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Abstract

A phased array antenna is designed based on the gap waveguide technology which offers a fair trade-off
between costs and manufacturing flexibility at the mmWave frequencies. Only two layers will be used to
reduce manufacturing difficulty and costs. The final design consists of 8 parallel arrays of 8 slots each,
and baffles are used to prevent grating lobes. The slots have been slanted 45 degrees for enabling easier
polarization diversity. The antenna operates in the 26.5 - 29.5 GHz band, which is used for 5G applications.
A average realized co-polar gain of 24.4 dBi is reached for a 0◦ scan angle, while keeping a total active
reflection coefficient below -10 dB and a cross-polarization ratio of at least 25 dB.
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1 Introduction

The demand for higher data rates and speed in cellular mobile networks is growing continuously. To fulfil this
demand wider frequency bands in the order of GHz are needed. For the upcoming fifth generation technology
standard for cellular networks (5G), this will be done by using frequency bands in the mmWave range. Also
in other applications the use of mmWave frequencies is rising, for example in automotive anti-collision radar.

One of the frequency bands that will be used in 5G is (a subset of) the 26.5 - 29.5 GHz band. For ex-
ample the USA and Canada have allocated the 27.5 - 28.35 GHz band, Japan has allocated the 27.5 - 28.28
GHz band, and South-Korea the entire 26.5-29.5 GHz band. A beamforming chip for this exact frequency
band has already been made [1], but a low-loss and easy to manufacture antenna is still needed.

1.1 Existing designs

A well known method to design a high gain, high efficiency and low profile antenna is to use slotted waveg-
uide array antennas. Their flat structure, low weight and the possibility to use electronic steering to rapidly
change the main beam direction make these antennas attractive for many applications [2].

An importand issue with slotted waveguide antennas for mmWave frequencies is the complex manufacturing
process, which will either result in very high costs, or possible leakage when gaps between different parts are
not fully sealed. One proposed solution is to use a substrate integrated waveguide (SIW). Examples are a SIW
fixed-beam array[3], and a SIW phased array[4]. These two antennas will be used for comparison in this thesis.

One of the drawbacks of a SIW antenna is the increased dielectric loss due to the presence of a substrate. A
new way to solve the issue of leakage without using a substrate is the gap waveguide technology. Gap waveg-
uides have emerged as a candidate for providing a fair trade-off between cost and manufacturing flexibility
of electromagnetic components [5].

Two examples of gap waveguide antennas will be used for comparison in this thesis: a dual polarized gap
waveguide antenna [6], and a phased array gap waveguide antenna [7]. An important difference between
these two designs, and also between the two SIW designs, is the polarization of the slots. The fixed-beam
SIW and the dual polarized gap waveguide antenna both have their slots slanted at a 45◦ angle. The slanted
slots are an important design property that is wanted to increase polarization diversity in base stations as
will be explained in chapter 2.1.5 [8].

1.2 Problem statement

For a 5G mmWave antenna, multiple design properties are wanted. It should be a phased array to be able to
do beam steering and slanted slots are needed to increase polarization diversity. Furthermore it should also
be not too difficult to manufacture without reducing the gain too much, for example by using 2-layer gap
waveguide technology.

The existing designs given above all contain some of these properties, but an antenna design that contains
all of these wanted properties doesn’t exist yet.

1.3 Main contributions

This thesis presents two possible designs for a phased array antenna with slanted slots based on 2-layer gap
waveguide technology for 5G applications in mmWaves. It is composed of 4 or 8 center fed subarrays, each
containing 8 slots with a 45◦ slant.
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2 Theoretical background

In this chapter the theoretical background will be given on antenna design. First, the main properties of an
antenna in general will be discussed. Then the theory behind a phased array will be given, followed by an
explanation on properties specifically important for phased arrays. Furthermore gap waveguide technology
will be discussed, explaining how it works and what the advantages are.

2.1 Antenna properties

In this paragraph the main properties of an antenna will be discussed. These properties have to be taken into
account while designing a new antenna as the results on these properties will form the basis of a comparison
with other existing designs.

2.1.1 Antenna efficiency

Antennas are used to convert energy from the transmission line into radiated energy or vice-versa. Unfortu-
nately, not all energy is perfectly converted from one to the other. For example a small part of the energy
will be lost (converted to heat) due to dielectric losses in the antenna. The ratio between the input power
and radiated power is called the antenna efficiency.

The antenna efficiency (e0) is calculated as:

e0 = ereced (1)

In this equation er is the reflection efficiency, expressing the losses due to mismatch between the transmission
line and antenna. ec is the conductive efficiency, containing the losses due to finite conductivity of the metal
that forms the antenna. ed is the dielectric efficiency, taking into account the losses due to conductivity of
a dielectric material in or near an antenna. In general a total antenna efficiency above -1 dB is considered
sufficient.

2.1.2 Directivity, gain and realized gain

One of the most important figure-of-merits for an antenna is the directivity. The definition of directivity
is given by the International Electrotechnical Commission (IEC) as: ”The ratio of the radiation intensity
in a given direction from the antenna to the radiation intensity averaged over all directions”. This means
directivity is not just a single value, but a complete pattern with a value for every direction. Directivity is
usually expressed in dBi, which is the radiation intensity compared to a hypothetical isotropic antenna. An
isotropic antenna is the idea of an antenna that has an equal radiation intensity in all directions.

A closely related figure-of-merit to directivity is gain. Next to the directional properties the gain also takes
the radiation efficiency of the antenna into account. This means from the total antenna efficiency expressed
in equation 1 only the conductive efficiency (ec) and dielectric efficiency (ed) are taken into account. This
radiation efficiency is multiplied with the directivity to get the gain.

