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Abstract

The microstrip antenna is a metallic patch printed on a thin grounded dielectric
material. The microstrip antenna operating in its dominant mode, TM010, has been
extensively studied and referred to in the literature, and used in applications where

broadside and wide beamwidth features are required.

So far, the second mode (TM020) has not been effectively utilised, although there are
two noteworthy applications of the second mode which are recorded. In one of them,
the design of a reconfigurable pattern rectangular patch antenna based on TM01 and
TMO2 is presented, using PIN diodes, with the second mode providing a relatively low
gain. In the other application, a dual mode patch antenna has been proposed using
two different feeding points for pattern diversity applications. In both studies, the
pattern reconfigurability of the patch antenna is exploited and not the gain

improvement.

In this thesis, the second mode of a microstrip patch antenna (TM020) has been
exploited for enhancing the gain of the patch, without resorting to an array
configuration. The structure has then been used to develop a steerable array which
could be implemented in an application involving Low Earth Orbit (LEO) satellite
communications at 30GHz. The small profile and weight of the antenna recommends

it for applications where the transmitter dimensions and weight constraints are tight.

A link budget has been calculated based on a scenario with 22 satellites and 58
satellites orbiting at 550 km above the Earth. Based on this scenario, the requirements
of the antenna were generated. It resulted in a maximum required antenna beamwidth
of 69.3° and 37° (depending on the number of satellites in the orbiting plane) for good

adjacent satellite discrimination.



This translated into an antenna gain of 8 dBi and 13.5 dBi respectively. The antenna

array designed in this work exceeds these specifications.

A set of 5 antennas have been scaled, built and tested at 10GHz. In general, the

measurement results showed good agreement with the simulation results.

For one patch antenna operating in the second mode, both the measured and
simulated 10 dB bandwidths were approximately 3.2%. The measured and simulated
radiation patterns were very similar, with the gain difference within 0.5 dB (7.3 dB

versus 7.1 dB).

The radiation pattern of the patch antenna operating in the second mode showed that
the axes of the two beams were almost perpendicular to each other. This led to the
anticipation that the gain of the antenna could be improved if a flat conductor or a
grounded substrate was fixed perpendicularly under the patch antenna substrate in

order to act as a reflector for one of the beams.

The measured 10 dB fractional bandwidth of a feeding patch antenna attached
perpendicularly to a reflecting substrate was approximately 3.3%. The presence of the
reflecting substrate has improved the gain by approximately 3 dB. The simulated and
measured radiation patterns looked very similar, however the measured gain was

higher than the simulated gain by approximately 1 dB (11.4 dB vs 10.4 dB).

The measurements of two patch antennas array attached to a reflecting substrate
showed 3.4% 10 dB fractional BW. The obtained gain was 13.78 dB (versus 13.3 dB

simulated gain).

The measurement of four patch antennas array showed a 10 dB fractional bandwidth

of approximately 3.2%.



Although the measured and simulated patterns looked very similar, the measured gain
was slightly higher by approximately 1 dB compared to the gain from the simulation

(17.3 dB vs 16.2 dB), which translated into 16° beamwidth in Phi (+Y) direction.

The gain of the linear structure was further improved by adding reflecting patches on
the reflecting substrate. The reflecting patches were illuminated by the lower beam of
the feeding patches, which got reflected with a different phase, depending on whether
the patches were resonant or not. This concept resembled the mode of operation of a

reflect-array antenna.

Two sets of four reflecting patches have been added on the reflecting substrate and
the measurement results showed a 10 dB fractional bandwidth of approximately 2.2%.
The measured and simulated patterns looked very similar. The measured gain was
within 0.5 dB of the simulated gain (18.8 dB vs 18.96 dB), which translated into 21°
beamwidth in Phi (+Y) direction. The presence of the reflecting patches on the
reflecting substrate improved the gain by approximately 1.5 dB compared to 2.5 dB
improvement seen in simulations. This was because of the build tolerances and the

angle under which the reflecting patches were illuminated by the feeding patches.

30° progressive phase was added at the input of each of the feeding patches. The
measured and simulated patterns were very similar and the measured gain was within

0.5 dB of the simulated gain (18.4 dB vs 18.7 dB).

The measurement results showed that with 30° progressive phase at the input of the
patches, the beam steered by approximately 10°, which is very close to the simulation

results, where the beam steered by approximately 7-8°.



The simulation results showed that as the beam was steered, the main lobe magnitude
decreased by approximately 2 dB (for 120° progressive phase), and gave a total

steering range of 54° in total.

Judging by the steering capability of the structure, with 140° progressive phase, the

beam dropped by 3 dB (to 15.9 dB) and the beam steered 62° in total.
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1. Introduction

The microstrip patch antenna typical gain is 7 — 8 dBi [1]. Many methods for gain
improvement of the patch antenna gain have been referenced in the literature,
including the use of frequency selective surfaces, parasitic patches, superstrates,
shorting pins and substrate removal [2]. Some of these methods, can be complex and
costly, however, other simpler solutions could be implemented, as: increased substrate
thickness, higher dielectric constant substrate, larger size patch, slots implementation,
shaped patches, etc. Some of these methods present disadvantages like bandwidth

reduction, surface waves occurrence, impedance mis-matching and profile increase
[3].

Another simple method for improving the gain of a patch antenna is presented in this
thesis, where the second mode of operation of the patch antenna is used in
combination with an adjacent reflecting substrate to improve the beam directivity.
TMO020 mode produces two symmetrical beams around the broadside, which can be
combined constructively if an adjacent reflecting plane is conveniently (at 90°)

attached to the microstrip patch substrate.

The microstrip patch antenna operating in a higher order mode can result in lower
radiation efficiency due to surface waves and non-optimal current distribution on the
patch [4], [6]. However, the exact efficiency depends on the specific design and
substrate material used. A higher mode operating patch antenna can provide different

radiation patterns, which may be advantageous, depending on the application.

The efficiency, gain and beamwidth that can be obtained with a microstrip antenna

operating in the second mode are presented in this work. As demonstrated, these



characteristics prove to be sufficient for a satellite communications application, where

a small profile, lightweight antenna would be necessary.

The main objective of this thesis is to research and develop a low profile, beam
steerable planar antenna array, based on the microstrip antenna operating in the
second mode, at 30 GHz mm wave frequency band. This antenna is planned to be
used either as a gateway for satellite communications (29.5 GHz to 30 GHz, for
example for SpaceX, OneWeb, Telesat,), as a user terminal antenna (as the antennas
used on Kuiper Systems [6]) or as a 5G antenna scaled to operate for the 28 GHz
frequency band. The 5G antenna would be suitable for different applications like
mobile communications (5G antenna integrated in a cellular handset or in a satellite
phone handset), Wi-Fi applications (5G antenna integrated in laptops, tablets, etc.), or
Internet of Things (IoT) applications. In some cases, the dimensions of the antenna
might need to be further decreased, depending on the operating frequency, to meet
the low-profile requirements of the application. This could be done by replacing the

antenna dielectric material with a higher dielectric constant material.

For 5G cellular applications, this antenna needs to have a high directivity in order to
provide a narrow beam to serve the user residing in a very small cell. Beam scanning
is also essential because it allows the user to freely move within its cell, while keeping

a good, and acceptable contact with the cellular base station.

For the satellite handset application, this antenna requires to have a good
communication link with the Earth Observation satellites, especially in cases when the
terrestrial infrastructure cannot be employed or used, or in case of natural disasters.

Millimetre Wave Laptop antennas can also be developed using the planar antenna



array model of this research for providing a good wireless connectivity to the mm wave

Gateway.

In the third chapter, a set of requirements are determined for a gateway/user terminal
antenna. A directivity of 15 dB has been assumed to allow for a power level of about -
90 dBm at the satellite antenna. The antenna must be able to acquire the orbiting
satellites and to track them at a maximum speed of 0.79°/s. This speed occurs when

the satellite is at the antenna’s zenith point (overhead).

When the satellite is in the furthest point from the tracking antenna, i.e. at nadir (1126
km range if 22 satellites are considered in the orbital plane), the tracking speed for
that particular distance is 0.38°/s. It should also be capable of beam scanning for at
least 40°, which is the minimum required when the orbit is fully populated with satellites

(58 in total).

The tracking duration depends on the tracking speed and the distance to the satellite.
If it is considered the highest tracking speed (0.79°/s), then the 40° range would be
covered in approximately 50 seconds. However, given that the tracking speed
decreases as the satellite moves away from the ground station, the tracking duration

increases to about 1.5 mins.

This analysis suggests that the required beam scanning is rather slow and hence no
fast phase shifters are necessary in the case of the antenna array of concern in this

research.

The antenna beamwidth should not be wider than 69.3° (for 22 satellites per plane) or
37° (if the number of satellites increases to 58) for a good satellite discrimination. This

constrains the antenna gain. If the planar antenna to be developed for satellite



communication applications, it must comply with the EPFD limits in order to avoid

creating interference to the existing Geostationary Satellites.

The uplink Effective Power Flux Density (EPFD) limits of the transmitting earth station
are presented in 47 CFR §25.146(c) and Article 22 of the ITU Radio Regulations [7].
For 27.5-28.6 GHz and 29.5-30 GHz bandwidths, the EPFD limit is -162 dBW/m?

measured in 40 KHz bandwidth.

For 5G applications, the antenna must comply with the RF EMF exposure guidelines
published by the International Commission on Non-lonizing Radiation Protection
(ICNIRP), IEEE and US Federal Communications Commission (FCC). The values
required by the aforementioned regulators determine the Total Radiated Power and
the Effective Isotropic Radiated Power Levels required by the 3™ Generation

Partnership Project (3GPP) to support sufficient coverage and limit interference.

As presented in [8], the Incident power density limits set by ICNIRP and IEEE are
30.12W/m? measured on an averaging area of 4 cm?, at 30 GHz frequency and
10W/m? limit set by FCC. The Maximum Permissible Transmitted Power due to
Incident Power Density limits determines the Maximum Peak EIRP which must comply

with the 3GPP requirements.

In general, for small antenna arrays, at 30 GHz, The Maximum Permissible
Transmitted Power is measured at a distance d = 5 mm away from the surface of the
antenna in a 1 cm? area. For a 4x4 Antenna array, at 30 GHz, the Maximum
Permissible Transmitted Power to comply with FCC requirements is 10.4 dBm and
11.9 dBm for ICNIRP and IEEE. For the same antenna size, the Maximum EIRP levels
that comply with the RF EMF exposure Limits specified by ICNIRP, IEEE and FCC

are: 30 dBm and 24.6 dBm.



Publication [9] presents a good example of uplink budget calculation from a user

equipment towards a Very Low Earth Orbiting Satellite (VLEO) at 28 GHz.

In this research work, it will be demonstrated that the microstrip patch antenna gain
can be easily improved, without implementing expensive and complicated methods,
and that the efficiency of the antenna operating in the second mode matches the

simulated efficiency of 83%.



2. Background

Satellite broadcasting of television is a major source of revenue for the satellite
communications industry compared to the satellite mobile services. Geostationary
satellites have carried television programs since their inception for commercial service
in the late 1960s [10]. Nowadays, as the online streaming has increasingly become
of great interest for viewers, through services such as Netflix, Amazon, BBC-iPlayer,
Hulu, YouTube and Roku, the traditional television networks had to re-evaluate the
way they operate. However, there are still many areas on the Globe, where the Internet
infrastructure (Optical Fibre) is lacking and the installation costs are very high. In those
areas, the Satellites coverage is essential and as a consequence, the media

convergence becomes inevitable (for example the IPTV-based satellite delivery) [11].

The satellite mobile communication providers use the Earth Orbiting Satellites to relay
a signal from a terrestrial terminal or handset to another ground station. This service
is essential for users that operate in areas that are not covered by the terrestrial mobile
networks. The Mobile Satellte Communications are usually used by the remote
industrial businesses, by the Government and defence customers, in emergency

response situations or by recreational customers [12].

