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Microstrip-to-Waveguide transition for 140 GHz using Gap waveguide technology
A transition design from an RF circuit to a 140 GHz for multiple applications along
with different matching techniques
for optimum results
Anish Mishra
Department of Electrical Engineering
Chalmers University of Technology

Abstract
The increasing demand in data rates have already exploited mmWave technology
that has been implemented in 5G along with higher bandwidth and transmit power
for automotive radar applications. However, there is a further necessity of higher bit
rates and miniaturization of components for various integration applications. The
D-band (110-170GHz) seems to be the next generation technology that can fulfill
the industrial expectations.

In this master thesis, various microstrip to gap waveguide transition designs at
140GHz has been discussed along with the manufacturing and evaluation of optimal
designs. Different matching techniques have been implemented for tolerance perfor-
mance analysis. There are transitions available for E-band technology used in auto-
motive radar applications (76-81GHz). However, the system becomes more sensitive
and susceptible to misalignment’s between the difference stages of the transition de-
sign limiting its flexibility in terms of fabrications. Dielectric material properties
changes with increase in frequency that affects conventional performance mentioned
by the manufacturers.

The testing of the transition is done using Ridge Gap waveguide technology where
back-to-back structures have been manufactured to ease the process of verifying
the results. Multiple variants of transitions has been designed to test the robustness
and compensate for error during the manufacturing process. The prototype provides
with the expected bandwidth of 15-25GHZ for both quarterwave and stub matching
fabricated PCBs. The insertion loss for both quarterwave and stub matching is less
than 1.15dB for the working bandwidth of the transitions. Similarly, the return loss
is greater than 10dB for both quarterwave and stub matching within the range of
working bandwidth.
Keywords: Gap Waveguide, Transition, Substrate, Ridge Waveguide, D-band.
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1
Introduction

1.1 Background

The trend for increasingly higher frequencies continues for integrated millimeter
wave (mm-wave) radar systems. The motivation for these mm-wave radar sys-
tems is inspired by the market competition to provide more features at low costs
which includes enhanced RF functionality, minimal chip area, low power dissipation
and higher digital reconfigurability. Modern cars have already implemented radar
systems to measure the radial distance and velocity of surrounding objects very
precisely. The environmental conditions such as fluctuations in temperature, bad
lighting due to various weather conditions does not affect the performance of this
technology.
The 24 GHz and 77 GHz are the two primary frequency band which has been
extensively used for automotive radars. The sensor size reduces as we move higher
in frequency which makes the overall system compacts due to which 77 GHz radars
are in demand and implemented widely in recent years. The 77 GHz provides smaller
antenna size compared to 24 GHz for a given beamwidth requirement along with
good angular resolution for a small sensor size [1]. The industry keeps on innovating
various features to improve the functionality of the cars and hence there is always
a requirement if the systems could be made more compact and efficient altogether.
Artificial Intelligence (AI) and Machine Learning (ML) is enforced on automotive
industries which has made it possible for the cars to become completely autonomous.
There is a need of ultra high resolution radar sensors for automotive application that
will provide high precision along with enough data for processing and improving the
systems.
W-band and D-band are the next available bands while moving up in the frequency
spectrum that can provide us with massive amounts of additional bandwidth and
higher data rate that can certainly be a part of the solution[2]. Another advantage
of D-band is that we can achieve higher antenna gain with the same size of antenna
that is used for lower frequency applications. The European CEPT Electronic Com-
munications Committee (ECC) issued recommendation 18(01) in 2018, where more
than 30GHz of sub-bands over the D-band frequencies were allocated for fixed ser-
vice backhaul and fronthaul [3]. These recommendations encouraged the industries
to develop components and technologies that will support these high speed wire-
less link network. The D-band could be a promising technology for backhaul as it
provides higher beamwidth and higher energy efficiency[4].
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1. Introduction

1.2 This work
The purpose of this master thesis is to design a microstrip to waveguide transition
from RF circuit to slot array antennas for D-band applications using gap waveguide
technologies. The thesis includes several parts which explains working of different
type of gap waveguides structures and complete design journey of the final transition
product. The comparison between a H-plane and E-plane transitions based on the
simulation result has also been presented along with their advantages and drawbacks
over each other for better understanding of the preferred technique. E-plane design
was manufactured and implemented with a back-to-back configuration to ease the
process of testing at this high frequency.
The tolerance analysis is another important parameter that is the limelight of the
master thesis to conclude the complete performance of the design. The simulation
is always the ideal case, however in a practical case, the design measurements differs
due to the manufacturing process. The substrate performance has been scaled to D-
band frequency which would also affect the performance of the design. The transition
itself includes two parts that includes the microstrip patch on the substrate and the
D-band gap waveguide structure. These two parts should be perfectly aligned in
order to get the expected results. As we move up in higher frequency, the components
becomes smaller and hence even few changes in um would deviate the results which
could affect the overall performance of the transition design. Hence, It is necessary
to consider all the parameters for tolerance and make sure that the design is capable
of handling these tolerances to provide the desired performance.
Back-to-back (B2B) configuration is used to measure the transition design results
since it is more flexible to connect the probes at the waveguide openings compared to
connecting the probes on the microstrip for such a smaller dimensions with the same
accuracy. However, in a future product, single ended configuration is used to feed the
signal from a RF circuit to the necessary device (Antennas or Radars). It was out of
scope of the thesis to discuss more about the RF circuit and the Antennas/Radars
which would be using the designed transition and hence the report is limited with the
details about the transition and gap waveguide technology for D-band application.
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2
Theory

2.1 Basics of Electromagnetic Radiation
Electromagnetic waves are the combination of electric and magnetic field which are
perpendicular to each other and the direction of propagation of the wave. These
waves are characterized by a wide range of wavelengths and frequencies, where each
is identified with a specific intensity (or amplitude) and quantity of energy. Depend-
ing on these varying frequencies, a broad spectrum has been derived with different
regions like Radio Frequency (RF), Tera-Hertz (THz), Infra Red (IR), visible, Ul-
traviolet (UV), gamma radiation, etc along with their applications as shown in the
figure 2.1. It can thus be inferred that if there is an existing EM field, it is not
enough to form an EM wave or radiation, as this requires some additional condi-
tions. Thus, EM radiation often refers only to states that allow the emission and
propagation of EM waves, although the state of EM field can be considered as the
state of energy radiation.

Electromagnetic waves can travel through free space which is the ideal form of prop-
agation. However, electromagnetic wave can also be guided through specific media
with different material properties which will manipulate the behaviour of the wave.
Conductive media like metals forms a barrier that does not allow the radiation to
travel through it whereas, signals are attenuated to different levels in some media
based on their properties[7].

The Electric field of a uniform plain wave equation with only an x-component prop-
agating in the z direction can be written as follows:

Ex(z) = E+e−jkz + E−ejkz (2.1)
where E+ and E− are the arbitrary wave amplitudes. The -z and +z represents the
direction of the propagation where -z denotes the positive direction and +z denotes
the negative direction for the propagation of the wave. The k = ω

√
µε is the

propagation constant where ω is the angular frequency, µ and ε are the permittivity
and permeability of the dielectric material. The phase velocity in any medium is
defined as the rate of propagation of a wave and is denoted as Vp which is given as:

Vp = ω

k
(2.2)

The λ is the wavelength which is defined as the distance between two successive
minima or maxima on the wave at a fixed instant of time [5].
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2. Theory

Figure 2.1: Comparison of frequency band designations [6]

2.1.1 Electromagentic Loss Mechanism
The conductive loss αc, dielectric loss αd, and losses incurred due to undesired
radiation αr are the main losses that may occur when an electromagnetic wave is
propagating in a lossy medium. The attenuation constant α can be approximated
as follows:

α = αc + αd + αr (2.3)
The conductive loss αc is mainly impacted by the conductivity and roughness of the
conducting surface. This could be calculated along the length of the conductor which
is given be the equation 2.4. The skin depth δ, which defines the depth of penetration
of the propagating electromagnetic waves at higher frequencies decreases.

αc = Rs

2Z0η

∂Z0

∂l (2.4)

Where Rs is the surface resistivity of the conductor, η =
√
µ0/ε is the dielec-

tric’s intrinsic impedance. The 2nd term in the equation signifies the characteristic
impedance over the complete length of the conductor.

The dielectric loss αd can be calculated using the propagation constant γ for a line
or guide completely filled with homogeneous dielectric and can be given as follows:

αd = k2 tan δ
2β (2.5)

Where tan δ is the loss tangent which determines the losses in the dielectric and β
is the phase constant of the electromagnetic wave. The tan δ is the material specific
property that could be modified in order to reduce the losses.

4



2. Theory

The final loss deriving αr from undesired radiation defines the energy that is cou-
pled to any radiating or leaking mode which can be mostly minimized by building a
well-designed structure. The above equations are referred from the book "Microwave
Engineering" and in-depth details are mentioned in the reference [5].

