveguide to CPW [76], ridge gap waveguide to
microstrip line [67, 77, 78], groove gap waveguide to microstrip line [79, 80], and groove
gap waveguide to rectangular waveguide [81], have been introduced and experimentally
validated.

3.2.2 Planar array antennas
Hollow waveguide array antennas have a rather complex structure that makes the fabrica-
tion and assembly a challenging task at high frequencies. Due to the low loss performance
and no strict requirement for good electrical and galvanic contact between the building
blocks, gap waveguide technology offers a huge potential to design high gain and high
efficiency array antenna. Several array antennas with gap waveguide corporate feed net-
work showing features of low loss in groove and ridge gap waveguide [72, 74, 82–87] , and
compactness in PCB versions of gap waveguide technology [33, 71, 73, 88–90] have been
demonstrated.

3.2.3 Resonators and filters
Bandpass filters require low loss cavities and resonators to achieve high Q-factor. Sev-
eral bandpass filters have been realized based on different varieties of gap waveguide
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(a) (b)

Figure 3.10: RF circuit module packaging. (a) Sketch of conventional packaging approach
by using shielding box and absorber. (b) PMC gap waveguide packaging solution [106].

technology. The Q-factors of the ridge and groove gap waveguide resonators have been
investigated in [94] and compared with the Q value of a conventional rectangular waveg-
uide. If high Q-factor and low loss performance are required, groove gap waveguide is
the best choice. Different types of bandpass filters based on groove gap waveguide have
been reported in [91,95–101]. Moreover, compact bandpass filters using ridge gap waveg-
uide [93,102,103], microstrip gap waveguide [92], inverted-microstrip gap waveguide [104],
and printed inverted-microstrip gap waveguide [105], have also been numerically and ex-
perimentally evaluated.

3.2.4 Packaging

Microstrip and CPW transmission lines are open structures and the final product needs to
be protected from interferences and physical damages. The traditional packaging method
is based on using metal shielding boxes, where the main drawback is the appearance of
cavity resonance modes when two of the dimensions of the box are larger than half wave-
length. It is possible to suppress these resonances by applying absorber materials. The use
of absorbers placed in multi-compartment enclosures can also provide good isolation be-
tween neighboring circuitry, as shown in Fig . 3.10(a). However, this packaging approach
introduces additional losses in the system. The AMC of the gap waveguide technology can
be used to package circuits and suppress the parallel plate cavity modes [107]. In [106]
a bed of nails is used to improve the isolation performance among several high-gain am-
plifier chains. Moreover, packaging of a microstrip coupled-line bandpass filter [108] and
SIW-GCPW bandpass filter [109], as well as a monolithic microwave integrated circuits
(MMIC) power amplifier (PA) packaging solution in [110], are some of the recent works on
using gap waveguide technology for passive and active packaging applications. Moreover,
a spatial power splitter-combiner structure is presented in [111] to design of planar grid
amplifiers packaged in gap waveguide technology.
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(a) (b)

Figure 3.11: Geometry gap waveguide twist. (a) 3-D exploded view of the 7-steps 90◦
twist [117]. (b) One-step 45◦ double-wing twist [118].

3.2.5 Contactless pin flange and twist
At high frequencies, hollow waveguides are widely used to maintain a low insertion loss.
Therefore, standard waveguide flanges are used to connect and assemble different waveg-
uide blocks, as well as for measurement purposes. A good and smooth connection be-
tween the flange surfaces without any gap is required to avoid potential leakage. A gap
waveguide pin flange has been introduced in [112, 113] to remove the need for good joint
contact in the mechanical assembly of waveguide structures. The pin flange provides a
leakage-free contactless connection, which is advantageous at millimeter-wave frequencies.
Furthermore, the realization of gap waveguide prototypes for frequencies above 100 GHz
has been explored in [114–116] by fabricating pin flanges with micromachined technology
in silicon and SU8.

This concept is further developed to design a rotatable waveguide twist to transform
polarization between two waveguide ports. A Ka-band twist with 7 stacked layers that can
provide 90◦ polarization rotation is presented in [117]. Moreover, single-step double-sided
twist at E-band with a 45◦ twist is developed in [118] (Fig. 3.11).

3.3 Summary and Conclusions
In this chapter, brief basic theory and working principles of the gap waveguide technology
has been given. The gap waveguide technology is a new type of guiding structure that
can achieve low-loss performance, manufacturing flexibility, and cost effectiveness with-
out the need for galvanic contact among the different building blocks of the waveguide
structure. Therefore, gap waveguides can be mass-produced by applying some low cost
fabrication techniques such as injection molding, die pressing, plastic hot embossing, or
die-sink EDM. Gap waveguide technology has a strong potential and exhibits promising
advantages for applications at the millimeter-wave frequency range. Several related works
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on gap waveguides that show these advantages for different applications have been briefly
presented. The metamaterial/metasurface background of gap waveguide technology is
described in more detail in [60,66].
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Chapter 4
Gap Waveguide Passive Components Design
for Millimeter-Wave Applications

One of the main goals of the conducted research in this thesis has been to design high effi-
ciency low profile array antennas, as well as low loss passive components such as bandpass
filters. Our second relevant goal is the realization of a compact and high performance gap
waveguide module by integrating those passive components with the feed network of the
array antenna.

In this chapter, a summary of developed gap waveguide passive components by the
author, such as: transitions and interconnects, bandpass filters and diplexer, as well as
array antennas; is introduced. The last section of this chapter deals with a description of
different cost-effective manufacturing techniques that have been tested to fabricate some
of the proposed gap waveguide antennas. The whole chapter is based on the content of
Papers C, D, E, F, G, H, I, and J, where more detailed information about the different
designs can be found.

4.1 Transition Design
Since the interface of most testing equipments at high frequency are based on standard
hollow rectangular waveguides, low loss, simple and wideband transitions from gap waveg-
uide transmission lines to conventional rectangular waveguide are needed. In this section,
two low loss transition designs from groove gap waveguide to rectangular waveguide, and
from groove gap waveguide to microstrip line, are presented. The first of these two tran-
sitions has been introduced in Paper I. This design consists of a simple and wideband
way to interconnect groove gap waveguide to rectangular waveguide with easy assembly
to cover the whole V-band (50-75 GHz). The key features of this transition are simplicity,
easy assembly, low sensitivity to manufacturing and assembly errors, and wideband perfor-
mance. Furthermore, the proposed design can be easily scaled to other frequency bands.
The fabricated back-to-back prototype by using CNC milling in aluminum is shown in
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(a) (b)

Figure 4.1: Proposed gap waveguide transitions. (a) Fabricated back-to-back groove gap
waveguide to rectangular waveguide right-angle transition [Paper I]. (b) Fabricated back-
to-back groove gap waveguide to microstrip line transition [Paper K].
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Figure 4.2: Simulated and measured performance of the fabricated prototypes. (a) Groove
gap waveguide to rectangular waveguide transition. (b) Groove gap waveguide to mi-
crostrip line transition.

Fig. 4.1(a). The groove gap waveguide line is formed in two separated metal plates, where
a pin texture prevents any possible leakage. A simple step shaped metal piece at the
end of the groove acts as a 90 ◦ E-plane bend to match the wave into the rectangular
waveguide. In order to have a simple measurement setup and provide enough space for
WR-15 waveguide flanges, the ports are located at different metal plates. Therefore, one
step transition is placed on the pin texture and one on the top metal plate. Fig. 4.2(a)
shows the measured S-parameters in comparison with the simulated results. The mea-
surements for the back-to-back configuration show an insertion loss lower than 0.2 dB,
and a reflection coefficient better than -16 dB from 50 to 75 GHz.

Fig. 4.1(b) shows a transition between a microstrip line to groove gap waveguide
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Figure 4.3: (a) A V-band end-coupled bandpass filter based on inverted-microstrip gap
waveguide [Paper C]. (b) A 5th order E-band hybrid diplexer-splitter based on groove gap
waveguide [Paper K].
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Figure 4.4: Simulated and measured performance of, (a) the fabricated inverted-microstrip
gap waveguide filter, (b) the fabricated hybrid diplexer-splitter prototype.