Satellite phone systems use geostationary equatorial orbit (GEO- for example
Inmarsat, Thuraya, Sky Terra, Terrestar) or low Earth orbit (LEO- for example
Globalstar, Iridium) satellites. GEO satellites orbit at about 36,000 kilometers (22,400
miles) above the Earth’s equator, and can provide near-continuous global coverage
with 3 satellites. These satellites are called Geostationary because they appear fixed
from Earth. They move at the same angular velocity as the Earth and orbit along a

path parallel to Earth’s rotation, providing coverage to specific areas. From the ground,



GEO satellites appear to be stationary. Because of the Earth curvature, the GEO

satellites are not able to cover areas above or below +70° Latitude [13], [14].

Besides the coverage inconveniences in areas closer to the Earths’ Poles, the latency
encountered with the GEO satellite mobile services (around 560ms signal round trip)
have made the government and the private/public organisations to debate whether the
LEO satellites are more effective in providing communications. As the Technology
advances, topics like price, coverage, maintenance and infrastructure needed for the
LEO/GEOQO or even MEO (Medium Earth Orbit) constellations are continually discussed

[14].

2.1 Importance of Low Earth Orbiting (LEO) satellites in Mobile communications.

The Low Earth Orbits and the Medium Earth Orbits are closer to Earth (160 km-2000
km and 2000 km-35575 km) than the Geostationary Satellite Orbits (GSO-36000 km),
therefore with these satellites less powerful amplifiers are required on the ground, the
latency reduces substantially and the throughput can be increased. These satellites
are in continuous motion and they are less susceptible to jamming or non-approved

interception. [15]

With the GEO satellite system, the line of sight between the user’s satellite phone and
the satellite can be broken by obstacles like hills, forests, etc., especially at high
latitudes. Before using the satellite phone, the user must find an area where the line

of sight is clear.



With the dense LEO satellite constellations, at different altitudes and in various orbiting
planes (for example, inclined, near polar orbiting planes), the high latitude limitations,

encountered with the GEO systems, are eliminated.

In the worst scenario, even if the signal is blocked by an obstacle, the high dynamics
of the LEO satellite constellations relative to the ground, would bring in a few minutes
(or even instantaneously, if the constellation density is high) another satellite in the line

of sight of the user.

Recently, small satellites like cubesats, nano and pico satellites have been
manufactured and deployed to support a wide range of Internet of Things (loT) as well
as broadband applications. They form a communication network in space (for example
Kepler, Telesat, Starlink constellations) to support and complement 5G New Radio and

Beyond communications.

The integration of these small satellites with 5G will bring mobile broadband
enhancement with increased data rates, massive Machine Type Communications to
enhance the range of loT applications, Ultra Reliable Communications to provide low

latency etc.

The low manufacturing costs, size and weight (under 500Kg) of the satellites reduce
the launching costs and encourage the deployment of highly dense LEO satellites

constellations [14].

Figure 2-1 presents an overview of the unique characteristics of LEO small satellite

constellations with respect to the GEO satellites, as they are presented in [14].
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Figure 2-1: The Characteristics of LEO constellations with respect to GEO satellites

[14]

The wireless communications via LEO satellites present an advantage in propagation

delay compared to the terrestrial communications via fibre. This is because in free

space the electromagnetic waves propagate at the speed of light, whereas in optic

fibre, the speed is around 1.47 times slower. This would even lead to a lower

propagation delay with a LEO constellation than with the terrestrial optical fibre

networks over long distances [14].

A constellation of LEO satellites can provide continuous, global coverage as the

satellite moves. Unlike GEO satellites, LEO satellites also rotate around Earth at a

much faster speed because of their proximity to Earth. For example, an Iridium satellite
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travels at approximately 27,358 km/h (completing an orbit every 100 minutes),

compared to a GEO satellite that typically has a speed around 11,265 km/h [15].

Each NGSO (Non-Geostationary Satellite Orbit) satellite is visible to an Earth station
for a short period of time (5-20 mins) and during this period, the Earth station must

upload and download as much data as possible [16].

LEO satellites typically have an orbital period of about 90-110 minutes, they travel at
an approximate speed of 7.5 km/sec, which makes them visible to a ground station for
a short period of time, about 6-8 times during a day. The position between a satellite
with regards to a ground station will vary on each pass of the satellite because the
Earth is moving at the same time - See Figure 2-2 [18], [19]. In consequence, on each
pass, the orbiting satellite will appear at a different elevation angle to the ground
station.

¢|» Eanh’s ¢|> Eanh’s
rotation

Satellite
orbil

a) b)

Figure 2-2: Satellite pass for an Earth rotation angle of B per orbit a) first pass and b)

second pass [17]

Once the ground antenna has lost the line of sight to the satellite, it must move in the
direction of the next up-coming satellite and link to it. The Earth station, must therefore

be able to communicate through handoffs between satellites, it must continuously
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move and be high performing. The LEO constellations require smaller ground

antennas, but a larger number than the GEO constellations do.

The satellite-to-satellite communication will require fewer terrestrial gateways,
therefore the security is enhanced. Any gateway that communicates with a LEO
satellite needs to receive the satellite’s position regularly and it must transmit this
information to terminals continually. Types of satellite tracking employed include TLE

(Two Line Element) tracking and Step tracking [16].

The satellite coverage area (footprint) is defined as a region on the Earth from where
the satellite is seen under the lowest elevation angle. Achievement in antenna
technology brought in the multibeam LEO systems where the footprint or coverage
area is divided is many cells (multibeam arrays) in order to enhance frequency reuse
policies. The frequency reuse inside a footprint is achieved by applying the space
diversity policy. Handover from one cell to another is defined as ‘cell handover’.

Particularly, the interference problems have to be treated carefully [19].

2.2 LEO Satellite Constellations Examples

The most important parameters in designing a satellite constellation are: the type of
the orbit, the altitude of the orbit, the number of orbits, the number of satellites in each
orbit, the satellite phase factor (which defines the angular distance between satellites)

between different orbit planes.

Presently, there are two popular LEO satellite constellation topologies: The Walker
Delta constellation with circular orbit geometry and the Walker Star constellation with

circular near polar orbit. The two constellation types are illustrated in Figure 2-3.
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Figure 2-3: Constellation types for LEO satellite system: a) Walker Delta; b) Walker

Star [20]

In Delta configuration, the orbit inclination can be adjusted to control the overlapping
coverage in certain areas. For example, the overlapping coverage at the poles can be
minimised, while the overlapping at the Equator can be increased. With this
configuration, it is not possible to establish a stable ISL (Inter-Satellite Link) with
satellites in adjacent orbital planes because the relative position between satellites

constantly changes.

In the Star configuration, the satellites move constantly from North to South or from
South to North. As a consequence, each satellite can connect with another satellite in
the same plane or in adjacent planes. One problem that occurs in this constellation
type is the ‘orbital seam’ phenomenon. The movement of a satellite can be in an
ascending orbit (S-N) or in a descending orbit(N-S). An orbital seam is formed between
two orbits in different directions (retrograde orbits). This is a region where satellites in
counter rotating planes pass each other in opposite directions. The relative movement
of the satellites moving in the same direction, but in different orbits, (i.e. in prograde
orbits) is fixed, but in retrograde orbits, the relative speed of satellites is twice the

speed of one satellite. As a consequence, the handover between satellites becomes
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more frequent. Another problem in the Walker Star constellation is the overlapping
coverage at high latitudes, especially at the poles. This produces severe interference
between satellites, especially if some of them use the same frequency. In this sense,
beam turn-off and turn-on strategy is usually applied between satellites [20]. This
strategy represents one coordination method between satellites operators, required
by the International Telecommunication Union (ITU). By switching off during the inline

geometry cases, interference can be reduced to acceptable levels.

In terms of coverage schemes, there are two popular schemes adopted for the LEO
satellite constellations: the Spot Beam coverage and the Hybrid-Wide Spot Beam

coverage.

In the spot beam coverage scheme, the LEO satellites provide multiple spot beams to
cover one area on Earth. These beams can be arranged in different shapes, but the
pattern of the individual beams cannot be changed and this can lead to an inefficient
coverage system. Also, as the coverage area of an individual spot beam is small (for
example 450 km diameter beam on the Iridium System), frequent handovers between

beams occur and this could degrade the user experience.

In the Hybrid-Wide Spot Beam coverage scheme, each LEO satellite provides a wide
beam to cover the service area, but also some steering beams (within the wide beam
coverage area) for users employing digital beam forming techniques. The spot beams
are fixed to the users, even when the satellite is moving, and this assures high data-
rates, according to the user’s demands. The wide beam is fixed and used for telemetry
and control and the handover between the satellites happen only when the user with
its spot beam comes at the edge of the wide beam. This coverage scheme is very

complex and requires a sophisticated access procedure for the user terminal [20].
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2.2.1 SpaceX — Under development

According to the first application to the Federal Communication Commission (FCC), in
2018, the SpaceX NGSO satellite system would consist of 4,425 satellites arranged in
a Delta constellation (plus in-orbit spares) operating in 83 inclined orbital planes (53°,
53.8°, 74°, 81°, 70°, at altitudes ranging from 1,110 km to 1,325 km), as well as

associated ground control facilities, gateway earth stations and end user earth stations

[21].

However, in December 2019 SpaceX received the approval from FCC to reduce the
number of satellites to 4409 and to operate 1584 satellites at the lower altitude of 550
km, instead of 1150 km, as it was initially planned, in 72 inclined planes at 53°, with 22

satellites per orbit.

In April 2021, FCC approved another request from SpaceX, to reduce the total number
of satellites to 4408 and to operate the rest of the remaining satellites, i.e. 2824, at
altitudes between 540-570 km range as follows: 1,584 satellites operating at 540 km,
with an inclination of 53.2°, in 72 orbital planes with 22 satellites per plane, 720
satellites operating at 570 km, with an inclination of 70°, in 36 orbital planes with 20
satellites per plane; 348 satellites operating at 560 km, with an inclination of 97.6°, in
6 orbital planes with 58 satellites per plane; and 172 satellites also operating at 560
km, with an inclination of 97.6°, in 4 orbital planes with 43 satellites per plane [22].
Because of the atmospheric friction at this lower altitude, this relocation will
significantly enhance space safety by ensuring that any orbital debris will quickly re-
enter and demise in the atmosphere. Due to its closer proximity to consumers on

Earth, this modification will allow SpaceX’s system to provide low-latency broadband
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to unserved and underserved Americans that is on par with service previously only
available in urban areas. Given the atmospheric drag at these lower altitudes, this
relocation will ensure that all of SpaceX’s satellites will quickly re-enter and demise in

the atmosphere when no longer needed for operations [23].

The system is designed to provide a wide range of broadband and communications
services for residential, commercial, institutional, governmental and professional users
worldwide. The total throughput per satellite in envisioned to be 17-23 Gbps,
depending on the characteristics of the user terminals [21], [24]. Advanced phased
array beamforming and digital processing technologies within the satellite payload give
the system the ability to make highly efficient use of Ku-Ka-band spectrum resources
and the flexibility to share that spectrum with other licensed users. The system will
employ optical inter-satellite links for seamless network management and continuity
of service. The optical intersatellite links operate at a much higher frequency than RF
links, generally at near infrared bands (for example at 1064 nm or 1550 nm

wavelength).

User terminals operating with the SpaceX system will use phased array technologies
to allow for highly directive, steered antenna beams that track the system’s LEO
satellites. Gateway Earth stations also apply advanced phased array technologies to
generate high gain steered beams to communicate with multiple NGSO satellites from

a single gateway site [21], [24].

