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Abstract

This master thesis is about the investigation, design and evaluation of high gain, low
sidelobe antennas in the E - band (71 - 86 GHz), which are intended for a multiple
gigabit wireless system. The requirements of this E - band antenna is to have a gain
higher than or equal to 38 dBi, a linear polarization and a Class 3 Radiation Pattern
Envelope (RPE) according to ETSI. The return loss should be greater than 10 dB and the
connector interface should be a rectangular waveguide. Several different antenna types
are investigated and the two most attractive candidates are selected for further analysis,
design and evaluation. These are a circular parabolic reflector antenna illuminated by a
hat feed and an one dimensional parabolic reflector in a parallel plate structure, which
illuminates the hat feed of a cylindrical reflector antenna.
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1
Introduction

T
he increasing demand of line of sight (LOS) links with high data rates and long
range, are enabled by the allocation of new frequency spectrum. In 2003 the
Federal Communication Commision (FCC) allocated in US the E - band at
71− 76 GHz and 81− 86 GHz for radio link applications. This new frequency

spectrum has a great potential for point to point wireless links and wireless backhaul
applications [1].

The commercial E - band links are currently limited to data rates up to 1.25 Gb/s,
however the 5 GHz bandwidth would allow data rates of up to 10 Gb/s with the use of
higher modulation formats. The current E - band applications do not use high order mod-
ulation techniques but rather simpler ones, such as binary phase shift keying (BPSK),
quadrature phase shift keying (QPSK) and amplitude shift keying (ASK). Moreover, E
- band wireless links can replace fiber optics, because they are less costly and easier to
deploy [2].

The antennas that are frequently used in E - band are required to be small, high
gain, suitable for integration with the rest of the components. They should fulfill the
ETSI requirements for minimum antenna gain of 38 dBi and radiation pattern envelope
releases 2, 3 or 4 depending on applications. [3]. Several antennas in literature are
studied and their performance results are compared in Chapter 2. Then, based on this
study two potential candidates are further examined and a preliminary design is done
in Chapter 3. Moreover, the simulation results of a detailed design are presented and
discussed in Chapter 4 and finally, a limited tolerance study is presented in Chapter 5.
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2
Survey of potential antenna

candidates

F
or the requirements of this project that are shown in table 2.1, different types
of antennas are examined and their characteristics are analyzed, in order to
conclude the best candidate for further analysis and design. The antenna types
that are taken into consideration are reflector antennas, microstrip antennas,

lens antennas, horn antennas and horn arrays, as well as waveguide slot array antennas.
Each one of them will be analyzed separately in the sub sections below.

Parameter Requirement

Frequency 71 - 76 GHz and 81 - 86 GHz

Gain ≥ 38 dBi

Polarization Linear

Radiation pattern envelopes (RPE) ETSI class 3

Return loss > 10 dB

Connector Interface Rectangular waveguide

Table 2.1: Antenna requirements
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2.1. REFLECTOR ANTENNAS
CHAPTER 2. SURVEY OF POTEN-
TIAL ANTENNA CANDIDATES

2.1 Reflector antennas

Reflector antennas are very attractive candidates for use at high frequencies, because
they have high gain and low losses. However, the size of a high gain reflector antenna
can sometimes be too big to be practical in short range communication applications
such as backhaul. There are quite a few companies worldwide that manufacture reflector
antennas in the E - band. Most of their products are front-fed parabolic reflectors or
cassegrain antennas and their dimensions depend on the gain.

Therefore, in order to achieve gain G = 38 dBi, the diameter d of a circular aperture
can be calculated by (2.1)

G = eA(
πd

λ
)2 ⇔ d =

√
λ2G

π2eA
(2.1)

Typical values for the antenna efficiency eA are between 0.5− 0.7. The diameter of
the antenna varies in the range: 12.5 cm − 15.1 cm within the frequency band for an
antenna efficiency of 0.5. Usually when an antenna is designed in a wide frequency band,
the diameter of the reflector is determined by the longest wavelength which corresponds
to the lowest frequency. The gain of a circular aperture as a function of the diameter
for an antenna efficiency of 0.5 is plotted in figure 2.1.

Figure 2.1: Gain towards antenna diameter for different wavelengths, assuming an antenna
efficiency of 0.5

A 70 GHz Cassegrain antenna has been designed in [4] and the subreflector geometry
is obtained by the Fourier - Jacoby surface expansion. For an antenna efficiency greater
than 0.55 the gain of the antenna is between 43.3 − 43.5 dBi. This corresponds to a
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2.1. REFLECTOR ANTENNAS
CHAPTER 2. SURVEY OF POTEN-
TIAL ANTENNA CANDIDATES

directivity of D = 46 dBi, as it can be calculated by equation (2.2)

G = eAD (2.2)

The dimensions of the double reflector antenna are 30 cm for the main reflector and
4 cm for the subreflector of the cassegrain antenna.

Another example of a cassegrain antenna in the same frequency band has been de-
signed in [5]. This uses a 30 cm circular fresnel flat reflector as the main reflector and
a subreflector with a hyperbolic shape, which is in that case as well determined by the
Fourier - Jacoby expansion. The measured antenna gain is around 41.5 dBi.

Figure 2.2: Fresnel flat reflector [5]

In the frequency range of 76 - 77 GHz an anti collision radar system is implemented
and it can be used in future car generations [6]. This system uses high gain reflector
antennas of at least 30 dBi, in order to limit the transmitted power. Three different types
of reflector antennas were simulated and their results were compared. One parabolic
profile reflector and one reflector with synthesized profile; both with circular apertures
and one reflector with an elliptic aperture and a synthesized profile.

The gain of the reflector antennas was around 40 dBi at θ = 5 ◦ and more than
30 dBi at θ = 25 ◦ and the diameter of the reflector antennas was around 16cm. The
elliptic aperture reflector has the lowest side lobe level and the highest gain, thus the
best performance in comparison with the others. The feeding source of the reflectors is
an ideal conical horn antenna [6].

Finally, another design would be a cylindrical linear fed parabolic reflector whose feed
is illuminated by a parallel plate structure. Inside the parallel plate could be an enclosed
parabolic reflector, similar to [7] and this could be illuminated by a horn antenna or
another type of feed, such as a hat feed. The parallel plate structure makes the antenna
compact and the cylindrical shape of the reflector makes it easier to be manufactured
than the one with the paraboloid shape.
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2.2. MICROSTRIP ANTENNAS
CHAPTER 2. SURVEY OF POTEN-
TIAL ANTENNA CANDIDATES

A cylindrical parabolic reflector fed by a printed antenna array is designed at [8] in
the frequency range of 57 - 64 GHz.The measured gain at 60 GHz is 34 dBi and the
length of the cylindrical parabolic reflector is 100 mm. A photo of the realized antenna
is shown in figure 2.3.

Figure 2.3: Cylindrical parabolic reflector, fed by printed antenna array [8]

In conclusion to the referred antenna designs, reflector antennas are strongly recom-
mended to be used at high frequencies, due to their excellent performance characteristics
in gain and efficiency.

2.2 Microstrip antennas

Microstrip antennas are widely used in telecommunications, because they are cheap to
fabricate, they have a thin profile and light weight. Also, microstrip antennas have dual
polarization capability and it is very easy to integrate them with other RF components.
However, at high frequencies the losses of the substrate material increase and the gain
of the microstrip antennas is limited. Low efficiency and narrow bandwidth (1 - 5%) are
some more disadvantages of the microstrip antennas.

In general, the losses of microstrip antennas are hard to estimate precisely at very
high frequencies. The directivity of the antenna, if the area of the aperture is known can
be calculated by equation (2.3), assuming 100% illumination efficiency. Thus, the gain
of a square antenna is defined as the directivity minus the feed line losses as it is shown
in equation (2.4), assuming a parallel feed network.

D(dBi) = 10log(
4π

λ2
A) (2.3)

G(dBi) = D(dBi)− αL = 10log(
4π

λ2
A)− αL = 10log(

4π

λ2
L2)− αL (2.4)
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2.2. MICROSTRIP ANTENNAS
CHAPTER 2. SURVEY OF POTEN-
TIAL ANTENNA CANDIDATES

where, A is the square aperture area of the microstrip antenna and we assume that the
aperture area is A = L2.

Comparing equation (2.4) with equation (2.2) the losses can be related with the
antenna efficiency such as:

eA(dB) = −αL (2.5)

Therefore, for losses α = 15− 60 dB/m, the gain G of the antenna and the antenna
efficiency eA can be plotted as a function of the size L of the microstrip antenna, as it
is shown in figure 2.4.

Figure 2.4: Gain and antenna efficiency towards the size (LxL) for different values of losses
for the center frequency 78.5 GHz

It is noticed that for losses higher than about 25 dB/m the gain will always be under
38 dBi, no matter how big the aperture of the microstrip antenna is.

Several microstrip antennas have already been designed in the E - band from different
substrate materials and they have different performance characteristics. However, none
of the ones that will be presented can provide such high gain as 38 dBi.

Low Temperature Co-fired Ceramic (LTCC) is a very compact substrate technology,
which enables multilayer fabrication, sometimes more than 70 layers. Microstrip an-
tennas that are developed by LTCC technology are easily integrated with other RFIC
technologies and they have excellent hermiticity. Moreover, antennas have low dielectric
losses and low conductor losses, too [9][10].

A 77 GHz microstrip antenna based on LTCC technology is deisgned in [9] with a
bandwidth of 6.75 GHz. The maximum gain of a single patch antenna element with
dimensions 1.5mm x 1.5mm is around 6.2 dBi. However, an array of antenna antennas
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2.2. MICROSTRIP ANTENNAS
CHAPTER 2. SURVEY OF POTEN-
TIAL ANTENNA CANDIDATES

can provide higher gain, although the design is going to be more complicated. A 2x2
array provides a gain, higher than 11 dBi and the directivity is 12.3 dBi in the frequency
range 73 − 79 GHz. Thus, from equation (2.2) the efficiency of the antenna array can
be calculated and it is around 74%.

Maximum directivity of 29.3 dBi can be achieved by a 16x16 antenna array. This
antenna has a gain higher than 28 dBi. The dimensions of the 16x16 antenna array can
be calculated to be around 32mm x 32mm. Therefore, an array of more elements could
provide much higher gain, but the complexity of the design would be higher.

Using the results of the figure 2.4, it occurs that for G = 38 dBi the dimensions of the
microstrip array would be around 107mm x 107mm and the amount of elements would
be 52x52. This means that the feeding network of the antenna should be extremely
small, because there are too many elements in a small area, therefore it could be very
complicated to fabricate such an antenna.

A microstrip antenna is designed on RO3003 substrate for the frequency band of
79− 80 GHz and the gain is around 27 dBi [11]. The radiation efficiency of this planar
array is 0.78 and the array is fed by a parallel-series feeding network. The layout of this
16x32 array can be seen in figure 2.5. The choice of a parallel feeding network increases
the losses and the series feeding reduces the bandwidth. The 16x1 sub-array has a length
of 32.6 mm and the total aperture area is assumed to be around 32.6 mm x 66.3 mm.
Thus, if the antenna was not fed in series, the feeding network would be so large that it
would be difficult to design in the limited area between the radiating elements.