When the total antenna efficiency including the reflection efficiency (er) is taken into account, the term
realized gain is used. In this thesis realized gain will be mainly used, as this shows best how well the antenna
as a whole performs in real situations.

2.1.3 Reflection coefficient

The reflection efficiency is calculated with er = (1− |Γ|2), where Γ is the reflection coefficient. The reflection
coefficient is a parameter that describes how much of a wave is reflected by an impedance discontinuity in
a transmission medium, in this case between the transmission line and antenna. The reflected energy is not
accepted by the antenna, and therefore lowers the efficiency of the antenna. The reflection coefficient is equal
to the ratio of the amplitude of the reflected wave to the incident wave, expressed in dB. In this thesis the
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scattering parameter S11 will be used instead of Γ, as they are equal. A maximum reflection coefficient of
-10 dB is required for the antenna that will be designed, comparable to other existing designs.

2.1.4 Main beam and side lobes

As discussed in paragraph 2.1.2 the gain or realized gain of an antenna is not just a single value but a pattern
with different values for every direction. When only a single value is given, the gain in the main lobe is
meant. The main lobe, also called main beam, of an antenna is the radiation lobe in the direction of the
highest gain.

A radiation lobe is a part of the radiation pattern with a relatively high intensity, bounded by a region
with relatively low intensity. A common way to quantify the size of such a lobe in a plane is the half power
beamwidth (HPBW), which is the angle between the -3dB points on both sides of the maximum.

Next to the main lobe there are also side lobes. Side lobes are radiation lobes in any other direction than the
main lobe and are usually unwanted. To make sure these side lobes do not have too much influence on the
performance, the difference between the main lobe and side lobes should be at least 10 dB. This difference
between main lobe and the highest side lobe is called the side lobe level.

2.1.5 Polarization

The polarization of an electromagnetic wave is the plane in which the electric field oscillates, as visualised
in figure 1. The polarization can also be cylindrical or elliptic, but this will not be explained here as linear
polarization will be used only in this thesis.

Figure 1: Visualization of polarization of EM-wave

For a polarized antenna, a wanted polarization is defined. This can be horizontal, vertical or slanted at an
angle. The electric field vector of an outgoing wave is decomposed in a wanted part (co-polarization) and
the unwanted perpendicular part (cross-polarization). An example is given in figure 2. Here the wanted
polarization is at a 45◦ slant. The electric field vector however is not exactly in this same direction, so it is
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Figure 2: Decomposition of co- and cross-polar parts of electric field

decomposed in a co-polar and cross-polar part. To calculate the co-polar gain, only the intensity of the co-
polar part of the electric field vector is taken into account. The ratio between the gain in the co-polarization
and cross-polarization is called the cross-polarization ratio (XPR), and a minimum XPR of 20 dB is preferred.

To increase the capacity and the reliability of a wireless system and combat multi-path fading, orthogo-
nally polarized antennas can be used [9]. An antenna system that uses two orthogonal polarizations for this
purpose is called dual-polarized. For base stations in telecommunication it is very important to have this
polarization diversity [8].

In a dual polarized antenna system it is important that the performance of both polarizations is as equal
as possible [10]. When using a horizontal/vertical polarization this will be very difficult to achieve as the
design of both antennas and waveguide structure will be very different [11]. When using a 45◦ slant for
the slots however, the exact same antenna with only the radiation layer mirrored can be used for the other
polarization. This will result in practically the same performance, with only the radiation pattern mirrored.

A visualization of the direction of a slanted polarization and the E-plane, H-plane and D-plane is given
in figure 3. Here a top view of a single array element with 45◦ slanted slots is shown.

Figure 3: Visualization of E-, H-, D-plane and slanted co-polarization direction

Using non-slanted slots and instead rotating the entire antenna is not an option as the E-plane, in which
beam steering can be done, will also rotate in that case.
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2.1.6 Bandwidth

The bandwidth of an antenna is defined as the frequency range within which the performance of the antenna
conforms to a specified standard. The bandwidth of an antenna is expressed as a percentage of the frequency
difference over the the center frequency. The frequency range that will be used in this research is 26.5 to 29.5
GHz, which means a bandwidth of 10.7%.

2.2 Phased array principles

The antenna that will be designed in this research is a phased array. A phased array is an array of antennas
which creates a beam of radio waves that can be electronically steered to different directions. The steering,
called beamforming, is done without moving the antennas, instead the phase of every antenna in the array
is changed.

A phased array is based on the path length difference of an incident signal to different antennas within
the array. A schematic explanation is shown in figure 4. When an incident signal has an angle from zenith
(θ) other than 0◦, the difference in path length to two antennas is d · sin(θ), where d is the distance between
the two antennas. Because the signals should be in phase before they are added together, this difference in
path length needs to be compensated for. This is done by applying a phase delay to the signal of the first
antenna corresponding to the ratio between the difference in path length and the wavelength.

The addition of a certain phase delay only works for the corresponding angle, as different delays are needed
for different angles. This means that for all other angles the signals at antenna 1 and 2 will not be in phase,
and no constructive interference takes place. Therefore the direction of tranceiving of an antenna can be
aimed at different directions by changing the phase delay between the antennas in the array.

Figure 4: Path length difference in a phased array [12]
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2.3 Array antenna properties

In this paragraph the main properties of an array antenna will be discussed. Next to the general antenna
properties discussed in the first paragraph, there are also antenna properties specific for antenna arrays.
These properties will also be taken into account when comparing the new designs with existing designs.