([Paper K]). The proposed transition is formed in two distinct parts, where the energy
from the microstrip line couples to the groove gap waveguide via a resonant cavity. The
groove is created by a pin texture on the upper layer and a lid on the lower layer. An
8 mm long microstrip line is fabricated on 100 µm LCP substrate (εr=3.2) with 1 mm
thick copper base. An E-plane probe is extended into the cavity and the quasi-TEM
mode of the microstrip is matched to the TE10 mode of GGW by using the resonant
characteristic of the cavity. The cavity has been made within the 1 mm thick copper
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(a) (b) (c)

Figure 4.5: The proposed gap waveguide array antenna. (a) 16 × 16 slot array antenna
at V-band [Paper E]. (b) 8× 8 slot array antenna at V-band [Paper D]. (c) A Horn array
antenna at E-band [Paper J].

plate. To simplify the fabrication, the cavities are realized by first making through holes
with the required dimensions in the 1 mm copper plate, and afterwards the holes are closed
from the backside with small metal pieces. The simulated and measured performance of
the fabricated back-to-back transition is shown in Fig. 4.2(b). The measured reflection
coefficient remains below -12 dB over the frequency band 69-87 GHz. A measured average
insertion loss of 1.5 dB has been achieved over the frequency band 71-86 GHz. The
measured results in [119] show that the insertion loss of a 50 Ω microstrip line on a
100 µm LCP substrate is around 0.11 dB/mm at 80 GHz. Therefore, by subtracting the
loss of the 8 mm microstrip line of the fabricated back-to-back transition, the measured
insertion loss of a single transition is estimated to be around 0.31 dB.

4.2 Bandpass Filter and Diplexer
Bandpass filters are essential passive components for most wireless communication sys-
tems. Low loss, inexpensive and suitable for mass-production are some of the required
features of filters for millimeter-wave frequencies.

We have described the design of a 4th order Chebyshev-type end-coupled bandpass
filter in [Paper C] based on inverted microstrip gap waveguide that provides a 2 GHz
bandwidth at 60 GHz center frequency. The fabricated prototype is embedded within a
10 cm inverted microstrip gap waveguide line that contains two back-to-back transitions
to rectangular waveguide that were previously validated in [64], as shown in Fig. 4.3(a).
The simulated and measured S-parameters of the prototype are presented in Fig. 4.4(a).
The measurements exhibit an insertion loss of 3 dB in total, where the insertion loss of
the filter itself is better than 1.6 dB (1.4 dB is the corresponding loss of the transitions
and the extended line). Although microstrip bandpass filters have simple structures, their
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Figure 4.6: Multilayer gap waveguide 2 × 2 cavity-backed slot subarray with different
excitation mechanism. (a) T-shaped ridged feeding. (b) Compact feeding with secondary
cavity.

applications are limited to microwave frequencies due to high losses. A V-band third order
bandpass filter realized in SIW technology is presented in [120]. The fabricated prototype
shows an insertion loss of 3 dB at the center frequency of 62 GHz, mainly due to dielectric
loss. On the other hand, the designed inverted microstrip gap waveguide in [Paper C]
shows around half of that insertion loss of the corresponding SIW filter in [120].

Another gap waveguide filter example is the 5th order hybrid diplexer-splitter which is
shown in Fig. 4.3(b). This design consists of a novel architecture that allows for a direct
integration with a feed-network of an array antenna ([Paper K]). In order to achieve
a compact design, the output of the diplexer is directly connected to a power divider,
so that the diplexer acts as a first stage of power division for corporate feeding of an
array antenna. The measured and simulated performance of the fabricated prototype is
presented in Fig. 4.4(b). The measured input reflection coefficients of the two channels
are below -17 dB. The measured isolation between the two input ports (|S12|), and the
measured isolation between the two channels,(|Sj1|, |Sj2|) are both smaller than 50 dB.
Fig. 4.4(b) shows that the designed diplexer has a low loss performance. The measured
transmission coefficients for both of the channels are better than -3.5 dB, which in an ideal
lossless situation should be -3 dB. Therefore, the fabricated prototype shows a maximum
0.5 dB insertion loss.
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Figure 4.7: The proposed horn subarray with bigger pin texture [Paper J]. (a) Geometry
of the subarray. (b) Dispersion diagram of the periodic pin unit cell with bigger size.
(c) Comparison of the size and aspect ratio of two pin unit cells.

4.3 Gap Waveguide Array Antennas

We have designed several low-profile array antennas with high efficiency and wide impedance
bandwidth based on gap waveguide technology, exhibiting flexible mechanical assembly
and low loss. Fig. 4.5 shows some developed array antenna designs at V- and E-band. We
have used a multi-layer configuration, where the galvanic and electrical contact among the
layers is not required in gap waveguide technology. Several layers with different function-
alities are vertically stacked up to form a compact and high performance array antenna.

Fig. 4.6 shows two cavity-backed slot subarrays with different feeding mechanisms, as
radiating elements of the slot array antennas. Four slots with cylindrical cavities on the
top of them are fed by an air-filled cavity. In Fig. 4.6(a) a T-shaped ridge is used to
couple the quasi-TEM mode of the ridge gap waveguide feed network to the cavity via a
coupling slot. With this type of feeding, there is only one pin row separation between the
ridge lines near the T-shaped ridges in the final distribution feed-network of the designed
array, as illustrated in Fig. 4.8. The latter is due to the need for a bend at the end of
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Pin texture Pin texture

(a) (b)

Figure 4.8: Different feeding network solutions. (a) Feed network by using T-shaped ridge
[Paper D]. (b) Compact ridge gap waveguide feed network by using secondary cavities
[Paper J].

each feeding branches to have an in-phase excitation of the elements of the array. Due to
the limited space between the T-shaped section and the adjacent ridge line, the pins size
and periodicity need to be small as well.

We have proposed a more compact feeding solution in [Paper F and J]. The quasi-TEM
mode of the ridge line is first coupled to a secondary cavity and then to the subarray via a
coupling slot, as shown in Fig. 4.6(a). With this new excitation, there are at least two pin
rows between the ridge lines in the final feed network, and consequently adequate space
to integrate for example a diplexer into the distributing feeding network, as described in
detail in [Paper F].

Another advantage of the feeding via a secondary cavity is that we can use bigger pins
with larger periodicity and still be able to accommodate the corporate feeding of array
([Paper J]). Fig. 4.7(a) shows a wideband horn subarray fed by ridge gap waveguide at
E-band. The subarray dimensions in the E- and H-plane is larger than one wavelength,
which causes grating lobes. The grating lobes and sidelobes in the H-plane have been
suppressed by inserting a septum in the middle of the horn’s aperture in the E-plane. The
horn is fed by a ridge line from the backside.

Fig. 4.8 shows the ridge gap waveguide feed networks of a 8×8 slot array antenna
at V-band ([Paper D]) and a horn array at E-band ([Paper J]), where the two different
feeding mechanisms are illustrated, i.e. via T-shaped ridges and via secondary cavities.
As can be seen, the new feeding mechanism via a secondary cavity allows to use bigger
pins (with around twice of the size). Fig. 4.7(b) shows the dispersion diagram of the
corresponding bigger pin unit cell, which can be compared to the dispersion diagram of
the thinner pins that is presented in Fig. 3.4(a). The bigger pin unit cell has an aspect
ratio of around one (0.85

0.8 ), which makes the fabrication much easier. A comparison of the
size of the two pin unit cells is illustrated in Fig. 4.7(c) for an easier visualization.
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Figure 4.9: (a) Near-field radiation patterns and gain measurement setup. (b) Measured
2-D far-field radiation pattern at 62 GHz.
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Figure 4.10: Simulated and measured radiation patterns of the proposed array antenna
at 62 GHz. (a) E-plane. (b) H-plane.

For backhaul wireless links high gain antennas with low far-sidelobe level in the hor-
izontal principle plane are required, as specified by ETSI and FCC standards [121]. In
the cavity-backed slot subarrays of Fig. 4.6, the slots are tilted by 10◦ in order to improve
the far-field radiation characteristics of the antenna and satisfy the ETSI class II sidelobe
requirement. In this way, the sidelobe levels of the antenna are reduced by separating
the E- and H-planes of the antenna from the principal planes of the array. Fig. 4.9 shows
the near-field measurement setup and the 2-D radiation pattern of the 16×16 slot array
antenna proposed in [Paper E]. As can be seen, the high sidelobes are not in the E- and
H-planes of the antenna, while the E- and H-planes are kept in the vertical and horizontal
planes. The simulated and measured radiation patterns of the antenna in the E- and
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Figure 4.11: Compact integrated diplexer-antenna module at Ka-band [Paper F]. (a) Con-
figuration of the proposed diplexer-antenna. (b) Simulated and measured reflection coef-
ficients and gain.

H-planes at 62 GHz are presented in Fig. 4.10, where the ETSI class II mask is also illus-
trated. With the proposed approach a low far-sidelobe level has been achieved without
reducing the aperture efficiency of the antenna that would happen by using, for example,
amplitude tapering of the aperture power distribution of array.

4.4 Passive Component Integration
In this section we present two examples of how, by using gap waveguide technology, we
can achieve a simple and compact passive component integration together with high gain
array antennas in the same module.