Figure 2.5: Layout of 16x32 microstrip array [11]

In order to achieve a gain of 38 dBi the array should include more elements and has a
larger aperture area. By using figure 2.4 the area A would be around 10−6 m2, therefore
the dimensions of the layout would be 3.26 cm x 30.67 cm. It can be concluded that
the array would be quite wide and unpractical and the losses would increase due to the
parallel feeding network.

Furthermore, some aperture coupled microstrip antennas were designed in the fre-
quency of 77 GHz on GaAs, using SiNx-membranes. The disadvantage of using semi-
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2.2. MICROSTRIP ANTENNAS
CHAPTER 2. SURVEY OF POTEN-
TIAL ANTENNA CANDIDATES

conductor materials in antenna design is the reduced radiation efficiency, due to high
permittivity [12][13]. An example of such an antenna is shown in figure 2.6. The choice
of substrate materials in this multilayer fabrication process is independent and the op-
timization of the feed network can be done separately from the radiating element [13].
These are the only advantages towards conventional microstrip antennas.

Figure 2.6: Microstrip antenna element on SiNx substrate [12]

A microstip antenna, usign a waveguide distributor in the frequency of 76.5 GHz is
designed in [14]. The gain of the antenna is 28.7 dBi and since the calculated directivity
is 35 dBi the total losses are α = 6.3 dB. The bandwidth of the antenna is quite narrow,
76.3− 76.7 GHz and a configuration of the antenna can be shown in figure 2.7.

Figure 2.7: Microstrip antenna with waveguide distributor [14]

A planar quasi - Yagi antenna with folded dipole driver has also been designed in
the frequency range 60 − 76 GHz [15]. The design is compact and it is fabricated on
low cost, low dielectric materials. The substrate that is used is Low Crystal Polymer
(LCP) and the folded driver of the quasi - Yagi antenna reduces the spacing between
the elements in array applications. For a single element, the gain is around 3 − 5 dBi,
which is quite low and the dimensions are 4mm x 5.8mm.

A linear array of four elements provides a gain of 8 − 9 dBi and the dimensions of
the array in that case, including the microstrip feed network are around 24mm x 10mm.
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2.2. MICROSTRIP ANTENNAS
CHAPTER 2. SURVEY OF POTEN-
TIAL ANTENNA CANDIDATES

In the case of the demanding gain of 38 dBi the dimensions of the linear array would
be around 900 mm x 10 mm, which is practically impossible. If the array was planar
the dimensions would be 95 mm x 95 mm. Also, the losses in that case are even higher.
Another drawback of the quasi - Yagi antenna is that the bandwidth of one element
is quite narrow (around 3 − 4%) and it is not enough for many applications [15]. A
schematic of the previously described quasi - Yagi antenna is shown in figure 2.8.

Figure 2.8: Quasi - Yagi antenna with folded dipole driver [15]

Moreover, a three beam antenna at 77 GHz for automotive applications is presented in
[16]. The antenna is consisted of two parts, the feed network which has three waveguides
and the microstrip antenna which is fabricated on Taconics TLY-5 material. The size of
the 28x36 microstrip antenna is around 11.2cm x 9.1 cm. It provides a gain of 31 dBi
and has a bandwidth of 1 GHz.

The frequency for automotive radar applications is f = 77 GHz and a patch antenna
fed by coplanar waveguide (CPW) is designed in this frequency [17]. The fabrication
of the antenna is done with the use of micromachining technology. The bandwidth is 9
GHz, which is quite wide (73.3 GHz - 82.3 GHz) and for a 2x1 patch array the bandwidth
is 10 GHz. The size of each radiating patch is 1.7 mm x 1.7 mm. The substrate that is
used is Corning Pyrex 7740. The advantages of this design are the low fabrication cost
and the fact that there is freedom in selection of the substrate that is going to be used
under the CPW. The gain of the single patch antenna is less than 10 dBi in the center
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2.3. LENS ANTENNAS
CHAPTER 2. SURVEY OF POTEN-
TIAL ANTENNA CANDIDATES

frequency and the size of the aperture is 1.7mm x 1.7mm.

2.3 Lens antennas

The use of lens antennas in millimeter wave applications has become more popular, be-
cause the dimensions of the lenses become smaller and they can be easily integrated with
other components. Lens antennas have similar function as reflector antennas, because
they have to be fed by a source which is usually a horn or a microstrip antenna or even
an open waveguide [18].

In [19] a waveguide fed lens antenna is used to illuminate a reflector in the frequency
range 30−90 GHz. The diameter of the lens is around 75 mm and the directivity is 34.6
dBi. Also, the projected diameter of the reflector is 2.5 m and the directivity is 56.4
dBi. A schematic of the antenna can be seen in figure 2.9. Therefore, if the demanded
gain is 38 dBi, the lens could be used alone with a diameter around 100 mm.

Figure 2.9: Lens fed by waveguide in combination with a reflector [19]

Moreover, an ultra-wide bandwidth (UWB) planar fed leaky lens antenna can be
used in sub-millimeter wave frequencies [20]. The frequency range is 55 − 75 GHz, the
measured gain is around 20 dBi and the diameter of the lens is up to 100 mm.

An extended hempispherical lens coupled slot antenna is studied in [21]. A hemi-
spherical lens is easier to fabricate than an elliptical lens and the slot antenna has a
simple structure, therefore it can be easily fabricated as well. The gain of the antenna
is G = 31.5 dBi for the frequency f = 94 GHz. The material of which the hemispherical
lens coupled slot antenna is made of, is fused quartz.

The half - Maxwell fish-eye lens presented in [22] consists of three dielectric hempish-
perical cylinders. It provides a gain of 21.7 dBi in the frequency range of 76− 81 GHz.
The lens is fed by a waveguide and the manufacturing of the materials is difficult, that
is why lenses are not so attractive to be used in millimeter and sub - millimeter wave
applications.

10



2.4. HORN ANTENNAS AND HORN
ARRAYS

CHAPTER 2. SURVEY OF POTEN-
TIAL ANTENNA CANDIDATES

2.4 Horn antennas and horn arrays

Horn antennas are very simple and they are often used in many applications worldwide.
They are also used as feed antennas for reflectors and lenses. There are several types
of horn antennas and the equations for calculating the gain and the radius are slightly
different. For a single pyramidal horn antenna the gain can be calculated by equation
(2.6)

G =
4πA

λ2
eA (2.6)

Therefore, in the E - band for gain G = 38 dBi and antenna efficiency eA = 0.5 (the
typical value for horns is around 0.4−0.8) the area of the horn antenna will be around A
= 1.79 cm2 - 1.22 cm2. If both sides of E and H aperture planes are equal the dimension
of the aperture area would be 13.4 cm - 11 cm. Moreover, if the horn was conical, the
gain would be calculated by equation(2.1), which is reproduced below.

G = (
πd

λ
)2eA (2.7)

The diameter of the aperture area of the horn would be around d = 15.2 cm - 12.5
cm.

Another drawback of using a single horn antenna in such high frequencies is the fact
that it will be very long. For a conical horn antenna, the optimal length L is calculated
by equation (2.8)

d =
√

3λL⇔ L =
d2

3λ
(2.8)

For diameter values that were calculated by equation (2.7), the length of the horn
will be L = 1.78−1.49 m. This long length shows that such a horn is impractical to use.

However, horn antennas can be used as elements in array antennas in order to achieve
high gain and directivity. A planar antenna array radiating in E - band and consisting
of horn elements is described in [23]. The array consists of 64x64 elements and the total
dimensions are 25cm x 25cm x 9cm. The feeding network uses waveguide technology
and it is shown in figure 2.10.

The antenna array provides a very high gain G ≥ 41 dBi and its bandwidth is very
broad, around 20%.

Moreover, a stacked patch fed horn antenna is presented in [24]. Multiple patches on
top of each other are usually desinged in order to achieve higher bandwidth, therefore
the antenna consists of a horn antenna, a CPW transition and two patch antennas. The
gain of the antenna is around 12 dBi, the bandwidth is very broad, around 30% and the
operation frequency is 94 GHz.

A pyramidal horn array of 32 elements is designed in [25] at the frequency of 76
GHz. The array is fed by a five stage power divider and it is used for collision avoidance
systems in vehicles.
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2.5. SLOT ARRAY ANTENNAS
CHAPTER 2. SURVEY OF POTEN-
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Figure 2.10: Subarray feeding network [23]

Furthermore, SSFIP(Strip-Slot-Foam-Inverted Patch) - horn antennas operating at
75 GHz are designed in [26] and [27]. The antennas are consisted of two parts, a silicon
wafer and a Pyrex wafer as it can be seen in figure 2.11.

Figure 2.11: Integrated horn antenna at 75 GHz [26]

Each wafer is designed separetely and the silicon wafer is connected on top of the
pyrex wafer by using micromachining technology.

Finally, a corrugated platelet horn is designed in [28]. The horn has an internal tilt
in order to steer the beam several degrees. The fabrication of such an antenna is easy
and has a low cost and it provides a gain of 20 dBi in the frequency range of 75 − 110
GHz.

2.5 Slot array antennas

Waveguide slot arrays are very attractive candidates, because they have high directivity,
low cross - polarization, low losses and high power handling capability. Many compact
slot array antennas have been already designed in the E - band, mostly for automotive
applications. Equation (2.3) that was used in microstrip arrays can approximately be
applied in this case to relate the gain of the antenna with the dimensions of the aperture.

Post wall waveguide fed parallel plate slot arrays are discussed and designed in [29],
[30] and [31]. These antennas are used for car - radar applications in the frequency range
of 76 − 77 GHz. They provide a gain of 29.6 dBi and they have an aperture efficiency
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2.5. SLOT ARRAY ANTENNAS
CHAPTER 2. SURVEY OF POTEN-
TIAL ANTENNA CANDIDATES

eA = 0.45. The size of the aperture is 52mm x 49mm and a substrate of dielectric PTFE
and glass fibers is used. A schematic of the slot array is shown in figure 2.12.

Figure 2.12: Parallel plate slot array [30]

The slot array that was designed has already sidelobe suppresion and high gain,
however, in order to increase the gain, the aperture area needs to be increased as well.
Thus, in order to achieve gain of 38 dBi , the size of the aperture area should be around
13cm x 13 cm, according to equation (2.3). This makes the antenna too big in size and
more complicated to manufacture.

A similar design of a single - layer slotted waveguide array is shown in [32] at the
band of 76 GHz. The gain is G = 34.5 dBi, the efficiency is eA = 0.5 and the aperture
area is around 81mm x 87mm. A schematic of the antenna is shown in figure 2.13.

Figure 2.13: Single - layer slotted waveguide array[32]

Similarly to the case of the parallel plate slot array in order to achieve a gain as high
as 38 dBi, the size of the aperture of the single - layer slotted waveguide array should
be around 12.5cm x 12.5cm.

A single mode post-wall waveguide suitable for automotive radars is presented in [33].
The operating frequency of the antenna is 77 GHz and the measured gain is 24.4dBi.
The antenna efficiency is 0.67 for an aperture size of 55mm x 9.2mm and the antenna
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is fabricated on a PTFE substrate. The transmission loss of the antenna is measured
to be 0.2 dB/cm and it is much less than the transmission loss of the microstrip line.
However, in order to achieve a gain of 38 dBi, the aperture size of the antenna should
be larger.