2.3.1 Mutual coupling

Mutual coupling is the electromagnetic interaction between the antenna elements in an array. Mutual coupling
is typically undesirable because energy that should be radiated away is absorbed by a nearby antenna instead.
Hence, mutual coupling reduces the antenna efficiency and performance of antennas. Another reason why
mutual coupling is unwanted is the change in radiation pattern. The energy absorbed by a nearby antenna
is partially re-radiated, resulting in constructive and destructive interference that alters the radiation pattern.

In this report the mutual coupling is described in S-parameters. S1,2 for example is the mutual coupling
between element one and two. For the antenna that will designed a mutual coupling below -20 dB is preferred.

2.3.2 (Total) active reflection coefficient

The active reflection coefficient (ARC) is the reflection coefficient for a single antenna element in an array
antenna in the presence of mutual coupling. The ARC does not only depend on frequency, but also on the
excitation of the other elements. When using a phased array the phase difference between the excitations
differ for every scan angle, and therefore the ARC is different for every scan angle too.

The Total active reflection coefficient (TARC) is the reflection coefficient of all elements of the array com-
bined. The TARC is the square root of the sum of all reflected power, divided by the square root of the
sum of all incident power of the antenna array. It is still dependent on the excitation of the elements, and
therefore also dependent on the scan angle.

2.3.3 Grating lobes

Grating lobes are side lobes that occur due to the constructive interference of the radiation pattern of multiple
antenna elements in an array, other than the main beam. Grating lobes occur when the distance between
the radiating slots is larger than λ, or when the distance is between 0.5 λ and 1 λ if beamforming is used.
The phase difference between the received signal at elements for certain directions other than the wanted
direction can be exactly one ore multiple wavelengths. Grating lobes have usually the same size as the main
beam and are just like other side lobes unwanted.

For phased arrays, a maximum angle from zenith can be defined in which grating lobes will not occur.
This maximum angle depends on the distance between the array elements, and can be calculated with:

dmax =
λ

1 + sin(θ)
(2)

In this equation θ is the needed maximum angle and dmax is the corresponding maximum distance between
the radiating array elements. For this antenna design a 45 degree look angle is desired. This means that a
maximum distance between the array elements of 0.58 λ is allowed.

When a transversal waveguide is used the slots can only be placed every λw instead of every 0.5 λw, where
λw is the wavelength in the waveguide. As λw is usually around 1.4 times larger than the wavelength in free
space (λ), this means the distance between the slots will be a lot larger than 1 λ which will therefore result
in grating lobes.
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2.3.4 Baffles as a spatial filter for grating lobes

To reduce grating lobes, baffles can be used [13]. Baffles are walls between the radiating slots that will reduce
grating lobes by directing the waves to the wanted direction increasing the gain in the main beam.

In the antenna near-field region close to the source a reactive field exists. When sources are placed close to
each other these fields will cancel out, but when the distance is too large, the reactive fields will start to
radiate. By radiating into a parallel plate region, between the baffles, the wavelength can be controlled in
that region by the spacing between the parallel plates (a in figure 5). Only the main beam and no grating
lobes will radiate when a > a1 > λ/2.

Figure 5: Transverse slot in rectangular waveguide with parallel plates (baffles) [13]

2.4 Gap waveguide technology

An importand issue with slotted waveguide antennas for mmWave frequencies is the complex manufacturing
process, which will either result in very high costs, or possible leakage when gaps between different parts are
not fully sealed.

A new way to solve the issue of leakage and a complex manufacturing process is the gap waveguide technol-
ogy. Gap waveguide technology has emerged as a candidate for providing a fair trade-off between cost and
manufacturing flexibility of electromagnetic components [5].

The fundamental operating principle of gap waveguide technology is based on the cutoff of propagating
waves in a PEC/PMC parallel-plate configuration. When the 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 [14].
This is also shown in figure 6.

The PMC condition is artificially realized by emulating the high impedance boundary condition of a PMC
surface. In gap waveguides, this is realized in the form of periodic metal pins with air gaps in between. 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. By keeping a large open space the size of the waveguide, a PEC-like plate is
realized which will support the TEM wave as shown in figure 6 (b).

The pins can be easily manufactured on the bottom plate. When the top plate is added to form the waveg-
uide, the sealing between the pins and the top plate is not critical anymore, opposite to conventional metal
tube waveguides.
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Figure 6: Basic operating principle of gap waveguide: (a) PEC-PMC Parallel-plate EM-wave cutoff. (b)
TEM local wave propagation [14]

2.4.1 Groove gap waveguide

When a vertical (transversal) waveguide is used, it is also possible to use gap waveguide technology [15].
Some small adjustments are needed to make it work as the height of the pins would exceed the λ/4 limit,
which would allow waves to propagate in the small air gaps between the pins. Furthermore the manufacturing
of such high but small pins would not be feasible either.

Instead, a groove gap waveguide design is used. A comparison of a ”standard” horizontal gap waveguide and
a groove gap waveguide is shown in figure 7. In a groove gap waveguide only the upper part of the sides of
the waveguide is replaced with pins, not exceeding the λ/4 limit. The bottom part consists of solid walls
without air gaps in between.

Figure 7: 2D-color plots of the TE-field for frequencies within the single mode band [15]
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3 Design methodology

In this chapter the design procedure will be discussed. Simulation conditions and assumptions will be given,
and design choices will be explained.

3.1 Design procedure

The goal of this research is to design a phased array antenna, but to reach this goal a start is made at a
much smaller scale. First with pins only, followed by a waveguide, a single antenna element and finally the
complete array.

To determine the dimensions of the pins of the gap waveguide, the dispersion diagram of a periodic unit
cell will be used as is explained by P.-S. Kildal [16]. This periodic unit cell is shown on the left in figure
8, and contains one pin and both x and y boundaries are set to periodic. With the eigen-mode solver from
CST MWS, the dispersion diagram can be created. In the dispersion diagram it can be seen whether the
stop-band covers the entire frequency range of interest. The simulated pins function as a proper isolating
wall within this stop-band.