Table 2-1 and Figure 2-4 present the Frequency bands used by SpaceX. It uses RHCP
(Right Hand Circular Polarisation) for user uplink and downlink and LHCP (Left Hand
Circular Polarisation) for telemetry data. It also uses 250 MHz downlink channels and

500 MHz uplink channels (in both RHCP and LHCP) for the gateway links. SpaceX’s
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system architecture allows for on-board demodulation, routing and re-modulation, in
this way, decoupling the user and gateway links. This allows them to use different
spectral efficiencies in the uplink/downlink channels, maximizing the capacity of the
satellites, to dynamically allocate resources for the user beams and mitigate the

interference by selecting the convenient frequency bands [24].

The contours for all transmit and receive beams are essentially the same for satellites
operating in all planes and altitudes. With the new satellites’ altitudes, SpaceX is
authorized to operate with earth station elevation angles as low as 25° for user
terminals and gateways, and for gateways in the polar regions (above 62° latitude) it

is authorized to operate with earth station elevation angles as low as 5° [22].

Table 2-1: Frequency Bands Used by the SpaceX System [25]

T f Link T issi
ype ortin -and. ransmission Initial Frequency Ranges Final Frequency Ranges
Direction
User Downlink _ 10.7 - 12.7 GHz 10.7 - 12.7 GHz
Satellite-to-User Terminal
10.7-12.7 GHz
Gat D link .8-18.
a evyay ownlin 10.7 - 12.7 GHz 17.8-18.6 GHz
Satellite to Gateway 18.8 - 19.3 GHz
19.7-20.2 GHz
User Uplink 14.0 - 14.5 GHz 12.75- 13.25 GHz
User Terminal to Satellite 14.0- 14.5 GHz
. 14.0-14.5GHz
Gateway Uplink
. 14.0-14.5 GHz 27.5-29.1 GHz
Gateway to Satellite
29.5-30.0 GHz
TT&C Downlink 12.15 - 12.25 GHz 12.15-12.25GHz
18.55-18.6 GHz
TT&C Uplink 13.85 - 14.00 GHz 13.85 - 14.00 GHz
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Figure 2-4: Frequency Plans and FCC Spectrum Allocations [21]

As shown in Figure 2-5, each satellite operating at an altitude of 550 km will provide
service up to 25" away from nadir, covering an area of about 2.7 million square km
(940.7 km radius). By definition, nadir is the point on the Earth’s surface that is directly
below a satellite in orbit. As the transmitting beam is steered, the power is adjusted to
maintain a constant PFD (Power Flux Density) at the surface of the Earth,
compensating for variations in antenna gain and path loss associated with the steering

angle. The highest EIRP (Effective Isotropic Radiated Power) density (-15.75 dBW/4
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kHz for Ku and 15.7 dBW/4 kHz for Ka) occurs at about 53° steering angle for Ku and
57°s for Ka. For the receiving beams, the antenna gain drops slightly as the beam
slants away from the boresight. As a result, the maximum gain over noise temperature
figure, i.e. G/T (8.4 dB/K for Ku and 13.7 dB/K for Ka) occurs at boresight, while the

minimum G/T (4.9 dB/K for Ku and 11.1 dB/K for Ka) occurs at maximum slant.

SpaceX launches its satellites using its own launch vehicles (Falcon 9 or Falcon
Heavy) and there will be two launching stages: in the initial stage, 1600 satellites will
be launched into the orbits and the system will become operational after the launch of
the first 800 satellites. In this stage, SpaceX will be offering services in the £ 60°latitude
band. In the second stage, the remaining 2825 satellites will be launched and this will

ensure global coverage [24].

The deployment to a lower altitude guarantees removal of satellites from orbit within a
relatively short period of time, and consequently has beneficial effects with respect to
orbital debris mitigation. At the same time, the power flux density (PFD) emissions are
reduced and the interference environments improved. Lowering the minimum
elevation angle improves the customer experience and the low altitudes also improve

the speeds and latency.

In order to avoid interference with other systems (GSO or NGSO), SpaceX has the

following attributes:

- Highly directional earth station beams
- Ability to select from multiple visible satellites for service

- EPFD (Effective Power Flux Density) limits
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- Avoiding in-line events (22° or less) or apply the band segmentation in absence

of any coordination agreement with the other operators [21].

SpaceX seeks to operate in the V-band frequencies (40 GHz-75 GHz) as well and it
intends to launch another 7,518 VLEO (Very Low Earth Orbiting) satellites in order to
provide robust broadband services, as a result of combining the LEO and VLEO

systems into one coordinated system [26].

SAT 55
.  — - 220km
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User . *\'250 25“/'“ .
Terminal

o area the satellite can cover —
i (940.7km radius)

Figure 2-5: Steerable Service Range of Ku-band Beams [25]

As of March 2024, the total number of satellites operating at LEO altitudes is over

6000.

The satellites provide broadband services in rural and remote areas in the world where
the population density is relatively low. The first generation of Starlink Satellites, is
capable of providing internet speeds of 80Mbps to 150Mbps for downlink and 30 Mbps

for uplink. However, SpaceX promised improved services with the second-generation
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satellites launched into the constellation The system is already serving users in
Washington, Oregon, Idaho, and other states in the northern US. The company has

also brought the service overseas to the UK, Germany, and New Zealand.

To benefit from the Starlink’s service, the user must use the 59 cm diameter Starlink
phased array antenna and a Wi-Fi Router, which has been assigned to a single cell.
Given the User Uplink and Downlink frequencies shown in Table 2-1, it results a Tx
and Rx antenna gain of about 36-38 dBi. If the user attempts to remove the Starlink

dish from its assigned cell, the service will be disrupted [27].

2.2.2 Eutelsat OneWeb

The initially planned Eutelsat OneWeb NGSO satellite system consisted of a Star type
constellation of 720 LEO satellites, plus in-orbit spares, in 18 near polar circular orbits
(87.9° inclination), at altitudes of 1200 km, as well as associated ground control
facilities, gateway earth stations and end user earth stations. Each orbiting plane
contained 40 satellite and the overall system implemented the bent-pipe architecture

(there is no on-board processing capability) [24].

This NGSO system uses Ku-band for the RF links between the satellites and user
terminals. The user terminals consist of small and inexpensive antennas (30 cm-75
cm which means a gain between 32.86 dBi-40.8 dBi at 14 GHz and a 3 dB beam width
between 2°-5%) that can be: mechanically steered parabolic reflectors and/ or low-cost
phased array designs or other beam steering technology already under development.
In April 2023, Intellian signed a contract with OneWeb for flat panel user terminals

production.
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For the mechanically steered antennas, the satellite tracking is achieved by the use of
two independently steerable apertures, or for certain applications of a single antenna
aperture that can quickly switch pointing direction between the active satellites using

data buffering to ensure no loss of transmitted information.

The Ka band gateway Earth Stations (envisioned to constitute 50 or more, with up to
10 gateway antennas each [24]), typically use 2.4m (which means a gain of 57.24 dBi
at 29 GHz and a beam width of 0.3°) or larger antennas depending on their location,

service requirements and propagation characteristics.

Table 2-2 presents the frequency bands used by the One-Web NGSO satellite system.
OneWeb uses RHCP polarisation for the user downlinks and LHCP for the user uplinks

[24].

Table 2-1: OneWeb NGSO system Frequency bands [28]

T fLinkand T issi
ype of Link and Transmission Frequency Ranges

Direction
. 27.5-29.1GHz
Gateway - to - Satellite
29.5-30.0 GHz
17.8 - 18.6 GHz
Satellite - to - Gateway 18.8 - 19.3 GHz
19.7 - 20.2 GHz

12.75-13.25 GHz
14.0- 14.5 GHz

User Terminal - to - Satellite

Satellite - to - User Terminal 10.7 - 12.7 GHz

According to [28], Each OneWeb satellite has 16 identical Ku-band user beams (250
MHz bandwidth), each consisting of a non-steerable highly elliptical spot beams. There

are also two identical steerable gateway beam antennas (125 MHz bandwidth),
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operating in the Ka band and each of these antennas creates an independently

steerable circular spot beam.

A user will be progressively handed over from beam to beam within a OneWeb satellite
and then handed off to the beams of the next satellite in the same orbital plane, or as
required, to a satellite in the adjacent orbital plane. For gateway links, the second
gateway antenna on each satellite is used to enable the handover so the gateway link

alternates between the first gateway beam and the second gateway beam [28].

The service will be available only in regions where the users and a ground station are
simultaneously within the Line Of Sight of the satellite. That is because the satellites

do not use inter-satellite links [24].

The frequency reuse in the Ku-band will be achieved by reusing the same frequencies
between geographically separated beams of the same satellite. In the Ka band, the
orthogonal circular polarisation for the transmissions to the active gateway earth

station will permit the frequency reuse.

Each of the Ku-band spot beams is highly elliptical with its major axis in the E-W
direction and minor axis in the N-S direction. The 16 beams are arranged in a single
row in the N-S direction to create an almost square footprint on the Earth. Figure 2-6

illustrates the highly elliptically beams in the N-S direction.

The pointing of the satellite can be adjusted so the beam pattern can be moved in the
N-S direction relative to the nominal nadir pointing direction. This feature is used to

control the power levels generated in certain directions by the OneWeb system [28].

For the links between the satellites and the gateway stations, there is a minimal arrival

angle of 15°. Every point on the Earth’s surface will see at all times a OneWeb satellite
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at an elevation no less than 55° with increasing the minimum elevation angles with

latitude.

1 1 1
0.00 10.00 2000 3000
Alpha inDegrees

Figure 2-6: Ku band beam array for a single OneWeb satellite [28]

To protect the GSO satellite networks from interference, the pointing directions of the
Ku-band beams are adjusted as the OneWeb satellites move towards the Equator.
When the pointing direction adjustment is not sufficient to comply with the EPFD limits,

certain Ku-band beams are turned off. [28]

The satellite broadband service should be capable of offering the following capabilities:

Speed- (to/from UT) 25-50Mbps/5Mbps, Volume-100GB/month, latency-30ms for
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backhaul services and Internet access. As a basic service, without Internet access this

should include: Speed-5Mbps/1Mbps, Volume-10GB/month, latency-30ms. [29]

With the 36 satellites launched in April 2020, OneWeb takes in its orbit constellation a
total of 146 spacecrafts. That was the third in a five-launch programme to enable
OneWeb’s first connectivity solution to be service ready by the end of 2021 across the
United Kingdom, Alaska, Northern Europe, Greenland, Iceland, the Arctic Seas and
Canada [30]. As of May 2023, OneWeb launched 634 satellites which are all

operational.

2.2.3 Telesat — Under development

In November, 2017, Telesat has been granted the request for building a 117 Ka band
satellite constellation at low earth orbiting altitudes. The system consists of 11 orbital
planes in total, from which 6 inclined circular orbital planes (99.7°), with 12 satellites
per orbit, at an altitude of 1000 km, and another 5 inclined circular orbital planes

(37.4%), with 9 satellites per orbit, at 1248 km [31].

The Polar Orbits will provide general global coverage, whereas the other 5 inclined
orbits will focus on regions on the Globe where the population concentration is high.
The adjacent satellites from this constellation (within the same plane or within adjacent
planes) will communicate via optical inter-satellite links, therefore a user would be able

to connect to the system from anywhere in the world.

It is not necessary for the user and the gateway to be simultaneously visible to the

satellite, as it is on OneWeb. The minimum elevation angle for a user is 20° [24], [77].
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The satellites are authorized to operate in the 17.8-18.6 GHz (space-to-Earth or
downlinks), 18.8-19.3 GHz (space-to-Earth), 19.7-20.2 GHz (space-to-Earth), 27.5-
29.1 GHz (Earth-to-space or uplinks), and 29.5-30.0 GHz (Earth-to-space) frequency

bands.