A 16x16 quasi double-layer slot array antenna is presented in [34] in the center fre-
quency of 83.5 GHz. The antenna is consisted of 16 4x4 subarrays which have wideband
characteristics. The measured gain of the designed antenna is 32.4 dBi and the antenna
efficiency is 0.83. The dimensions of the square aperture are 44.8mm x 48mm and the
complete size of the antenna is 60mm x 60mm. The antenna is fabricated by diffusion
bonding of copper plates and it can be seen in figure 2.14.

Figure 2.14: E-band uniform slot array fabricated on thin copper plates [34]

As in the previous cases that were presented in order to have a gain of 38 dBi, the
aperture area of the antenna should be around 8.8cm x 8.8cm.

Another antenna for automotive radar applications is presented in [35] at 77 GHz.
The antenna is made of two Rogers 5880 substrates and the lower substrate consists of
a horn which is illuminating a parallel plate integrated parabolic reflector as shown in
figure 2.15. The antenna provides a gain of 24 dBi for an efficiency of 0.5 and the overall
size is around 50mm x 50mm.

For a gain of 38dBi the aperture size would be approximately equal with 12.3 cm x
12.3cm.

The technology of substrate integrated waveguide (SIW) is proposed and a 79 GHz
slot antenna based on SIW is presented in [36]. Three different types of slot antennas
were developed, a single slot, a longitudional slot array and 4x4 slot array antenna. The
gain varies from 2.8 dBi - 11 dBi, with the latest antenna configuration to provide the
maximum gain. Finally, the bandwidth varies from 4.7%− 10.7%.

A 16x16 ceramic planar array antenna at 77 GHz is designed in [37]. This antenna
uses laminated waveguides for feeding lines and has a wide bandwidth. The aperture
size is 58.5mm x 58.5mm and the feed network consists of 3 layers. The material that it
is used is low temperature co-firing ceramics and the antenna provides a gain of around
29.5 dBi for an efficiency of 0.33.
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Figure 2.15: Top view of single-folded leaky wave antenna [35]

Finally, an alternating phase fed slotted waveguide with wide chokes at 76 GHz is
presented in [38]. The maximum gain of the antenna is 34.4 dBi for an efficiency of 0.5.
The size of the aperture area is 81mm x 84mm and for a gain of 38 dBi the size of the
aperture should be around 12.5cm x 12.5cm. A schematic of the antenna structure is
shown in figure 2.16.

Figure 2.16: Alternating phase fed slotted waveguide antenna with wide chokes [38]

2.6 Possible antenna candidates

A summary of the most promising antenna candidates, from the ones that were presented
in the previous sections, which are compact and provide high gain is shown in table 2.2.
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Technology Size Gain Efficiency Frequency

Reflector [6] φ = 160 mm 40 dBi 0.5 76 - 77 GHz

Microstrip [9] 25.5mm x 25.5mm 28 dBi 0.74 73 - 79 GHz

Lens [20] φ = 100 mm 20 dBi 0.5 55 - 75 GHz

Horn array [23] 250mm x 250mm x 90mm 43 dBi 0.4 71 - 86 GHz

Waveguide [32] 81mm x 87mm 34.5 dBi 0.5 76

Table 2.2: Selected antenna candidates

Some of the antennas from table 2.2 do not give a gain of 38 dBi. Therefore, these
antennas with their aperture dimensions modified in order to achieve a gain of 38 dBi
are presented in table 2.3, in order to have a direct comparison that would help the
selection of the best candidates. It is concluded that the reflector antennas are the most
attractive candidates to be designed for high gain in the E - band.

Technology Size Efficiency Frequency

Reflector φ = 160 mm 0.5 76 - 77 GHz

Microstrip 107mm x 107mm 0.74 73 - 79 GHz

Lens φ = 760 mm 0.5 55 - 75 GHz

Horn array 250mm x 250mm x 90mm 0.4 71 - 86 GHz

Waveguide 125 mm x 125 mm 0.5 76

Table 2.3: Selected antenna candidates with gain equal to 38 dBi
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3
Preliminary design of selected

antennas

I
n the previous section the most promising candidates were presented and two final
antennas are selected to be designed from the ones of table 2.3. Both of the selected
antennas are reflector antennas, due to their attractive characteristics in gain and
aperture efficiency.

The first design is a front - fed circular parabolic reflector antenna with a hat feed
and the second design is a cylindrical reflector illuminated by a linear hat feed which is
fed by a parallel plate structure that includes an one dimensional reflector. Due to the
requirements of this project the gain of the antenna should be ≥ 38 dBi. A fade margin
of 2 dB can be assumed, thus the antennas can be preliminary designed for a gain of 40
dBi.

3.1 Circular reflector antenna with hat feed

The diameter of the circular parabolic reflector is determined by the longest wavelength
which corresponds to the frequency of 71 GHz. From equation (2.1), the diameter of
the reflector is found to be d = 19.02 cm for an antenna efficiency of 0.5 and a gain of
40 dBi. Then, the ratio of the focal point over the reflector diameter F/d needs to be
determined. The initial assumption was F/d = 0.3, so F = 57.06 mm, which gives a half
subtended angle θ0 = 79.61◦ from equation (3.1) [39].

d = 4F tan(θ0/2)⇔ θ0 = 2 arctan(
d

4F
) (3.1)

However, after further analyses and simulations it occurred that the half subtended
angle needed to be larger in the case of a hat feed design and reduce spillover losses.
Therefore the design of the antenna was done for θ0 = 105◦. From equation (3.1),
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Figure 3.1: Geometry of rotational symmetric paraboloid [39]

F = 36.5 mm and F/d = 0.19. Moreover, the depth of focus ∆z is calculated by (3.2)
and (3.3).

z(ρ) = −F +
ρ2

4F
(3.2)

∆z = z2 − z1 = z(ρ2)− z(ρ1) = −F +
ρ22
4F
− (−F +

ρ21
4F

) =
d2

16F
(3.3)

for ρ1 = 0 and ρ2 = d/2 as it is shown in figure 3.1 and the depth of focus is ∆z = 61.9
mm.

A complete schematic of the circular reflector antenna that was designed is shown in
figure 3.2.

Furthermore, the feed illumination taper needs to be selected and this choice affects
the final result of the aperture efficiency. If the aperture distribution is assumed to be
truncated Gaussian, then figure 3.3 shows the relation between the relative radiation
level and (d/λ)sin(θ) for different illumination taper values.

From figure 3.3 for d = 190 mm and λ = 4.2 mm ( at 71 GHz), d/λ = 45 and then,
the directivity towards angle θ is calculated and plotted in figure 3.4 , for different taper
values. The ETSI class 3 sidelobe level is plotted as well in the same figure [3]. Therefore,
for a selected taper of 10 dB, the sidelobe level of the truncated Gaussian is 8 - 10 dB
below ETSI class 3, which is one of the requirements of this project. Finally, from the
same figure, the half beamwidth is around 0.7◦, so the θ3dB beamwidth is expected to
be twice that, i.e. 1.4◦.

The theoretical aperture efficiency and the theoretical spillover efficiency can be
determined by figures 3.5 and 3.6 [39]. For the selected subtended angle of 105◦, the
total aperture loss is around -1.7 dB and the spillover loss is around -0.3 dB. Finally,
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Figure 3.2: Circular parabolic reflector illuminated by a hat feed

Figure 3.3: Universal radiation pattern of truncated Gaussian [39]

the blockage loss can be determined from figure 3.7, for the taper of 10 dB. If the ratio
of the hat diameter over the reflector diameter is assumed to be 0.1, then the blockage
loss is around -0.15 dB [39].

The calculation of the subefficiencies of a parabolic reflector antenna is done analyt-
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Figure 3.4: Directivity towards angle θ for a circular parabolic reflector

ically in [39] and the results are presented in equations (3.4) - (3.7) below. θ0 is the half
subtended angle and Gco45, as well as Gxp45, are the co and cross polarized feed pattern
in the 45◦ plane, respectively.

The spillover efficiency is

esp =
2π

∫ θ0
0 [|Gco45(θ)|2 + |Gxp45(θ)|2]sinθ dθ

2π
∫ π
0 [|Gco45(θ)|2 + |Gxp45(θ)|2]sinθ dθ

(3.4)

The polarization sidelobe efficiency is

epol =

∫ θ0
0 |Gco45(θ)|

2sinθ dθ∫ θ0
0 [|Gco45(θ)|2 + |Gxp45(θ)|2]sinθ dθ

(3.5)

The illumination efficiency is

eill = 2cot2(
θ0
2

)
[
∫ θ0
0 |Gco45(θ)|tan( θ2) dθ]2∫ θ0
0 |Gco45(θ)|2sinθ dθ

(3.6)

And finally, the phase efficiency is

eφ =
|
∫ θ0
0 Gco45(θ)tan( θ2) dθ|2

[
∫ θ0
0 |Gco45(θ)|tan( θ2) dθ]2

(3.7)
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Figure 3.5: Feed illumination loss [39]

3.1.1 Theoretical directivity of circular reflector antenna

The theoretical directivity of a circular aperture is calculated by several equations from
chapters 7 and 9 of [39], which are shortly presented below. Firstly, the aperture field
can be constructed from the far-field function of E and H planes, GE(θ) and GH(θ),
respectively. The aperture field is constructed in equation (3.8).

EE(ρ) = − 1

F
cos2(θ/2)GE(θ)e−j2kF (3.8)

EH(ρ) = − 1

F
cos2(θ/2)GH(θ)e−j2kF

for ρ < D/2, where F is the focus of the reflector and θ the half subtended angle.
Then the co - polar and the cross polar of the 45◦ plane are constructed in equation

(3.9).

Eco45(ρ) =
1

2
[EE(ρ) + EH(ρ)] (3.9)

Eco45(ρ) =
1

2
[EE(ρ)− EH(ρ)]

The far-field function of the 45◦ plane of the circular aperture is proportional to
equation (3.10).

Gco45(θ) ∼ Eco45(θ)cos2(θ/2) (3.10)
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Figure 3.6: Spillover loss [39]

Gxp45(θ) ∼ Exp45(θ)cos2(θ/2)

where

Eco45(θ) = 2π

∫ d/2

0
Eco45(ρ)J0(kρsinθ)ρdρ (3.11)

Exp45(θ) = 2π

∫ d/2

0
Exp45(ρ)J2(kρsinθ)ρdρ

Therefore the total directivity of the circular aperture is calculated by equation (3.12)

D =
4π|Gco45|2max

P
(3.12)

and P is the power calculated in equation (3.13)

P = 2π

∫ π

0
[|Gco45(θ)|2 + |Gxp45(θ)|2]sinθ dθ (3.13)
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Figure 3.7: Blockage loss [39]
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Figure 3.8: Cylindrical parabolic reflector

3.2 Cylindrical reflector antenna

The second antenna design is a cylindrical reflector that is fed by a corrugated hat line
feed, which is fed by a parallel plate structure. Inside the parallel plate there is an one
dimensional reflector antenna, which is also fed by a hat feed. The complete schematic
of the antenna can be seen in figure 3.8.

In this case, the aperture area is rectangular in contrast with the circular reflector
antenna. For simplicity, the aperture area is selected to be square and its dimensions
can be found by equation 2.4. An antenna efficiency of 0.5 is selected and the assumed
gain is 40 dBi. For the longest wavelength the area is A = 2.84 dm2, thus each side is
168.37 mm long. The subtended angle for both reflectors is selected to be 105◦, similar
to the case of the circular reflector and F = 32.3 mm from equation (3.1). Therefore,
F/d = 0.19 and the depth of focus is calculated to be ∆z = 54.85 mm from equations
(3.2) and (3.3).