Next, a model of the waveguide as shown on the right in figure 8 is simulated. This model is periodic
in the y-axis but finite in the x-axis with magnetic boundaries. Again, the eigen-mode solver from CST is
used to obtain the dispersion diagram. Because a wave has to propagate through the waveguide, there should
not be a stop-band in the frequency range of interest, but instead only one mode should be present to make
it single mode.

Figure 8: The single periodic pin model (left) and the periodic waveguide model (right)

When the right dimensions for the waveguide have been chosen, a single antenna element can be designed
and simulated. In this thesis, two different designs will be elaborated on: a horizontal gap waveguide antenna
(design 1) and a transverse or vertical groove gap waveguide antenna (design 2). The used dimensions for
every element are based on the previous designs that are also used for comparison in this thesis. To optimize
the design, these dimensions have been varied and the values with the best results based on the antenna
parameters mentioned in chapter 2 have been chosen. In this report only the final dimensions will be given.

The final design for the single element of the horizontal and vertical gap waveguide antenna are shown
in the first part of chapter 4.2 and 4.3 respectively. The antenna elements are simulated in three different
situations: a single element in free space, a single element embedded at the edge of an array and a single ele-
ment embedded in the middle of an array. This way the influence of other elements in an array can be verified.

Furthermore a four-element phased array as a whole is simulated. For the phased array, four single ele-
ments are added next to each other, all with the same polarization. Ports will be excited simultaneously, and
with adding a phase shift the resulting beam is steered to different directions. To reduce simulation resources,
the array consists of only four elements instead of eight like the arrays that are used for comparison. When
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the results of the four-element array are found sufficient, a eight-element array is simulated to be able to
make a better comparison.

3.2 Simulation conditions and assumptions

The material used for the antenna elements in this thesis is the standard lossy aluminium from CST MWS
(µ = 1, σ = 3.56e7). This material is also used in simulations of other designs like the two gap waveguide
antennas and the SIW phased array that are used for comparison in this thesis.

Different boundary conditions are used in the different simulation setups. For the periodic unit cell pin
simulations the x- and y-boundaries are set to periodic, and the z-boundaries to electric conducting wall. For
the eigen-mode solver simulations on the waveguide the x-boundaries are set to magnetic conducting, similar
to previous research [16]. In all other simulations the boudaries are set to ”open (add space)”, except for the
negative z-boundary behind the antenna which is set to electric conducting wall.

3.3 Design choices

Two different antenna models are designed and tested in this thesis. The first design is a horizontal gap
waveguide and the second design is a vertical or transversal groove gap waveguide. Next to these standard
waveguide layouts several design choices have been made to improve the performance of the antenna designs.
A picture of design 1 showing these design choices is given in figure 9.
One of the choices that had to be made was the number of slots, and therefore also the length of the antenna

Figure 9: Model of design 1 with implemented design features

element. The amount of slots that has been chosen is eighth, as this gives a good trade-off between gain and
bandwidth. More slots and therefore a longer waveguide result in a larger difference in phase between different
frequencies and thus reduces the bandwith. Increasing the amount of slots to 10 would decrease the bandwith
such that it was not possible to get a realized gain of at least 12 dB over the entire frequency range of interest.

Compared to previous gap waveguide designs with slanted slots, the number of layers has been reduced
from three to two layers to increase manufacturability and therefore decrease costs.

The antennas are center fed, as this increases the symmetry of the field pattern. Also the total length
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of the waveguide can be twice as long without changing the length between the port and the reflecting end
of the waveguide. The two other gap waveguide antennas that are used for comparison are center-fed too.

In the model it can be seen that a wedge is added in the centre opposite to the port connection. This
is common in waveguide T-junctions and has been done to reduce the reflection coefficient [17]. In the model
of design 2, shown in figure 10, it can be seen that this wedge is also made with gap waveguide technology,
for similar reasons as it is used at the sides.

Figure 10: Model of design 2 with implemented design features (Half of the radiation layer is hidden)

The amount of pins between adjacent waveguides has been set to one, to keep the distance between the slots
of different elements as small as possible. For the single element this means that only half of the pin is visible
at each side, which will form a whole pin together with the half pin from the next element.

To increase the isolation between the different elements of the array, a shift of alternately +0.25λw or
−0.25λw is added to the elements in design 2. From simulation it has been found that this distance shift of
0.5 λw along the waveguide is optimal, which is in accordance with other related research [3].

Another design choice is the use of baffles in design 2. Due to the larger distance between the slots in
a single element compared to design 1, grating lobes occurred as explained in chapter 2.3.3. To show the
advantage of the baffles a comparison between an array with and without baffles is shown in figure 11. This
shows the significant reduction of grating lobes while increasing the gain in the main beam.
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Figure 11: Gain pattern in D-plane with and without baffles
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4 Results

4.1 Pin and waveguide design

The periodic unit cell and waveguide as shown in figure 8 are simulated with the eigen-mode solver from CST
MWS software to obtain the dispersion diagrams. By simulation and optimization the following parameters
have been chosen: Pinh = 2.2, Pinw = 1.5, Pint = 1.4 and waveguidew = 7.3. These values and a descrip-
tion can also be found in table 1. The dispersion diagram of the periodic unit cell is shown on the left in
figure 12 and the waveguide on the right.