2.2 Microwave Systems
In the event where the wavelength of the signal approaches towards the dimensions
of the electrical components, based on the voltage and current being approximately
constant across the component or circuit, classical circuit theory can no longer be
applicable. Therefore, it becomes imperative to opt for microwave circuit theory
considering the examination of the voltage and the current at the exact phase.
This could further lead to the consequence of the impedance concept modifying
and becoming more complex as the quantity changes with time and position, which
can for the reason be difficult to specify. It may appear to be complex and time-
consuming in terms of design and analysis; there are however certain tools developed
to simplify the calculations and applied to the most common microwave problems.
Below are the two important concepts of microwave circuit theory i.e, Impedance
Matching and Scattering Parameters are explained.

2.2.1 Impedance Matching
Components having different impedances are often connected to achieve the desired
results, however, due to their different impedances undesired power losses occurs due
to reflections . To assure more stability in phase and amplitude with low loss, there is
a need to apply impedance matching. Hence, in microwave theory impedance match-
ing holds essential importance. Among the several methods available for impedance
matching, two of them will be further explained.

The first method consists of a technique most relevant when there is a desire to
create a match between two real-valued impedances, namely the quarter-wave trans-
former. In its simplest form, at center frequency, the matching network consists of a
single section transformer at quarter wavelength. The frequency-dependent length
resulting in the narrowband transformer can be expanded using multiple sections
for improved bandwidth. In the analysis of the transformer presented in [5], it can
be concluded that optimum matching is achieved when the matching section has an
impedance Z1 of

Z1 =
√
Z0ZL (2.6)

where ZL and Z0 are the two impedances to match.
The second method is commonly used for the reason that it is easy to apply and is
capable of achieving good impedance matching, it is mainly based on using short
or open-circuited stubs. The stub contributes with a reactance, whose value is
dependent on the electrical length of the stub and whether it is short or open-
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2. Theory

circuited. As is the case for the quarter-wave transformer, the reactance depends
on the electrical length where the stub is fairly narrowband. However, it is possible
to expand the bandwidth by using two or more stubs and simultaneously obtain a
more flexible structure with the introduction of more tunable parameters.

2.2.2 Scattering parameters
While dealing with high-frequency networks, voltages and currents are not the ideal
quantities for measurements. Microwave frequencies involves magnitude and phase
of a travelling wave in a particular direction. It is fairly easier to calculate and define
impedances and hence S-parameters became standards for high frequencies applica-
tions. S-parameters are combined into a S-matrix which describes the incident and
reflected voltages on various port as shown in the equation below:


V −1
V −2
· · ·
V −N

 =


S11 S12 · · · S1N

S21
. . . S2N

... · · · ...
SN1 · · · SNN



V +

1
V +

2
· · ·
V +

N

 (2.7)

The Sij has different properties where S11 shows the return loss of the device, S21
provides us with the insertion loss and this could be extended further depending on
the number of ports. The elements in the matrix can be further determined by:

Sij = V −i
V +

j

∣∣∣∣∣
V +

k
= 0 for k 6=j

(2.8)

From the equation (2.8), we can find all the Sij by the driving port j with an incident
wave voltage V+

j and measuring the reflected amplitude V−i coming out of port i.
Except the jth port, all other ports on which the waves are incident are set to zero
that means all the ports should be terminated in matched loads to avoid reflections.

We can derive Insertion loss (IL) and return loss(RL) from the S-parameters which
are ususally considered for determining the performances of a matching section or
transitions between various components. The insertion loss is give as:

IL = −20 log10 |S21| dB (2.9)

whereas, the return loss is given as:

RL = −20 log10 |S11| dB (2.10)

2.3 Transmission lines and Antennas
Transmission lines are usually considered as two conductors or two wire line and it
is generally modeled as a lumped-element circuit as shown in figure 2.2. A segment

6



2. Theory

Figure 2.2: Lumped element circuit of a parallel line

of a transmission line modeled with quantities R,L,C and G are specified per unit
length where

Series resistance along the line = R

Series Inductance along the line = L

Shunt capacitance along the line = C

Shunt Inductance along the line = G

The series resistance R is due to the finite conductivity of the conductors whereas
dielecric losses between the conductors due to the material properties is represented
by G. The self-inductance of the two conductors is denoted by L and due to the
small distance between the two conductors, a capacitance is formed that is denoted
by C. All these quantities are depended on the length of the transmission line ∆z.
The transmission lines can be categorized as follows:

1. Two wire parallel transmission line
2. Coaxial transmission line
3. Strip type transmission line
4. Waveguides

Antenna can be termed as a device to radiate or receive electromagnetic radiation.
It couples the electromagnetic radiation between the free space and waveguide, tran-
mission lines, couplers which are present at the transmitter and/or receiver. Anten-
nas are one of the vital components in wireless communication system as various
systems have different requirements and antennas needs to be optimized based on
specific applications. Antennas are used in various applications such as mobile com-
munication, space and satellite communication for radio astronomy meteorolgy,
military and radar applications, weather and air-traffic radars. The size for anten-
nas varies based on their applications which exhibits different characteristics such
as wavelength, power, gain, directivity, beamwidth, etc [8]. The different types of
Antennas are as follows:

1. Wire antennas
2. Slot antennas
3. Microstrip antennas
4. Horn antennas
5. Reflector antennas
6. Linear Planar array antennas

7



2. Theory

Figure 2.3: An overview of microstrip patch antenna

A brief introduction of microstrip antenna is explained specifically as it will be
implied in further sections for the design of transitions. Microstrip antennas are
fabricated on a printed circuit board which are usually etched out on a metal film
on a dielectric material (substrate). These antennas could be in different forms such
as patches, slots or strips and are usually cost effective to manufacture in terms of
mass production. As antenna’s size varies based on their desired frequency band,
these antennas could be made really compact for microwave frequency range with
the optimum performance based on the effeciency of the designed antenna.

The radiating patch can be in various shapes like rectangular or circular with slits
or tuning stubs for increased bandwidth. These antennas can be excited in multiple
ways which include probe feeding through coaxial connectors. Another widely used
method for microwave frequencies is directly feeding the patch with a microstrip
line which is etched out on the same substrate reducing the need for soldering and
connectors minimizing the losses. Figure 2.3 shows the microstrip patch antenna of
length (L) and width (W) excited by a microstrip line of width (ω). The thickness
of the substrate is given by (h) with a dielectric permittivity (ε) of the substrate.
The width (W) f the microstrip patch can be calculated with the following equation
[8] [9]:

W = c

2× fr

×
√

2
ε+ 1 (2.11)

where fr is the operating frequency of the antenna c is the speed of light (3 ×
108m/s). The effective dielectric constant of a microstrip line is approximately
given by:
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Eeff = Er + 1
2 + Er − 1

2
1√

1 + 12× h
W

(2.12)

which could be further used to calculate the L of the microstrip patch as follows:

Leff = λ0

2×
√
Eeff

(2.13)

∆L = 0.412× h× (Eeff + 0.3)
(Eeff − 0.258) ×

(W
h

+ 0.264)
(W

h
+ 0.8)

(2.14)

where Leff is the effective length and ∆L is the fringing fields at the length of the
patches. The actual length of the microstrip patch can then be calculated as [8] [9]:

L = Leff − 2×∆L (2.15)
For the characteristic impedance of 50Ω, we can calculate the line impedance of the
microstrip feed line by the formulas given below:

Z0 =


60√
Eeff

ln
(

8h
ω + ω

4h
)

if ω/d ≤ 1

120π√
Eeff

[
ω

h
+ 1.393 + 0.667 ln

(
ω

d
+ 1.444

)] if ω/d ≥ 1 (2.16)

Once we have acquired the Z0 and ε we can easily calculate the ratio for ω/h:

ω

d
=


8eA

e2A − 2 if ω/d < 2
2
π

[
B − 1− ln(2B − 1) + ε− 1

2ε
(
ln(B − 1) + 0.39− 0.61

ε

)]
if ω/d > 2

(2.17)

where

A = Z0

60

√
ε− 1

2 + ε− 1
ε+ 1

(
0.23 + 0.11

ε

)
B = 377π

2Z0
√
ε

The characteristic impedance of the microstrip line should be matched with the
input impedance of the rectangular patch for minimum losses. The distribution of
magnetic field is maximum at the center, white it is minimum on the outer edges of
the patch. Whereas, the distribution of electric field is minimum at the center but
it is maximum at the edges of the patch. The easiest way to match the line with
the patch is to find a point on the radiating surface where the impedance is 50Ω
and connect the feed probe to this point. For this work, the radiating patches and
matching sections has been referred from the previous work of similar transitions and
has been optimized directly. However, the above techniques are useful to calculate
precise values for the patch and matching sections.
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Figure 2.4: Hollow Rectangular Waveguide

2.4 Waveguide
Hollow rectangular waveguides are commonly used waveguide in microwave frequen-
cies applications. These hollow waveguides is applicable to frequencies as low as 300
MHz or several THz which makes them easily available in markets. These waveguide
are ideally made of infinite length in x direction and of finite height and width as
shown in the figure 2.4. The physical mechanisms are basically the metallic walls
or dielectric boundaries and the size and shape of these walls/boundaries will de-
termine the characteristics of the guided modes. Maxwell’s equation along with
the associated boundary conditions is applicable to determine the existence of the
guided modes [12]. The different type of waveguides are as follows:

1. Rectangular waveguide
2. Circular waveguide
3. Elliptical waveguide
4. Single ridged waveguide
5. Double ridged waveguide

The rectangular waveguide can only support Transverse Electric(TE) and Transverse
Magnetic(TM) mode of propagation. Due to the presence of only one conductor,
there is no propagation of TEM mode. Each waveguide has it’s cutt off frequency
(fc) which determines the dominant mode. Below fc there would be no mode of
propagation:

fc = 1
2π√µε

√(
mπ

a

)2
+
(
nπ

b

)2
(2.18)

The dominant mode for a rectangular waveguide is TE10 which is usually the dom-
inant mode. Parameters a and b are the dimensions of the waveguide which plays
a major role in deciding the cutt off frequency of a particular waveguide, whereas
m and n are the mode numbers. Parameteres µ and ε are the permeability and
permittivity of the dielectric material of the waveguide as these waveguides can be
filled with dielectric material for specific applications.