In that case as well the feed illumination taper that is selected is 10 dB and the
directivity towards angle θ, is plotted in figure 3.9, for d = 168.37 mm and λ = 4.2mm,
so d/λ = 40. It is noticed that the sidelobe level is 10 dB lower than ETSI class 3 and
the half beamwidth is 0.6◦− 0.7◦, i.e. the θ3dB beamwidth is 1.2◦− 1.4◦. Both reflectors
of the cylindrical reflector design are identical, apart from the shape of the hat that is
feeding them.

The figures that relate the feed illumination taper with the aperture, spillover and
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Figure 3.9: Directiviry towards angle θ for the rectangular aperture cylindrical reflector

blockage efficiency cannot be directly applied to this design, because they are only valid
for rotationally symmetric reflectors.

3.2.1 Theoritical directivity and far-field function of cylindrical reflec-
tor

The far-field function of the rectangular aperture can be calculated analytically, assuming
that the aperture distribution is truncated Gaussian. The general expression of the free
space far - field function is shown in equation (3.14) and depends on the one dimensional
Fourier transforms of the aperture distributions [39].

G(θ, φ) = −2Ckcos
2(
θ

2
)(cosφθ − sinφφ)Eax(ksinθcosφ, ksinθsinφ) (3.14)

−2Ckcos
2(
θ

2
)(sinφθ − cosφφ)Eay(ksinθcosφ, ksinθsinφ)

and Ck = −jk
4π

For y - polarization the far- field function is proportional to

Eay(ksinθcosφ, ksinθsinφ) = Eay(kxr, kyr) = A(kx, r)B(ky, r)
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with

A(kx, r) =

∫ d/2

−d/2
e−(x/ρα)

2
e(jkxxr) dx

and

B(ky, r) =

∫ d/2

−d/2
e−(y/ρα)

2
e(jkyyr) dy

where ρa is the 1/e radius or ρa = d
2
√
0.4 ln 10

, for 10 dB of illumination taper.

The directivity of the rectangular aperture of the cylinder can be calculated by equa-
tion (3.15), similar to (3.12) [39].

D =
4π|G|2max

P
(3.15)

The maximum of the absolute of the far - field is proportional to the maximum of
the one dimensional Fourier transforms and this occurs for θ = 0. Thus,

A(kx, r) = A(ksinθcosφ, ksinθsinφ) = e(1/2kραsinθ cosφ)
2

∫ d/2

−d/2
e
−( x

ρα
)2
e(jkρα(sinθcosφ))

2
dx

For θ = 0,

A(0, 0) =

∫ d/2

−d/2
e
−( x

ρα
)2

dx =
√
πραerf(

d

2ρα
)

B(ky, r) gives the same result, so the maximum value of the far - field function is
proportional to the maximum value of the aperture integral function.

Gmax ∼ Eay(kxr, kyr)max = πρ2αerf
2(

d

2ρα
)

The total power of the far - field function is equal with the square of the aperture
integral function.

P =

∫ d/2

−d/2

∫ d/2

−d/2
|Eay(kxr, kyr)|2 dxdy =

∫ d/2

−d/2

∫ d/2

−d/2
e
−2( x

ρα
)2−2( y

ρα
)2

dxdy =
π

2
ρ2αerf

2(

√
2d

2ρα
)

Therefore, the total directivity that is calculated by equation (3.15) is

D =
4π

λ2

[πρ2αerf
2( d

2ρα
)]2

π
2ρ

2
αerf

2(
√
2d

2ρα
)

=
4π

λ2

erf4( d
2ρα

)

erf2(
√
2d

2ρα
)

(3.16)

The final conclusion is that the directivity depends only on the wavelength and the
dimension d of the aperture area. For the different wavelengths in the E-band and
an antenna diameter of 168.37 mm, the directivity of the aperture within blockage is
calculated by equation (3.16) and it is plotted as a function of the frequency in figure
3.10.

26



3.2. CYLINDRICAL REFLECTOR
ANTENNA

CHAPTER 3. PRELIMINARY DE-
SIGN OF SELECTED ANTENNAS

Figure 3.10: Directivity along frequency for a square aperture

3.2.2 Total blockage of the cylindrical reflector

The blockage of the hat feeds of the cylindrical reflector design is different from the
usual blockage that typical hat feeds cause, such as in the case of the circular parabolic
reflector. In this case the blockage of the rectangular aperture is along two dimensions.
The blockage at the first dimension comes from the hat feed inside the parallel plate and
the blockage at the second dimension comes from the line feed that is extended along
the aperture of the parallel plate.

A schematic of the blockage in the rectangular aperture is shown in figure 3.11. The
black area in the center is the hat feed of the parallel plate that is responsible for the
blockage in one dimension and together with the gray area, they contribute to the total
blockage of the rectangular area. It is also assumed that the two hats have around the
same width h, so the blocked area is equal in both planes.

The total directivity of the antenna by taking into consideration the blockage will be
the directivity of the aperture area that is calculated in the previous section minus the
directivity from the area which it is blocked. The directivity of the small common area
in the center should be added, because it will be subtracted twice in equation (3.17).

D =
4π|Ga − 2Gb +Gc|2max

Pa − 2Pb + Pc
(3.17)

where

Ga ∼ πρ2αerf2(
d

2ρα
)
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Figure 3.11: Blockage in the cylindrical reflector

Gb ∼ Eay(kxr, kyr)max = A(kx, r)B(ky, r) =

=

∫ d/2

−d/2

∫ h/2

−h/2
e
−( x

ρα
)2
e
−( y

ρα
)2

dxdy = πρ2αerf(
d

2ρα
)erf(

h

2ρα
)

Gc ∼ A(kx, r)B(ky, r) =

∫ h/2

−h/2

∫ h/2

−h/2
e
−( h

ρα
)2
e
−( y

ρα
)2

dxdy = πρ2αerf
2(

h

2ρα
)

In a similar way the power of each aperture area is calculated and it is found to be

Pa =
π

2
ρ2αerf

2(

√
2d

2ρα
)

Pb =
π

2
ρ2αerf(

√
2d

2ρα
)erf(

√
2h

2ρα
)

Pc =
π

2
ρ2αerf

2(

√
2h

2ρα
)

Therefore, the total directivity of the aperture by taking into consideration the block-
age is calculated by equation (3.17) and the result is:

Db =
4π

λ2

|πρ2αerf2( d
2ρα

)− 2πρ2αerf( d
2ρα

)erf( h
2ρα

) + πρ2αerf
2( h

2ρα
)|2

π
2ρ

2
αerf

2(
√
2d

2ρα
)− 2π2ρ

2
αerf(

√
2d

2ρα
)erf(

√
2h

2ρα
) + π

2ρ
2
αerf

2(
√
2h

2ρα
)
⇔

28



3.3. ANTENNA DESIGN PARAME-
TERS AND PHASE CENTER CAL-
CULATIONS FOR BOTH ANTEN-
NAS

CHAPTER 3. PRELIMINARY DE-
SIGN OF SELECTED ANTENNAS

Db =
8π2ρ2α
λ2

|erf( d
2ρα

)− erf( h
2ρα

)|4

(erf(
√
2d

2ρα
)− erf(

√
2h

2ρα
))2

Figure 3.10 shows the directivity including blockage values for different frequencies,
for a hat diameter h that is 10 times less than the reflector diameter d. The blockage
loss for this case is calculated as eb = Db

D = 0.84 = −0.78 dB, which is higher than in the
case of the circular parabolic reflector and this causes quite high sidelobes to the final
radiation pattern of the antenna.

Finally, the far - field function of the rectangular aperture and that of the blockage
aperture are plotted together in figure 3.12. The blockage is so small that its far-field
is similar to a uniform aperture distribution. The total contribution of the blockage to
the theoretical radiation pattern of the cylindrical reflector is shown in figure 3.13. The
ETSI class 3 sidelobe level is also plotted in both figures, as well.

The rest of the subefficiencies of the cylindrical reflector are calculated by equations
from [40] and they are also presented below in equations (3.18) - (3.19), where from
θ1 − θ2 is the subtended angle of the cylindrical reflector and d is the diameter of the
reflector

The spillover efficiency is

esp =

∫ θ2
θ1
|G(θ)|2 dθ∫ 2π

0 |G(θ)|2 dθ
(3.18)

The illumination efficiency is

eill =
F
∫ θ2
θ1
|G(θ)| 1

cos(θ/2) dθ

d
∫ θ2
θ1
|G(θ)|2 dθ

(3.19)

and the phase efficiency is

eφ =
|
∫ θ2
θ1
G(θ) 1

cos(θ/2) dθ|2

[
∫ θ2
θ1
|G(θ)| 1

cos(θ/2) dθ]2
(3.20)

3.3 Antenna design parameters and phase center calcula-
tions for both antennas

The dimensions of both antennas and the theoretical directivity as well as the sub effi-
ciencies that were determined from theory are found in table 3.1 for the circular parabolic
reflector and in table 3.2 for the cylindrical reflector.

The only sub efficiency of a reflector antenna that depends on the localization of the
phase reference point of the feed and requires the focal point to be at the phase center is
the phase efficiency. The phase center should be calculated so that the phase efficiency
can be maximized as much as possible.
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Figure 3.12: Radiation patterns of the rectangular aperture without blockage and the
aperture that is blocked

When the phase reference point is moved, the phase of the far - field function changes
as in equation (3.21).

G′(θ, φ) = G(θ, φ)e−jkr0r (3.21)

where, r = sinθcosφx+ sinθsinφy + cosθz and r0 = x0x + y0y + z0z. If for example
the antenna is located in the xy-plane, then z = 0 and θ = 90◦ and the phase is shown
in equation 3.22:

phase = −kr0r = −k(x0x + y0y)(cosφx + sinφy) = −k(cosφx0 + sinφy0) (3.22)

Then, in order to maximize the phase efficiency, equation 3.23 is formed.

− k(cosφx0 + sinφy0) + 6 G(
π

2
, φ) = 0⇔ 6 G(

π

2
, φ) = k(cosφx0 + sinφy0) (3.23)

In the next step, both parts of equation 3.23 are integrated and multiplied by cosφ
as it is shown in equation 3.24 and by sinφ in equation 3.25.

α =

∫ θ0

0

6 G(
π

2
, φ)cosφdφ = k(x0

∫ θ0

0
cos2φ dφ+ y0

∫ θ0

0
sinφcosφ dφ) (3.24)

β =

∫ θ0

0

6 G(
π

2
, φ)sinφ dφ = k(x0

∫ θ0

0
cosφsinφ dφ+ y0

∫ θ0

0
sin2φ dφ) (3.25)
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Figure 3.13: The radiation pattern of the cylindrical reflector including blockage

From 3.24 and 3.25 the maxtrix in 3.26 is created.[
α

β

]
= k

[ ∫ θ0
0 cos2φ dφ

∫ θ0
0 sinφcosφ dφ∫ θ0

0 cosφsinφ dφ
∫ θ0
0 sin2φ dφ

][
x0

y0

]
(3.26)

The values of x0 and y0 that satisfy equation 3.26 , are the coordinates of the phase
center and the phase efficiency should be calculated, only when the feed is located at its
phase center.