Each satellite will carry on board processing module capable of demodulating, routing,
re-modulation and a direct radiating array. The array will be able to form 16 beams for
the uplink and another 16 for the downlink and the beams will be shapeable, with
power, bandwidth, size and boresight dynamically assigned for a minimum

interference to GSO and NGSO satellites.

Each satellite will present 2 steerable gateway antennas and a wide receiver beam for
signalling. Several gateways are distributed geographically around the world, each

presenting multiple 3.5m antennas [24], [31].

In May 2020, Telesat applied for a ‘Modification of market access authorisation’ to
FCC, in which more satellites were to be added in each orbit and the constellation

altitude was changed.

In the first phase of its plan, Telesat will add 181 satellites to its Constellation, bringing
the total in Phase 1 to 298 satellites (the “Modified Constellation”). In the second phase
of its plan, Telesat will add 1373 satellites, bringing the total at the end of Phase 2 to

1671 satellites (the “Final Constellation”). The modifications are shown in Table 2-3.
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Table 2-2: The Modified Constellation of Telesat [32]

Telesat Modified Final
Parameter . .
Grant Constellation | Constellation
Orbital planes 6 6 27
Polar Sub- Satel!ltes. per plane 12 13 13
. Inclination (deg) 99.5 98.98 98.98
constellation -
Altitude (km) 1000 1015 1015
Total satellites 72 78 351
Orbital planes 5 20 40
Inclined Sub- Satel!ltes. per plane 9 11 33
. Inclination (deg) 37.4 50.88 50.88
constellation -
Altitude (km) 1248 1325 1325
Total satellites 45 220 1320
Total satellites in constellation 117 298 1671

Telesat’s Modified and Final Constellations (named Telesat Lightspeed) will deliver
Gbps downlink speeds anywhere on earth and will allow a much more affordable and
ubiquitous provision of broadband services across the United States. The sub-
constellation architecture will enable global coverage and low latency but will require
sophisticated inter-satellite laser links (ISLLs) for military LEO constellation

applications [32], [33].

Telesat launched the first satellite in its constellation in January 2018, and now it is
supporting live demonstrations across a variety of markets and applications. The low-
latency, high throughput performance, satellite tracking and Doppler compensation are
tested and experienced as well. Recent LEO-1 demonstrations include applicability for
a public safety broadband network, 5G mobile network backhaul, connectivity to
transportable antenna systems, including antennas in aircraft, and advanced antenna

technology for the U.S. Navy [32].

The technical specifications of the Telesat satellites are presented in [33], where the

maximum data rate values show up to 7.5 Gbps offered to a single terminal and up to
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20 Gbps offered to a single “hotspot” site, such as remote communities, airport hubs
and sea ports. The commercial services are envisioned to commence in the second

half of 2023 [34].

As of November 2023, the Lightspeed constellation has only 3 satellites launched, with

up to 198 satellites being planned for launching in 2026.

2.3 LEO Shortcomings

The growing demand of satellite communications has led to new satellites, new
constellations and new applications development. Most of the new satellites will be
small satellites, flying in constellations in Low Earth Orbit (LEO). Most of the new Low
Earth Orbits are Polar or Near Polar and a very large number of satellites are planned
to be launched on these orbits. Even if the paths of the orbits vary, there are still some
concerns about the eventual collisions that may occur because of the density of the

satellites in the Non-Geostationary Satellite Orbits (NGSO).

Compared to GSO systems, a large number of LEO satellites must work together in
order to cover the entire Earth. Many constellations need to rely on Optical Inter-

Satellites Links for satellite-to-satellite communications. [17]

As the size of the LEO satellites are much smaller than the GEO satellites, their launch
costs are considerably lower compared to the costs involved for the big geostationary
satellites launch. The Software Defined Radio (SDR) trend, which means the
replacement of the analog radio components (like modulator and filters) with software,
diminishes the physical space needed on the spacecraft, and also, the development

and configuration costs. For example, the 5Kg Kepler satellites (CubeSats-multiple of
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10 by 10 by 10 cm units) employ the SDR technology [35]. Moreover, private
companies like SpaceX developed the technology for the launch system reuse,
applied on their Falcon 9, Falcon Heavy and Starship rockets [36]. All these
advantages and facilities increase the number of LEO satellites in space, but raise
concerns related to space debris mitigation and to the complicated manoeuvres

against collisions between the spacecrafts.

However, given the low altitudes of the satellites, at their end of life, the spacecrafts
will easily enter into atmosphere, but in a controllable manner, to avoid the collision

with other satellites orbiting at lower altitudes [25], [37], [38].

Another disadvantage of the LEO satellites is their operating life-time which is almost
half (about 5 years) of the GSOs’ life-time and this is because of the effects of
atmosphere on them. Because of the friction, the satellites suffer from fast orbital
decay and for that, they need to be frequently re-boosted back into the orbit. Moreover,
the Van Allen radiation may have effects on the sensors, integrated circuits and solar

cells of the satellites and in general, on the life of the satellites [18].

At the ground, given the dynamics of the LEO satellites, the receiving antennas must
be agile enough to continuously track the visible satellite. The antennas can be
mechanically steerable, electronically steerable or both mechanically and
electronically steerable. For the mechanically steerable antennas, the appropriate
mount type must be selected in order to avoid the gimbal-lock positions of the
rotational axes that may occur when the satellite passes at zenith or at low elevation

angles.

The communication at low elevation angles can be hindered by the natural barriers.

As a consequence, the detection of the satellite above the natural barriers enables the
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practical horizon to be determined. The practical horizon differs from the ideal one for

around 2-3° in elevation. [18]

2.4 Types of Antennas Used on LEO Satellites

Tracking and communicating with LEO satellites require rugged and high performing
antennas. This necessity comes from the continual movement of the satellites and
their high-speed relative to the ground station. These antennas must be agile and keep
the contact with the visible satellite from horizon to horizon and then retrace to a
position for the next upcoming satellite. There are several types of antennas that can
be used to track LEO satellites: mechanically steered antennas (the X/Y mount
antennas and El/Az antennas), electronically steered antennas (phased arrays) and
hybrid antennas (fixed beam antennas that use mechanical positioner) [16]. This
Chapter describes different types of antennas used for LEO Satellites tracking, giving
some examples of existing commercial terminals. Different types of antennas
implemented in Mobile devices and 5G communications are presented in the second

part of the Chapter. The last section of this Chapter outlines the main thesis objectives.

2.4.1 Mechanically steered antennas

The Elevation over Azimuth antennas with parabolic reflectors are the most common
type of antenna mount, used for broadcasting services, with GEO satellites. Although
the GEO satellites appear to be fixed relative to the Earth, in reality they are

continuously perturbed by the Moon, Earth, Sun forces and solar radiation pressure.
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These perturbations make the satellite to drift in the E-W direction, and therefore, the
satellite operator must perform some manoeuvres in order to maintain the satellite

within its assigned station-keeping box [39].

As a consequence, the earth station antenna must be able to track the satellite within
its station keeping box, especially if the ground station antenna is large, and/or
operates at high frequencies (large antennas and high operation frequencies
determine a narrow beamwidth). The station keeping box represents the satellite’s
assigned longitude and inclination box which is typically within +/- 0.1°. For tracking,
antenna controllers are usually employed to impose the pointing angles necessary for
tracking to the motorised system. The tracking process involves only small Az-El axis
rotations, and for this purpose, the motorised Elevation over Azimuth antennas are

generally used.

For the Low Earth orbiting satellites, the Elevation over Azimuth antennas could work
well, especially if the satellite is not passing right at the zenith (overhead) of the
antenna. But because the maximum data rate occurs when the satellite is at the
maximum visibility angle to the earth station, these passes must not be skipped. The
geometry of these types of antenna mounts determines the presence of a keyhole
area when the antenna is positioned at the zenith. In short, a data acquisition antenna
must have its maximum slew rate capability (the rate at which the antenna’s position
changes) at zenith. But at zenith, the satellite’s angular velocity is maximum and the

slew rate could reach tens of degrees per second, which is not achievable in practice.

For LEO tracking, a third axis is required to dynamically change the base tilt of the
antenna. In general, EI/Az antennas need to move at a typical speed of 5°-10° /s to

track a LEO satellite [16].
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The X-Y antennas are the most used and the most efficient mechanically steered
antennas for tracking LEO satellites. The aperture can range from 1.2m to 12m. This
design pushes the keyholes (areas of data loss) to the horizons. The secondary axis
(Y) is placed orthogonally to the primary axis (X) such that the secondary axis is
horizontal when the antenna is pointed at the zenith. These antennas must move at a

typical speed of 3° / s to track LEO satellites.

Figure 2-7 presents the EL-Az and X-Y mount configuration.

ELEVATION
FARABOL A Axts \
1

. o

jwm |

ey XIS

1 AZIMUTH 3
il T
I'If I K\ % AXIS
_ 4 _

(a) (b)

Figure 2-7: Antenna mount types: (a) Elevation over Azimuth mount, (b) X-Y mount

[40]

2.4.2 Electronically steered antennas

The Flat Panel Antenna is the most convenient type of antenna for tracking LEO
satellites. The Electronically steered array antennas can steer the beam very quickly,

eliminating the keyhole issues encountered on mechanically steered antennas.
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In a Planar Array the radiators are positioned along a rectangular grid and they are
used to scan the beam toward any point in space. According to the Linear Array
Theory, the total radiation field of an array, assuming no coupling between the
elements, is equal to the sum of the individual element radiations. After a series of
mathematical calculations and approximations, it results that the total field of the array
is equal to the field of a single element positioned at the origin multiplied by a factor,

referred to as Array Factor.

For the Planar Array illustrated in Figure 2-8, the overall Array Factor, in the X-Y plane,
is the multiplication result between the Array Factor of the Elements along the X axis

and the Array Factor of the Elements along the Y axis.

AFX — Z%=1 Ixej(m—l)(kdxsinecos¢+[s’x) (21)

AFy — 2%:1 Iyej(n—l)(kdysinesin¢+ﬁy) (22)

AFTOT — Z%=1Ixej(m—l)(kdxsin9cos¢+ﬁx) 2¥=1 Iyej(n—l)(kdysinesin¢+ﬁy) (23)
Where: L. , I, are the magnitudes of the excitation;

d, , dyare the spacing between the elements along the axes.

Bx » By are the progressive phase shift between the elements along the

axes.
. 2T
k is the wavenumber: -

The normalized form of Equation (2.3) can also be written as:



(1 sin G 1sin Sy
AFTOT(Q’ ¢) B {M sin (%) }{N sin (?) (2.4)
Where: Y, = kd,sinfcos¢p + B,
Y, = kd,sinfsing + B, (2.5)

dy-vte-dy-efe-dy-stedy—s/

Figure 2-8: Planar Array Geometry [41]
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The spacing between the elements in the x and y directions must be less than half of
a wavelength (d, , d,, < % ), otherwise the radiated fields will combine in phase in more

than one direction and it will give rise to grating lobes.

Thus, by controlling the progressive phase difference between the elements, the
maximum radiation can be squinted in any desired direction to form a scanning array.

This is the basic principle of the electronic scanning phased array operation.

The maximum radiation of an array can be squinted in any direction if the progressive
phase difference between the array elements is continuously varied. This is usually

accomplished with diode phase shifters, ferrite, MEMS, Liquid Crystals [41].

The PIN diode presents an intrinsic layer between the p and n layers which makes it
suitable for high frequencies applications. When reversed biased, the diode presents
high impedance, while when forward biased the diode is left in a low impedance state

[42][43].

With these properties, the PIN diodes can be used as RF switches. The forward bias
current is typically 10-30 mA and the reverse bias voltage is typically 10-60V. The small
size and the high speed make the PIN diodes more advantageous than the ferrite
phase shifters. However, the diodes phase shifters require in general more power than
the ferrites as they involve continuous bias current, while a latching ferrite device

requires only a pulsed current to change its magnetic state [42].
There are 3 types of PIN diode phase shifters: switched line, loaded line and reflection.