2.5 Gap Waveguide Technology
Gap Waveguide technology has gained potential in recent years to become a leading
performer in millimeter waveguide applications. The components are based on the
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bed of nails, a periodic structure composed by metallic pins covered by a metal lid.
It is an extension of the research about hard and soft surfaces where hard surfaces
have the ability to enhance the propagation and soft surfaces were used to attenuate
the propagation or stop waves of any polarization. A gap waveguide could be manu-
factured with an ideal parallel plate waveguide, where one of the plate is constructed
of perfect electric conductor (PEC) and another plate is made of perfect magnetic
conductor (PMC). As long as the distance between the two plates is less than λ/4,
no wave can propagate between the plates. However, if we integrate a metal strip
to the PMC surface, then we can propagate the EM wave along the strip line.

The bed of nails creates AMC or high impedance surface (HIS) that blocks electro-
magnetic wave propagation in certain frequency range. These bed of nails depending
on their pin dimensions determines the frequency range and could be modified based
on the requirements. Waveguides can be created using these structures, where a cav-
ity is formed between the bed of nails that could be used as the baseline to propagate
the wave and forbid the wave propagation in all other directions[13].

In reality there are no PMC’s available and hence, in practical applications, the
PMC condition is emulated by an artifical magnetic conductor (AMC) in the form of
periodic metallics structure such as pins or other textured structures. In an actual
gap waveguide, there is enough high impedance on the AMC surface to create a
stopband over which no parallel-plate modes can propagate. The guiding structures
could be in the form of grooves, ridges or strips which will create a virtual wall
on both sides of guiding section preventing the lateral field leakage. Following are
the different types of gap waveguide technology that are widely used in various
applications [13] [14]:

1. Ridge gap waveguide
2. Groove gap waveguide
3. Inverted microstrip gap waveguide

We will focus more on ridge and groove waveguide technology in the next section.

2.5.1 Ridge and Groove Waveguides
The ability to create parallel-plate stopband in the undesired direction for wave
propagation is the main characteristic of the gap waveguide technology. Once the
stopband is obtained, a guiding ridge or a groove may be integrated in the periodic
pin structure to propagate a mode. Incase of a ridge waveguide in figure 2.5, a
quasi TEM wave is propagated whereas a mode similar to TE10 is obtained in the
groove waveguide 2.5. The height between the PEC and the periodic pin structure
should be less than λ/4 to ensure the mode propagation. The figure 2.5 shows the
geometries for both ridge and groove gap waveguides.

The working principle of both the waveguides are same except the guiding structure
which is either a metal strip (Ridge) or a groove created in the textured surface. The
lower and higher frequency cutoff for the pin stop band is dependent on multiple
factors. The height and width of the pins (radius in case of cylindrial pins), period of
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Figure 2.5: Comparison of frequency band designations

the pins (distance between the two metallic pins), the height of the air gap between
the upper plate and top edge of the pins (pin gap). The stop band is set by the
pin structures whereas the cutt off frequency of the guided waves is determined by
the ridge or groove section. The pins period must be less than λ/2 at the center
frequency, the pin gap defines the higher cutoff frequency of the stop band and
should be less than a λ/4 at center frequency. The lower end cutoff frequency is
determined by the width and height of the pins.
There are many advantages of the gap waveguide technology over the pcb technology
and conventional waveguide which has been mentioned below:

• No metal contact is required between the two metal plates which reduces the
losses as compared to the conventional waveguide where good metallic contact
is necessary and could introduce losses due to non-ideal manufacturing process.

• Low-loss waveguide components can be manufactured at mmWave or even
higher frequency bands allowing the technology to become a low-cost solution
for various applicatons.

• When using conventional waveguides, multilayer structures could introduce
field leakage due to necessary electrical contacts between them. However,
these could be avoided in Gap waveguide technology due to no metal contacts.

• Gap waveguides are planar and cheaper to manufacture specifically at mmWave
and higher frequencies.

2.5.2 Parallel-Plate stop band structures
Parallel plate stop band could be realised using various metallic structures. Some
of them are given below:

1. Parallel-Plate cutoff realised by Bed of Nails
2. Parallel-Plate cutoff realised by Mushroom-Type EBG
3. Parallel-Plate cutoff realised by Bed of Springs
4. Parallel-Plate cutoff realised by zigzag wires/conical pins

We will discuss more about the cutoff realised by bed of nails. The basic principle
remains the same for rest of the structures. A unit cell of circular pins could be
taken into consideration for designing the stop-band which is shown in the figure
2.6. The pin shape (circular or square) is trivial to have any impact on the stopband.

The ”gap height” (h) is an important parameter in deciding the parallel-plate stop
band. The height is basically measured as the distance between the upper edge of
the pin to the upper plate. To study the effect of the gap height we keep all the
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Figure 2.6: Top and side view of a unit cell arrangement

other parameters i.e periods of the pins (p) and length of the pin (d) constant. As
the distance between the pins and upper plate decreases, the stop band increases.
This becomes more prominent when the gap height varies with other parameters as
well. In another case, when the period of the pins increases, the cutoff at the start
frequency of the stop band reduces whereas the end frequency of the stop band is
not changed if the period is small enough. The new modes could be propagated
which reduces the upper end of the stop band drastically when the period becomes
larger. However, the increase in the stop band is mostly because of the reduction
of the start frequency when the period is larger than λ/4 because the upper cut-
off frequency remains moreover same for small h. The radius-to-period ratio (r/p)
affects the stopband as well. An important observation with respect to r/p is the
movement of the stop band in opposite direction when it reaches a maximum ra-
tio of 0.2 [15]. Based on the above theory, we can check the stopband for a unit
cell and apply it to a bed of nails that could be incorporated with ridge and groove
structures to manufacture a waveguide. We can optimize these parameters to decide
the stopband frequency of operation and more details on a unit cell for D-band is
explained in further section 3.3 of the report.

Applications for 30GHz and above are well suited for realising bed of nails structures.
However, for low frequencies applications these structures often becomes bulky due
to which it becomes more practical to look into other type of structures for achieving
the requirements. The bed of springs shown in the figure 2.7 satisfy the requirement
of being less bulky since the helix structure will provide the same depth that would
be equivalent to the length of the helix structure. Another advantage of helix struc-
ture that it decreases the resonant frequency by generating equivalent inductance
and capacitance of the cell structure. This concept can be applied to multiple fre-
quency band but mainly for lower frequency applications. The distance between top
plate and upper edge of the spring does not generate enough capacitive effect due to
which the gap can be increased further to embedded other discrete components like
capacitors, inductors, etc. for packaging unlike the case in bed of nails. The modes
of the stop band can be reduced to lower frequencies by increasing the number of
turns of the helix structure thus making the structure more compact [16].
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Figure 2.7: Unit cell of a helix structure [16]

Designing integrated antennas at millimeter frequencies have challenges in terms of
the complexity of the MMIC circuits and resonance problem while packaging. One
of the previous solutions used to have bond wires to connect the feed line with the
input of the antenna. The efficiency of the antenna used to decrease because of the
increased losses in the feeding network. A solution that included gap waveguide
technology proved to be an efficient solution since the losses were reduced as there
were no dielectric material involved to manufacture the waveguide along with iso-
lated microwave circuits for integration with gap waveguide which will reduce the
need of additional packaging solutions. The square pins with λ/4 height satisfying
the PMC conditions are usually preferred for high frequency applications. However,
in this case, due to the bond wires sticking to different parts of the circuit, the pin
lid cannot be placed close to the bottom layer which restricts the gap and affects the
parallel stop-band as shown in the figure 2.8a. Another type of geometry has been
designed to solve this issue at 60GHz which is inverted pyramid-shaped nails 2.8b.
The advantage of this structure that the length of the pin and distance between the
top and bottom plate is similar to the square pin structure but there is a increase
in the stop band from 62-92 GHz to 59-120 GHz which met the desired requirement
with a low loss gap waveguide technology [17].

(a) Bond wire configuration for array
antennas (b) Unit cell for a inverted pyramid pin

Figure 2.8: Gap waveguide technology for Inverted pyramid pin structures [17]
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2.6 Gap Waveguide Components
This section provides a brief introduction to different components that can be man-
ufactured using gap waveguide technology. The transmitter, receiver and diplexer
including antennas forms a complete unit for a full-duplex system and these compo-
nents are manufactured using various technologies such as microstrip and coplanar
that provides good integration compatibility and are easy to manufacture. However,
at higher frequencies they suffer from losses and cavity resonances that can be over-
come using gap waveguide technology. A short hybrid coupler at 38GHz providing
coupling of 3dB along with isolation and return loss of 20dB has been implemented
using groove gap waveguide. Similarly, a narrow-band band-pass diplex filter using
groove gap waveguide resonators at 38GHz is implemented with a insertion loss of
1.5dB and return loss of 17dB. Antennas with high gain and directivity has been
developed using gap waveguide technology that provides an isolation higher than
80dB for TX-RX to avoid crosstalk and feedback loops leading to system instability.
The complete active microwave circuit of 38GHz radio link was packed using gap
waveguide technology allowing a one-stop solution for a complete full duplex system
[18].