4.4.1 Integrated antenna-diplexer module
Frequency-division duplexing (FDD) communication backhaul links are widely used to
increase spectral efficiency and transmit and receive data simultaneously. A high gain
antenna connected to a diplexer are key passive components of such systems, and by
integrating them, significant reduction of the total size and cost of the system can be
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(a) (b)

Figure 4.12: Simulated E-field distribution within the feed-network of the integrated
diplexer-antenna module at (a) 28.2 GHz, and (b) 29.2 GHz.

achieved. In [Paper F] we have presented the integration of a 7th order diplexer with a
corporate feed network of a high-gain gap waveguide 16×16 slot array antenna operating
at Ka-band. The configuration of the integrated diplexer-antenna module is illustrated
in Fig. 4.11(a). The designed module has two channels of 650 MHz bandwidths each
with center frequencies 28.2 GHz and 29.2 GHz. The detailed design procedure of a new
method for designing large-scale filters and diplexers based on the group delay responses
of sub-circuits in combination with space mapping is also proposed in [Paper F].

The measured and simulated input reflection coefficients and gains of the designed
integrated diplexer-antenna are presented in Fig. 4.11(b). The measured reflection coeffi-
cients of the two Tx/Rx ports are below -13 dB with very good agreement with simulated
results. The filter response of the module is noticeable in the gain curves. The mea-
sured isolation of gain between the two channels is around 55 dB. The total measured
antenna efficiency, considering the loss of the diplexer, is around 60%. The simulated
time-averaged amplitudes of the E-field distribution within the feed-network of the inte-
grated diplexer-antenna at the center frequencies of two Tx/Rx channels are illustrated in
Fig. 4.12. As shown, despite the presence of a small gap between the layers and no perfect
electrical contact, there is no leakage between the feeding ridge lines and also between the
diplexer and adjacent ridge lines. The latter is due to the stopband of the pin texture,
which prevents the propagation of the wave in unwanted directions.

4.4.2 Planar monopulse array antenna
Direction finding techniques are necessary for different millimeter-wave applications, such
as finding the position of objects in radar systems, determining the line-of-sight direction
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Figure 4.13: (a) Detailed description of the W-band monopulse array antenna and op-
erating mechanism by exciting sum and difference ports. (b) Simulated and measured
normalized sum and difference radiation pattern at E- and H-plane at 95 GHz.

in point-to-point wireless links, and detecting the location of unlicensed or undesired ra-
diation sources in security applications. Our second proposed integrated module based on
gap waveguide technology is a compact monopulse array antenna (see Fig. 4.13(a)), which
is formed with four unconnected layers, and is aimed to be used in tracking applications
at W-band (85–105 GHz) ([paper H]). We have designed a low-loss planar Magic-Tee,
and afterwards a monopulse comparator network, consisting of two vertically stacked
layers. The gap waveguide planar monopulse comparator network is integrated with a
high-efficiency 16×16 corporate-fed slot array antenna. The measured results of the com-
parator network show that the amplitude and phase imbalance values remain less than
0.5 dB and 2◦, respectively, at W-band. The fabricated monopulse array antenna shows a
relative impedance bandwidths of 21% with input reflection coefficients better than -10 dB
for the sum and difference ports. The simulated and measured radiation patterns of the
monopulse antenna in the E-, and H-planes at 95 GHz are presented in Fig. 4.13(b). The
simulated null in the difference pattern is around 50 dB below the maximum of the sum
pattern over the band of interest. However, the measured null is around 40 dB below the
maximum of the sum pattern, which could occur due to increased phase and amplitude
errors in the comparator network or due to measurement accuracy.
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(a) (b)

Figure 4.14: Photograph of the manufactured feeding ridge and surface of two prototypes
fabricated with die-sink EDM in, (a) aluminum , and (b) steel.

(a)

(b)

Figure 4.15: (a) Photograph of an 8× 8 gap waveguide slot array antenna fabricated by
die-sink EDM in steel. (b) Prepared metal pieces before applying EDM (from left to right:
cavity layer, feeding layer, and slot layer).

4.5 Realization Methods and Fabrication Techniques

The main challenge of gap waveguide technology is to find a way to fabricate the textured
structure (pin surface) with a cost-effective method. Due to the relatively complex pattern
and physical dimensions of the textured structure, the fabrication of the modules presents
a challenging task, especially at millimeter-wave frequencies. We have manufactured
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(a) (b)

Figure 4.16: Graphite electrodes that are used to form the distribution network. (a) Elec-
trode with ridges in transverse direction. (b) Electrode with ridges in longitudinal direc-
tion.

several antennas by using CNC machining, such as the 8×8 slot array antenna with ridge
gap waveguide corporate distribution network at V-band ([Paper D]) and the integrated
diplexer-antenna at Ka-band ([Paper F]). Even though the CNC machining technique
is a high accurate manufacturing method, it is is very time-consuming and not efficient
to realize gap waveguide structures for mass-production. Therefore, we are continuously
searching for more effective alternative manufacturing methods. In this section, we briefly
present three alternative methods, i.e. die-sink EDM, 3-D direct metal printing, and
micro-molding, that have been explored as part of the work of this thesis.

4.5.1 Die-sink EDM
In [Paper E], a fast modern planar 3-D method called die-sink Electric Discharge Ma-
chining (EDM) is used for the first time to manufacture a large planar high gain gap
waveguide antenna at millimeter-wave frequencies. In EDM technique, a desired pattern
is made by removing the material by applying high energy electrical discharges between
two conductive materials (a workpiece and an electrode) that are separated by a dielectric
liquid. The electrode consists of the negative of the desired pattern, and the high energy
sparks makes this pattern to form a footprint in the surface of the workpiece. The elec-
trode is usually made of graphite or copper alloys due to their high electrical and thermal
conductivities, as well as high melting temperature. Thermal and electrical conductivities
of the workpiece are the most important parameters that determine the manufacturability
and the quality of the final product by using EDM process, since they determine how the
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(a) (b)

Figure 4.17: Graphite electrodes used to form the cavity layer. (a) Electrode with ridges
in transverse direction. (b) Electrode with ridges in longitudinal direction.

material heats up and vaporizes.
In [Paper E] aluminum is used to fabricate the antenna with EDM technique. The

thermal conductivity of aluminum is 204 W/mK. That makes this material a good thermal
conductor and difficult to efficiently heat up locally by sparks. Fig. 4.14(a) shows the
surface roughness of the distribution network of the fabricated antenna in [Paper E], taken
under microscope. During the manufacturing process some sparks hit the ridge surface and
caused large surface roughness, since longer time was needed to remove the material from
the workpiece. We have tried to make a similar antenna with EDM technique this time
in steel ([Paper G]). Steel has lower thermal conductivity (42.6 W/mK) than aluminum,
which makes it a better candidate material for EDM process. We have achieved a tolerance
of around 15 µm for the fabricated prototype in steel, in contrast with the manufactured
prototype in aluminum that showed 40-100 µm fabrication tolerances. Fig. 4.14(b) depicts
a close look of the feed network of the fabricated antenna in steel. Despite of the marks
on the surface of the ridge, which is due to the use of bigger milling tools and hardness of
steel, the prototype has lower fabrication tolerances and better final conditions than the
one in aluminum (Fig. 4.14(a)).

To explain the fabrication process with die-sink EDM, let’s consider the multilayer
corporate-fed 8 × 8 cavity-backed slot array antenna of Fig. 4.15(a), that are fabricated
with EDM in steel. The antenna consists of three unconnected metal layers. In the first
step, the workpieces are prepared by removing extra material with CNC milling. We
used the EDM technique only to make the pin textures of the different layers. Several
electrodes with different details of the resulting texture have been used to manufacture
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Figure 4.18: Graphite electrode used to form the radiating layer.

each layer. Fig.4.16 shows the two graphite electrodes that have been used to form the
distribution network of the antenna. In order to create the pin texture, first an electrode
containing small transversal ridges burns the metal surface, and afterwards, the procedure
is completed by another electrode with ridges in longitudinal direction. Similar procedure
is used to make the pins in the cavity layer. The other graphite electrodes that are used to
form the cavity and radiation layers are illustrated in Fig.4.17 and Fig.4.18, respectively.

4.5.2 Direct Metal 3-D printing

3-D printing technology has been developed rapidly as an adaptive and alternative man-
ufacturing technique for high frequency applications. This technology has advantages of
low cost and rapid prototyping, even when fabricating complex structures. We have ex-
plored the use of this technology to fabricate gap waveguide structures more efficiently.
A prototype consisting of a 4 × 4-element horn array antenna is manufactured by Di-
rect Metal Laser Sintering (DMLS) 3-D printing technique. The fabricated prototype is
shown in Fig.4.19(a). The simulated and measured results are presented in Fig.4.19(b).
The proposed antenna has a relative bandwidth of 24% with input reflection coefficient
better than -10 dB over the 69-88 GHz frequency band. The fabricated 3-D printed proto-
type shows around 2 dB lower gain than the same prototype made in aluminum with CNC
milling. This is mainly due to the high surface roughness of the 3-D printed prototype.
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Figure 4.19: (a)Photograph of the fabricated horn array antenna by 3-D metal print-
ing [122]. (b) Simulated and measured performance of the 3-D printed prototype in
comparison with the version fabricated by CNC milling.