Figure 2-9 presents the Switched Line phase shifter. The differential phase shift
between the 2 paths is: A¢ = (I, — 1;), where B is the propagation constant of the

line [42]. The PIN diodes are employed as switches, switching the bias current from
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the forward to the reverse bias mode. The PIN diodes present a separate DC bias
circuit, separate from the RF path. Under forward bias, the diodes impedance is
reduced and under reverse bias the impedance is high, opening and closing the paths

to provide the A¢ phase shift.

In Ot

Figure 2-9: Switched Line Phase Shifter [42]

The Switched Line Phase Shifters provide phase shifts of 180°, 90°, 45°, etc. One of
the problems introduced by this phase shifter is the resonance of the OFF line if its

length approaches A/2 or multiple of A/2.

For small amounts of phase shift (45" or less), the loaded line phase shifter is used.

The phase shift introduced by the loads is:

A¢ = tan1b/2 Where b=BZ0. B represents the shunt load susceptance and Z0 is

the characteristic impedance of the line - see Figure 2-10.
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Figure 2-10: Loaded Line Phase Shifter [42]

The M4 length line will reduce the reflections from the shunt susceptance. The
Susceptance is determined by the diodes and will change from capacitive to inductive

as the diodes are switched between states [43].

The reflection type phase shifter is presented in Figure 2-11:

i 90° Hybrid

Y

i

Figure 2-11: Reflection Phase Shifter using a quadrature hybrid [42]

The path length of the reflected signal is controlled by the state of the PIN diodes. The

input signal is equally divided by the hybrid coupler. The diodes are biased in the same
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state such that the reflected signal at the output port will add in phase. The total phase

shift at the output port is equal to A@.

The Varactor diode is also used as a phase shifter element but unlike the PIN diode,
the junction capacitance varies with the applied reversed bias voltage, thus providing

an electrically adjustable reactive circuit element [42].

For ferrite phase shifters, the magnetic field within the ferrite controls the phase, and
the intensity of the magnetic field is controlled by the amount of current flowing through
the wires that wrap the ferrite. In General, ferrite phase shifters are heavy and bulky,

compared to the diode phase shifters and require significant switching power [41], [44].

MEMS are mechanical switch-based phase shifters and present insertion loss
comparable to the diode devices. They are light structures, require low power for

switching, the switch time is very fast, but these phase shifters are not very reliable.

/ : / \
F_ ﬁ

/ﬁ_ [T~ __~—~—\
Cantilever Membrane

Figure 2-12: Micro Electro Mechanical Switch (MEMS) [44]

Figure 2-12 presents two types of MEMS: on the left side, the cantilever arm is pulled
down by an electrostatic field to rest on a dielectric spacer, while on the right side, the
membrane deflects like an oilcan. The change in capacitance is used to produce the

desired isolation.
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Another way to achieve beam steering is by using Liquid Crystals as substrate. The
material properties (dielectric constant) are varied by an external voltage. Therefore,
the resonant frequency of the radiating elements changes and this, in turn, shifts the

beam [45].

The main concerns regarding these phase shifters are: the insertion loss, the number
of elements needed in an antenna array and their power consumption. As these
elements are directly involved in element radiation, they cause high insertion loss.
High phase errors can result because of the quantization loss that provides a limited
number of phase states. Liquid Crystals also introduce losses that reduce the gain and

efficiency of the structure [46].

One issue that occurs with the scanning arrays is the low elevation scanning loss. This
refers to a significant power transmission loss when the beam scans at low elevation
angles. Beam spreading, interference from ground reflections and the reduction of the
collecting area represent the reasons for the loss. If the target is at low angles, and
the beam is pointed in that direction, the effective collecting area of the array
decreases considerably, therefore very little signal is intercepted. The cosine roll-off
represents a common term in phased array theory and it can be visualized if
considering a flat surface. At broadside, there is a maximum area of interception. As
the angle moves away from broadside, the area visible reduces following a cosine

function [47].

When the antenna scans to wide angles, the electromagnetic wave propagates along
the array structure. This can either have no effect on the total field, as the adjacent
elements do not intercept the energy, or the energy can be coupled into the elements.

In this case the field can be re-scattered from the structure, and combine with the



39

original radiated field (eventually with the sidelobes). Another possibility is to have the
intercepted energy directed into the input port of the element, from where it gets
transmitted into the system. This energy gets absorbed by the system, resulting in gain
reduction. There is also possible to get the energy reflected back to the antenna from
the input port. This will re-radiate with a phase that may degrade or not the overall

pattern. All these possibilities are discussed in [48].

In [49] and [50], the authors discuss about the catastrophic pattern degradation called
‘scan blindness’, which results in almost complete cancellation of all radiation for
certain scan directions. Scan blindness does not occur in finite arrays, but a severe
mismatch in input impedance takes place at a scan angle where the infinite array
containing active elements is blind. This phenomenon occurs when the surface waves
couple into transmission and no power is received or transmitted at that angle. The
phase of the surface wave matches the phase propagation of a mode supported by
the substrate. At this particular blind scanning angle, the mode of the periodic structure
excited by the phased array, becomes complex because the array is “designed” to
radiate and thus one Floquet mode of the guided mode appears into the visible range.
When this occurs, the field is both propagating and attenuating along the array plane,

resulting in power loss through the substrate and in a large input mismatch [49], [50].

Another issue that occurs with the scanning arrays is the beam squint phenomenon.
That is, for a given beam direction, the phase shift required between elements
changes with the frequency, or, for a given phase shift, the beam direction changes as

a function of frequency [51].

All these challenges must be carefully treated in the antenna design stage in order to

achieve the highest gain and scanning range.
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Presently, there are a few companies that have developed flat panel antennas for
NGSO satellite communications. The main concern about these antennas is the price,
weight and dimensions. In the next sub-section, the characteristics of some of these

antennas will be presented.

2.4.2.1 Kymeta Phased Array

In 2017, Kymeta introduced its first commercial metamaterial based flat panel antenna
for satellte communications. Metamaterials are materials that are specially
engineered to provide artificial electromagnetic properties, such as a negative index
of refraction. The metamaterial properties are determined by the periodic arrangement
of scattering structures that are smaller than the wavelength of the electromagnetic
waves they are interacting with. These small structures are fabricated from
conventional materials such as metals and plastics, but their size, shape, orientation,
and configuration can be designed to interact with electromagnetic waves to create
finely tuned resonances and other unconventional properties in certain frequency

bands.

The resonance frequency of each antenna element is tuned to implement a
dynamically reconfigurable diffraction grating, and define the antenna beam
holographically. The metamaterial is placed adjacent to the broad wall of a rectangular
waveguide feed structure that couples all the elements to a radio frequency wave

generated by a single transmitter (Figure 2-13).
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Figure 2-13: Metamaterial periodic structure (Left), Antenna Cross-Section

(Right) [52]

The elements are individually tuned by computer to radiate the guided wave, and those
that radiate in phase, at a certain scan angle, are tuned to scatter strongly, while the
other elements that do not contribute constructively to the overall radiation, are
detuned, not to radiate. The bandwidth of the antenna beam is determined by the
tuneable range of the elements, each element being tuned by varying the permittivity

of Liquid Crystal material.

The antenna can operate in full duplex mode, and this is achieved by interleaving the
Tx and Rx elements, and controlling them independently. The polarisation can be
dynamically switched between linear and circular, and the beam can be steered 360°
in Azimuth and from 15° onwards in Elevation. The radiation complies with ITU and
FCC power spectral density (PSD) masks to minimize adjacent satellite interference,
which can result from the beam broadening that occurs with increasing scan angle

[52].

The antenna is scalable, and for LEO satellite applications, a 20 cm aperture can
provide around Mbps, a Tx EIRP of 33.8 dBW, and a receive gain of 28.6 dBi [50]. In
March 2021, Kymeta demonstrated the tracking and acquisition capability of a LEO
Kepler satellite, in extremely cold weather. The u8 Antenna (shown in Figure 2-14)

operates in the Ku band, is 89.5 cm x 89.5 cm x 12.3 cm and weights 25 Kg. The Rx
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Frequency band is 10.7-12.75 GHz, and it presents a G/T Figure of 9-11 dB/K at
Broadside and 6-9 dB/K at 35° Elevation. The Tx Frequency Range is 13.75-14.5 GHz
and the Tx Gain is between 33.5-34.5 dBi at Broadside, and 31-32.5 dBi at 35°

Elevation. It requires a DC input power between 12-36VDC [53], [54].

Figure 2-14: Kymeta U8 antenna

Kymeta antenna is the very first commercial Flat Panel Antennas for the Non-
Geostationary Satellite Orbits, but it's complicated design, increased the unit price
considerably. Also, the antenna is heavy and can present high dimensions for some

applications.

2.4.2.2 Phasor Phased Array

Phasor Electronically Steerable Antenna presents a Software Defined Antenna
Architecture. The entire RF Chain is incorporated in a proprietary microchip (ASIC),
which controls the phase and amplitude of several patch antennas. Each microchip

with the controlled patches forms a radiating element.
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An array of such Elements composes the antenna aperture, which is connected to a
core module that provide the power, control and communication to the system. Figure

2-15 presents the configuration of the radiating elements.
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Figure 2-15: Phasor array configuration [55]

The antenna is scalable and capable of delivering a G/T figure of at least 20 dB/K and
EIPRs greater than 70 dBW. The launching product is expected to operate over the
Ku band (11 GHz-14 GHz). Other technical details have not been released yet by the

company [55].

This antenna array is lower in profile than the Kymeta panel, but it represents an active
array, where the RF components (incorporated in the microchip) are distributed among
the groups of patches. This could anticipate an increase of the unit price, even if the

product has not been released on the market yet.
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2.4.2.3 Isotropic Phased Array (All Space)

Isotropic Systems has designed and tested a flat panel antenna based on optical
beamforming concept. The RF signal is concentrated in a certain direction using
lenses. As a consequence, they use less electronic components, resulting in less

power consumption and relatively lower costs.

Ku band and Ka band prototypes have been built in 2018-2019 and the first Ka band
terminal has been released. The design is targeted for military applications and high-
end enterprise and leisure craft such as yachts and super yachts. By scaling the optical
beam module, which is 6 cm in diameter and 5 mm tall, derivative products can be
created to suit other applications (Figure 2-16). The optical beam module represents
the main optical beamformer, where lenses are employed for focusing the energy in

certain directions.

Figure 2-16: Isotropic Optical Modules [56]

The antenna can reach a look angle of 20° of Elevation, as the RF lenses bend and

focus the RF energy. The gain at those extreme angles is said to be around 3 dB better
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than a standard flat panel ESA. However, the antenna is conformable to specific

shapes, that can push the minimum elevation angle even further.

Instead of having to illuminate thousands of antenna elements all the time, one lens
and feed are illuminated to generate a beam. The beams from multiple "cells" are then
combined to achieve the desired bandwidth, drastically reducing the power
consumption. With the dynamic resource allocation, only the resources required are
turned on, depending on the link characteristics and the purpose of that specific beam.
The number of feeds under each lens can be varied, which tailors the product to a

specific application.

To shift the phase of the signal, that is amplified and digitized, solving the time delay
problem (squint). By using individual cells, essentially dedicated send or receive
modules, the patch antenna elements are separated, thereby eliminating the

interference and allowing full-duplex.

Each optical module is 5 cm tall and includes the lens, the feeds, and the printed circuit
boards with the amplification and digital beamforming circuitry and functionality. The
reduced number of chips, eliminates the need for heatsinks, which highly reduces the

weight of the antenna [56] [57].