(a) Transition 1
(b) Transition 2

Figure 2.9: Coupler with different transition configurations [19]

A directional coupler is a passive device usually used as mixing signals, measure-
ments of reflected signals, powere level and signal sources isolation for mmWave
applications. A 60 GHz directional coupler using groove gap waveguide structure
has been discussed further which provides advantages over the conventional coupler
at mmWave frequency applications. In this design, two groove gap waveguide are
placed parallelely one over the other sharing a common broad wall and are coupled
to each other through apertures. A two row of holes is implemented in the broad
wall for achieving the desired coupling. A three sets of double-hole aperture in the
broad wall provides a coupling of 30dB and hence various sets of three, five, nine
and eleven sets of double-holes were designed to achieve different coupling values
of 30db, 25dB, 20dB, 15dB and 10dB. A compromise should be made to achieve
the best results from good coupling, flatness and broadband performance. However,
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the coupling value can be only modified by changing the number of apertures. Two
transition has been designed to couple the signal from gap waveguide to standard
WR-15 rectangular waveguide out of which one includes ridge section with a step
and extension to the waveguide opening to provide return loss of -15dB shown in
the figure 2.9a and another includes four 90◦ bends along with two section step at
the bottom wall of the groove waveguide to provide -24dB of return loss as shown in
the figure 2.9b. The designs were fabricated and measured that provided reasonable
results and some discrepancy due to the assembling tolerances and inaccuracies in
fabrications [19].

Microwave filters are a vital part of multiple wireless system and it is realised us-
ing hollow rectangular waveguide in two separate metallic parts that are connected
through screws. These conventional rectangular waveguide can sometimes be te-
dious to integrate with other active components on printed circuit board and hence
an example of a V-band filter using gap waveguide technology that overcomes the
former disadvantages has been mentioned further. A filter based on iris has been
presented where the iris are formed by selecting the two pins with different sizes with
respect to the square periodic pins used for creating the artifical magnetic conduc-
tor (AMC). Two transitions from groove gap waveguide to WR-15 is implemented
using an aperture of a specific width at the pin plate. The width of the aperture
and its position with respect to the back wall of the groove gap waveguide is used
for improving the matching. For a fifth order chebyshev filter, the input and out-
put coupling can be realised by the width of the first and last resonators which are
closer to the apertures. Similarly, the inter-cavity coupling between the resonators
can be determined by the insets between the iris as shown in the figure 2.10. The
center frequency of the groove gap waveguide cavity can be controlled by changing
the size of one of the width’s of the input resonator. The design was fabricated and
a minimum insertion loss of 1.7dB along with return loss better than 9dB with a
fractional bandwidth of 1.34% at 59.7GHz was achieved [20].

Figure 2.10: Proposed design for v-band filter using groove gap waveguide
technology [20]

Gap waveguide technology has been used to develop array antennas for multiple
frequency bands due to their low-loss performance, cost effectiveness and manu-
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Figure 2.11: Monopulse array antenna [23]

facturing flexibility. A W-band monopulse slot array antenna with a wide band
profile has been implemented using this novel technology. There are no galvanic
contacts required among the different building blocks of the waveguide structure
and it provides high efficiency along with wide impedance bandwidth (85-105 GHz).
As shown in the figure 2.11, the 4 layers of waveguide structures does not require
electrical contact and hence they can be screwed on the corners to obtain the array
antenna and comparator network. The layer 1 is designed as the subarray for the
array antenna which consists of three unconnected layers namely radiating layer,
cavity layer and feeding layer. The radiating slots are excited uniformly with equal
amplitude and phase and to achieve the desired uniformity and a wideband feed
network, the design procedure described in [21] and [22] has been used to design the
feed network. To achieve 32 dBi gain, Layer 1 has 16 x 16 array of radiating slots
where a subarray is formed from each 2 x 2 slots and fed by a cavity on the top
side of layer 2. A ridge waveguide feed network is used on the back of layer 2 to
uniformly excite the feeding cavities of 8 x 8 array. Three Magic-Tees are embedded
for the layer 3 to provide a coupling aperture of the sum signal and two difference
signals in the E and H planes. The position of the three input ports at the layer 4 is
used to excite the sum and difference patterns. The results for the proposed anten-
nas are quite significant where insertion loss of the sum E and H plane difference is
around 0.5 dB and return losses for the sum and difference ports are better then 10
dB. The antenna is well suited for millimeter wave tracking applications and more
information is described in the article [23].

It is challenging for the available active circuits above 100 GHz to provide high data
rates above 50 Gbps over a large distance for next generation backhauling systems
using a single point-to-point link. There is a need for low-cost fabrication meth-
ods for waveguides above 100 GHz and hence a new technique has been mentioned
in this section which utilizes low-cost polymer injection molding based fabrication
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(a) Multi layer array

(b) 16X16 array antenna

Figure 2.12: Antenna design for 140 GHz slot array antenna [25]

solution for high gain antennas at 140 GHz. The gap waveguide technology has
proved the one stop solution due to its non-contact nature of the waveguide. The
slot arrays based on gap waveguide is preferred to design this antenna that operate
at a bandwidth of more than 30%. Usually the wideband slot arrays require feed
network and hence an intermediate cavity is used between the feeding layer and radi-
ating slot layer as shown in the figure 2.12a. The working principle of this antenna
is mentioned in [24] in detail. However, to achieve the broad side radiation, the
antenna has been re-optimized for 140 GHz that enables the slots in each subarray
to be excited with the same phase and amplitude. Sixty-three 3-dB power dividers
has been cascaded that is embedded in the feeding layer and the electromagnetic
energy is coupled to the cavity layer which is placed above the feeding layer. The
figure 2.12b shows the multi-layer 16x16 element slot array antenna that is excited
with a standard D-band waveguide flange. Here we need a transition from a nor-
mal rectangular waveguide to ridge gap waveguide which has been mentioned in the
symmetric transition in [24]. To reduce the complexity of the fabrication process,
micro-machining with a polymer was used to implement slot array gap waveguide
antenna at 140 GHz. Master imprints for PDMS molds were made using SU8 and
SU8 master for each layer was used to make PDMS molds. Milled AI injection mold-
ing were used along with PDMS molds which were later injected with OSTEMER.
The S11 for the complete array is below -14dB for the band of interest(135-150 GHZ)
along with 14% of bandwidth and 31 dBi gain at 140GHz. The performance of this
array antenna can be improved more with reduced cost if could be done with the
automated fabrication process and more details is presented in [25].
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(c) Overview (d) Waveguide with Iris

Figure 2.13: H-plane Transition

2.6.1 Microstrip-Ridge Waveguide Transition

This section explains the working of a typical transition at a mmWave range. A
working H-plane transition mentioned in the paper [26] has been referred for under-
standing the basic working and designing of a transition. There are many transi-
tions that has been designed over the years and the basic concept is to have a good
matching between the microstrip and a waveguide section to couple the signal for
the desired frequency range. The design mentioned here has been divided in two
different parts where one section focus more on the transition design and the other
section focus more on adding features to the waveguide to increase the bandwidth
of the overall transition. The figure 2.13 depicts an overview of the design that
includes important components whereas, the other figure shows the waveguide with
Iris that has been used to increase the bandwidth of the transition. A signal is fed
through the microstrip port onto the feeding line that is connected to the radiating
patch. The microstrip line exhibits quasi-TEM mode and the waveguide has TE10
as the dominant mode. To match the fields from a microstrip line to a waveguide,
a patch antenna in the TM01 mode is implemented. To achieve wider bandwidth,
Iris distance and height is varied that also increases the complexity of the structure.
However, since the feed line is through the H-plane wall of the waveguide, It makes
the design more compact to embed with other systems. The bandwidth achieved
with this design is around 11% that can be increased to 15% by including Iris in
the waveguide. More detailed information about the transition can be found in the
following reference [26].