4.5.3 Reaction Injection Micro-Molding (RIM)
The frequency range above 100 GHz has got a lot of attention over the last few years. The
145-GHz band is another interesting frequency band for point-to-point radio link systems.
Traditional fabrication methods such as CNC milling become challenging and expensive
for frequencies above 100 GHz due to the small features of waveguide structures. New
fabrication techniques need to be used for effective manufacturing at those frequencies.

We have fabricated a slot array antenna at D-band by using a novel cold micro-molding
technique. Fig.4.20 shows the fabricated prototype. Despite of the small dimensions of
the pin texture in these frequencies, we have successfully managed to release the work-
pieces from the mold without losing any pin. However, more research and effort are still
needed to mature the process and achieve a prototype with good performance. In the
developed micro-molding process we have used an special polymer, so-called OSTEMER
and micromachined mold which contains the negative of the desired pattern. The different
steps of the RIM process are briefly summarized below :

• Make a master part using lithography in OSTEMER.

• Metalize the master part using physical vapor deposition (PVD) to get good release
properties.

• Make silicon mold based on the master part.

• Fill the mold with OSTEMER in liquid state (very low viscosity).
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(a) (b)

Figure 4.20: Photograph of the fabricated slot array antenna at D-band by using micro-
molding.

• UV expose to initiate the curing process.

• The part continues to fill during the UV curing process resulting in a close to perfect
replication.

• Release the molded part which is in a “rubbery state”.

• Fully cure the part using heat.

• Metalize molded part using PVD.

4.6 Summary and Conclusions
This chapter has briefly described the work done by the author on millimeter-wave gap
waveguide passive components design such as low loss and wideband transitions, filters and
diplexer, as well as the development of high gain and high efficiency array antennas based
on gap waveguide technology. The integration of all these passive components in a compact
and simple antenna system module showing assembly flexibility, has been demonstrated
with an excellent agreement between simulations and experimental results. Furthermore,
different cost-effective manufacturing techniques have been explored in order to find out
a way to realize complete multi-layer gap waveguide array antenna modules in an efficient
way, also taking into account the potential industrialization and mass-production of this
technology.
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Chapter 5
Multi-Gb/s Point-to-Point Radio Front-end
Demonstrator

In wireless communication links it is important to send and receive data at the same time
and maintain the data transmission in both directions. Frequency division duplex (FDD)
and time division duplex (TDD) are the two widely used duplex schemes. The block
diagram of a FDD wireless communication systems is shown in Fig. 5.1. In FDD systems,
the transmitter and receiver operate simultaneously at different carrier frequencies to
avoid interference. The Tx and Rx chains are connected to one antenna via a diplexer. At
high frequencies, a FDD system usually consists of several bulky passive components, such
as antennas and diplexers, which are separately assembled with high frequency circuitries
containing transceivers, a local oscillator (LO), low-noise and high power amplifiers, and
afterwards, the complete module is realized and packaged in bulky waveguide blocks. Our

Diplexer

Tx RF Front-end Rx RF Front-end

Modulator

Encoder Decoder

Demodulator

Antenna
Integration goal

Figure 5.1: Block diagram of a wireless FDD communication system.

55



Chapter 5. Multi-Gb/s Point-to-Point Radio Front-end...

Radiating layer

Feed-network
(backside)

Diplexer
(backside)

Carrier board

Cavities

#1

#2

#3

#4

Rx IF

IF Tx

Tx LO

I+

I-

Q+

Q-

I+ I- Q+ Q-

Rx LO

Tx DC

Rx DC

Rx DC

Tx DC

(a) (b)

Figure 5.2: (a) Configuration of the proposed compact full duplex radio front-end. (b) Fab-
ricated prototype [K].

ultimate goal is to achieve a compact integration of the Tx/Rx RF front-ends with the
diplexer and a high gain antenna as it is illustrated in Fig. 5.1.

In this chapter, we present a summary of a developed high data rate integrated radio
front-end module for point-to-point backhaul links operating at E-band. The design
module consists of four vertically stacked unconnected layers based on gap waveguide
technology. This chapter deals with the integration of active and passive components,
based on the content of [Paper K], where a high gain array antenna, a diplexer, and
a circuitry consisting of a transmitter (Tx) and a receiver (Rx) monolithic microwave
integrated circuits (MMICs) on a carrier board are successfully integrated in one package
with a novel architecture and a compact form. A more detailed description about the
design can be found in [Paper K].

5.1 Integrated Full Duplex Radio Front-end Module
The configuration of the proposed integrated full duplex radio front-end module for multi-
Gbit/s point-to-point wireless link applications is shown in Fig. 5.2. The module consists
of a tightly integrated high gain array antenna, a 5th order diplexer, and Tx and Rx chipsets
on a carrier board in four distinct layers, where each layer has different functionality. The
layers are vertically stacked up and integrated in a compact form. The proposed module
has total dimensions of 110 mm×90 mm ×8.5 mm.

The bottom layer acts as a carrier printed circuit board (PCB) for two complete highly
integrated GaAs transmitter and receiver MMICs. The Tx and Rx MMICs are placed
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Figure 5.3: Carrier board consisting of Tx and Rx MMICs, wire-bond compensation, IF
and LO coaxial ports, and microstrip to GGW transitions [K].

on the carrier board that consists of 100 µm Liquid Crystal Polymer (LCP) substrate
on a 1 mm copper plate. Fig. 5.3 shows the designed PCB board with mounted Tx
and Rx MMICs. The Tx and Rx dies are attached and wire bonded to the board. To
minimize the effect of the wire-bond and reduce the loss, a matching section is used
at the RF input/output of Rx/Tx MMICs to compensate the inductance of the wire-
bond. Differential IF (0-12 GHz) inputs/outputs and LO inputs (11.8-14.3 GHz) are
provided with coaxial interfaces. The LCP dielectric is removed around the footprint of
the diplexer. A 5th order hybrid diplexer-splitter is designed on the bottom side of layer 2
(see Fig. 5.2(a)) based on groove gap waveguide (GGW). The Tx and Rx MMICs are wire-
bonded to microstrip lines on the PCB, and the RF signals are coupled to the diplexer
via a transition. A distribution feed network is designed on the backside of layer 3. The
outputs of the diplexer (on layer 2) are coupled to the next layer, i.e., the feed network,
via a right-angle GGW to rectangular waveguide transition. Finally, the topside of layer 3
contains 8×8 cavities that uniformly feed the 16×16 slots on layer 4.

The performance of each building block of the designed module, i.e., the diplexer,
the array antenna, the transitions, and the Tx/Rx circuitry, has initially been evaluated
separately and then two integrated modules have been used to demonstrate a multi-gigabit
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Table 5.1: Summary of the measured performance of the integrated radio front-end

Parameter 71-76 GHz 81-86 GHz
Diplexer insertion loss (dB) 0.5 0.5
Antennas+diplexer gain (dBi) 31 31.5
Microstrip to GGW transition loss (dB) 0.31 0.31
Transmitter gain (dB) 24 21
Transmitter P1dB (dBm) 14 16
Receiver gain (dB) 20 24
Receiver noise figure (dB) ∗ 5.5 5.5

∗ on-wafer measurements

data transmission. A summary of the measured performance of the fabricated prototypes
is presented in Table 5.1.

5.2 Link budget analysis
Based on the characterized performance in Table 5.1, the link budget analysis can be done
by calculating the received signal power given by (1) and the noise power given by (2) at
the receiver input.

Psig = PTx + 2×GAnt − LFS − LRain − LAtm − LM (5.1)

Pnoise = 10log10(KTB) +NFRx (−75.9 @ B=1.8 GHz) (5.2)
where PTx is the transmitter output power, GAnt is the Tx and Rx antenna gain, LFS is the
free space path loss given by (3), LRain is the loss due to rain (16.4 dB for 40 mm/h), LAtm
is the atmospheric attenuation (0.4 dB/km), LM is margin (4 dB as suggested in [123]
for the 71-86 GHz band), K is the Boltzmann’s constant (1.38×10−23 W/(K.Hz)), T is
the background temperature (290 K), B is the transmitted signal bandwidth, and NFRx
is the receiver’s noise figure.

LFS = 20log10(d[km]) + 20log10(f[GHz]) + 92.45 (5.3)

For a transmitting signal with 1.8 GHz bandwidth, a maximum hop-length (d) of
around 500 m is expected for 16-QAM modulation with theoretical Signal-to-Noise Ratio
(SNR) of 20.5 dB at a bit error rate (BER) of 10−6 [123]. We have considered 4 dB
coding gain [123] and 16.4 dB loss due to rain in this calculation. The spectral efficiency
can be improved by using higher modulation schemes. However, the hop-length needs to
be reduced in order to achieve the required higher SNR. For a 64-QAM modulation, to
obtain a BER of 10−6 an SNR of 26.5 dB is required [123]. This decreases the expected
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Figure 5.4: Sketch of the data transmission test setup by using an oscilloscope.

hop-length to 200 m by considering 7 dB back-off in P1dB output power of the Tx to have
the required linearity.