2.4.2.4 Satixfy Phased Array

Satixfy electronically-steerable multi-beam array antenna presents its proprietary
application specific integrated circuit (ASIC) for Digital Beamforming and signal
processing, which comprises the Analog to Digital Converters (ADC), Digital to Analog

Converters (DAC) and Digital Phase Shifter for True Time Delay to avoid beam squint.
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The Prime ASIC chip is responsible for delivering up to 32 independent steerable
beams, equalisation and digital pre-distortion for each beamformer chain, beam

tracking and beam steering, linear and circular polarisation control.

The Ku band antenna elements are connected to the Prime digital Beamformer
through another chip, called ‘Beat’. This chip integrates the Tx and Rx RF Chains:
transmit driver and power amplifier, transmit up-converter, receive low noise amplifier,
receive down-converter and antenna polarization control, either linear or circular. A
single Beat supports four Ku-Band antenna elements operating in half-duplex mode.
Figure 2-17 illustrates the Prime and Beat chips configuration in a steerable antenna

array.

Tile 1 Tile 2 TileN

Tx SERDES Tx SERDES

Rx SERDES Rx SERDES

Rx SERDES
Antenna Controller/
Modem
Tx SERDES

Figure 2-17: The block diagram of a fully integrated steerable multibeam antenna

[58]

The fully digital 256-element antenna is a single board design with a shared aperture

antenna (Rx and Tx), operating from 11 to 12 GHz for Rx and 13.75 to 14.5 GHz for
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Tx. The 256-element ESMA comprises eight Primes daisy-chained and 64 Ku-Band

Beats.

The antenna can simultaneously point, track and manage multiple beams with multiple
polarizations. Figure 2-18 shows the 256 element antenna. The radiating elements are
circular patches, the Tx antenna gain is 28 dBi, and Rx gain is 26.5 dBi. The RF

bandwidth is 1 GHz and the Channel bandwidth 880 MHz.

This modular antenna is intended to be used for various applications such as |oT,
Broadband Communications for Land, Maritime and Aeronautical Applications, 5G

Fixed Wireless Access [58] [59].

Figure 2-18: 256 elements antenna [58]

2.4.2.5 Thinkom Phased Array

The Thinkom Phased array represents a combination between the mechanically
steered and electronically steered antenna arrays. The antenna consists of multiple
layers that rotate around a common axis to provide beam steering and polarisation

change. Figure 2-19 presents the layered structure of the antenna.
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Figure 2-19: The layered structure of the Thinkom phased array antenna [60]

The Aperture platter represents in essence a VICTS antenna (variable inclination
continuous transverse stub), which derives from the CTS (continuous transverse stub)
antenna type. The Elevation, Azimuth, Polarisation angles and the beam shape vary

with the rotation angle of the plates at the operating frequency.

In general, for VICTS antennas, the beam steering is achieved by rotating the feed
and the CTS Layer either in tandem or relative to each other. As shown in Figure 2-

20, the CTS layer consists of slots and matching stubs.

Figure 2-20 relates to Figure 2-19 through the fact that the CTS layer in Figure 2-20 is
represented by the aperture in Figure 2-19. The radiating slots are distributed on the

aperture layer, while the slow wave structures are in the feeding layer.
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Figure 2-20: Continuous Transverse Stub Layer [61]

The beam scanning in Azimuth is achieved by rotating the aperture and the feed at the
same time, and the scanning in Elevation is achieved by rotating the CTS layer relative
to the feed. The Thinkom terminals for LEO-MEOQO satellites operate in the Ku or Ka
bands (10.7-12.75 GHz for Rx and 13.75-14.5 GHz for Tx; 17.7-21.2 GHz for Rx and
27.5-31 GHz for Tx), and have an Effective Isotropic Radiated Power between 33.5

dBW and 57.5 dBW, depending on the frequency [60], [61].

2.4.2.6 Starlink Antennas

The Starlink Phased array antenna is about 50 cm in diameter and, as the other
antennas described above, it employs chips for the digital beam forming. The antenna
transmits in the LHCP (Left Hand Circular Polarisation) in 14 GHz-14.5 GHz band and
receives in the RHCP (Right Hand Circular Polarisation) in 10.7 GHz-12.7 GHz range.

It has a gain of about 32 dBi and presents a stacked layer architecture (Figure 2-21).
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Figure 2-21: The stacked architecture of the Starlink antenna

The antenna contains about 1300 circular patches, which are controlled by about 630

chips. The RF components are contained into the integrated chips [62].

2.4.2.7 Limitations

As described above, the flat panel antennas present relatively high dimensions which
agree with the theoretical calculated gain at 14 GHz centre frequency. Kymeta antenna
array presents a gain of 28.6 dBi, for a 20 cm aperture. The theoretical gain for a 20cm
aperture at 14 GHz is 29.33, assuming 100% efficiency. Phasor antenna array
presents a diameter of approximatively 0.7 m, which translates into a theoretical gain
of approximately 40 dBi at 14GHz. Isotropic antenna has a diameter of approximatively

30 cm, which means a theoretical gain of about 32.8 dBi. Satixfy antenna has a gain
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of about 28 dBi and Starlink of 32 dBi. The Starlink antenna is 50 cm in diameter, which
translates into 37.3 dBi theoretical gain, if 100% efficiency is considered at 14GHz.
The Kymeta antenna appears to have a better efficiency, compared to Starlink

antenna, as the reported gain is very close to the theoretical gain.

The existing flat panel antennas employ dedicated integrated circuits (chips) and
signal processing for beamforming. The number of elements controlled by the
integrated circuits can be in the order of thousands. The active phased array antennas
have an individual transmit-receive module for each radiating element (or for a group
of radiating elements). This increases the number of the circuits (chips) and given that
these are solid-state modules, an efficient cooling system must be employed for

keeping all the elements in an operational temperature range.

The power consumption can be another drawback encountered on the antenna arrays
that use digital signal processing and digital beamformers. Digital beamforming (DBF)
requires many analog to digital converters (ADCs) and mixers. The increased number
of components increases power and cost significantly, especially for a large array. The
distribution of the high frequency local oscillation (LO) signals while maintaining phase
coherence is also a challenge for DBF implementation and adds to the power

consumption.

The computational requirement of digital beamforming is a significant contributor to
the overall power consumption. The amount of data the Digital Signal Processor (DSP)
must process is proportional to the number of elements, number of beams, and

instantaneous bandwidth of the signal.

The hardware complexity and also, the signal routing complexity used on these

antennas increase substantially. This is computationally demanding, fact that causes
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significant increase in product price and product dimensions. Beside the complexity
added by the digital processing, elements like metamaterials and optical lenses can

add extra elaboration to the antenna elements.

For some applications (mobile phones, satellite phones, laptop antenna, loT devices,
etc.) where the physical space is essential, a low-profile antenna is required. On
cubesats, for example, where the allocated space for antennas is limited, a low-profile
antenna, which occupies as less space as possible, is preferred. For those scenarios,

the deployable antennas are frequently used.

2.5 Antennas used in Mobile Devices

The antenna design requirements for mobile terminals are: small sized and built-in
antenna, with multiband operation and various standardization and requirements
compliance. For example, the smartphone antennas need to support more than 35
frequency bands for 2G, 3G, 3.5G, 4G networks for global coverage and roaming [63].
Figure 2-22 illustrates the frequency ranges allocated in UK for mobile communication

services.
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Figure 2-22: Frequency bands allocated for mobile communications in UK [64]

In addition to the multiband antennas dedicated for communication, other antennas
for services like Bluetooth, NFC (Near Field Communication), GPS (Global Positioning

System), etc. are integrated in the device.

Planar Inverted F Antenna (PIFA) is a very popular antenna used in mobile
communications. This is essentially a derivation from the A4 rectangular microstrip

antenna. Figure 2-23 shows the structure of a PIFA antenna.

.+ Shorting

Substrate

Ground

Pl;mu/'

Figure 2-23: Planar Inverted F Antenna (PIFA) design [41]
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PIFA antenna presents the following advantages:

Low backward radiation and implicitly reduced Low Absorption Rate;

Easy to Design, at low costs;

Light weight;

Reliable;

The radiation pattern of a PIFA antenna is similar to the microstrip patch antenna’s
radiation pattern (broadside radiation). The shorting pin ensures that the current and
voltage will have the same distribution as the ones for A/2 microstrip antenna. By
removing the shorting pin and by doubling the dimension of the antenna, a A2
microstrip antenna is obtained. This represents a good method for antenna size

reduction, with small effects on the antenna gain and bandwidth.

The resonant frequency of the PIFA antenna is determined by the dimensions of the

antenna and of the shorting pin:
L+W—wy=2+h (2.6)

The input impedance of the PIFA is controlled by the distance between the shorting
pin and the feeding point. Multiple resonances required in mobile communications can

be achieved by introducing U-Slots into the design [41].

Multiband function can be obtained by introducing slots on the patch or by adding
parasitic elements. A triple band PIFA antenna is described in [65], and a gain between

1.1 dBi to 2.5 dBi is obtained for the three operational frequency bands.

An Inverted-F Antenna consists of a thin arm, which is connected at one of its ends to

a ground plane: (Figure 2-24). The feed is placed between the arm and the ground
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plane, next to the shorting pin. The length of the Arm should be about A/4. The input

impedance is controlled by the distance between the feed and the shorting pin.

The IFA antenna represents half of the slot antenna structure. Its radiation pattern is
similar to the slot antenna pattern. Given that the slot antenna is the complement of a
dipole type antenna, according to Babinet’s principle, it results that the radiation

pattern of an IFA antenna is omnidirectional, as it is for a dipole antenna [41].

Figure 2-24: Inverted F antenna (IFA) structure [41]

The Inverted F antennas are used as GPS antennas in mobile phones (at 1575.42
MHz and 1227.6 MHz). The GPS received signals are very weak (-153 dBm in theory,
but more like -120 dBm in practice) and, therefore a good receiving antenna is needed
for reception. The gain of the antenna is around -1 dBi when integrated in the handset

[66].

For a wider bandwidth, the chassis of the mobile is taken as the ground plane of the
PIFA or IFA antenna. The resonating currents are spread over the chassis, therefore,
by the integration of the mobile terminal’s housing into the antenna system, the gain
and the bandwidth are improved. However, the performance of the antenna is

degraded under the effect of the human body, especially the hand.
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For this reason, the printed loop antenna is another type of antenna employed in
mobile communications. The loop antenna induces small current in the ground plane,
therefore the effect of the human body on the overall performance is minimised.
Because of the coupling between multiple sections of the loop, a better bandwidth than

the PIFA is obtained with this type of antenna [63], [67].

In [67] and [68], two multiband loop antennas are designed for smartphone and LTE
standard. Figure 2-25 illustrates the structure of the loop antennas. Both antennas are
designed to have multiple resonances in order to cover as many frequency bands as

possible.

The length of the loop is about A/2 at around 900 MHz, but the antennas also resonate
at higher modes corresponding to loop lengths of 1A, 1.5A, 2A (at approx. 1.6 GHz, 2.3
GHz and 3 GHz). In both cases, the radiation pattern of the antennas at A/2 loop length
is omnidirectional. The gain over the bands varies between 0.19 dBi to 5.5 dBi and the

radiation efficiency between 45% to 82%.

niming sarip line A

tuning strip line B

Bottom layer
Top layer

Figure 2-25: Loop antennas designed for smartphones in [67]-left and [68]-right
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Printed monopole and dipole antennas are also used in mobile communications
because of the omnidirectional features of their radiation patterns. In [69], a multiband
antenna based on monopoles is presented, which covers frequencies from 1.4 to 2.64

GHz and from 3.32 to 4.64 GHz. The antenna structure is illustrated in Figure 2-26.