A gap waveguide technology is emerging as one of the advantageous solution for
mmWave frequency bands. A transition is designed using this novel technology
where desired electromagnetic waves are propagated between two PEC-PMC parallel-
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plate waveguide configuration. An artificial magnetic conductor (AMC) is emulated
by a series of periodic structure in the form of metal pins. The top plate and the
AMC together forms a stop band which then can be incorporated with a guiding
structure in the AMC layer such as groove, ridge, strips to propagate the waves
without being leaked from the periodic structure. The top plate and AMC does not
have a physical contact which makes this technology more reliable as it suppress all
surface waves or parallel-plate modes. In this design, the most essential requirement
for a good transition is to transform the E-fields from the microstrip to the guiding
structure.The domainant mode is Q-TEM mode in both microstrip and Ridge gap
waveguide that makes it less complicated to transform the fields. This is achieved
by extending and tapering down the width of the guiding structure (ridge in this
case) to the same width as that of the microstrip (50Ω). The tapered sections needs
to be in contact with the microstrip and this could be achieved in multiple ways
(soldering, gluing) but in this design, the tapered ridge is pressed against the mi-
crostrip line that gives an advantage of replacing the faulty sections. A back-to-back
structure was implemented to validate the concept of the proposed transition and a
bandwidth of 10 GHz(23-43 GHz) was achieved with a S11 of -14.15 dB and S21 of
0.32 dB [27].
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This chapter provides the utilization methods of the finalized transition starting
with a discussion about the software used to design the transition. Section ??
explains the structural details for the Gap Waveguide technology followed by the
dielectric material in section 3.2. A H-plane transition was designed initially for
140 GHz which was later replaced by the E-plane transition. The design of these
transitions along with their advantages and drawbacks is discussed in the section
3.4 and 3.5. The E-plane design proved to be more reliable and hence a section
dedicated to check the robustness and efficiency have been mentioned in the section
3.5.3. The design has been manufactured and measured using B2B configuration
due to the complexity of the structure and requirement of advanced tools to measure
the design at mm-Wave frequencies. Multiple variants with different offset of the
microstrip patch were manufactured considering the manufacturing error margin
which will affect the results of the design severely is presented in the couple of last
sections.

3.1 Simulation Tool
The final results from the measured transition were based on the designs and simu-
lations done on a electromagnetic field simulation software called ’Microwave CST
Studio suite’ widely used for Electromagnetic (EM) simulations for various appli-
cations. The CST provide different solvers (time domain, frequency domain, eigen-
mode) which could be used depending on the requirements of the applications to
achieve the best results.
In this work, Eigen mode and transient solver is used which utilizes the finite inte-
gration technique (FTT) to solve the design using hexahedral meshes. The software
is flexible to generate accurate result by creating fine meshes but at the cost of
increased CPU-time. There are several algorithm techniques that can be used for
the design structures and one of them is genetic algorithm that has been applied for
the design of the transition. The software provides the output data in various for-
mats and you have the flexibility to either use MATLAB or Python to process these
results further to a more readable format. Parametric studies can be performed to
study various data points and effects of tolerances that might occur during the man-
ufacturing process. This also provides us with certain data sets that can be used to
define the robustness and stability of the transition over a certain range. CST also
provides various export and import options. The export options allows various 2D
3D options which can be used with other CAD software to manufacture the designs.
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Figure 3.1: Dieletric Substrate

It is also compatible with other simulation softwares like HFSS, ADS [31].

3.2 Dielectric Materials
Dielectric materials are usually poor conductors that provides an insulating layer
between the two conducting layers as seen in the figure 3.1. For the transition
a pcb substrate with a dielectric material having specific properties suitable for
this design. There are various dielectric materials available in the market and one
with minimum dielectric loss is preferred for better performance. However, these
less lossy substrates are usually costly specifically for the high frequency around
140GHz. Hence we have used a substrate which is optimized for 77GHz but less
suited for frequency band of interest. The dielectric loss increases with the frequency
and hence it is important to select the material which exhibits similar properties in
practical application as mentioned in the data sheet [29]. Low dielectric constant
(Dk) allows rapid signal propagation and low dissipation factor (Df) maximize the
power delivered are the important parameters needs to be considered while select-
ing the dielectric materials. These values are usually mentioned on the data sheet
provided by the manufacturer.

For the design in this report, Astra MT77 of copper thickness at 0.18mm has been
used as a dielectric material which provides Dk = 3 and Df = 0.03 at 100 GHz. The
substrate thickness is 0.127 mm with an additional FR-4 layer to provide sturdiness
to the pcb otherwise it could be easily broken while assembling it with the waveguide
using screws. The dielectric material is also comparable to other substrates such
as Rogers 3003, however testing and implementation on radar technology has been
performed with Astra MT77 at 77 GHz, which seems to be a promising technology
for higher frequencies above 100 GHz. In addition to the above advantages, Astra
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MT77 does not includes plasma process which makes the process cheaper reducing
the substrate cost. The manufacturers provided the changes in dielectric constant
and loss tangent for MT77 until 100 GHz in the specification sheet, however, a
prediction has been done for both Dk and Df at 140GHz. [30].

3.3 Unit Cell
Section 2.5.2 provides a detailed explanation about designing a unit cell. The shape
of the pins does not play a vital role in determining the stop band. The length
of the pin(d), distance between the upper plate Pin(h), radius(R), and period(P)
determines the stop band for a given frequency band. The effect of these parame-
ters individually or combined have different results that has been explained in the
section 2.5.2. To achieve a good stop-band for D-band(110-170) frequency, a circu-
lar pin structure has been used. The advantages of using a circular pin structure
over a rectangular pin is merely simplicity during the manufacturing process. The
manufacturing becomes complicated at such high frequencies since the size of the
components becomes smaller. While milling the components, there are more curved
edges rather than sharp edges (rectangular, triangle) and hence circular pins makes
it easier to fabricate the pins. The figure 3.2a shows the top view and 3.2b shows
the side view of the circular pins which were later used in the transition design.

r

(a) Top View

P
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d

T

(b) Side View

Figure 3.2: A unit cell for 110-170 GHz

The dimensions of the unit cell for 110-170 GHz has been done by following the
principles and rules mentioned in the section 2.5.2. The table 3.1 shows the dimen-
sions optimised to obtain a stop band of 98GHz (82-180 GHz). All these parameters
have different effects on the stop band and a designer can optimise these range of
a stop band depending on the applications. An observation can be made from the
stop band range that the lower frequency has more margin (28 GHz) compared to
the higher frequency (10 GHz). However, there are also some limitations as we move
higher in frequency due to which it becomes difficult to achieve greater margin as
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Mode1 = 82.62
Mode2 = 180.26 

Figure 3.3: A unit cell for 110-170 GHz

compared to lower frequency.

Contents Units(mm)
length (d) 0.48
period (p) 0.8
gap (h) 0.135

Thickness (T) 0.127
radius (r) 0.32

Table 3.1: Dimensions of a Unit cell for 110-140 GHz

The figure 3.3 provides a graphical view of the stop band where we have two mode1
& mode2 that defines the cut-off at lower and higher frequency respectively. The
Eigen mode solver is used to calculate the fields of a periodic unit cell by applying
boundary conditions in y-z direction. All the fields within the range of approx. 82-
180 GHz will be propagated whereas frequencies outside this range will be blocked.
As the structures does not behave ideally in a real world, we need to have some
margin around D-band since there will be some resonances that might occur at the
edges of the desired frequency. As mentioned earlier, these dimensions has been
optimized to fit the criteria of obtaining a decent stop band with some margin along
with satisfying the physical requirements of the pin for manufacturing purposes.

3.4 H-Plane transition
The motivation to design H-Plane transition for D-band is adapted from the former
transitions mentioned in the section 2.6. The design in this section is scaled and
adapted to work for the frequency band 110-170 GHz. The major difference in
this design is that there is no physical contact between the H-plane waveguide and
the ground plane. The reason for adaption is utilization of the Gap Waveguide
technology where the rectangular waveguide WR-7 is embedded with the cylindrical
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pins as shown in the figure 3.4a. The dielectric substrate used here is MT77 which
is 0.127mm thick with Tanδ as 0.003 at 100 GHz.

Circular Pins

Dielectric Substrate

Ground Plates

gap

(a) Side View

    WR-7
Waveguide

a

as1

as2

hs1

hs2

microstrip port

Substrate

microstrip feed line

(b) Cross Section

Figure 3.4: H-Plane Transition waveguide

3.4.1 Waveguide
The waveguide has three different section of length as depicted in the figure 3.4.
The as1 and as2 are varied depending on the requirement to achieve maximum
bandwidth by maintaining a good insertion loss. The length and the position of
the Iris inside the waveguide affects the bandwidth and hence the Iris length was
optimized with different positions to obtain good results. The opening lengths of
the waveguide (a) and (b) is the WR-7 waveguide lengths where the fields are mea-
sured or embedded with other applications. The fields from the microstrip patch is
coupled to the waveguide through the opening with a length of as2. The waveguide
is surrounded by the cylindrical pins that has a height of PinH and radius of PinR.
These pins are designed for a stop band of 110-170 GHz and the further measure-
ments specifications of the Pins can be found in the table 3.2. Ideally there should
be infinite pins in X & Y direction to obstruct the leakage of fields. However, In
practice, couple of rows are enough to prevent the field leakage. In this design, two
rows of pins worked efficiently to couple the field from the microstrip patch to the
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Patch

wm

wp

moff

lp

lw

ww

Via holes

Figure 3.5: Top view of the patch

waveguide opening without any field leakage.

3.4.2 Microstrip Patch
The patch is designed on the MT77 substrate with a copper thickness of 0.02mm
that are usually available in the market for the manufacturing process. The signal
is fed through the microstrip line of 50Ω that is connected to the radiating patch.
The dimension of the radiating patch is given in the figure 3.5 where the length is
given by Wp and the width is given by Ip. The patch is centered with respect to
the waveguide opening. The distance between the patch and the ground plane is
same as the size of the waveguide opening i.e. Iw and Ww is same as the size of
waveguide opening near the patch (b & as2). The patch size is optimized to have
a good matching with the waveguide for best coupling of the signal. The via holes
are grounded through the substrate around the patch to suppress the parallel modes
that might arise in the dielectric substrate. The placement and distance between
the vias are not critical in terms of improving the overall performance.