From the dispersion diagrams in figure 12 it can be seen that the stopband of the pins goes from 18.2
GHz to 66.0 GHz and therefore covers the entire frequency band of interest. This means a row of pins with
the chosen parameters are suitable as an isolating wall. From the dispersion diagram on the right it can be
seen that the waveguide is single mode from 21.9 GHz to 54.8 GHz. This also covers the entire frequency
band of interest, and therefore it can be concluded that a proper waveguide can be made with the chosen
parameters.

Figure 12: Dispersion diagram of a single periodic pin (left) and waveguide (right) of figure 8
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Parameter Size (mm) Description
Pinh 2.2 Height of the pins
Pinw 1.5 Width of the pins
Pint 1.4 Space between pins

Waveguidew 7.3 Width of the waveguide (between the pins)
Waveguideh 2.2 Height of the waveguide (Pinh)
Waveguidel 66 Length of the waveguide (between the pins)

Slotw 1.0 Width of the slots
Slotl 5.7 Length of the slots
Blendr 0.5 Blend radius of slot corners
Slotdisty 7.4 Spacing between the slots y-axis
Slotdistx 2.4 Displacement in +x or -x for every other slot
Portl 7.3 Length of the port in bottom plate
Portw 2.3 Width of the port in bottom plate
Wedgew 1.5 Width of the wedge
Wedgeh 1.0 Height of the wedge (down from top plate)

Table 1: Parameter table Design 1

4.2 Design 1

In this chapter the results on design 1 will be given and commented on. First the designed model is given
for both single element and an array. Then the results are given for a single element in free space, on the
edge and in the center of an array, respectively. In the last part the results on the phased array as a whole
are given.

4.2.1 Design models

The CST model of the single element can be found in figure 13. The gap between the distribution layer
and radiation layer in the top picture has been overdrawn for visual purposes. The exact parameters can be
found in table 1.
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Figure 13: CST model of a single element of design 1
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The CST model of the phased array of design 1 is shown in figure 14. The only difference is the addition of
three extra elements. All design parameters from table 1 are still valid.

Figure 14: CST model of 4-element phased array of design 1
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4.2.2 Single element results

First, the results on a single element in free space are given. The co-polar and cross-polar gain in the E-,
H- and D-plane can be found in figure 15 and 16 respectively. From the results it can be seen that the gain
pattern is especially wide in the E-plane and not in the H-plane. This was expected, and is also needed later
on for beamforming. The cross-polarization gain is very low, which results in a cross-polarization level of at
least 25 dB in the center.

Figure 15: Co-polar gain of single element in free space of design 1
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Figure 16: Cross-polar gain of single element in free space of design 1
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In figure 17 the reflection coefficient of the single element is shown. Between 26.5 and 29.5 GHz the reflection
coefficient is below -12 dB, which satisfies the maximum of -10 dB. In figure 18, the maximum realized gain
as a function of frequency is shown. It is already visible that the gain is not very stable over frequency with
a difference of almost 3 dB between 28.0 and 29.5 GHz. Although no requirement for this difference was
specified, it is definitely a drawback.

Figure 17: Reflection coefficient of single element in free space of design 1

Figure 18: Maximum realized co-polar gain of single element in free space of design 1
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4.2.3 Embedded element results

Next, the results on a single element on the side of a four-element array is given. The co-polar and cross-polar
gain in the E-, H- and D-plane can be found in figure 19 and 20 respectively. Also the co- and cross-polar
gain for a center element (element 2) are given, these can be found in figure 21 and 22.

Comparing the results of the edge and center element it can be seen that the main beam of the edge element
is slightly shifted from the center in the E-plane, pointing at an angle of approximately -10◦. Beyond that
the differences are not very large. The values for maximum gain are comparable, and the cross-polarization
gain is very low for both.

Figure 19: Co-polar gain of design 1 element embedded on the side of an array
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Figure 20: Cross-polar gain of design 1 element embedded on the side of an array
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Figure 21: Co-polar gain of design 1 element embedded in the center of an array
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Figure 22: Cross-polar gain of design 1 element embedded in the center of an array
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In figure 23 the mutual coupling between several elements in the four-element array is shown. Not all com-
binations are given as they are equal to the ones already shown due to symmetry. The mutual coupling does
not exceed the -20 dB and therefore meets the requirements.

In figure 24 the reflection coefficient of the four elements is given. It can be seen that the reflection co-
efficient of element 1 and 4 and element 2 and 3 are equal. The reflection coefficient is for a part of the
frequency band slightly worse than the required -10 dB, with a maximum of -9 dB.

Figure 23: Mutual coupling between elements of a design 1 array

Figure 24: Reflection coefficient of the different elements of a design 1 array
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In figure 25 the maximum realized co-polar gain over frequency is shown for all four elements. Again, the
results from element 1 and 4 and element 2 and 3 are equal due to symmetry. The realized gain for the
center elements is lower than for the edge elements, which can be partly explained by the higher reflection
coefficient.

Figure 25: Maximum realized co-polar gain of the different elements of a design 1 array
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4.2.4 Array antenna results

In this section the results on the phased array of design 1 are given. In figure 26 the realized co-polarization
gain patterns are given for the E- H- and D-plane. In the H-plane side lobes up to 12 dB can be seen. The
sidelobe level here is only 8 dB which is lower than the wanted 10 dB. Furthermore it can be seen that the
gain of the main lobe is between 18 and 20 dB. This is around 6 dB higher than for the single element, as
can be expected from quadrupling the amount of active elements.

Figure 26: Realized co-polar gain of design 1 phased array with 0◦ scan angle
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In figure 27 the realized cross-polarization gain patterns are given for the E- H- and D-plane. This cross-
polarization gain is mostly below 0 dB, especially when only looking at an angle of -45 to 45 degree. The
cross-polarization ratio is therefore at least 20 dB, which satisfies the requirements.