5.3 Wireless Link Demonstration

The designed module has the ability of full duplex wireless communication, i.e., to transmit
in 71-76 GHz or 81-86 GHz bands, and receive in one of the lower or upper bands depending
on which Rx MMIC is used in the carrier board. Real-time wireless data transmission
has been performed by using two different setups. First, we have evaluated the link
performance of the designed radio front-end modules by using an oscilloscope. However, in
this setup, the maximum separation between the two radio units is limited. Therefore, we
have demonstrated data transmission in longer distance by using two baseband modems.
A summary of the achieved results by using the two mentioned setups are given in the
next two subsections below.
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Figure 5.5: Photograph of the experiment setup of Fig. 5.4, and screen shots of 16 and
32-QAM received signal constellations.

Table 5.2: Summary of link performance using the experiment setup shown in Fig. 5.4

Center Freq.
(GHz) Modulation Symbol/Data rate

(GBd/s)/(Gbit/s)
Spectral eff.
(bit/s/Hz)

EVM∗
(%)

72.1
16
32
64

1/4
1/5
1/6

2.96
3.7
4.44

5.3
5.9
4.76

73 16 2/8 2.96 9.5

74.6
16
32
64

1/4
1/5
1/6

2.96
3.7
4.44

5.25
5.8
4.8

82.1
16
32
64

1/4
1/5
1/6

2.96
3.7
4.44

5.1
5.65
4.7

83 16 2/8 2.96 9.3

84.6
16
32
64

1/4
1/5
1/6

2.96
3.7
4.44

5.25
5.6
4.73

∗ Error Vector Magnitude

5.3.1 Real-time data transmission by using oscilloscope

Fig. 5.4 illustrates the measurement setup used to transmit quadrature amplitude modu-
lation (QAM) data by using an oscilloscope. The QAM modulated IQ signals at 2.5 GHz
center IF frequency are produced by a Tektronix AWG7102 arbitrary waveform generator
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Figure 5.6: Real-time data transmission test setup by using baseband modems.

(AWG). A Pseudo-Random Binary Sequence (PRBS-9) pattern is mapped to gray-coded
QAM modulated symbols. We have used root-raised cosine (RRC) filter for pulse shaping
with a roll-off factor of 0.35. The AWG’s outputs are connected to the Tx IF ports of the
integrated radio front-end module, where it up-converts and sends the data at E-band.
The LO frequency is provided by an Agilent E8257D signal generator. Another module
receives and down-converts the signal to IF, where it is connected to a real-time Teledyne
Lecroy oscilloscope with 100 GHz bandwidth. We have used the built-in Teledyne VSA
software to demodulate and analyze the received data. A separate signal generator is used
to provide LO for the RX module. The two modules are separated only 6 m due to the
limited space in the lab measurements. The gain and output power of the Tx MMIC can
be controlled by a Variable Gain Amplifier (VGA). Therefore, to avoid saturating the Rx
at the other side of the link, we have decreased the Tx output power as well as slightly
misaligned the two antennas. A summary of the achieved data rate and spectral efficiency
for different modulation schemes is given in Table 5.2. A maximum data rate of 8 Gbit/s
is achieved by using 16-QAM modulation with spectral efficiency 2.96 b/s/Hz.

5.3.2 Real-time data transmission by using modems
Fig. 5.6 illustrates the measurement setup of a real-time wireless data transmission by
using baseband modems. QAM modulated IQ signals at 3.5 GHz center IF frequency
are produced by a modem. The Tx IF ports of the radio front-end module are first
combined by 180◦ couplers to achieve single ended ports for the I and the Q channels.
Then the I/Q channels are connected with a 90◦ coupler to separate upper/lower sidebands
(USB/LSB). The LO frequency is provided by an Agilent E8257D signal generator. The
integrated radio front-end module up-converts and transmits the USB RF signals at center
frequencies of 73.5 GHz and 83.5 GHz by LO at 11.67 GHz and 13.33 GHz, respectively.
Another module receives and down-converts the signal to IF centered at 2 GHz. The Rx IF
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Figure 5.7: Constellation diagrams of the received signal using the experiment setup shown
in Fig. 5.6. (a) 128-QAM with 4.66 Gbit/s at 73.5 GHz, (b) 64-QAM with 5.33 Gbit/s at
83.5 GHz, and (c) 32-QAM with 8 Gbit/s at 83.5 GHz.

Table 5.3: Summary of over-the-air data transmission test

Freq.
(GHz)

Symb. rate
(MBd/s)

Bandwidth
(MHz) Modulation Data Rate

(Gbit/s)
MSE∗
(dB)

73.5

666 750 64-QAM 3.99 -30.1
128-QAM 4.66 -29.9

888 1000 32-QAM 4.44 -25.9
64-QAM 5.33 -25.7

1599 1800 16-QAM 6.39 -22.7
32-QAM 7.99 -22.5

83.5

666 750 64-QAM 3.99 -30
128-QAM 4.66 -29.9

888 1000 32-QAM 5.44 -25.9
64-QAM 5.33 -25.8

1599 1800 16-QAM 6.39 -22.6
32-QAM 7.99 -22.4

∗ Mean Squared Error

ports are similarly combined with hybrid couplers and then connected to another modem.
A separate signal generator is used for the RX module to provide LO at 11.92 GHz and
13.58 GHz for RF signals center frequencies of 73.5 GHz and 83.5 GHz, respectively. The
two modules are separated by 25 m in indoor environment. Several modulation formats
and symbol rates were tested at different frequencies.

A summarized measured link performance for different modulation schemes is pre-
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sented in Table 5.3. A maximum data rate of 8 Gbit/s is achieved by using 32-QAM
modulation with spectral efficiency of 4.44 b/s/Hz. Fig. 5.7 also presents the constella-
tion diagrams for different modulations schemes.

5.4 Summary and Conclusions
In this chapter, we briefly presented the realization and experimental results of a compact
integrated solution for multi-Gbit/s data transmission for point-to-point wireless link ap-
plications at E-band. A full-duplex FDD radio front-end module has been designed by
integrating a high gain array antenna, a diplexer, together with RF circuitry consisting
of Tx/Rx MMICs in one package. The proposed solution has a novel architecture con-
sisting of four vertically stacked layers with a simple mechanical assembly. The realized
gap waveguide based radio front-end provides the advantages of low loss, high efficiency,
compact integration, as well as assembly flexibility, which makes it a suitable solution for
small cell backhaul links.
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Chapter 6
Multi-Layer Waveguide (MLW) Transmission
Line

Transmission lines are the fundamental building blocks of any high frequency systems
to guide, manipulate and transmit signals. They play an important role in passive and
active components design and integration. In Chapter 1, we discussed the issues of the
conventional guiding structures, such as metal-pipe hollow waveguides, and planar trans-
mission lines (e.g., microstrip, SIW, and CPW) at high frequencies. The gap waveguide
technology has been introduced in Chapter 3 as a low loss alternative with a flexible man-
ufacturing and mechanical assembly. Several passive components and integrated modules
have been designed and realized based on this technology, and presented in Chapter 4 and
5.

High frequency electronic components and systems provide advantages such as higher
resolution, greater speed/bandwidth and smaller size. These are key enablers in many
application areas including telecommunications, automotive radar, security imaging, etc.
In this chapter we focus on the frequency range above 100 GHz. At those frequencies, the
substrate based planar transmission line technologies have very high losses. On the other

(a) (b) (c)

Figure 6.1: Micromachined groove gap waveguide line above 100 GHz in SOI [114, 124].
(a) Measurement fixture sketch. (b) Straight GGW line. (c) GGW line with double 90◦
bends.
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Air gapThin metal plates

Groove Leakage Groove

Air gapEBG holes

(a) (b)

Figure 6.2: Configuration of the proposed MLW transmission line. (a) Cross-section view
of the WR-6 waveguide which consists of 5 layers with small gaps between them. (b)
Field-leakage suppression by using glide-symmetric holes.

hand, the metallic air-filled hollow waveguides constitute attractive low loss solutions, but
their fabrication is challenging at frequencies beyond 100 GHz. Alternative fabrication
approaches, such as adaptive manufacturing (3-D printing) [125–127], micromachining
technology [128–130], and micro-molding [131] have been studied and developed recently
to facilitate the fabrication process of waveguide structures. The 3-D printing technol-
ogy has advantages of low cost and rapid prototyping, even for fabrication of complex
structures. Micromachining is a high-precision elaborate manufacturing method to make
high-performance waveguide devices.