3.4.3 Matching section
The microstrip line is directly connected to the radiating patch with a width of
Wm and an offset of moff from the center of the patch. The overall impedance
matching and bandwidth is dependent on the location of the feed line along with
the slot between the ground plane and the radiating patch [32]. The bandwidth
shifts in terms of frequency bands with respect to the position of the feed line. The
Patch and feed line are designed in such a way that they can move in the slot in
any direction to achieve the best results. The patch along with the feed line is
moved in various direction to check the tolerance of the structure. To increase the
bandwidth, Iris dimensions and location has been changed to optimize the results
which has been further discussed in the result section. The table 3.2 summarises
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the dimensions of the complete design.

Contents Units(mm)
Height of Pin (PinH) 0.44
Period of the Pin (P) 0.38

Distance between the patch and Pins (gap) 0.15
Radius of the Pins (r) 0.38

Waveguide (a) 1.25
Waveguide (b) 0.89

Distance between iris (as1) 1.2
Distance between walls (as2) 1.33

Height of the iris (hs1) 0.49
Height of the wall (hs2) 1.15

Patch width (Ip) 0.52
Ground plane (Iw) 0.89
Patch lenght (Wp) 0.68
Ground plane (Ww) 1.33

Width of the feed line (Wm) 0.14
Offset from the center of the patch (moff) 0.2

Table 3.2: Different measurement for H-plane design

3.4.4 Drawbacks
The design did not meet the expected requirement of bandwidth and hence the
results were not satisfactory. Due to mmWave design, the units of the structure
were very small and hence there would have been a difficulty in manufacturing a
small offset of the feed line to the radiating patch. Since the fabrication does not
have sharp edges and the design was sensitive to small changes, the results would
have affected severely even with small margin of errors. This can be verified through
the simulations results mentioned in the section results. The design was compact
and would have been beneficial for integration to save space but if the requirement
demands for wider bandwidth then we need another robust design which is presented
in the section 3.5.

3.5 E-Plane
Due to the limitations with H-plane design, an E-plane transition was studied and
implemented with two different matching section techniques. The motivation for
the transition design was taken from one of the paper published on an E-plane tran-
sition for 77GHz [28]. The design presented in the paper is based on the vertical
transition from microstrip to double ridge waveguide. The gap waveguide technol-
ogy is implemented to prevent wave propagation in an undesired direction when
surrounded around the patch and the waveguide port. The figure 3.6 shows two
design of E-plane transition where 3.6a has λ/4 transformer as a matching section
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and 3.6b was implemented using the stub matching. The design was simulated and
optimised in CST which is explained in detail in the section 4. The E-plane transi-
tion doesn’t require via holes which reduced the manufacturing complexity and cost
at the same time. The expectation from this design was to have a good matching
and large bandwidth compared to it predecessors at 77GHz. The expectation for
the bandwidth is about 25% of the total frequency band i.e approximately 15GHz
of bandwidth with a low loss of around -0.3dB. The design is also expected to be
robust for 100um of displacement in all the directions that accounts for uncertainties
during manufacturing and integrating with other products.

(a) Design with λ/4 Transformer (b) Design with stub matching

Figure 3.6: E-plane design for D-band. Note: Some of the pins were removed
from the design to show the components clearly.

3.5.1 Waveguide
The waveguide is manufactured from aluminium which also includes the ridge pins
and circular pins. The figure A.2 shows various parameters of the waveguide which
include three stages of waveguide section for transferring the signal from doube ridge
waveguide to a WR7 rectangular waveguide. The section 1 is the ridge waveguide
WR7 with the dimensions as 1.651mm X 0.8255mm. WRRH is the thickness of
the ridge waveguide which does not affect the signal much and hence it can be
modified according to the requirements. WRRA is the distance between the ridges
which is the most crucial and sensitive part of the design that determines the cutt
off frequency of the double ridge waveguide. The ridges in the section 1 and sec-
tion 2 is optimized together to obtain the optimum results. The section 2 is the
intermediate stage that transfers the signal from a ridge waveguide to a rectangu-
lar waveguide. The height of this section determines the transition of the fields to
rectangular waveguide and hence INTH along with INTA plays an important role
in the working of the waveguide. INTA is the distance between the ridges at the
intermediate section. Finally, section 3 is the standard WR7 rectangular waveguide
with the dimensions WR7B and WR7A. The thickness of this section does not af-
fect the fields and hence it can be extended further depending on the applications.
The edges of the ridge pins and waveguide slots were blended to have a curvature
structure to ease the manufacturing process.
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Figure 3.7: E-plane side view

The figure 3.8 shows the bottom and top view of the waveguide where the patch
is aligned at the center in one of the lateral direction whereas it has some offset
in other lateral direction that is considered the nominal case for this design. The
INTRH is the width of the ridge at the intermediate section which is a bit wider
compared to the width of the ridge pins and ridge present at the ridge waveguide sec-
tion(WRRH). From the figure 3.8a, the blended edges is quite visible at the corners
for the all three sections of the waveguide. The same profile has been maintained
during the manufacturing process which has been presented in the section 3.7. The
ridge pins are extended towards the PCB on each side to couple the fields from the
patch to the waveguide as shown in the figure 3.8b. The width and length of the
ridge pins are sensitive and affects the matching of the PCB to the waveguide. The
width of both the ridge pins are same and given by RiW whereas the lengths are
given as RiH1 & RiH2. The distance between the pins is given by period that applies
in both X & Y direction. The pins are not well aligned through out the waveguide
due to the different lengths of the rigde pins but it maintains the distance of period
in all the directions. The distance between the top of the pins and the surface of
the patch is 0.15mm which is the nominal case for the design.

The E-plane transition does not require via holes to suppress the cavity modes which
makes the fabrication of the PCB’s to be cheaper and less complex as compared to
the former H-plane design. The bandwidth provided by E-plane is about twice the
H-plane and hence it is viable to optimize the E-plane transition to achieve better
results. The matching sections in E-plane transition is easier to fabricate as contrary
to the H-plane where the margin of error was less.

3.5.2 Matching section
Two matching techniques were implemented to compare the performance and effects
of different matching structures on the design. These two variants of the matching
technique that has been implemented for this design: Stub & quarter wave trans-
former. The signal is fed through a 50Ω line having a width of Lin_W for both the
matching techniques. The figure 3.9a has a width of W_PS f & height of H_PS
for the radiating patch. The stub is connected through a small section of the mi-
crostrip line with a width of W_MS and a height of H_MS. The stub is designed
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INTRH
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w.r.t wavegudide
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(a) Top View
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period

(b) Bottom View

Figure 3.8: E-plane Top & Bottom view

and optimized in parallel with the dimesions of the patch to provide good matching
at the center frequency of the D-band. The width and height of the stub patch is
given by W_SS & H_SS respectively. The figure 3.9b shows a λ/4 matching sec-
tion where the width and height of the radiating patch is given as W_PQ & H_PQ
and W_MSQ & H_MSQ for the width and height of the quarterwave section. The
thickness of the microstrip patch and ground plane is 0.018mm and the material
used is copper.

W_PS

W_SS
W_MS

Lin_W

H_PS

H_MS

H_SS

(a) Stub Matching

W_PQ

W_MSQ

Lin_W

H_PQ

H_MSQ

(b) quarterwave matching

Figure 3.9: Matching Techniques
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3.5.3 Tolerance check
There will always be a deviation between simulation and manufactured prototypes
in terms of their dimensions. In the design presented here, two different structures
needs to fabricated and since we are working at D-band, the structure becomes
smaller and increases the complexity to fabricate them with high precision. Hence,
a tolerance analysis has been performed by changing the parameters of the struc-
tures. In case of the waveguide structure, effects of changes in the gap between
the ridges along with the dimension of the ridge pins were studied which are the
most crucial part that could severely affect the performance of the design. Similarly,
in terms of the matching section, several variants of different sizes were fabricated
assuming the error margin of 10% provided for the fabrication of the PCB’s pro-
vided by the manufacturer. The microstrip section was displaced with respect to
the waveguide in one of the lateral direction to determine how tolerant the design is
to the misalignment between pcb and the waveguide. The detailed discussion and
analysis has been presented in the section 4.

3.6 B2B structure
For simplicity, a B2B structure was implemented to test the working of these designs
as shown in the figure 3.10. The other option to the B2B structure is to have the
microstrip connectors instead, but due to very high frequency applications, it is im-
practical to perform the testing. The same structure presented in the figure A.2 was
replicated along the x-axis and connected together by extending the waveguide walls
along with the circular pins with a distance of period between the pin structures.
The physical diameter of each flange is 19.05 mm and hence the total length must
be greater than 39mm along with some margin. There are two transitions that takes
place at the opposite ends from the microstrip patch to the waveguide and hence
the total loss could be calculated as:

Total loss = 2 x transition loss + microstrip line loss (3.1)

To calculate the losses in the microstrip line, another design with extra 10 mm of
microstrip line was designed and compared to the actual design length of 24.3 mm.
However, in this case we need another waveguide structure with increased length
of 10 mm so that we can align the waveguide ports to the patch. This would add
extra cost for manufacturing a waveguide structure to test a single PCB. To solve
this issue the waveguides were split in two different sets which did not affect the
performance at all and reduced the manufacturing cost into half for testing multiple
length of PCB.