Figure 27: Realized cross-polar gain of design 1 phased array with 0◦ scan angle
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In figure 28 the active reflection coefficients (ARC) for the four elements in the phased array are shown.
Within the frequency range of interest the ARC is mainly below the required -10 dB, with a maximum of -9
dB.

Figure 28: Active reflection coefficient of design 1 phased array with 0◦ steering angle
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In figure 29 the realized co-polarization gain patterns in the E-plane are given for different scanning angles.
From these results it can be seen clearly that the gain degrades for increasing scanning angles, especially at
higher frequencies. At 29.5 GHz for example, the 15◦ scanning angle has already decreased with more than 5
dB compared to 0◦. Another important issue is the presence of large side lobes. At 26.5 GHz for example, the
side lobes at 30◦ and 45◦ are already comparable in gain to the main lobe. These grating lobes are present
due to the large distance between the elements of 0.822 λ, which is larger than the maximum allowed 0.58
λ calculated in equation 2. With this equation it can be calculated that for a 0.822 λ distance a maximum
scan angle of only 12.5◦ can be reached without grating lobes.

Figure 29: Realized co-polar gain of design 1 phased array for different scanning angles
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In figure 30 and 31 the maximum realized co-polar gain and total efficiency of the phased array are shown
respectively. From the maximum gain it is again visible that the gain degrades for increasing scanning angles,
reaching levels that are far from useful. The total efficiency however, is above the -1 dB up to 29.5 GHz and
therefore meets the requirements.

Figure 30: Maximum realized co-polar gain of design 1 phased array for different scanning angles

Figure 31: Total efficiency of design 1 phased array for different scanning angles
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4.3 Design 2

In this chapter the results on design 2 will be given and commented on. First the designed model is given
for both single element and an array. Then the results are given for a single element in free space, on the
edge and in the center of an array, respectively. Next, the results on a 4-element phased array as a whole are
given, and in the last part the results on a 8-element phased array are given.

4.3.1 Design models

The CST model of a single element of design 2 can be found in figure 32. The gap between the distribution
layer and radiation layer in the top picture has been overdrawn for visual purposes. The exact parameters
can be found in table 2.

Figure 32: CST model of a single element of design 2

The CST model of the phased array of design 2 is shown in figure 33. The baffles are shown, and also the
±7.0mm shift in the y direction of every element is visible. All design parameters from table 2 are still valid.
The 8-element array is two times the 4-element array placed directly next to each other.
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Parameter Size (mm) Description
Pinh 1.5 Height of the pins
Pinw 0.9 Width of the pins
Pint 0.85 Space between pins

Waveguidew 4.5 Width of the waveguide (between the pins)
Waveguideh 8.5 Height of the waveguide (Pinh)
Waveguidel 77.1 Length of the waveguide (between the pins)

Slotw 1.2 Width of the slots
Slotl 5.6 Length of the slots
Blendr 0.5 Blend radius of slot corners
Slotdisty 14.0 Spacing between the slots y-axis
Slotdistx 0.0 Displacement in +x or -x for every other slot
Portl 7.2 Length of the port in bottom plate
Portw 2.8 Width of the port in bottom plate
Wedgew 0.9 Width of the wedge (equal to pinw)
Wedgeh 3.7 Height of the wedge (down from top plate)
Bafflew 1.2 Width of the baffles (array only)
Baffleh 3.3 Height of the baffles (array only)

Table 2: Parameter table Design 2

Figure 33: CST model of 4-element phased array of design 2
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4.3.2 Single element results

First, the results on a single element in free space are given. The co-polar and cross-polar gain in the E-, H-
and D-plane can be found in figure 34 and 35 respectively.

An important observation from these results is the large side lobes in the H-plane and D-plane. These
grating lobes occur due to the distance between the slots being greater than one wavelength, as explained in
chapter 2.3.3. Another observation is the large reduction in gain at 29.5 GHz. It should however be noticed
that the dimensions used in the model have been optimised for the final phased array including baffles, which
might not be optimal for a free space element without baffles.

Figure 34: Co-polar gain of single element in free space of design 2
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Figure 35: Cross-polar gain of free space element of design 2
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In figure 36 the reflection coefficient of the single element is shown. A steep increase at the higher frequencies
can be observed, which can also explain the reduction of realized gain at 29.5 GHz discussed above. In figure
37, the maximum realized gain as a function of frequency is shown. Here the reduction of gain for higher
frequencies as a result of increasing reflection is clearly visible.

Figure 36: Reflection coefficient of single element in free space of design 2

Figure 37: Maximum realized co-polar gain of single element in free space of design 2
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4.3.3 Embedded element results

Next, the results on a single element on the side of a four-element array is given. Because the final array
includes baffles, they are already included in the model. The co-polar and cross-polar gain in the E-, H- and
D-plane can be found in figure 38 and 39 respectively.

Again large grating lobes are visible in the H-plane. This should however not form a problem for the
array as a whole as the shift between the elements in the y-direction will result in destructive interference
for these side lobes. The grating lobes in the D-plane, that cannot be solved by this shift have already been
reduced by the baffles, and are therefore no longer a problem.

Figure 38: Co-polar gain of design 2 element embedded on the side of an array
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From figure 39 it can be seen that the cross-polarization gain in the H- and D-plane have reduced compared
to the free space element without baffles. The cross-polarization gain in the E-plane however is still quite
large, with values up to 4 dBi at small angles, and up to 8 dBi at large angles.

Figure 39: Cross-polar gain of design 2 element embedded on the side of an array
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The co- and cross-polar gain for a center element (element 2) are shown in figure 40 and 41.