The realization of gap waveguide structures is also not simple either for frequencies
above 100 GHz. Fig. 6.1 shows the fabricated groove gap waveguide straight line and a line
with two 90◦ bends at F-band (90-140 GHz) [114]. The pin textures containing the GGW
lines are fabricated by Deep Reactive-Ion Etching (DRIE) on Silicon on Insulator (SOI)
wafer. The fabricated prototypes are mounted on a gold plated brass support structure
for the measurement setup. An insertion loss of 0.62 dB for the 12.8 mm long straight
GGW line, and 0.42 dB for the 13.7 mm long GGW line with two 90◦ bends are reported
at 110 GHz. Overall, the fabricated prototypes do not satisfy the low loss performance,
as expected.

In this chapter, we present for the first time a novel way of constructing wave guiding
structures by stacking several thin metal plates, suitable for millimeter-wave applications.
The layers do not need to have electrical and galvanic contacts. This provides a low loss,
robust design, simple mechanical assembly, and expectedly high manufacturability. This
chapter is based on the content of [Paper L], where a more thorough explanation about
the concept is presented. Our main goal is to introduce an innovative low-loss, low-cost,
and mass-producible solution for applications above 100 GHz.

6.1 MLW Technology Configuration
Fig. 6.2 shows the configuration and arrangement of the proposed MLW transmission
line. A rectangular waveguide is formed by vertically stacked unconnected thin metal

66



6.1. MLW Technology Configuration

P

P d
x

z
y

h

h

g

k · p/π
0 0.5 1 1.5 2 2.5 3

F
re
q
u
en
cy

(G
H
z)

0

50

100

150

200

250

Stopband

(a) (b)

Figure 6.3: (a) Configuration of the unit cell consisting of five metallic layers with cir-
cular holes. (b) Dispersion diagram for the infinite periodic unit cell. (P = 1.86 mm,
d = 1 mm, h = 0.2 mm, and g = 0.01 mm).

plates. In Fig. 6.2(a), five layers are used to build up a rectangular shaped waveguide,
by removing the channel in the middle layers. The height of the waveguide channel
depends on the thickness and the number of the layers. Since the metal plates do not
have electrical and galvanic contact, a strong field leakage occurs between the layers. In
order to solve this problem we used an EBG structure to avoid any possible leakage. A
periodic pattern of holes in a glide-symmetric arrangement is applied for this purpose, as
shown in Fig. 6.2(b). The periodic holes provide stopband for a certain frequency band
which suppresses the propagation of any wave in undesired directions. This introduces
a huge mechanical assembly advantage and manufacturing flexibility. Each layer can be
fabricated with its special pattern separately and we can simply assemble them together
afterwards without the need of a complex and costly method.

Fig. 6.3(a) shows geometries of a periodic unit cell to provide a stopband that covers
the desired operating frequency band. The unit cells consist of holes made in thin metal
plates. The holes are allocated in a glide-symmetric configuration. A similar approach is
introduced for the first time in [132,133] in order to construct metallic waveguides in split-
blocks without having galvanic contact. The glide symmetry is a higher order symmetry
than the simple periodic pin structure in gap waveguide technology. The holes of each
layer have an offset of half of the period (P) with respect to the ones at the top and bottom
layers. As shown in Fig. 6.3(a), there is a small gap (g) between the layers. The holes
can have any arbitrary geometrical shape. The dispersion diagram of the unit cell for the
given values are presented in Fig. 6.3(b). The unit cells provides a stopband which well
covers the desired frequency band (100-200 GHz). Fig. 6.3(b) shows that, even though the
unit cell consist of several unconnected layers, the structure does not support any modes
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Figure 6.4: 3-D exploded view of the proposed multi-layer waveguide (MLW) transmission
line configuration at D-band.

within the stopband. A comprehensive study on the effect of the unit cell parameters on
the stopband performance for two unit cells with circular and diamond-shaped holes has
been performed in [Paper K].

6.2 Straight MLW line with right-angle transitions
at D-band

A straight air-filled waveguide line with the proposed architecture is designed in order
to investigate the performance of the concept. The designed line has two standard WR-
6 inputs at the top to have a simpler interface with the measurement equipment. The
geometry of the straight MLW transmission line is illustrated in Fig. 6.4. The waveguide
line consists of five 200 µm thick metal plates with a 10 µm gap between the layers. An
elongated rectangular slot (as waveguide channel) with a width of 1.65 mm is removed
from the middle layers. After stacking the layers, a rectangular waveguide line with
dimensions 1.65 mm×0.642 mm is formed. It is worthy to mention that the height of the
designed waveguide is slightly smaller than the standard WR-6 waveguide (0.82 mm) at
D-band. Therefore, we expect slightly higher loss than the standard waveguide.

Any discontinuity such as bends and T-junctions can cause severe leakage. There-
fore, to investigate the potential use of this technology for the design of more complex
waveguide structures, we have designed a double 90◦ bends waveguide line with a similar
configuration (number of layers, gap size, and right-angle transitions) as the straight line
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Figure 6.5: Simulated E-field distribution within the layers of a MLW line with double
90◦ bends at 140 GHz.

in Fig. 6.4. Fig. 6.5 shows the simulated amplitude of the E-field distribution within
the different layers of the designed MLW line with double 90◦ bends at 140 GHz. As
expected, there is no field leakage within the layers, even though there is a small gap
between the layers and they do not have galvanic contacts. As mentioned before, the
EBG glide-symmetric holes prevent the wave propagation and unwanted modes within
the stopband.

6.3 First Demonstration at D-band

Fig. 6.6 shows the fabricated prototypes that have been made as a proof-of-concept of
the proposed technology and for performance validation purpose. The special pattern
of each layer is made on a 200 µm thick brass plate, by using metal chemical etching.
The plates are silver plated in order to have lower conductive loss. The chemical etching
provides a precise fabrication, which is scalable and suitable for mass production. Any
arbitrary shape can be cut through thin metal plates with an aspect ratio of 1. The
manufacturing tolerance is approximately ±20 % of the metal thickness, which in our
case becomes around ±40 µm. Based on our experience, we have over-etching in most of
the time, which makes the holes bigger than expected. Therefore, we have considered this
effect and compensated the manufacturing tolerances in our design before fabrication. We
decreased all the through holes dimensions 40 µm. By doing that, a maximum of 5 µm
error in the final fabricated parts has been achieved. The layers are simply assembled
and glued together by using non-conductive epoxy glue. The measured performance of
the straight lines with circular and diamond-shaped holes is presented in Fig. 6.7. The
measured reflection coefficient is below -18 dB over the frequency band 110-170 GHz,
showing insertion loss values between 1.5-0.45 dB over the same frequency band.
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Straight MLW line
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Figure 6.6: Photograph of the fabricated MLW lines by using chemical metal etching.
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Figure 6.7: Measured performance of the fabricated straight MLW lines at D-band. (a)
Reflection coefficient. (b) Transmission coefficient.

6.4 Discussion and Conclusions

We briefly described the configuration of a new air-filled transmission line technology with
a novel architecture in this chapter. The results of a fabricated MLW transmission line
using a simple manufacturing and assembly at D-band as a proof-of-consent is briefly
presented. The possible field leakage due to the air gaps is prevented by using an EBG
structure, consisting of glide-symmetric holes. The proposed technology could be an
excellent candidate for designing compact and thin passive waveguide components and
active components packaging, with a great potential for low-cost, light weight and mass-
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Table 6.1: Comparison between state-of-the-art waveguide technologies

Ref. Technology Freq.
(GHz)

Split-
block

Loss
(dB/mm)

Commercial - 110-170 - 0.012
[135] Microstrip 110-170 - 0.33
[136] SIW 110-170 - 0.35
[137] CNC (Al) 75-110 E-plane 0.005
[138] 3-D printing1 75-110 E-plane 0.011
[126] 3-D printing2 220-325 - 0.012
[127] 3-D printing3 110-170 - 0.019
[134] Micromachining4 110-170 H-plane 0.016
[129] Micromachining5 110-170 H-plane 0.03
[131] Micro-molding 75-110 H-plane 0.03
[114] GGW6 110 H-plane 0.048
[Paper K] MLW 110-170 H-plane 0.02

1 Stereolithography apparatus (SLA) with copper plating.
2 Stereolithography apparatus (SLA) with copper plating.
3 Selective laser melting (SLM) with Cu-155n powder.
4 Deep reactive-ion etching (DRIE) in silicon with gold plating.
5 Multilayer silver plated SU-8.
6 Deep reactive-ion etching (DRIE) in SOI with gold plating.

producible at millimeter-wave frequencies.
TABLE 6.1 shows a comparison between the MLW technology and several published

works on different technologies above 100 GHz. The commercial gold plated rectangular
waveguide exhibits lower insertion loss than microstrip and SIW lines. The 3-D printed
waveguides have comparable losses to the commercial one, after applying polishing tech-
niques to maintain a low surface roughness. A very low insertion loss has been reported
for the DRIE silicon micromachined waveguide in [134], by achieving very low surface
roughness. The average measured insertion loss per unit length of the proposed MLW
line is around 0.02 dB/mm at D-band. It should be remarked that the effect of the two
right-angle transitions are also included in the reported insertion loss for MLW prototypes.
Comparing with the dielectric based transmission lines, the MLW technology shows more
than 10 times lower dissipative loss. Moreover, the fabricated prototypes show comparable
low-loss performance than the hollow waveguide ones.