3.6.1 Split Design
The split design is shown in the figure 3.11 where the two waveguides can be move
apart and closer to each other depending on the length of the PCB’s. The waveguide
has 3 screw holes, 2 guiding pucks and 4 alignment pins on each of the waveguide.
The guiding pucks are a piece of metal embedded on the PCB’s for better alignment
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extended microstrip line

Figure 3.10: B2B structure

as shown in the figure 3.13. The alignment pins are used to align the waveguide
flange towards the mechanical piece, whereas the surface mounted pucks are used
for aligning the mechanical piece towards the PCB. In ideal case the split design is
a replica of the figure 3.10 with more additional details that has been manufactured
for final testing.

Port 1

Port 2

Screw holes

Guiding
pucks

Guiding
pucks

Alignment
Pins

(a) Top View (b) Bottom View

Figure 3.11: B2B split design

The table 3.3 provides detailed information regarding the dimensions of the transi-
tion design.

3.7 Fabrication
The waveguides were fabricated using aluminium material and a milling bit of
0.3mm. The manufacturers provided a tolerance band of 10% but the final prod-
uct was not precise as expected due to which there were some inconsistency in the
waveguides as shown in the figure 3.12. The microscope view shows the misalign-
ment and the dimensions seems to be not up to the tolerance. The share edges from
the design for the ridge are not curved and also have some slope which will affect
the performance. The distance between the waveguide ridges are a bit larger in-
creases the gap between the ridge section for both ridge waveguide and intermediate
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Contents Units(mm)
WR7A 0.65
WR7B 1.1
WR7H 0.2
INTA 0.52
INTB 1.5
INTH 0.63
WRRA 0.32
WRRB 1.1
WRRH 0.2
PinH 0.48

INTRH 0.46
WRRH 0.4
RiW 0.55
RiH1 0.5
RiH2 0.4

Contents Units(mm)
Period of the Pins 0.8

WP S 0.77
WMS 0.25
WSS 0.7
HP S 0.57
HMS 0.315
HSS 0.58
WP Q 0.88
WMSQ 0.16
HP Q 0.53
HMSQ 6
LinW 0.29

Thickness 0.135
B2B length (length of the microstrip) 22.3

Exended length 10

Table 3.3: Dimensions for E-plane transition design

section. This will affect the bandwidth of the design and introduce more mismatch
losses. It is challenging to achieve high precision at such high frequencies when the
structures becomes smaller and hence one of the major requirement of the design
was to be robust. It is usually expensive to do the milling for such high frequencies
for increased precision.

Figure 3.12: Fabricated Waveguides and microscopic view

The PCB’s were manufactured with MT77 as the substrate and an extra layer of
FR-4 substrate is added at the bottom of the PCB to provide extra strength. The
substrate thickness is 0.127mm which could be easily broken due to fragile nature
of the PCB. Two versions were manufactured, with and without silver coating on
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top of the copper in order to determine the impact on loss. No nickel were used
while manufacturing the PCB that could generate some losses due to impurities.
The figure 3.13 shows the copper and silver plated stub and quaterwave matching
PCBs. Total 21 different PCBs were manufactured which included the nominal
design along with different tolerance analysis and extended version of ideal case for
the loss calculation. These variants were manufactured for both copper and silver
and hence total 42 PCBs were produced. Since the design were compact, there
was a possibility to replicate the same number of PCBs and hence finally total 88
PCBs were produced. The pucks are implemented on the PCBs to provide better
alignment in addition to the guiding pins and screw holes.

StubQWT

Pucks

StubQWT

Pucks

Figure 3.13: Copper and Silver PCBs

3.8 Measurement Setup
The measurement was done in one of the high frequency measurement labs at
Chalmers University of Technology. The microscope were used at Chalmers and
Gapwaves to analyze the deformations in the waveguides shown in the figure 3.12.
Measurements were also done for the dimensions of the waveguide to figure out the
distance between the ridges along with its height and length that would be useful
to replicate the structure in the CST simulations. The details of the components
required for the measurements of the transition is given in the table 3.4.

Contents Quantity
Network Analyzer 1
VNA extender 2

90◦ waveguide bends 2
Cables per extender 4

Screws 8

Table 3.4: Components required for measurements

The figure 3.14 shows the complete setup where a Network analyser is connected to
WR6.5 VNA extenders. The network analyser has a limited capacity to measure
the S-parameters upto 26.5GHz and hence VNA extenders for D-band were used
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to extend and measure the S-parameters for the range 110-170GHz. The signals
are fed to frequency extenders from the VNA and multipled it to desired frequency
band is provided to the DUT through a D-band waveguide and received at the other
frequency extender where the signal is filtered and down converted to the network
analyzer. The calibration kit(D-band) was used to calibrate the flanges and VNA
extenders to the desired reference point. The 90◦ waveguide bends are connected
to the metal pieces and the distance is adjusted based on nominal or long line PCB
case. The PCB is then placed on both of these flanges and pressed properly to fit in
alignment with the guiding pins and pucks. Screws are tighten from top for both the
waveguides to make sure that there are no gaps between the PCB and waveguides
walls.

Network Analyzer

Frequency extenders

Top View

D-band connectors

Cables

Figure 3.14: Measurement Setup
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4
Results & Discussions

This chapter provides in depth details regarding the simulation results of the designs
that were presented in the previous section. The results are presented for both
measurements and simulations done in CST. The calculation for the losses in a
microstrip line has been presented in further sections.

4.1 H-plane
The results presented here is based on the simulation results and no prototype were
manufactured for H-plane design. As per the details provided in the section 3.4,
H-plane was not able to provide sufficient bandwidth. The figure 4.1 shows the
bandwidth of about 18 GHz which is calculated for S11 < -10dB. The matching
is good at the center frequency of about 140-145 GHz which was expected as the
transition was designed for the center frequency of 140GHz. The parameters such
as as1, as2, hs1, hs2, Wp, Ip, moff were varied which did not further improve the
results. The tolerance performance was good when the waveguide was displaced by
±100um in all directions. The results for the tolerance analysis has been mentioned
in the Section A.

4.2 E-plane

4.2.1 Single ended transition
The single ended transition as shown in the figure 3.6a and 3.6b are the nominal
cases that would be implemented in an actual application and the figure 4.2 shows
the behaviour of these transitions in terms of bandwidth, insertion loss and return
loss.

The figure 4.2a shows the simulated results on CST for quarterwave matching with
a wideband response of 37 GHz that is almost twice of the H-plane design for the
frequency range between 121GHz to 158GHz. The insertion loss is less than -0.4dB
between 125-155GHz along with a bandwidth of 26% for the total D-band frequency.
The resonances are been generated at 160 GHz that could be due to the substrate
thickness. Although, the circular pins are designed for the stop band between 110-
170GHz, it could be due to the pin stopband combining with the former condition for
these undesired resonances. The waveguide has been displaced in lateral direction by
±100um and ±0.075um in vertical direction to check the robustness of the design.
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Figure 4.1: H-plane result

Out of total 27 variants there are only two cases which is shown in the section A
where transition matching degrades at 145GHz, otherwise the design maintains its
stability throughout the range of 125-155GHz. The results for tolerance analysis
has been shown in the section A. The figure 4.2b shows the results for single ended
transition with stub matching with a wideband response of 43GHz that is better
than the quarterwave matching. The transition works in the frequency range of 120-
163 GHz with a insertion loss less than 0.4dB for the range of 124GHz to 159GHz.
The bandwidth achieved is around 30.71% which is 18% better than the former
matching technique. The tolerance analysis for stub matching is similar to that of the
quarterwave where for couple of cases, the matching seems to be degraded. However,
these conditions were in most extreme cases where the waveguide is completely out of
alignment with the radiating patch. The resonances are observed at 163 GHz which
is better compared to the λ/4 matching. Detailed figures for tolerance analysis has
been mentioned in the section A.

4.2.2 B2B design results
As mentioned in the section 3.6 B2B structures were manufactured and tested the
performance of the transitions. The figure 4.3 shows the result for the ideal case
of stub and quarterwave matching for B2B structures. The figure 4.3a shows the
quaterwave matching results where the reflections between the ports are observed
due to the back-to-back structure. The resonance follows the pattern shown in the
figure 4.2a with a increase in insertion loss due to two transitions and extra losses
from the increased length of the microstrip line. The insertion loss is still less than
3dB for the frequency range 124GHz to 152GHz with a overall wideband response
of for S11 of -15dB level. The matching in the back-to-back structure could become
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(a) λ/4 matching (b) Stub matching

Figure 4.2: Simulated result for E-plane

6dB worse as compared to the single ended transition due to the reflection between
the ports in the structure. The figure 4.3b shows the results that follows the pattern
for single ended stub transition. The insertion loss is less than 3dB for the frequency
range between 122GHz-157GHz with a bandwidth of 40GHz. The resonances in both
the back-to-back structures is approximately 6dB worse compared to the single-
ended transition that makes the design more sensitive for higher frequencies. The
tolerance analysis has not been performed for B2B structures since it is expected to
have same behaviour as for the single ended transition. However, different variants
of stub and quarterwave matching transition was manufactured which include under
etching and over etching of the PCB’s. The Patches along with the matching section
was also displaced along the length of the waveguide to verify the robustness of the
design. The figures has been mentioned in the section A along with the comparison
of the measured results.