Another way of calculating the phase center of rotational symmetric reflectors, illu-
minated by a hat feed is to use equation 7 from [41], which is shown in equation (3.27).
The phase center of the hat is defined to be ring-shaped and the 45◦ co - polar far -field
function is used to calculate the maximum phase efficiency, which will contribute to a
maximum aperture efficiency [42].

eφ =
1

I2w
|
∫ θ0

0
w(θ)ej[φ(θ)−kz0cosθ−kρ0sinθ(1+cosθ)] dθ|2 (3.27)

where
θ0 is the subtended half angle
w(θ) = |Gco45(θ)|tan(θ/2)
φ(θ) is the phase of Gco45(θ)

and Iw =
∫ θ0
0 w(θ) dθ

z0 and ρ0 are the coordinates of the phase center in yz or xz planes.
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Parameter Value

Diameter (d) 190 mm

Focus (F) 36.5 mm

Half subtended angle (θ0) 105◦

Depth of focus (∆z) 61.9 mm

Directivity D0 without taper (at 71 GHz) 43 dBi

Theoretical feed loss -1.7 dB (eap = 0.68)

Theoretical spillover loss -0.3 dB (esp = 0.93 )

Theoretical blockage loss -0.15 dB (eb = 0.96)

Directivity D (at 71 GHz) 41.3 dBi

Table 3.1: Circular parabolic reflector

Parameter Value

Length, width (d) 168.4 mm

Focus (F) 32.3 mm

Subtended angle (θ0) 105◦

Depth of focus (∆z) 54.85 mm

Directivity D0 without taper (at 71 GHz) 43 dBi

Directivity of 10 dB taper Dt (at 71 GHz) 42.3 dBi

Theoretical blockage loss -0.78 dB (eb = 0.84)

Directivity D (at 71 GHz) 41.52 dBi

Table 3.2: Cylindrical reflector

In general, the focal point of the reflector should be located at the phace center of
the feed, in order to maximize the directivity and achieve low sidelobes. Therefore, it
is very important to calculate the phase center correctly from the feed, before designing
the complete reflector.
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4
Detailed designs and simulation

results

4.1 Electromagnetic field simulation software

The two antenna designs that were presented in the previous section are simulated in two
different softwares, HFSS and G2DMULT. HFSS is a 3D commercial simulation tool for
full wave electromagnetic field simulation using the finite element method (FEM) [43]
and G2DMULT is a 2D Chalmers internal simulation tool implemented in Fortran, which
uses the moment method (MOM) [44], [45], [46], [47], [48], [49], [50], [51], [52], [53].

Only the hat feed of the circular reflector is simulated in HFSS, because it is impossi-
ble to simulate the complete design due to computer memory limitations. Moreover, both
of the reflectors and their feeds that consist the cylindrical reflector, that is illuminated
by a parallel plate are simulated in G2DMULT.

There was an attempt to simulate the complete circular reflector in G2DMULT as
well, but the problem is not two dimensional and the results are not considered to be
accurate, since G2DMULT is a 2D solver and it takes into consideration the currents
that exist in E and H plane only. In a rotational symmetric design there are currents in
the other planes as well and they cannot be neglected.

4.2 Circular reflector

The feed of the circular reflector is designed and simulated in HFSS and the total ra-
diation pattern, as well as the directivity are plotted and calculated in MATLAB by
applying the equations from chapters 7 and 9 of [39] for rotational symmetric antennas.
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4.2.1 Design and simulations of the hat feed

The parabolic reflector is illuminated by a self supported hat feed on top of the axial
located circular waveguide in order to achieve low sidelobe level and reduce the blockage
efficiency [54]. Moreover, a hat - feed has low cross polarization, is wideband and has
low ohmic losses [55], [56], [57], [58], [59].

The hat is illuminated by a circular waveguide, whose diameter needs to be selected,
so that all the wavelengths of E - band (71 - 86 GHz) can propagate through and no
higher order modes. From [60], the different diameter sizes do not cover the entire E-
band, therefore, the radius is defined so that the first and second cut - off frequencies
of the TE - modes are far away than the desired frequencies. Inside the waveguide only
the dominant mode TE11 will propagate and the cut - off frequency of the first and the
second TE modes are calculated by equation (4.1) from [61].

λc11 =
2πa

p11
, λc21 =

2πa

p21
(4.1)

where p11 = 1.841 and p21 = 3.054
For a = 1.5 mm, fc11 = 58.8 GHz and fc21 = 97.2 GHz, therefore an inner diameter

of 3 mm is selected for the circular waveguide.
The distance of the hat from the circular waveguide is selected to be equal with

the radius of the waveguide, which is 1.5 mm. Moreover, the hat is designed to have
corrugations, in order to reduce the cross polar level and the spillover loss. The hat is
designed to have three corrugations whose depth should be λ/4 [62], [63], [64], [65].

A sketch of the cross section of the hat design with all the dimensions in mm is
presented in figure 4.1. The diameter of the hat is around 4λ for the center wavelength
and it is almost 11 times less than the diameter of the circular parabolic reflector.

A dielectric plug needs to be placed between the hat and the waveguide to support
the hat. In this case teflon is selected with εr = 2.1, in order to let the electromagnetic
wave propagate through it and absorb as little as possible. The thickness of the dielectric
material should be λ

2
√
εr

. A 3D image of the hat feed without the dielectric included can

be shown in figure 4.2.
An image of the cross section of the hat feed with the dielectric support is shown in

figure 4.3.
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Figure 4.1: Circular reflector corrugated hat feed cross section

Figure 4.2: Circular reflector corrugated hat feed

4.2.2 Sub efficiencies and total aperture efficiency calculation

The different sub efficiencies that are contributing to the total aperture efficiency are
the blockage efficiency, that depends on the hat diameter, the spillover efficiency, the
illumination efficiency, the sidelobe polarization efficiency and the phase efficiency. All
the equations for calculating the sub efficiencies are found in chapter 9 at [39] and the
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Figure 4.3: Cross section of the corrugated hat feed with the dielectric support

results depend on the co - polar and cross - polar far - field functions of the 45◦ plane.
The real and the imaginary part of the complex E-field are extracted from HFSS for

E and H plane respectively. In this case the polarization is along the y-axis and the
antenna is along the z-axis, therefore E-plane is the yz plane, φ = 90◦ and the H-plane is
the xz plane, φ = 0◦. The co-polar and cross-polar of the 45◦ plane can be constructed
by using equation 4.2.

Gco45 =
1

2
[GE +GH ] (4.2)

Gxp45 =
1

2
[GE −GH ]

After calculating the subefficiencies, it is noticed that the illumination efficiency is
relatively low and this is due to the fact that the taper of the hat is more than 10 dB
in all planes. In order to improve the illumination loss and achieve a taper of around 10
dB, one corrugation is removed and the new hat shape is shown in figure 4.4.

The radiation patterns of the feed for E and H planes are plotted in figures 4.5 and
4.6 respectively, for some of the frequencies in the E-band. A variation is noticed in the
E and H planes for different frequencies, which is quite normal to expect.

Moreover, the values of all sub efficiencies for the center frequency of 78.5 GHz are
presented in table 4.1. The spillover efficiency and the blockage efficiency are similar to
the theoretical values that were calculated in the previous chapter and were presented in
table 3.1. The polarization sidelobe efficiency is low, as well as the illumination efficiency,
because the hat feed is not optimized.

An optimization of the hat feed would increase these subeffieciencies and the total
aperture efficiency would be higher. The phase efficiency is calculated from the equations
in [41] and the phase center is assumed to have a ring shape.
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Figure 4.4: Cross section of the modified corrugated hat feed with dielectric support and
two corrugations

Figure 4.5: E-plane radiation pattern of the circular hat feed for some of the frequencies
calculated in HFSS

The calculation of the coordinates of the phase center depends only on the complex
E - field of the 45◦ plane. Due to the significant difference in the radiation patterns of
E and H planes, the phase center would be different for each one of them. This results
to a phase error in the final radiation patterns of the complete circular reflector.

4.2.3 Total directivity and radiation patterns of the circular reflector

The complete reflector design could not be simulated in HFSS, thus the aperture field
and the far-field function of the reflector are calculated analytically from the equations
of [39]. The antenna is considered to be rotationally symmetric and the equations are

37



4.2. CIRCULAR REFLECTOR
CHAPTER 4. DETAILED DESIGNS
AND SIMULATION RESULTS

Figure 4.6: H-plane radiation pattern of the circular hat feed for some of the frequencies
calculated in HFSS

Type Value

Spillover efficiency (esp) 0.95

Illumination efficiency (eill) 0.66

Polarization efficiency (epol) 0.805

Phase efficiency (eph) 0.98

Blockage efficiency (eb) 0.98

Total aperture efficiency (eap) 0.49 (-3.1 dB loss)

Table 4.1: Total aperture efficiency of the circular reflector for f = 78.5 GHz

valid, assuming to have a perfect paraboloid with no surface errors. The total directivity
of the circular reflector is calculated by equation (3.15) and the results vary for different
wavelengths.

For the center frequency the directivity is D = 39.9 dBi and the radiation patterns
are shown in figures 4.7, 4.8 and 4.9 for E, H and 45◦ planes, respectively. The ETSI
class 3 sidelobe level requirement is fulfilled for all the cases.

As it was mentioned before, the difference in the radiation patterns of E and H planes
of the feed leads to phase errors in the final radiation patterns of the reflector, as well as
reduced directivity. Assuming the case of having no phase errors at all, the directivity
of the circular reflector would be D = 42.4 dBi. The radiation patterns are also different
and the results are plotted in figures 4.10 , 4.11 and 4.12.

In that case the ETSI class 3 sidelobe level is fulfilled for all the planes, too and the
beamwidth of the E and H planes is similar to the one of the 45◦ plane. The difference of
2.5 dB in directivity, between the two cases is due to the phase errors, despite that the
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Figure 4.7: E-plane radiation pattern of the circular reflector for f = 78.5GHz

Figure 4.8: H-plane radiation pattern of the circular reflector for f = 78.5GHz

phase efficiency is close to 1. The non similarity of the symmetry planes is something
that needs to be improved. Therefore, one of the main optimization cost function in hat
feed designs is to try to achieve similar radiation patterns in the E and H planes.

Finally, it is noticed that the only plane that has small phase errors is the 45◦ plane,
from which the phase center is calculated. This is a proof that the phase reference point
is at the phase center of the feed.

The variation of the radiation patterns of the circular reflector for all the frequencies
in the E-band is shown in figures 4.13, 4.14 and 4.15 for 45◦, E and H planes respectivelly.
It is noticed that there is not a big variation in the radiation patterns, which means that
the design of the circular reflector antenna is broadband.

The directivity of 39.9 dBi in the center frequency is above the gain requirements and
assuming that in the simulations the material of the antenna is perfect electric conductor,
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Figure 4.9: 45◦-plane radiation pattern of the circular reflector for f = 78.5GHz

Figure 4.10: E-plane radiation pattern of the circular reflector without phase errors for f
= 78.5GHz

in reality there will be more losses to be added. Thus, the final gain would be around
39.4 dBi, for radiation losses of 0.5 dB.

The directivity of the circular reflector for the frequencies in the E-band is shown in
figure 4.16. Moreover, the aperture efficiency is different for different frequencies and this
is due to the difference in the subefficiencies. In figure 4.16, the loss in the theoretical
directivity that its subefficiency causes is shown, as well.