In addition, the proposed technology can be manufactured with very low cost tech-
niques, by using mature fabrication methods such as metal laser-cutting and chemical
etching. In Fig. 6.8 a comparison between hollow waveguide structure with different
manufacturing methods, groove gap waveguide considering a low-cost fabrication method
(molding), and MLW technology is presented. In this comparison we have considered
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Figure 6.8: Comparison between different technologies.

different aspects, such as Non-Return Engineering (NRE) costs (cleanroom masks, initial
tooling costs, etc.), high volume manufacturability, weight, ease of system integration,
and cost-effectiveness.

3D printing technology can produce complicated structures, however its slow printing
process reduces manufacturability. Micromachining technology offers low loss at the ex-
pense of high NRE, and thereby, high cost of electrically large waveguide components such
as array antennas and integrated system. Moreover, system integration is not easy with
this technology. It is difficult to interface micromachined devices with standard waveguide
flanges or active components with power supply and wideband digital signal lines. This
technology is more suitable for high volume production of small size RF MEMS devices,
where thousands of samples can be realized on one wafer. Gap waveguide technology
(GWG) uses a similar EBG concept, but the key difference is that in this technology
a cost-effective realization of the pin texture in high volume is challenging. Low cost
manufacturing techniques such as plastic injection molding and metal die casting have
high NRE cost and require manufacturing precision which affects scalability. Metal ma-
chined hollow waveguide (WG) structures are often heavy and not suitable for low cost
mass-production.

The MLW technology has excellent potential to act as an interconnect and integration
platform for high frequency applications (100-300GHz). The proposed unique architecture
opens up an opportunity to provide low-loss and cost-effective millimeter-wave waveguide
components and system packaging.
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Chapter 7
Contributions and Recommendations for
Future Work

The gap waveguide technology, as a new waveguide structure to overcome the limitations
of the traditional transmission lines, shows interesting properties such as low loss and
flexible fabrication and assembly at high frequency bands. This thesis presents a collection
of recent development of gap waveguide passive components, such as bandpass filters and
planar array antennas, and a description of achievements in integration of passive and
active components at millimeter-wave frequency bands. Moreover, the realization of gap
waveguide structures is explored by using several different fabrication methods, such as
die-sink EDM, direct metal 3-D printing, and micro-molding. An E-band radio frond-
end demonstrator is presented to show the advantage of gap waveguide technology in
packaging and complete system integration. Moreover, MLW technology is introduced
as a promising novel transmission line that exhibits relevant features like low loss and
cost-effectiveness, especially for beyond 100 GHz applications.

In the first part of the thesis, the reader is provided with an introduction and the
background needed to understand the work described in the appended papers. In this
section, a summary of the appended papers is given. Moreover, a brief description of the
contribution by the author for each paper is provided .

Paper A: Simple Formula for Aperture Efficiency Reduction Due to Grating
Lobes in Planar Phased Arrays, (A. Vosoogh and P.-S. Kildal)

In this paper, we make a generic study of grating lobes in a large slot array. A simple
formula called “grating efficiency” is presented for aperture efficiency reduction due to
the power lost in the grating lobes, see Chapter 10 in [50]. Array antennas with element
spacing greater than one wavelength will produce grating lobes. Grating lobes are not
a big problem in most new millimeter-wave applications, except for the fact that they
reduce the aperture efficiency, and thereby the directivity. We numerically verify this
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simple formula for a uniformly excited 32× 32 element array of slots in an infinite ground
plane.
My contribution- I performed the simulations, analyzed the data, and wrote the paper.

Paper B: Fundamental directivity limitations of dense array antennas: A nu-
merical study using Hannan’s embedded element efficiency, (P.-S. Kildal, A.
Vosoogh, and S. Maci)

We show that the embedded element efficiency concept may be used to explain the so-
called element-gain paradox in antenna arrays, i.e. that the array gain is always smaller
than the sum of the element gains. However, the results presented here show that by
using embedded element analysis, the realized gain of regular arrays becomes actually
equal to the sum of the realized gains of the embedded elements. Thus, the embedded
element efficiency dating back to Hannan in 1964 is more practical to use in design and
numerical analysis than the more commonly used active element pattern approach. We
also show that the embedded element efficiency can be approximated by a simple formula
for element spacing smaller than half wavelength.
My contribution- I contributed in the simulation and data analysis.

Paper C: A V-band Inverted Microstrip Gap Waveguide End-coupled Band-
pass Filter, (A. Vosoogh, A. A. Brazález, and P.-S. Kildal)

The main goal of this paper is to show that low cost end-coupled bandpass filters are
feasible at millimeter-wave frequencies by using inverted microstrip gap waveguide tech-
nology. The inverted microstrip gap waveguide is advantageous for millimeter-wave ap-
plications because of its low loss, self-packaging characteristics, and cost-effectiveness.
Since the wave propagates mainly in the air and surface waves do not exist, the width
of the lines in gap waveguides become wider than typical microstrip and SIW. A fourth
order Chebyshev-type end-coupled BPF is designed to provide a 2 GHz bandwidth at
60 GHz center frequency. The fabricated prototype is embedded within a 10 cm inverted
microstrip gap waveguide that contains two back-to-back transitions to rectangular waveg-
uide. The design of this transition can be found in [64]. Measurement results confirmed
that the overall loss in inverted microstrip gap waveguide is lower than in conventional
microstrip and SIW filters. Therefore, inverted microstrip gap waveguide has advantages
of both easy PCB fabrication, and packaging characteristics of gap technologies. The
fabricated prototype exhibits an insertion loss of 3 dB in the passband. However, the
insertion loss of the filter itself is better than 1.6 dB after removing the loss contribution
of the line and the back-to-back transitions. The measured results show that insertion loss
of the inverted microstrip gap waveguide filter is around half of a corresponding SIW filter
in [120]. The designed filter has a planar structure and acceptable loss, thus becoming
suitable for integration with active and passive components.
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My contribution- I contributed in the design of the bandpass filter, simulation, mea-
surements, and writing the paper. A. A. Brazález designed the transition from rectangular
waveguide to inverted microstrip waveguide.

Paper D: Corporate-Fed Planar 60 GHz Slot Array Made of Three Uncon-
nected Metal Layers Using AMC pin surface for the Gap Waveguide, (A.
Vosoogh and P.-S. Kildal)

In this paper, we propose a high efficiency and low profile corporate-fed 8 × 8-slot array
antenna operating in the 60 GHz band. The antenna is built using three unconnected
metal layers based on Artificial Magnetic Conductor (AMC) in gap waveguide technology.
A 2 × 2 cavity-backed slot subarray is designed in a groove gap waveguide cavity. The
cavity is fed through a coupling slot from a ridge gap waveguide corporate-feed network in
the lower layer. The antenna shows better radiation pattern and higher aperture efficiency
than the presented antenna in [88]. The fabricated antenna shows a relative bandwidth of
14% with input reflection coefficient better than -10 dB and an overall aperture efficiency
larger than 65% (i.e., -2 dB) with about 25 dBi realized gain between 56.2 and 65.0 GHz.
This paper presents for the first time such 8× 8-slot planar array based on a fully corpo-
rate distribution network in ridge gap waveguide technology.
My contribution- I designed, simulated, performed the measurements, and wrote the
paper.