Comparing the results of the edge and center element it can be seen that the main beam in the E-plane
of the edge element is shifted away from the center in the while the main beam of the second element shifted
slightly towards the center. The gain in the main beam is also slightly better for the center element, especially
for the higher frequency. The results for the cross-polarization do not differ significantly.

Compared to the results from the free space element without baffles, a large reduction in side lobes in
the D-plane is visible.

Figure 40: Co-polar gain of design 2 element embedded in the center of an array
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Figure 41: Cross-polar gain of design 2 element embedded in the center of an array
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In figure 42 the mutual coupling between several elements in the four-element array is shown. Not all com-
binations are given as they are similar to the ones already shown. The mutual coupling exceeds the required
maximum of -20 dB barely, which is not considered a large problem.

In figure 43 the reflection coefficient of the four elements is given. It can be seen that the reflection co-
efficient of element 1 and 4 and element 2 and 3 are similar, but not exactly equal. The reflection coefficient
of the third element is for a very small part of the frequency band slightly worse than the required -10 dB,
with a maximum of -9.5 dB.

Figure 42: Mutual coupling between elements of a design 2 array

Figure 43: Reflection coefficient of the different elements of a design 2 array
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In figure 44 the maximum realized co-polar gain over frequency is shown for all four elements. The realized
gain for the center elements is higher than for the edge elements. This is considered positive as the 8-element
array will have more elements similar to the center elements.

Figure 44: Maximum realized co-polar gain of the different elements of a design 2 array
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4.3.4 4-element array antenna results

In this section the results on the 4-element phased array of design 2 are given. In figure 45 the realized
co-polarization gain patterns are given for the E- H- and D-plane. The first thing that stands out compared
to design 1 is the variation between the frequencies, which is a lot less for design 2. Due to the addition of
the baffles, no significant grating lobes are visible. Only in the D-plane a small grating lobe can be spotted
at 29.5 GHz, but with a sidelobe level higher than 16 dB this does not pose a problem. Furthermore it can
be seen that the gain of the main lobe is between 21 and 22.3 dB. This is around 6 dB higher than for the
single element, as can be expected from quadrupling the amount of active elements.

Another important observation is that the large grating lobes in the H-plane around ±60◦ are no longer
present due to the destructive interference.

Figure 45: Realized co-polar gain of design 2 phased array with 0◦ scan angle
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In figure 46 the realized cross-polarization gain patterns are given for the E- H- and D-plane. The cross-
polarization gain is mostly below 0 dB, only the 29.5 GHz pattern has a few lobes reaching 1 dB. With a
co-polar gain more than 21 dB, the cross-polarization ratio is at least 20 dB, which satisfies the requirements.

Figure 46: Realized cross-polar gain of design 2 phased array with 0◦ scan angle
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In figure 47 the active reflection coefficients (ARC) for the four elements in the phased array are shown for a
0◦ scan angle. For the outer two elements the reflection coefficient is not below -10 dB everywhere. The total
active reflection coefficient (TARC) of all elements combined however is maximum -11 dB, so as a whole the
results are still adequate.

Figure 47: Active reflection coefficient of design 2 phased array with 0◦ steering angle

48



In figure 48 the realized co-polarization gain patterns in the E-plane are given for different scanning angles.
Again the gain degrades for increasing scanning angles, as expected, but there is little difference between
the lower and higher frequencies. Another important observation is the lack of grating lobes. Due to the
distance between the elements of 0.5λ being lower than the allowed 0.58λ from equation 2, no grating lobes
are present in the E-plane.

Figure 48: Realized co-polar gain of design 2 phased array for different scanning angles

49



In figure 49, the ARC for different angles is plotted for element 1 and 3. As expected the ARC changes when
the scan angle is changed, but no alarming increase is observed.

Figure 49: Active reflection coefficient of design 2 phased array for different angles
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In figure 50 and 51 the maximum realized co-polar gain and total efficiency of the phased array are shown
respectively. It can be seen that for all angles the gain is very flat over frequency. The difference in gain
between a 0 and 45 degree scan angle is around 4.5 dB. The total efficiency is, within the frequency range of
interest, at least -0.7 dB and therefore meets the required minimum of -1 dB.

Figure 50: Maximum realized co-polar gain of design 2 phased array for different scanning angles

Figure 51: Total efficiency of design 2 phased array for different scanning angles
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4.3.5 8-element array antenna results

In this section the results on the 8-element phased array of design 2 are given. In figure 52 the realized
co-polarization gain patterns are given for the E- H- and D-plane. With a realized co-polar gain of 24 to
24.7 dB, the gain has increased with approximately 3 dB compared to the 4-element phased array. This 3
dB increase is according to the expectations of doubling the number of elements. The cross-polarization is
not plotted since it has barely changed compared to the 4-element results.

Figure 52: Realized co-polar gain of 8-element phased array with 0◦ scan angle
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In figure 53 the realized co-polarization gain patterns in the E-plane are given for different scanning angles.
Apart from the increased gain and the main lobe being smaller, not much difference is visible compared to
the 4-element results of figure 48.

Figure 53: Realized co-polar gain of 8-element phased array for different scanning angles
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In figure 54 and 55 the maximum realized co-polar gain and total efficiency of the 8-element phased array
are shown respectively. The gain variation over frequency is still very low, as was the case with the 4-
element array, and the difference between the gain of different scan angles does not seem to have changed.
Furthermore the total efficiency is approximately the same as for the 4-element array plotted in figure 51.

Figure 54: Maximum realized co-polar gain of 8-element phased array for different scanning angles

Figure 55: Total efficiency of 8-element phased array for different scanning angles

54



To make sure there are no hidden side lobes in other planes than the E- H- and D-plane, the UV-pattern is
shown in figure 56. From these results it can be seen that larger side lobes are present bottom-right at the
30◦ scan angles. For the higher frequencies the sidelobe level becomes lower than the preferred 10 dB, up to
6 dB in worst case.