(a) λ/4 matching (b) Stub matching

Figure 4.3: B2B E-plane simulated results

4.2.3 Loss calculation
An extra length was added to the microstrip line to evaluate the loss in the microstrip
line. The patches are manufactured with and without silver coating on top of the
copper to improve the ohmic losses while working with different materials. The ex-
tended line variant was manufactured for the quarterwave matching since the type
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of matching will not affect the losses in the microstrip line. The figure 4.4 shows the
measured results for the extended microstrip line for both with and without silver
coating on top of the copper material. The figure 4.4a shows the simulated result for
the extended microstrip line. The focus here is not to achieve a better bandwidth or
insertion/return losses but to compare the two lines and achieve the losess per mm.
The figure 4.4b shows the measured result from the fabricated silver and copper
materials. A small bump is observed for the S21 of the copper material at 140GHz
which due to imperfect calibration of the measurment setup. The calibration was
done again later and the bump was not present for further measurements. However,
the response for both silver and copper plating microstrip line is quite similar which
shows that there is not a significant improvement in terms of losses even if the silver
coated line is used. One of the reason for the loss could be the copper beneath the
line has high surface roughness that is causing the majority of the loss and hence
the contribution from the silver coating has hardly any effect on the overall loss of
the system.

(a) Simulated extended line
(b) Silver and copper coating

Figure 4.4: Simulated long line result and comparison of the measured lines for
both silver and copper coating

The loss per mm is calculated by selecting fixed points and subtracting the losses
from nominal line to the long line.

Resultant loss = (Long line loss - nominal line loss)@fixed frequency points
length of the long line - length of the nominal line (4.1)

The figure 4.5 shows the comparison between the extended line and nominal line
along with the losses in dB per mm. The extended line follows the nominal case
pattern except the losses that is higher in the extended line. The difference is not
huge but still silver seems to perform better than copper coating. The average
losses for silver is 0.22dB/mm whereas for copper it is 0.25db/mm. The frequency
range is chosen between 125GHz-147GHz because the matching works between these
frequencies and for rest of the frequencies it becomes worse. The losses per mm can
be multiplied with the total length of the microstrip line and divided by 2 i.e the
losses in each transition section.
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(a) Extended and nominal line - Copper (b) Extended and nominal line - Silver

Figure 4.5: Extended and nominal line for copper and silver

4.2.4 Measured results for B2B transition design
The measured results are presented in figure 4.6 for both silver and copper coating.
However, the comparison is focused with more silver coating since the calibration was
fixed during the measurements of silver coated PCB’s which eliminates the bump
at 140GHz and avoid confusions. However, the results are presented in the section
A for further reference. The figure 4.6 shows the nominal case for both quarterwave
and stub matching silver plated PCB’s. The result for quarterwave matching shows
that the bandwidth is 23GHz along with the insertion loss of 7.5dB around the
center frequency of 140GHz. Hence the bandwidth comes down to 16.4% from the
ideal 26.5% in the CST simulations. For the stub matching, the wideband response
is 24.5GHz and the insertion loss is -7.6dB around the center frequency. The band-
width is 17.5% compared to the 30.71% which was obtained from the simulations.
The main reason for such huge deviations are the improper material characteristics,
high frequency that makes the measurements sensitive to small changes, deformities
in the waveguide structures specially at the ridges and intermediate section. The
losses for the complete length(24.3mm) of the microstrip lines is around 5.33dB for
140 GHz. After subtracting this loss from the overall transition loss for the working
band, we get an average loss of 2.14dB which finally provide the loss per transition
of around 1.07dB at 140 GHz.
As mentioned earlier that many variants were fabricated to make sure that optimum
results are achieved even if there are over etching and under etching problems. The
following figure 4.7 shows various quarterwave and stub matching techniques which
has better matching compared to the nominal case. The insertion loss and return loss
of these variants are better than the nominal case. However, from the graph itself,
it could be determined that the matching for some of the variants perform better
which signify that the nominal case has some deformities and the other variants are
closer to the nominal case. The other reason could be that the etching has been done
perfectly but due to the deformities in the structures, one of the variants fits the
conditions for perfect matching and hence we see better results for these variants.
From the figure 4.7b & 4.7c it could be seen that the matching around the center
frequency is better compared to the nominal case. The same pattern could be seen
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(a) Comparison of Quaterwave Matching (b) Comparison of Stub matching

Figure 4.6: Comparison of simulated and measured results for stub and
quaterwave matching

for the stub matching as well in the figure 4.7d & 4.7e. The rest of the variants
degrades in matching and insertion loss similar to the simulations in CST and have
been presented in the section A for further references.
The insertion loss was quite high as compared to the simulations, and hence the
tanδ of the substrate was changed to 0.09 that provided reasonable insertion loss
during the simulation as shown in the figure 4.4. The loss tangent was significantly
increased in the simulation results and the results were compared to the measured
results. The loss tangent of 0.09 seems to match the simulated results which was then
taken into consideration. This was done to simplify the simulation and account for
all other impurities such as surface roughness on the copper/in the waveguide, im-
purities in the waveguide holes, misalignments etc. The insertion loss was increased
to 0.6 dB for back-to-back configuration which is almost similar to an average of
7.5dB for the measured transitions.

The figure 4.9 shows the comparison between all the cases where the results with
increased loss tangent have similar resonances to the simulated results. However,
the losses have increased and closer to measured results. Hence, a conclusion can
be made that the reduction in bandwidth is not because of the substrate losses but
more due to the other factors like misalignment, impurities in the copper PCB and
waveguide etc.
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(a) Quaterwave - Displaced by -100um (b) Quaterwave - Over etching by 10um

(c) Quaterwave - Over etching by 20um (d) Stub - Over etching by 10um

(e) Stub - Over etching by 20um

Figure 4.7: Different variants of the quaterwave and stub matching PCB’s
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4. Results & Discussions

Figure 4.8: Loss Tangent changed to 0.09

Figure 4.9: Comparison of measured, simulated and increased loss tangent results
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5
Conclusion & Future Scope

The thesis work have explored the possibility of integrating microstrip line with gap
waveguide for D-Band applications. Considering 140GHz as the center frequency,
the quarterwave matching has 16.4% and stub matching achieved 17.5% of band-
width after measuring the transition designs. The design performed as expected in
terms of robustness and produced stable output throughout the testing of multiple
variants. The stub matching seems to provide higher bandwidth compared to the
quaterwave matching for simulated and measured results. The silver coating PCBs
have better losses compared to the copper PCBs which makes silver coated PCBs
a reliable option for manufacturing. The material characteristics plays an impor-
tant role in terms of insertion loss since the behaviour of the material varies as the
simulations moves up higher in frequency. The tan δ had a difference of 0.06 while
simulating and measuring the structures. The tolerances analysis provided ample
amount of details to understand the behaviour of the structures specially in the
higher frequency around 150-160 GHz. Some of the structures that were manufac-
tured with some added tolerance performed better compared to the nominal case.
Hence, a conclusion could be made that the manufactured design for nominal case
were not the same as the simulated nominal case. The actual ideal case could be
around somewhere between the nominal and displacement designs for the manufac-
tured transitions. The tolerance analysis for under and over etching of the PCBs
works until 20um and hence the fabrication needs to be done at high precision if
higher performance stability is required. The design is quite compact and can be
accommodate in small spaces for mmWave applications.

5.0.1 Future Scope
The material chosen was ideal for frequency up to 80GHz and hence different ma-
terials could be explored for D-band frequency that could provide better results.
The manufacturing of the ridge section was not under the tolerance defined by the
manufacturers and hence the waveguide structures can be manufactured with less
deformities to provide better bandwidth specially at higher frequency points. The
matching could be further improved by exploring other types of matching that can
provide good insertion and return loss for the desired bandwidth. The waveguide
structure itself can be improved by modifying the sensitive parts(ridge pins) to less
complicated design structures that can provide room for better tolerance handling
capacity of the transition design.
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A
Appendix 1: Additional results

Figure A.1: Tolerance simulations for H-Plane transition

(a) Quaterwave matching (b) Stub matching

Figure A.2: Tolerance analysis of single ended transition for x = ±100um,
y = ±100um & z = ±75um
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A. Appendix 1: Additional results

(a) Stub - Under etching by 10um (b) Stub - under etching by 20um

(c) Stub - Displaced by +50um (d) Stub - Displaced by +100um

(e) Stub - Displaced by -50um (f) Stub - Displaced by -100um

Figure A.3: Tolerance of simulated and measured results for Stub matching
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A. Appendix 1: Additional results

(a) λ/4 - Displaced by +50um (b) λ/4 - Displaced by +100um

(c) λ/4 - Displaced by -50um (d) λ/4 - Under etching by 10um

(e) λ/4 - Under etching by 20um

Figure A.4: Tolerance of simulated and measured results for quaterwave
matching
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