Paper E: Wideband and High-Gain Corporate-Fed Gap Waveguide Slot Array
Antenna with ETSI Class II Radiation Pattern in V-band, (A. Vosoogh, P.-S.
Kildal, and V. Vassilev)

In this paper, we present a low profile multilayer corporate-fed 16× 16 slot array antenna
with high gain, high efficiency and wide impedance bandwidth for the 60 GHz band. The
proposed antenna consists of three unconnected metal layers similar to presented array
antenna in [Paper C]. A new wide bandwidth air-filled cavity-backed 2×2 slot subarray is
designed to cover the whole unlicensed 60 GHz frequency band. A prototype consisting of
16×16 slots is manufactured by a fast modern planar 3-D machining method, i.e. die-sink
Electric Discharge Machining (EDM). This is used for the first time to manufacture a large
planar high gain antenna at millimeter-wave, as far as we know. The fabricated prototype
has a relative impedance bandwidth of 17.6% with input reflection coefficient better than
-10 dB. The E- and H-planes radiation patterns satisfy the ETSI class II co-polar sidelobe
envelope, and the measured cross-polar level is more than -30 dB below the copolar level
over the 56-75 GHz frequency band. The measured total aperture efficiency is better than
60% over the same band.
My contribution- I designed, simulated, performed the measurements, and wrote the
paper.
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Paper F: An Integrated Ka-band Diplexer-Antenna Array Module Based on
Gap Waveguide Technology With Simple Mechanical Assembly and No Elec-
trical Contact Requirements, (A. Vosoogh, M. Sharifi Sorkherizi, A. Uz Zaman, J.
Yang, and A. A. Kishk)

This paper is our first attempt to design more complex modules by integrating passive
components with the feed network of array antenna. We present the integration of a
diplexer with a corporate feed network of a high gain slot array antenna at the Ka-band.
The proposed integrated diplexer-antenna module consists of three distinct metal layers
without the need of electrical contacts between the different layers. The designed module
has two channels of 650 MHz bandwidths each with center frequencies 28.21 GHz and
29.21 GHz. The fabricated prototype provides good radiation and input impedance char-
acteristics. The overall performance of the integrated diplexer-antenna module is quite
promising, and this can open up new development of such integrated modules in the fu-
ture.
My contribution- I designed the array antenna, contributed in integration, performed
the measurements, and co-wrote the paper with M. Sharifi Sorkherizi. M. Sharifi Sorkher-
izi designed the diplexer.

Paper G: Zero-gap Waveguide: A Parallel Plate Waveguide With Flexible
Mechanical Assembly for mm-Wave Antenna Applications, (A. Vosoogh, A. Uz
Zaman, V. Vassilev, and J. Yang)

In this paper, a statistical analysis of a random contact of the pin texture and upper
metal lid in a new type of gap technology guiding structure, so-called zero-gap, is pre-
sented in this paper. A new solution to overcome the problem of good electrical contact
due to mechanical assembly with low losses is presented for millimeter-wave frequency
applications. Our study shows that the key characteristic of gap waveguide structures is
the height of the pins, which creates the parallel plate mode stop-band. This represents
a manufacturing advantage especially for corporate feed network of array antennas.
My contribution- I designed, simulated, analyzed the data, performed the measure-
ments, and wrote the paper.

Paper H: W-Band Low-Profile Monopulse Slot Array Antenna Based on Gap
Waveguide Corporate-Feed Network, (A. Vosoogh, A. Haddadi, A. Uz Zaman, J.
Yang, H. Zirath, and A. A. Kishk)

In this paper, we present a gap waveguide based compact monopulse array antenna, which
is formed with four unconnected layers, for millimeter-wave tracking applications at W-
band (85–105 GHz). A low-loss planar Magic-Tee is designed to be used in a monopulse
comparator network consisting of two vertically stacked layers. The gap waveguide planar
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monopulse comparator network is integrated with a high-efficiency 16×16 corporate-fed
slot array antenna. The low-loss performance of the comparator network and the feed-
network of the proposed array, together with the simple and easy manufacturing and me-
chanical assembly, makes it an excellent candidate for W-band compact direction-finding
systems.
My contribution- I contributed in the design, simulation, measurements, and co-writing
the paper with A. Haddadi.

Paper I: Simple And Broadband Transition Between Rectangular Waveguide
And Groove Gap Waveguide For mm-Wave Applications, (A. Vosoogh, A. Uz
Zaman, and J. Yang)

We present a vertical wideband transition between a standard WR-15 rectangular waveg-
uide and groove gap waveguide in this paper. The designed transition is compact and has
a simple geometry with a very good input matching and low loss over a wide frequency
band, which are demanding for future millimeter-wave applications. This transition can
be used as an interface between gap waveguide components, such as filters, diplexers,
and planar array antennas to any device with standard waveguide flanges. The measured
performance for the back-to-back configuration of this transition is presented.
My contribution- I designed, evaluated the performance of the transition by measure-
ments, and wrote the paper.

Paper J: Wideband Horn Array Antenna With Gap Waveguide Corporate-
Feed Network at E-Band, (A. Vosoogh, A. Haddadi, A. Uz Zaman, and J. Yang)

In this paper, we present a low-profile wideband horn array antenna with ridge gap waveg-
uide corporate feed network at E-band. The radiating performance of the antenna is
improved by introducing a septum in the E-plane of the horn unit cell. The measured
results of the fabricated prototypes consisting of a 4× 4-element horn array are presented
and compared with the full wave simulations.
My contribution- I designed, performed the simulations, measured, and co-writing the
paper with A. Haddadi.

Paper K: Compact Integrated Full Duplex Gap Waveguide Based Radio Front-
end For Multi-Gbit/s Point-to-Point Backhaul Links at E-band, (A. Vosoogh,
M. Sharifi Sorkherizi, V. Vassilev, A. Uz Zaman, J. Yang, Z. S. He, A. A. Kishk, and H.
Zirath)

In this paper, we present the design of a high data rate radio front-end module for point-
to-point backhaul links operating at E-band. The design module consists of four verti-
cally stacked unconnected layers without any galvanic and electrical contact requirements
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among the building blocks, by using gap waveguide technology. A high gain array antenna,
a diplexer, and a circuitry consisting of a transmitter (Tx) and a receiver (Rx) monolithic
microwave integrated circuits (MMICs) on a carrier board are successfully integrated in
one package with a novel architecture and a compact form. The performance of each
building block of the designed module is initially evaluated separately, and afterwards,
two integrated modules are used to demonstrate a multi-gigabit data transmission. The
proposed radio front-end provides the advantages of low loss, high efficiency, compact
integration, and a simple mechanical assembly, which makes it a promising solution for
the deployment of small cell backhaul links. The proposed integrated module shows the
flexibility and great potential that gap waveguide technology can offer in system integra-
tion and packaging of modules with high complexity.
My contribution- I designed the array antenna, transitions and packaging, performed
and contributed in the measurements and data transmission experiment, and wrote the
paper. M. Sharifi Sorkherizi designed the hybrid diplexer-splitter, and V. Vassilev and Z.
S. He helped with the carrier board design and data transmission setup and experiment.

Paper L: Novel Air-Filled Waveguide Transmission Line Based on Multi-Layer
Stacked Thin Metal Plates, (A. Vosoogh, H. Zirath, and Z. S. He)

This article presents a novel way of constructing wave guiding structures by stacking
several thin metal plates for millimeter-wave applications. The metallic layers do not
require any electrical contacts among them. An air-filled multi-layer waveguide (MLW)
transmission line is successfully designed, manufactured, and experimentally validated
at D-band. Five vertically stacked thin metal layers are used to build up an air-filled
rectangular waveguide line. The layers are simply assembled by allowing a small air gap
among them, without the need of using advanced manufacturing methods such as adhe-
sive bonding techniques. The possible field leakage due to the air gaps is prevented by
using an electromagnetic band gap (EBG) structure, consisting of glide-symmetric holes.
The proposed concept could be an excellent candidate for designing compact and thin
passive waveguide components and active components packaging, with a great potential
for low-cost, light weight and mass-producible at millimeter-wave frequencies.
My contribution- I designed and simulated the MLW lines, assembled, performed the
measurements, and wrote the paper.

7.1 Suggestions for Future Work

After the work performed in this thesis, it is relevant to remark that there still exist
many hardware challenges that need to be addressed at millimeter-wave frequencies, and
it needs to be mentioned the possible research directions for future work. In this thesis,
we have presented the recent developmental on gap waveguide technology and we have
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Figure 7.1: Illustration of MLW platform concept.

introduced the so-called MLW technology for high frequency applications. In this section,
we give some recommendations for possible research directions for these two technologies.

Gap waveguide technology:

• Investigation for more cost-effective manufacturing techniques to simplify the fab-
rication of gap waveguide components and investigate ways to mass-produce them,
especially for frequency bands beyond 100 GHz.

• Designing of more complex planar passive components with high performance, such
as dual polarized array antennas, steerable and switchable beam array antennas by
using passive beamforming networks, e.g., butler matrix and Rotman lens.

• System level integration and packaging.

MLW technology:

Since MLW is a novel technology, there are many interesting research opportunities to
explore the potential of this technology in different applications. Fig. 7.1 shows our vi-
sion for an integration and interconnected platform based on MLW technology. Passive
components such as antennas and bandpass filters can be integrated with the active parts
in the same package to form a compact surface-mount device (SMD) solderable device.
The proposed technology functions as a millimeter-wave system platform by providing a
low loss interconnect and package solution. Several thin metal layers are stacked to con-
stitute different functional modules. Galvanic connection between the layers/modules is
not required, since we use an EBG structure to eliminate any possible leakage. This con-
cept is believed to offer key advantages, such as fast assembly, high placement tolerance,
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high system reconfigurability, and low cost, making it extremely attractive for industrial
adoption.
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