Figure 56: UV-pattern of 8-element array for different frequencies for a 0◦ and 30◦ scan angle
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4.4 Performance comparison

In this chapter the performance of the designed models is compared to the performance of the existing de-
signs and the requirements. In table 3, an overview is given with all known values for all the designs and the
requirements. SIW 1 [3] and SIW 2 [4] are the fixed beam SIW and SIW phased array, and Gap 1 [6] and
Gap 2 [7] are the dual polarized gap waveguide and gap waveguide phased array respectively, as mentioned
in the introduction. To make a fair comparison between the maximum gain, the gain of the arrays is divided
by the number of element in the array. Also the gain per radiation slot has been given.

When comparing the results of design 1 with the requirements it is seen that except for the ARC design
1 meets all the requirements. In the results however it was already shown that design 1 is not suitable as a
phased array due to the limited scan angle of 12.5◦. Furthermore a significant reduction in gain for higher
frequencies was given. This is also visible in the table, as the gain per element is very low compared to other
designs.

The results of design 2 are a lot more promising. The only parameter that does not meet the require-
ments is the ARC. However, as mentioned in the results the TARC does meet this requirement, and therefore
it is not considered a problem. Furthermore it can be seen that the gain per element and per slot is the
highest of all designs.

Required SIW 1 SIW 2 Gap 1 Gap 2 Design 1 Design 2
Type Gapwave SIW SIW Gapwave Gapwave Gapwave Gapwave

Slanted Yes Yes No Yes No Yes Yes
Freq. range (GHz) 26.5-29.5 27-29.9 24.25-27.25 26.5-29.5 26.5-29.5 26.5-29.5

Bandwidth (%) 10.7 10.2 11.6 10.7 10.7 10.7
No. of layers 2 2 2 3 2 2 2

0◦ Average gain 22 dBi 26 dBi 14.5 dBi 23 dBi 19 dBi 24.4 dBi
No. of elements 8 16 1 8 4 8

Gain per element 13 dBi 14 dBi 14.5 dBi 14 dBi 13 dBi 15.4 dBi
Slots per element 7 12 8 8 8 8

Gain per slot 4.5 dBi 3.2 dBi 5.5 dBi 5 dBi 4 dBi 6.4 dBi
ARC <-10 dB <-10 dB <-10 dB <-10 dB <-9 dB <-9 dB
XPR > 20 dB 25 dB 15 dB > 20 dB > 20 dB

Total efficiency >-1 dB >-0.5 dB >-0.8 dB >-0.7 dB
Mutual coupling <-20 dB -33 dB <-19 dB <-21 dB < -20 dB

Table 3: Comparison table

In figure 57, the maximum realized co-polar gain as a function of scan angle is given for design 1 and 2. Here
it is also visible that design 1 suffers a lot from grating lobes, lowering the gain of the main beam.

For other existing designs the known data on scan angles is not accurate enough to add to the graphs.
However it can be said that the -3dB angle for both SIW 2 and Gap 2 is approximately 45◦. For design 2
this -3dB point is at approximately 35◦, which is unfortunately 10◦ less than the two existing designs. This
can be explained by the reduction in gain at increasing angles due to the spatial filtering effect of the baffles.
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Figure 57: Maximum realized co-polar gain vs scan angle comparison of design 1 and 2

57



5 Conclusions

In this work an attempt is made to design a 45◦ slanted slotted waveguide phased array antenna that is both
easy to manufacture and without significant loss in gain. The frequency range of this antenna is 26.5 - 29.5
GHz, as this frequency band will be used in multiple countries for 5G. To realize this antenna several design
features have been implemented.

Where other antenna designs for this purpose have either a difficult manufacturing process or increased
losses due to the presence of a substrate, gap waveguide technology has been used in this antenna design to
have a good trade-off between both. Compared to previous gap waveguide designs for this purpose, the num-
ber of layers has been reduced from three to two layers to increase manufacturability and therefore decrease
costs. Furthermore slots with a 45◦ slant are used to enable the easy addition of an orthogonal polarization.

The first design that is presented is a horizontal gap waveguide antenna. From the results it can be concluded
that the antenna works, but the difference in gain compared to previous designs is deemed too large to be
useful. Furthermore the width of the elements is too large, giving a very small look angle of only 12.5◦ before
large grating lobes start to form.

The second design uses a vertical or transversal waveguide which reduces the width and therefore solves
the look angle problem of the horizontal waveguide antenna. From the single element results is can be seen
that high sidelobes form in the H-plane and with multiple elements also in the D-plane. To reduce these
sidelobes a shift of half a wavelength every other element and baffles are used. When combining 8 elements
into a phased array, a average realized co-polar gain of 24.4 dBi is reached, which is higher than comparable
antenna designs. Furthermore the antenna has a total active reflection coefficient smaller than -10 dB, a
total efficiency higher than -0.7 dB and a cross-polarization ratio of at least 20 dB and therefore meets the
set requirements. Only the look angle of 45◦ has not been fully realized as the -3dB point is located around
a scan angle of 35◦.

With its high realized co-polar gain, cross-polarization ratio and efficiency, this vertical gap waveguide an-
tenna design shows great opportunities in improving performance while keeping the manufacturing costs
low.
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6 Future work

During this research only simulations have been used to test the performance of the antenna design. Although
an attempt was made to make these simulations as realistic as possible, it is still a simulation. A further
step would be to realise the design, measure it and if needed optimize it. Furthermore, the layer beneath
this antenna that will distribute the signals to the right ports still needs to be developed.
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