It is noticed that the calculated directivity is not similar to the directivity result if all
the sub efficiencies are subtracted from the theoretical directivity of a uniform aperture.
The reason of that is the high sidelobes that are noticed in the lower frequencies of the
E-band, due to high cross polar level in these frequencies.

Another requirement of the project is that the return loss should be higher or equal
than 10 dB. In figure 4.17, that is taken from HFSS it is noticed that the return loss
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Figure 4.11: H-plane radiation pattern of the circular reflector without phase errors for f
= 78.5GHz

Figure 4.12: 45◦-plane radiation pattern of the circular reflector without phase errors for
f = 78.5GHz

fulfills the requirements of the project for almost all of the frequencies in the E-band.

4.2.4 Directivity and radiation patterns of the circular reflector with
no radome in the hat feed

The results that have just been presented correspond to the radiation patterns of the
circular reflector, when radome is included in the hat feed, which a realistic approach of
the antenna design. Simulating the case when no radome is included, it is noticed that
the directivity is higher and it is equal with D = 39.9 dBi, for the center frequency of
78.5 GHz.

Assuming no phase errors the directivity for the center frequency is D = 42.4 dBi
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Figure 4.13: 45◦-plane radiation pattern variation for some of the frequencies in the E-band

Figure 4.14: E-plane radiation pattern variation for some of the frequencies in the E-band

and this value is similar to the previous case when radome included and the phase errors
are neglected, as well. The radiation patterns are not plotted, but they are almost the
same with the ones in figures 4.10 - 4.12.

Firstly, the radiation patterns of the hat feed with no radome are shown in figures
4.18 and 4.19 for E and H plane respectively.

Then, the radiation patterns for the center frequency of the complete circular reflector
antenna when no radome is included in the feed, are shown in figures 4.20, 4.21 and 4.22
for E, H and 45◦ planes respectively.

Finally, the radiation patterns for 6 different frequencies in the E-band (71, 74, 77, 80,
81 and 86 GHz) are plotted together in the same plot for E, H and 45◦ planes in figures
4.23, 4.24 and 4.25 respectively. It is noticed that there is no big variation between the
radiation patterns, as in the previous case when teflon was included in the feed.
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Figure 4.15: H-plane radiation pattern variation for some of the frequencies in the E-band

Figure 4.16: Directivity and aperture efficiency towards frequency

Therefore, the main conclusion is that when radome is included in the hat feed the
directivity is lower than having no radome at all. Of course, radome is mandatory to
exist in the feed in order to hold the waveguide and the hat in place. The shape of
the radiation pattern of the circular reflector does not seem to change significantly with
the existence or not of radome, however, the variation with frequency in the radiation
pattern of the feed for E and H plane, seems to get affected by the existence of radome.
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Figure 4.17: Reflection coefficient of the circular hat feed in the E-band

Figure 4.18: E-plane radiation pattern of the hat feed without radome for all the frequen-
cies in the E-band

Finally, the polarization sidelobe efficiency is better in the case when radome is not
included.
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Figure 4.19: H-plane radiation pattern of the hat feed without radome for all the frequen-
cies in the E-band

Figure 4.20: 45◦-plane radiation pattern of the circular reflector for f = 78.5 GHz, with
no radome in the feed

Figure 4.21: E-plane radiation pattern of the circular reflector for f = 78.5 GHz, with no
radome in the feed
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Figure 4.22: H-plane radiation pattern of the circular reflector for f = 78.5 GHz, with no
radome in the feed

Figure 4.23: 45◦-plane radiation pattern of the circular reflector for f = 71-86 GHz with
no radome in the feed
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Figure 4.24: E-plane radiation pattern of the circular reflector for f = 71-86 GHz with no
radome in the feed

Figure 4.25: H-plane radiation pattern of the circular reflector for f = 71-86 GHz with no
radome in the feed
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4.3 Cylindrical reflector

The cylindrical reflector with a square aperture is considered to be a two dimensional
design, so it can be successfully implemented in G2DMULT, assuming that the third
dimension is infinite long. The design is consisted of two parabolic reflectors that are
illuminated by hat feed structures. Firstly, the hat feeds of both reflectors are designed
and simulated and then the complete reflector structure is added. The directivity is
calculated to be the sum of the directivities from both reflectors separately.

G2DMULT is a program developed in the programming language Fortran and an
antenna structure is designed by uniting several nodes, which are defined in a two di-
mensional coordinate system. Due to the fact that the interface of G2DMULT is not
so user friendly, programming in MATLAB is done in order to insert these nodes in the
.txt files that are read by G2DMULT.

In general, MATLAB is used not only to design the antenna, but also to execute
G2DMULT and plot the results from the radiation patterns, too. The complex E - field
of all radiation patterns is exported from G2DMULT to MATLAB and this is used to
plot the amplitude and the phase of the far -field functions of the antennas that are
designed.

Finally, the optimization procedure of the hat feeds is done by an algorithm called
GODLIKE that has been programmed in MATLAB. In that case MATLAB is calling
G2DMULT several times and this procedure might last around 24 hours, depending on
the number of iterations. Therefore, G2DMULT is connected with MATLAB in all steps
of design, simulation and optimization.

4.3.1 Hat feed inside parallel plate structure

The hat feed inside the parallel plate structure is illuminated by a WR-12 rectangular
waveguide, that is working in the band of 60 - 90 GHz [66]. The dimensions of the
rectangular waveguide are a = 3.099 mm and b = 1.549 mm. The width of the parallel
plate structure is mainly determined by dimension b of the waveguide together with the
thickness of the metal.

The hat that is illuminated by the waveguide does not need any dielectric support,
because it is already supported by the parallel plates. The waveguide is propagating with
the dominant TE10 mode and the distance between the hat and the waveguide should
be equal with size a of the waveguide, in order for the wavelengths to avoid to be in the
cut off. A schematic of the hat feed is shown in figure 4.26.

All the dimensions of the design in G2DMULT are given in wavelengths and the
design is done for the center wavelength of the frequency of 78.5 GHz. Moreover, in
G2DMULT the waveguide is excited in the center, therefore an absorber is used as
it can be noticed in figure 4.26, in order to avoid reflections from the bottom of the
waveguide. The length of the absorber is 0.2 times the length of the waveguide.

Assuming that the coordinate system in figure 4.26 is the xy-plane and the hat is
located along y-axis, the excitation is along z-axis. Firstly, the radiation pattern of the
waveguide without the hat is plotted in figure 4.27 and then the radiation pattern of
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Figure 4.26: Hat feed inside parallel plate (dimensions normalizes to the wavelength at
78.5 GHz)

the waveguide and the hat is shown in figure 4.28. It should be noticed that the hat is
pointing downwards, therefore in that case the beam is centered at −90◦ and the half
subtended angle is from −90◦ to 15◦ and from 165◦ to 270◦ in figure 4.28.

Figure 4.27: Radiation pattern of the open waveguide calculated in G2DMULT

The radiation pattern of the hat feed for all the frequencies in the E-band with a
frequency step of 1 GHz, i shown in figure 4.29. As it can be seen, there is not much
variation in the radiation pattern for different frequencies. However, the final shape of
the hat is a result of the optimization procedure that will be further analyzed in the
sections below.

4.3.2 Corrugated hat feed, fed by the parallel plate

The corrugated reflector, or the corrugated hat feed, which is illuminated by the parallel
plate aperture is also designed in G2DMULT, since it is assumed to be a two dimensional
problem as well. This corrugated hat does not need dielectric support, because it can be
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Figure 4.28: Radiation pattern of the hat feed calculated in G2DMULT

Figure 4.29: Radiation pattern of the hat feed plotted in G2DMULT for some of the
frequencies in the E-band

supported by metal in the center of the aperture, where there is already blockage from
the previous hat feed, and on the edges of the parallel plate aperture. A design of the
corrugated hat feed in G2DMULT is shown in figure 4.30.

This hat is designed to have corrugations, in order reduce the spillover efficiency and
achieve low sidelobes in the final radiation pattern. The depth of the corrugations should
be λ/4 and it is decided to have 3 corrugations on each side of the hat. The E - field is
along the x dimension normal to the parallel plate.

The radiation pattern of the corrugated hat feed is shown in figure 4.31, with the
beamwidth centered at −90◦. As it was mentioned before, the excitation is along x-
axis and the ripple that is noticed in the radiation pattern of the hat comes from the
reflections of the low corner of the parallel plate. This can be proved by calculating the
period of the ripple.
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Figure 4.30: Cross section of linear corrugated hat feed (dimensions normalized to the
wavelength at 78.5 GHz)

Figure 4.31: Radiation pattern of the corrugated hat feed calculated in G2DMULT

The difference between two maxima will give the distance of the reflection by equation
(4.3).

d =
λ

sinθ
(4.3)

In that case the distance is equal with the length of the parallel plate, therefore the
reflection occurs at the low edge of the parallel plate. Finally, the shape of the hat is
optimized using GODLIKE, too.

4.3.3 Optimization of the hat feeds in GODLIKE

Both hat feeds are optimized by the algorithm called GODLIKE, which is programmed
in MATLAB. The name GODLIKE comes from Global Optimum Determination by
Linking and Interchanging Kindred Evaluators. The algorithms that are combined in

51



4.3. CYLINDRICAL REFLECTOR
CHAPTER 4. DETAILED DESIGNS
AND SIMULATION RESULTS

GODLIKE are GA (Genetic Algorithm), DE (Differential Evolution), ASA (Adaptive
Security Algorithm) and PSO (Particle Swarm Optimization). The combination of these
algorithms produces robustness, something that non of them could achieve individually
[67].

The solutions of GODLIKE appear in a Pareto front among x and y axis, which
correspond to the cost functions that are defined and then the user selects one solution
from the Pareto front, which does not have to coincide exactly with the optimum point.

Three main cost functions are defined in GODLIKE for both hat feeds. The first
cost has to do with the length of the hat, which should be as small as possible in order
to improve the blockage efficiency. Furthermore, the radiation pattern of the hat, has to
follow the 10 dB taper of the ideal Gaussian curve and finally, the phase efficiency should
be maximized. The phase efficiency depends on the location of the phase reference point
at the phase center.

The parameters that were tuned in GODLIKE optimization are different for the
two hat feeds. For the hat feed structure that is located inside the parallel plate, the
parameters that are tuned are the coordinates of the nodes that create the shape of the
hat, while the position of the hat is determined to be in a distance a/2 on top of the
waveguide, where a = 3.099 mm. In the case of the corrugated hat feed the length of
the corrugations is optimized together with the the shape and the position of the hat.

The selected optimum hat designs and the radiation patterns that occur from them
were presented in figures 4.26 and 4.31 in the previous sections.

The total aperture efficiency of the hat feeds and its sub efficiencies are calculated
by the equations of [40]. The aperture efficiency is also called feed efficiency, because it
is mainly depended on the hat feed. The results are shown in tables 4.2 and 4.3 for both
hat feed designs.