.1} Monopole Plane
@ GroundPlane

(a) (b)

Figure 2-26: 150x80 mm?antenna based on Monopoles: Top view (a) and Detailed

view (b) [69]

The antenna gain ranges from 4.25 to 6 dBi over the band, with the efficiency between
70% to 90% [69]. Also, in [70], a broadband planar antenna, based on a spiral
monopole is presented. The wide band is achieved through some parasitic patches
and the direction of the beam is made broadside by the extension of the ground plane
in a U-shape. The final structure is wideband (23.76 to 42.15), with a peak gain of 11.5

dBi and with more than 83% radiation efficiency.
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Apart from printed, built in Microstrip antennas, Monopole antennas and Normal Mode
Helical antennas are implemented on small mobile terminals. The Helical antenna was
usually placed on top of a Monopole antenna (whip antenna) and it became ‘active’ as
soon as the monopole antenna was retracted. The Monopole and Dipole Antennas are
simple, lightweight and low-cost structures used on mobile terminals. However, their
lengths, for operating frequencies below 1 GHz, proved to be unpractical to be

mounted on the mobile terminals [65].

The Normal Mode Helical antenna is a thin, simple structure, which radiates in
directions normal to the helical antenna axis. The radiation pattern is similar to that of
a short dipole (omnidirectional). To achieve the normal mode of operation, the total
dimension of the helix must be much less than the operating wavelength. In general,
the helical antenna can be considered as a sequence of small loop antennas
interconnected by short dipoles (Figure 2-27). Therefore, the farfield radiated by the

helical antenna can be described in terms of Ey and E, components of the loop

antenna and dipole antenna [41].

L

(a) (b)

Figure 2-27: Normal Mode Helical Antenna (a) and its equivalent arrangement (b)

[65]
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As its length must be much less than the operating wavelength, the helix antenna
operating in normal mode presents a very narrow bandwidth, and a small radiation
efficiency. However, these can be improved if the length of the antenna is increased
[65]. In [71], a 3.3 GHz, normal mode, bifilar helical antenna has been implemented
for mobile communications. The antenna 10 dB bandwidth is 200 MHz and gain 5.12
dBi. Moreover, in [72] a simulated helical structure made of glass demonstrates that

the bandwidth can be increased to approx. 1.4 GHz at 5.3 GHz.

2.6 Antennas used in 5G Communications

5G is the next generation of technology that supports high data rates, more capacity,
with low latency and better quality of service. The 3GPP (Third Generation Partnership
Project) released the 5G technology standards and presented three fundamental

usage scenarios for the 5G technology (see Figure 2-28):

Enhanced Massive Ultra-reliable
Mobile broadband Machine type and low latency
eMVIBB communications communications
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e-health
Improved consumer experience Transport & logistics Vehicle-to-everything communication
More connected devices Environmental monitoring Drone delivery
Faster connection speeds Smart energy networks Autonomous manitoring
Virtual and Augmented Reality Smart agriculture, smart retail Smart manufacturing

Figure 2-28: Usage Scenarios for 5G Technology [73]
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The frequency ranges used for 5G are below 6 GHz and above 6 GHz. Table 2-4

shows the spectrum used on 5G as presented in [74].

Table 2-4: Frequency Ranges for 5G [74], [75]

Frequ(el\r/1|cHyZ)Range Frequecuency Band Frequency Frequency Band
Range (MHz)
n257, n258,
470-698 n71 24250-29500 n261
n5, n8, n12, n14, n15, n20, 37000-43500 n260
698-960 n25, n28, n29, n81-n83, n89,
n91-n9%4 45500-47000 -
1427-1518 n50, n51, n74-n76, n91-n94 | 47200-48200 -
1710-2025 nl-n3, n34, n39, n65, n66,
n70, n84, n86, n95 66000-71000 | -
2110-2200 n65, n66
2300-2400 n30, n40
2500-2690 n7, n38, n41, n90
3300-3400 n77,n78
3400-3600 n48,n77,n78
3600-3700 n48,n77,n78
3700-4200 n77
4400-4990 n80
NR band number Frequency band Uplink/Downlink (MHz) Bandwidth
n257 28 GHz 26500-29500 3 GHz
n258 26 GHz 24250-27500 3.25GHz
n260 39 GHz 37000-40000 3 GHz
n261 28 GHz 27500-28350 850 MHz

GHz. The 28 GHz narrow band (27.5-28.35 GHz) applies to USA.

The n257 frequency band covers 26.5 GHz to 29.5 GHz in Japan, North America and

South Korea. N258 applies to Europe and China and encompasses the 24.25-27.5

During the International Telecommunication Union’s (ITU) World Radiocommunication

Conference 2019 (WRC-19), further frequency bands have been identified for 5G:
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24.25-27.5 GHz (n258-Europe), 37-43.5 GHz, 45.5-47 GHz, 47.2-48.2 and 66-71 GHz

[76].

Different spectrum bands are assigned for 5G services in order to cover various
demands: the low frequency range will allow 5G to cover wide areas, higher
frequencies will ensure enough capacity to support a large number of connected
devices, and the mm wave frequencies will provide very large bandwidths and low
latency in area of high traffic demand (see Figure 2-29). These three 5G bands

enabled in Europe are: 700 MHz, 3.4-3.8 GHz, and 24.25-27.5 GHz.

1 Low frequency i HiFh frequency 1 Millimetre wave
cells 3.4-3.8 GHz cells 26 GHz

cells 700 MH:z

Large scale events Vehicle communications Environmental Transport & Improved residential
Thousands of users Transport infrastructure monitoring & infrastructure connections,
Smart cities Smart energy

Figure 2-29: 5G frequency bands applications [73]

The current mobile services in the UK operate between 700 MHz and 3.8 GHz (2G,
3G, 4G and 5G). For 5G, higher frequency bands are proposed to be used, and that
includes the 26 GHz, 40 GHz, and 66 GHz. The mm wave frequencies can deliver
very high speeds and capacity, with very low latency. One disadvantage is that at these
frequencies, the signal travelling is affected by the buildings, trees, or any other

obstacle that the signal cannot penetrate. This makes these signal frequencies
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unsuitable for a wide area coverage. Instead, by employing massive MIMO and
beamforming technology, the signal will be transmitted only in the direction where the

transmission is required, making the transmission more efficient [78].

Because the mm wave frequency can travel only short distances, the cell dimension
becomes smaller. As a consequence, the number of base stations increases. It means
that the base station can be installed only in certain areas and this generally leads to
smaller base station antennas. This helps with the frequency reuse and channel

capacity increase. The antennas are also reduced in size and number.

The emerging 5G technology also foresees the integration of the satellite
communication system into the 5G ecosystem. Both geostationary and non-
geostationary satellite networks have unique attributes that contribute to the satellite-
based solutions in 5G deployment. The satellite is able to support high bit rate trunking
of video, loT and other data to a central site. With this technology, small and flat panel

antenna terminals come into discussion.

By integrating the use of satellites into the 5G ecosystem, the development of this new

concept can be accelerated. This combination will lead to:

Improved connectivity for different users;

- Direct services to end users and devices (M2M, loT);

- Temporary Networks;

- Satellite Backhauling for Base Stations;

- Extra backhaul capacity in case of congestion;

- Wide Coverage;
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- Seamless Connectivity;

- Emergency Response and Backhaul Communications [79];

The antenna for 5G communication must have high gain, bandwidth and low radiation
losses. Single Input Single Output antennas have been implemented for 5G
communications. However, for mm wave frequencies, the propagation losses
increase, therefore it is desirable to have a multi-element antenna rather than a single
element antenna. An antenna with multiple elements has a better gain, but an

increased size and complexity [74].

Different types of antennas, suitable for 5G communications, have been specified in

literature.

a) Monopole Antenna: Different monopole shapes and configurations are
presented in [80] and [81], at both mm wave and sub-6 GHz frequencies.
Although it is simple to design and fabricate, the monopole antenna presents a

low gain and is weather conditions sensitive [74].

b) Dipole Antenna: In [82] are compared three dipole antennas, designed with
different strip materials. Good results in terms of Bandwidth, VSWR, and
radiation efficiency are obtained when Graphene is used as strip material on
Teflon substrate. A wideband end-fire dipole LC based antenna is proposed for

5G applications in [83]. The wideband is obtained by using an additional surface
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structure (director) which resonates and increases the bandwidth. Similarly to
the Monopole Antenna, the Dipole Antenna is easy to design and fabricate, but
presents low gain and bandwidth and is not suitable for long range

communications [74].

Magneto-Electric (ME) Dipole Antenna: as described in [84] and [85], the
magneto-electric dipole consists of a vertically placed, shorted quarter
wavelength patch antenna and a planar electric dipole. This is equivalent to a
combination between a magnetic and an electric dipole (see Figure 2-30).

In this way, complementary, unidirectional radiation patterns can be generated
in both principal planes. Low profile ME dipole antennas have been proposed
in [86]-[89] for 5G mm-wave applications. This type of antenna presents a wide
bandwidth, low cross-polarisation, and low sidelobes. However, the design and
fabrication complexity, high costs and relatively low gain characteristics are

some of the antenna disadvantages outlined in [74].

Loop Antenna: different loop antennas structures are presented in [90]-[93], for
different 5G applications, for both sub 6 GHz frequency band and mm wave
frequency band. Multiple resonances are employed in [84] to increase the

bandwidth necessary in MIMO technology.
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Figure 2-30: Complementary principle of a ME Dipole [86]

However, usually, multi element loop antennas are required in order to increase
the gain or bandwidth. Even so, the Loop Antenna is easy to design at relatively

low costs [74].

e) Antipodal Vivaldi Antenna: this antenna consists of two mirrored exponentially

tapered conductors, separated by a substrate (see Figure 2-31).

Figure 2-31: Antipodal Vivaldi Antenna [94]
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Multiple AVA arrays are proposed for 5G applications in [94]-[100]. Gain, Bandwidth

and Front to Back Ratio are improved by adding corrugations to the metal sheets

in [95], [96] and [100]. Notch structures on the ground plane are used to reduce

the mutual coupling between elements in [97] and parasitic elements (directors)

that resonate [98], [100] are used to increase the bandwidth and gain of the

structures. Although the radiation pattern given by this type of antenna is stable, it

requires more space and it might have lower gain at low frequencies [74].

f

9)

Fractal Antenna: this antenna concept consists in repeating of a fractal
structure multiple times, using a mathematical iteration. The performance of an
antenna array can be improved by using fractal elements. Better array factor
properties are obtained because of the recursive nature of the structure, and
also, multi-band and multi-beam characteristics are improved [101]. Very wide
bandwidths are reported in [102]-[106], with good impedance matching, low
profile sizes and stable performance over the band. This makes the fractal
antenna suitable for 5G communication applications. The main drawback of the

fractal antennas is the design complexity and fractal iteration limitation [74].

Inverted F-Antenna (IFA) and Planar Inverted F-Antenna (PIFA): the structure
of these types of antennas is described in section 2.5. Planar Inverted F
antennas have been designed both for mm wave applications and C- band
frequency applications [107]-[110]. These are usually implemented on mobile
handsets because of their convenient profile size. In most applications, slots
are used to achieve a wide band or multi bands [107]-[110]. A reconfigurable

PIFA antenna is presented in [107], and PIN diodes are used to switch between
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the different states of the patch. A total bandwidth of 1.099 GHz is obtained
between 3.5 GHz and 4.8 GHz, with a gain of 3.4 dB only. A wider bandwidth,
12.5 GHz, is obtained in [108], where slots are also used in the ground plane.
The position of the slots is optimised for maximum gain (6.1 dBi between 24.5
GHz and 37 GHz).

A method used for gain improvement is presented in [109], where a superstrate
which acts as a dielectric load is employed to achieve a gain of 8.8 dBi. 3.18
GHz bandwidth (between 27.57 GHz and 30.75 GHz) is also achieved by using
slots in the patch. [110] presents a pair of PIFA antennas which can be used
for 5G MIMO applications in C-band. The isolation between the two antennas
is better than 10 dB.