Type Value

Spillover efficiency (esp) 0.998

Illumination efficiency (eill) 0.794

Polarization efficiency (epol) 1

Phase efficiency (eφ) 0.993

Table 4.2: Subefficiencies for parallel plate hat feed

4.3.4 Odd G2DMULT results for the corrugated hat feed reflector and
HFSS simulations

In the case of the corrugated reflector, which is illuminated by the waveguide parallel
plate, the polarization is along x-axis and the design is along xy axis. It was found
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Type Value

Spillover efficiency (esp) 0.944

Illumination efficiency (eill) 0.915

Polarization efficiency (epol) 1

Phase efficiency (eφ) 0.879

Table 4.3: Subefficiencies for corrugated hat feed calculated by G2DMULT

that G2DMULT gives some numerical errors for that polarization. The excitation in
G2DMULT is done in the center of the waveguide, which in that case is the parallel
plate. In reality the result of the radiation pattern should not depend on the position of
the excitation.

However, the radiation pattern in figure 4.31 changes when the position of the exci-
tation is changed, something that is not physically correct. Therefore, for that case the
optimum hat design from GODLIKE is selected and designed in HFSS as it is shown in
figure 4.32.

Figure 4.32: Corrugated hat designed in HFSS

The front and the back faces of the design are assumed to be perfect magnetic walls
and the width is incremental small (λ/10) along x-axis. In that way, HFSS is consid-
ering the problem to be two dimensional and the simulation time is small, comparable
with G2DMULT. The radiation pattern of the hat feed is shown in figure 4.33 and the
difference between the radiation pattern of figure 4.31 is obvious.

The radiation pattern of the corrugated hat feed for all the frequencies in the E-band
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Figure 4.33: Radiation pattern of the corrugated hat feed calculated in HFSS

is shown in figure 4.34, which is taken from HFSS. It is noticed that the shape of the
radiation pattern is the same, however, there is a difference in the amplitude due to the
different frequencies.

Figure 4.34: Radiation pattern of the corrugated hat feed calculated in HFSS for all the
frequencies in the E-band

The new radiation pattern leads to different result in the aperture efficiency. The
equations that calculate the sub efficiencies are not different, but the complex E-field is
different in amplitude and phase. Therefore, the new sub efficiencies results are shown
in table 4.4 for the corrugated hat feed.

4.3.5 Total aperture efficiency and directivity

In the previous sections the subefficiencies of each hat feed were calculated, but the
general expression of the total aperture efficiency of the cylindrical reflector is eap = etel,
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Type Value

Spillover efficiency (esp) 0.989

Illumination efficiency (eill) 0.932

Polarization efficiency (epol) 1

Phase efficiency (eφ) 0.96

Table 4.4: Subefficiencies for corrugated hat feed simulated in HFSS for f = 78.5 GHz

which is the result of the transverse aperture efficiency and the longitudinal aperture
efficiency [40].

The transverse aperture efficiency is the aperture efficiency that results from the
corrugated hat feed and it can be found on table 4.4. The longitudinal aperture efficiency
comes from the one dimensional reflector inside the parallel plate and it is found on table
4.2.

At [40], it is shown that the illumination efficiency and the phase efficiency can
become separable in the longitudinal and transverse direction. However, it has not
been yet investigated whether the same can be assumed for the spillover efficiency. The
polarization efficiency is 1 in both cases, therefore it does not contribute to the final
aperture efficiency and the blockage efficiency has been already defined for both cases.

The total blockage efficiency depends on the length of the hat and it is found to
be eb = 0.866. The length of each hat is around 11 mm and equation 3.17 of chapter
3.2.2 is applied to estimate the blockage in two directions. The blockage efficiency is
calculated, assuming a 10 dB of illumination taper. The illumination taper might be
slightly different for different frequencies in the E-band, because the aperture field will
be different, so the blockage efficiency will vary along frequency. However, the results are
not estimated to be much different than assuming a constant blockage efficiency along
the frequency range.

The total illumination efficiency is

eill,tot = eill,teill,l = 0.794 ∗ 0.932 = 0.74

from tables 4.2 and 4.4.
In the same way, the total phase efficiency is

eφ,tot = eφ,teφ,l = 0.993 ∗ 0.96 = 0.953

Assuming that the total spillover efficiency is the sum of the transverse spillover and
the longitudinal spillover efficiencies, then

esp,tot = esp,tesp,l = 0.998 ∗ 0.989 = 0.987

55



4.3. CYLINDRICAL REFLECTOR
CHAPTER 4. DETAILED DESIGNS
AND SIMULATION RESULTS

Therefore, the total aperture efficiency of the cylindrical reflector is

eap,tot = esp,toteill,toteφ,toteb,totepol,tot

The result is shown in table 4.5, together with all the subefficiencies that contribute.
The total aperture efficiency of the cylindrical reflector is calculated for the center fre-
quency. Assuming that the radiation patterns of the feeds are not very different along
the frequencies in the E-band, then it can be assumed that the total aperture efficiency
is the same for 71 - 86 GHz.

Type Value

Total spillover efficiency (esp) 0.987

Total illumination efficiency (eill) 0.74

Total Polarization efficiency (epol) 1

Total Phase efficiency (eφ) 0.953

Total blockage efficiency (eb) 0.866

Total aperture efficiency (eap) 0.603

Table 4.5: Total aperture efficiency of the cylindrical reflector for f = 78.5 GHz

The total directivity of the cylindrical reflector is the sum of the directivities from
each reflector separately. The general expression of the directivity becomes separable in
the different E and H planes of the antenna, as it is shown in equation (4.4).

D =
4πUmax
Prad

= DθDφ (4.4)

where,

Prad =

∫ π

−π

∫ π

0
|Eθ(θ)|2|Eφ(φ)|2sinθ dθdφ =

∫ π

0
|Eθ(θ)|2sinθ dθ

∫ π

−π
|Eφ(φ)|2 dφ

and

Pθ =

∫ π

0
|Eθ(θ)|2sinθ dθ

Pφ =

∫ π

−π
|Eφ(φ)|2 dφ

Thus,

Dθ =
2πUmaxθ

Pθ
(4.5)
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Dφ =
2Umaxφ
Pφ

(4.6)

Therefore, the total directivity of the cylindrical antenna for the center frequency is
Dtot = DφDθ =

4πUmaxθUmaxφ
PθPφ

.

4.3.6 Parabolic reflector inside parallel plate

The parabolic reflector that is placed in the waveguide plates is simulated in G2DMULT,
and the excitation is along the z-axis, while the design is along xy axes. The simulation
in G2DMULT is fast and the results are accurate.

The initial focal point of the parabolic reflector is located in the middle of the waveg-
uide aperture. However, in reality the focal points of the reflector are two and one of
them has its coordinates on the edges of the waveguide wall. The y coordinate is equal
with the waveguide length and the x coordinate is equal with half of the waveguide width,
in both positive and negative direction. Therefore, from a geometrical point of view, the
schematic is consisted of two half parabolic reflectors, one in the positive direction and
one in the negative direction. The space between them is covered by the waveguide that
is inserted.

In order to have high directivity and low sidelobes the focal point of the reflector
should be located at the phace center of the feed. After the calculation of the phase
center, new changes are made in the design, so that it can coincide with the focus.
Firstly, the reflector is shifted again along x-axis, both in the positive and negative
dimension a distance that is determined by the x-coordinate of the phase center. Then,
depending on whether the phase center is located higher or lower than the focal point,
the waveguide should decrease or increase in length respectively, by a factor that equals
the difference of the phase center and the focal point.

In that way, by shifting the reflector along the x - axis and by increasing or reducing
the waveguide length, the phase center can coincide with the focal point of the reflector.
It should be noticed that in reality the phase center is not one single point, but a cluster
of different points, but the way of calculating the phase center that was analyzed in
chapter 3.3 is a good approximation to locate the phase center in the two dimensional
design. The complete reflector design can be seen in figure 4.35.

The radiation pattern of the reflector is also shown in figure 4.36 for the center
frequency. The ETSI class 2 and class 3 sidelobe level is also plotted in the same figure.
It is noticed that the radiation pattern of this reflector is close to the requirements of
the sidelobe levels. Furthermore, the radiation patterns of five difeerent frequencies in
the E-band are plotted in figure 4.37. The frequencies that are included are 71, 74.75,
78.5, 82.25 and 86 GHz.

Finally, the radiation patterns of the lowest and the highest frequencies in the E-band
are plotted together in 4.38 and its is noticed that the radiation pattern of the reflector
is better for higher frequencies and worse for lower frequencies.

The same antenna was designed in HFSS as well and the simulation results are similar
with the ones of G2DMULT. The geometry of the antenna designed in HFSS is shown
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Figure 4.35: One dimensional reflector inside parallel plates

Figure 4.36: Radiation pattern of the one dimensional reflector designed in G2DMULT
for f = 78.5GHz

in figure 4.39 and the symmetry of the design has been taken into consideration. The
thickness of the antenna is assumed to be very small, around λ/10 and the antenna is
designed among two perfect E planes. The HFSS simulation time is similar to the one
of G2DMULT, because of the advantage of the symmetry.

The radiation pattern of the one dimensional reflector antenna that is implemented
in HFSS for the center frequency is shown in figure 4.40 and the radiation patterns of
the same antenna for the edge frequencies are shown in figure 4.41. Finally, the radiation
patterns for 5 different frequencies in the E-band (71, 74.75, 78.5, 82.25 and 86 GHz)
are plotted together in figure 4.42.

The similarity in the results of G2DMULT and HFSS is obvious and the conclusion
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Figure 4.37: Radiation pattern of the one dimensional reflector designed in G2DMULT
for f = 71, 74.75, 78.5, 82.25 and 86 GHz

Figure 4.38: Radiation pattern of the one dimensional reflector designed in G2DMULT
for f = 71 and 86 GHz

is that the lower frequencies lead to a radiation pattern with higher sidelobes and less
directivity and the higher frequencies provide low sidelobes and high directivity.

The directivity of this reflector is calculated by equation 4.6 and the results is Dφ =
20.7 dBi for the center frequency of 78.5 GHz.
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Figure 4.39: Design of the one dimensional reflector in HFSS

Figure 4.40: Radiation pattern of the one dimensional antenna designed in HFSS for the
center frequency
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Figure 4.41: Radiation pattern of the one dimensional antenna designed in HFSS for f =
71 GHz and f = 86 GHz

Figure 4.42: Radiation pattern of the one dimensional antenna designed in HFSS for f =
71 - 86 GHz with a step of 3.75 GHz
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4.3.7 Cylindrical reflector

Similarly with the one dimensional parabolic reflector that is placed inside the parallel
plates, the focal point of the cylindrical reflector should coincide with the phase center.
The cross - section of the cylindrical reflector that is designed in G2DMULT is shown in
figure 4.43. In that case, the excitation is along the x-axis.

Figure 4.43: Schematic of the cylindrical reflector

The radiation pattern of the complete reflector for the center frequency is plotted in
figure 4.44 together with the ETSI class 2 and 3 sidelobe level. It is noticed that the
sidelobe level is not satisfied and due to the inaccuracy of G2DMULT for that case, as
it was discussed in chapter 4.3.4, the cylindrical reflector is analyzed in HFSS as well.

Figure 4.44: Radiation pattern of the cylindrical reflector from G2DMULT at 78.5 GHz

In the same way as the corrugated hat feed, the cylindrical reflector is assumed to
be a two dimensional design and it is placed between two perfect magnetic planes. As it
was mentioned, in HFSS one can take advantage of the symmetry of the design and this
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can reduce the time of the simulations. Radiation boundaries are applied at the rest of
the faces and the design is shown in figure 4.45.

Figure 4.45: Cylindrical reflector designed in HFSS, with an applied symmetry axis

The upper corner of the reflector is designed in such a way, so that the diffraction
that might occur on the edge of the reflector could not affect so much the result of
the radiation pattern. The radiation pattern of the reflector for the center frequency is
plotted in figure 4.46, together with the ETSI class 2 and 3 sidelobe level.

The result of the radiation pattern is different from the one in figure 4.44, but the
far - out sidelobes are still high and this can be due to the diffractions from its corners.

Furthermore, the radiation patterns of 5 different frequencies in the E-band, with a
step of 3.75 GHz between them are plotted together and the result is presented at figure
4.47.

The directivity of this reflector is calculated by equation 4.5 and it is found to be
Dθ = 20.7 dBi for the center frequency of 78.5 GHz. Thus, the total directivity of the
cylindrical reflector is calculated in equation 4.7.

Dtot = Dφ +Dθ = 41.4dBi (4.7)

The theoretical directivity of the circular reflector is around 43 dBi for the center
frequency of 78.5 GHz, as it is shown in figure 3.10. The total aperture efficiency was
calculated to be around 0.603 = −2.2dB from table 4.5. Therefore, the theoretical di-
rectivity minus the aperture efficiency gives the result of the directivity of the cylindrical
reflector, that is calculated in equation 4.7.

The material that is used in the simulations of the complete cylindrical reflector in
both G2DMULT and HFSS, is perfect electric conductor and no losses are taken into
consideration. The fade margin of 2dB between the directivity and the gain requirement
of the project is enough to include the losses of a selected conducing material.
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Figure 4.46: Radiation pattern of the cylindrical reflector analyzed in HFSS at 78.5 GHz

Tthe directivity of the cylindrical reflector antenna in the E-band range is shown in
figure 4.48. The loss that each subefficiency is causing to the directivity is also shown
in the same figure. Similar to the case of the circular reflector, the calculated directivity
from the simulations is not exactly the same with the result of the theoretical directivity
of a uniform aperture minus the aperture efficiency. This is due to phase errors and high
sidelobes that are noticed in the higher frequencies of the E-band.

Finally, a summary of the antenna parameters for both designs is shown in tables
4.6 and 4.7, for the circular and the cylindrical reflector respectively. The dimensions of
the antennas and their feeds are shown in detail in the Appendix.

64



4.3. CYLINDRICAL REFLECTOR
CHAPTER 4. DETAILED DESIGNS
AND SIMULATION RESULTS

Figure 4.47: Radiation pattern of the cylindrical reflector for f = 71 - 86 GHz with a step
of 3.75 GHz

Figure 4.48: Directivity and subefficiencies of the cylindrical reflector for f = 71 - 86 GHz
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Parameter Value

Diameter (d) 190 mm

Focus (F) 36.5 mm

Half subtended angle (θ0) 105◦

Depth of focus (∆z) 61.9 mm

Directivity D0 in the E-band without taper 43 dBi - 44.67 dBi

Aperture efficiency eap 0.41 - 0.56

Spillover efficiency esp 0.94 - 0.97

Illumination efficiency ell 0.65 - 0.67

Polarization sidelobe efficiency epol 0.69 - 0.93

Phase efficiency ell 0.99 - 0.93

Blockage efficiency eb 0.98

Directivity D in the E - band 36.9 dBi - 42 dBi

Table 4.6: Circular parabolic reflector final results
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Parameter Value

Length (L) 168.4 mm

Focus (F) 32.3 mm

Half subtended angle (θ0) 105◦

Depth of focus (∆z) 54.85 mm

Directivity D0 in the E-band without taper 43 dBi - 44.67 dBi

Aperture efficiency eap 0.59 - 0.48

Spillover efficiency esp 0.98 - 0.99

Illumination efficiency ell 0.76 - 0.66

Polarization sidelobe efficiency epol 1

Phase efficiency ell 0.85 - 0.95

Blockage efficiency eb 0.87

Directivity D in the E - band 40.8 dBi - 40.3 dBi

Table 4.7: Cylindrical parabolic reflector final results
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5
Tolerance analysis

T
he position of the hat is very important, in hat feed antennas, because an error in
manufacturing might give different directivity results, which are usually worse
than the ones that occur from the simulations. A limited tolerance study
is done in this section, by shifting the position of the hat for each reflector

antenna and notice how this will affect the directivity. The tolerance analysis is done
for the center frequency of 78.5 GHz.

5.1 Circular reflector

In the design of the circular reflector the hat is located in a distance of 1.5 mm above
the circular waveguide. Therefore, by shifting the hat 0.5 mm along the waveguide
direction, both upwards and downwards, in a step of 0.1 mm the radiation pattern of
the feed variates, as is is shown in figures 5.1 and 5.2 for the E and H plane.

The variation in the radiation patterns of the circular reflector is shown in figure 5.3.
The green curve is the radiation patten for the center frequency when the hat feed is in
its initial position and the blue curves show the different shape of the radiation pattern,
when the hat of the reflector is shifted up and down.

Moreover, the different losses in directivity are shown in figure 5.4, for different hat
positions. The maximum directivity is when the hat feed is not shifted at all, otherwise
the directivity loss is 1-1.5dB.

Finally, the return loss changes when the position of the hat changes and the different
values of the return loss for the center frequency are shown in figure 5.5, for different
hat positions.
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Figure 5.1: Radiation pattern of the E - plane of the circular hat feed, with an applied
tolerance in changing the position of the hat 0 - 0.5 mm, upwards and downwards

Figure 5.2: Radiation pattern of the H - plane of the circular hat feed, by changing the
position of the hat 0 - 0.5 mm, upwards and downwards

5.2 Cylindrical reflector

The same procedure is done for the hat feeds of the cylindrical reflector. Firstly, the hat
feed of the one dimensional reflector inside the parallel plate is shifted up and down in
the range of -0.5 mm to 0.5 mm with a step of 0.1 mm. The variation at the radiation
pattern of the reflector is shown in figure 5.6.

Furthermore, the hat feed of the cylindrical reflector is shifted, as well in the same
position range and the radiation pattern variation is shown in figure 5.7. In both case,
its is noticed that the more the hat feed is misplaced, the higher the sidelobes appear in
the radiation patterns of the reflectors.

Finally, the total directivity of the cylindrical reflector is calculated and its variation
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Figure 5.3: Radiation pattern of the 45◦ - plane of the circular parabolic reflector, by
changing the position of the hat 0 - 0.5 mm, upwards and downwards

Figure 5.4: Different loss for different hat positions at the center frequency of 78.5 GHz

with the hat position is plotted in figure 5.8. The highest directivity is found to be,
when the hat is in its initial position, as it was expected.
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Figure 5.5: Reflection coefficient for different hat positions at 78.5 GHz

Figure 5.6: Radiation pattern of the one dimensional reflector inside the parallel plate, by
changing the position of the hat 0 - 0.5 mm, upwards and downwards

71



5.2. CYLINDRICAL REFLECTOR
CHAPTER 5. TOLERANCE ANAL-
YSIS

Figure 5.7: Radiation pattern of the cylindrical reflector, by changing the position of the
hat 0 - 0.5 mm, upwards and downwards

Figure 5.8: Directivity loss for different hat positions at the center frequency of 78.5 GHz
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5.3 Surface tolerances

Usually, in reflector antennas the surface does not have the ideal geometrical shape of a
perfect paraboloid, but there might be a surface error that is caused by the manufacturing
of the antenna. Because of that the phase loss is higher and it can be estimated by
equation (5.1) [39].

etot = 1− (2k∆zrms)
2 (5.1)

where ∆zrms =
√

(∆z)2 − (∆z)2 is the weighted root mean - square (RMS) of the
surface error around the mean surface error.

The total efficiency and the total loss that the surface tolerance is causing in the
reflector antenna depends on the RMS surface error and this relation is shown in figure
(5.9). Therefore, for a loss of -0.5 dB, the RMS surface error should be around 0.08 mm.

Figure 5.9: Total loss and efficiency of a reflector antenna towards the RMS surface error
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6
Conclusion

T
he need of high data rates and the investigation of wireles solutions as an al-
ternative to fiber optics, led to the design of antennas in very high frequencies.
Several antennas that have been already manufactured in the newly allocated
E-band (71 - 86 GHz) were presented and two reflector antennas were selected

to be designed.
The selected candidates were a parabolic reflector and a cylindrical reflector, whose

feed was illuminated by a parallel plate structure that consisted of an one dimensional
reflector. The illumination of all reflectors was done with hat feeds, which have many
advantages in comparison with other feed structures, because these are self supported
and they provide low blockage, low sidelobes and low cross polarization.

Simulations of the antennas were done in HFSS and G2DMULT and the results were
found to be adequate to the initial requirements of the project. The circular parabolic
reflector has a directivity of 38.4 - 42.1 dBi and the aperture efficiency varies from 0.42
- 0.58 as a function of frequency. The ETSI class 3 sidelobe level is fulfilled in all cases
and the return loss is higher or equal to 10 dB for most of the frequencies in the E-band.

The cylindrical reflector gives a directivity of 40.6 dBi for the center frequency and
an aperture efficiency of 0.6. The ETSI class 3 sidelobe level is not fulfilled in all cases,
but the return loss is close to 10 dB. Some tolerances of the antennas were also studied
and future work would include the manufacturing and measurements of both antennas.
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7
Future work

T
he main future work on this project has to do with the manufacturing of the
two designed antennas and the measuring of their scattering parameters and
radiation patterns. Besides that part some more future work can be done in
case the optimum design is desired to be achieved before the manufacturing

stage.
The hat feed of the circular reflector antenna can be optimized, so that the E and

H planes can become as similar as possible in order to improve the polarization sidelobe
efficiency and reduce the phase errors in the radiation patterns of the circular reflector.
In that way, the coordinates of the phase center would not only minimize the errors in
the 45◦-plane, but in the other planes as well.

Furthermore, the ETSI class 3 sidelobe level performance can be improved in the case
of the cylindrical reflector, if an optimization procedure is applied not only on the hat
feed of the antenna, but on the complete reflector designs as well. However, in reality,
some parallel walls are added on the edges of the reflectors in order to reduce the far out
sidelobes and improve the radiation pattern.

Finally, in order to fulfill the requirement of the project, which is to have a rectangular
waveguide as a connector interface, a transition from circular to rectangular waveguide
should be added in the bottom of the feed of the circular reflector when and if it is
manufactured.

75



8
Appendix

In this section the detailed parameters of both antenna designs are shown in mm dimen-
sions, indented to be practical for possible future manufacturing of the antennas.

Figure 8.1: Cross section of the circular parabolic reflector
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Figure 8.2: Cross section of the circular hat feed of the circular parabolic reflector with a
= 84◦

Figure 8.3: Cross section of the cylindrical reflector

77



CHAPTER 8. APPENDIX

Figure 8.4: Cross section of the linear corrugated feed and the parallel plate of the cylin-
drical reflector

Figure 8.5: Cross section of the linear corrugated feed of the cylindrical reflector, with a
cone angle of 122◦

Figure 8.6: Cross section of the one dimensional reflector among the parallel plate
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Figure 8.7: Cross section of the hat feed and the waveguide of the one dimensional reflector
among the parallel plate

Figure 8.8: Cross section of the hat feed of the one dimensional reflector among the parallel
plate, where a = 67.5◦ and b = 65.5◦
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