Inverted F antennas have also been referenced in literature for 5G applications
[111-114]. In [111] the wideband characteristic is achieved by using a coupled-
meandered feed at one end, and by exciting multiple modes in the C-band
frequency (3.27 GHz-6.13 GHz).

[114] presents a dual band Inverted F antenna which uses tuneable inductor
and capacitor for choosing the resonant frequency. Good impedance matching
and wide bandwidth are reported in [112], where a graphene based Inverted F
antenna is presented. An ‘all metal’ Inverted F antenna can also be used for 5G

C-band communications, as presented in [113].
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2.7 Introduction to Microstrip Patch Antenna

The Microstrip Antenna is a metallic patch printed on a thin, grounded dielectric
material. As shown in Figure 2-32, the patch thickness is very small (t<<Ao) and usually,

the substrate thickness is between 0.003 Ao<h<0.05 Ao.

(r,8,0)

Radiating Radiating

slot #1 slot #2
| o Substrate
Ground plane
a) Microstrip antenna c) One radiating slot

——rL— !
i

i
E i E;“\P‘xi _.-fr'f@i }_;_

Ground plane

b) Side View

Figure 2-32: Microstrip Antenna Structure and coordinate system [41]

Normally, the Microstrip Patch antenna is broadside radiator, but it can also be an end-
fire radiator by conveniently choosing the field configuration in the substrate. The patch

can take different shapes like: square, rectangular, circular, triangular, elliptical, etc.
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The rectangular patch is one of the most common types of radiators used for a
microstrip patch antenna. It is easy to fabricate and analyse and it possesses
convenient radiation characteristics. The length of the radiating patch is usually

chosen to be between: Ao/3<L<Ao/2, where Ao is the free-space wavelength.

There are many types of substrates that can be used for the Microstrip Antenna design
and their dielectric constants are usually between: 2.2<e<12. A thick substrate and a
low dielectric constant value ensure good efficiency, large bandwidth, good radiation

into space, but a larger radiating element [115]. This happens because:

Ag Ao

L=-= N (if the fringing effects are ignored) (2.7)
Where
Ag = % is the wavelength through the substrate (2.8)

2.8 Microstrip patch antenna feeding methods

There are various methods of feeding a microstrip patch. The most popular ways are
described in [41] and include: microstrip line, coaxial probe, aperture coupling and

proximity coupling.



70

P

Dielectric Circular microstrip
substrate .~ patch

‘ £, Substrate |

I~ 2
Ground plane }' \

Coaxial connector Ground plane

(a) Microstrip line feed (b) Probe feed

(c) Aperture-coupled feed (d) Proximity-coupled feed

Figure 2-33: Popular feeding methods for Microstrip Patches [41]

The feed line method, Figure 2-33 (a), employs a thin conducting strip whose inset
position is used to control the matching. Both the feed line and the patch are etched
on the same surface. The feed line is much thinner than the patch, but even so, as the
substrate thickness increases, the surface waves and feed spurious radiations

increase and affect the bandwidth [116-121].

In the coaxial feed method, Figure 2-33 (b) the inner conductor of the coax is
connected to the patch and the outer conductor is connected to the ground plane.
Similar to the feed line method, the probe position controls the input impedance. This
feeding method is easy to fabricate when the substrate thickness is fairly thin and the

spurious radiation is low, but at very high frequencies the probe length corresponds to
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a large inductance which has to be accounted for in the matching. As indicated in
[122], with thick substates, the inductance caused by the probe feed can increase the
inductance component of the input impedance, which degrades the impedance
matching. In order to compensate for the inductance introduced by the probe, a
coupling capacitance needs to be introduced in the system. An annular gap etched in
the rectangular patch, concentric with the probe is presented to be a good solution in
[122].

The usage of the annular gap capacitor introduces negligible design complexity and
fabrication costs. The inner radius r, the gap width g, and the feed position to adjust
the value of the gap capacitor Cs can be calculated using the formulas in [122].
However, with thin substrates, the annular gap capacitor does not have a major effect
on the amount of reflected power to the source.

For the above feeding methods, the impedance matching is done by selecting the
appropriate inset/feeding position. The matching is important because it assures that
no reflected power occurs towards the source and that most of the transmitted power

excites the antenna.

As described in [116], the patch antenna is excited by a voltage between the patch
and ground plane (Figure 2-34). This gives rise to currents below and around the
surface of the patch and a vertical Electric Field appears between the patch and
ground plane (in the substrate). The electric field components that are parallel to the
ground plane are negligible throughout the substrate. The patch resonates when its
Length, L, approaches A2 and this translates into high current and field amplitudes.
As Figure 2-34 shows, the current values at x=0 or x=L is minimum. The patch is an
open circuited structure, therefore, the voltage is maximum at x=0 or x=L and the

current is minimum.
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Figure 2-34: Cross-section view of a probe fed antenna, showing the magnetic and
electric field distribution in the substrate, the surface current and the magnetic

currents at the radiating edges of the patch [116]

Considering Figure 2-34, if the feeding point is at the edge of the patch, the impedance
tends to very high values (around 200Q). If the feeding point is at the centre of the
patch, where the current amplitude is maximum, then the impedance is zero (by
applying Ohm’s law). In general, the feeding coax cable has an impedance of 50Q,
therefore the coax must be attached to the point where the impedance of the patch is

also 50Q (somewhere between the edge and the centre of the patch).

The above two feeding methods are very simple to design and implement, but they
suffer from high spurious feed radiation and surface waves, especially if the substrate
thickness is high. In general, an increase in substrate thickness increases the
bandwidth (as the microstrip antenna is virtually an open resonator), but it also

increases the surface waves and spur radiations. Because of the feeds’ asymmetries,
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besides the dominant mode, higher order modes are also excited, and this leads to

cross-pol radiation [41], [116-121].

The aperture coupling and proximity coupling feeding methods overcome the
asymmetry issue. The aperture coupling method, Figure 2-33(c), uses two substrates
separated by a ground plane. The feed line is placed at the bottom of the lower
substrate and it is coupled to the radiating patch through a slot in the ground plane.
The lower substrate is chosen to have a higher dielectric constant and the top
substrate a lower dielectric substrate. In this way, the microstrip feed spuriouses are
isolated from the radiating patch and the polarisation purity is preserved. The matching
is controlled through the dimensions of the slot and the width of the feed line. If the
slot is placed below the middle of the patch, where the Electric field is zero and the
Magnetic field is maximum, then the magnetic coupling dominates. This leads to low
cross polarised radiation because the excitation of the patch is symmetric. This type

of feed is difficult to fabricate and it has narrow bandwidth.

The proximity coupling feed, Figure 2-33 (d), consists of two substrates with the
microstrip line, which terminates below the patch, between the substrates. This
method allows the patch to be on a relatively thick substrate, which improves the
bandwidth, The microstrip feed is on a thin substrate, which reduces the spurious
radiations. The Length of the feeding stub and the width-to-line ratio of the patch are
used for matching control. This feeding method presents the widest bandwidth (as

13%), it has low spurious radiation and it is fairly easy to implement [41], [116].
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2.9 Microstrip Patch Antenna operation principle

There are several methods developed to analyse microstrip antennas. From those,
the most used ones are: transmission-line method, cavity method and full wave

method.

The complexity of these methods increases from the transmission line to the full wave
method. The transmission-line method provides a very good physical approximation,
but is not very accurate and the coupling is hard to be modelled. On the other side,

the cavity method is more accurate, but at the same time more complex.

The Full wave method delivers very good results when modelling the coupling and it
is very accurate, however it does not provide good physical insight and it is very
complex to model. Many electromagnetic software use full-wave concept combined
with finite element/finite difference technique, so they are suitable for analysis of

microstrip antennas including feeds.

2.9.1 Transmission Line Analysis Model

In this analysis method, the substrate is considered to be homogeneous, of infinite
dimensions in the plane of the radiating patch. This method does apply only to
applications in which the substrate thickness and permittivity are fairly low, the surface
waves are negligible, and radiation from feed discontinuities can be ignored. The
method is mainly used for matching purposes. Figure 2-35 shows the equivalent

transmission line models for a Microstrip fed Patch and Coax fed Patch.
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Figure 2-35: Equivalent transmission line models of a Microstrip fed Patch (left) and

Coax fed Patch (Right) [123]

Ycm represents the characteristic admittance of the microstrip feed line, determined
by the aspect ratio Wm/h, relative permittivity &r and length Lm. ym is the microstrip feed
line propagation constant and y is the patch propagation constant. yc is the
characteristic admittance of the Patch, characterised by W/h ratio, relative permittivity

&r, and Length L.

The open-ended terminations of the patch are represented by a parallel admittance:
Ys = Gs + jBs. This is because the open-ended microstrip line does not behave as a
perfect open circuit. In general, the field lines do not stop at the end of the microstrip
line. The fields at the edges of the patches undergo fringing, which means that the
microstrip line becomes electrically longer by Al. This implies an amount of stored
energy, but it also triggers the power radiation above the patch and the power trapped
along the substrate as surface waves. Figure 2-36 illustrates the fringing fields

distribution in a side view of the microstrip patch. The real part of the parallel
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admittance, Gs, reproduces the radiation and the surface waves, whereas the

imaginary part, Bs, accounts for the stored energy by the virtual extra patch length.

Patch

4 \f\fl‘va_ o ._.——rT’r{

Figure 2-36: The side view of the Microstrip Patch and the Fringing Fields [41]

Referring to Figure 2-33 (a), the amount of fringing in the principal plane X-Y depends
on the L/h ratio and ¢r. Fringing fields are reduced when L/h>>1, however its effects
must be taken into account because the resonant frequency is highly affected by the

fringing field effects.

For a microstrip line, with W/h>>1 and &>>1, most of the field lines reside in the
substrate. The fringing, in this case, makes the microstrip line look electrically longer.
As the field lines cross both the air and the substrate, an effective dielectric constant
is introduced to account for the 2 different mediums (air and dielectric substrate),
therefore the effective dielectric constant 1<eres<er. If £>>1, then erei= €r. Also, as the
operational frequency increases, most of the field lines reside in the substrate and
eref= €r. Figure 2-37 shows the effective dielectric constant vs frequency for typical

substrates for a microstrip line [41], [123].

In general, at high frequencies, the dielectric molecules (dipoles) are not able to fully
polarise in one direction before the electric field switches to the other direction. On the
contrary, at low frequencies, the molecules fully polarise and the material can

response fast enough at these frequencies.



7

The curves in Figure 2-37 show that on a microstrip line, as the frequency increases,
most of the filed lines reside in the substrate, and the electric dielectric constant

approaches the value of the dielectric constant of the substrate.
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Figure 2-37: Effective dielectric constant behaviour with frequency [41]

The Microstrip Patch length extension (AL) caused by the fringing fields is

approximately expressed as:

w
A_L — 0412 (Sreff+0.3)(7-;|?.264)
h (ereff—0.258)(5,+0.8)

(2.9)

For the dominant mode, TMo1o, the resonant frequency of the Microstrip Patch is:

_ 1 <
fo1o = hotve 2y (2.10)

Where €, are the vacuum permeability and permibility respectively and c is the speed of light.

If the effects of the fringing fields are considered, then:



c
frro1o T 2(L+24L) [Erery

78

(2.11)

In summary, if the substrate thickness increases, the fringing fields also increase and

the resonant frequency decreases [41].

According to [124], for a slot of width W:

w
1201,

1
10

h
[1 — = (koh)?], where =<

w
1202,

[1 —0.636In(kyh)], where LI
Ao 10

Figure 2-38 presents the slot conductance vs the slot width:
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Figure 2-38: Slot conductance vs slot width [41]

(2.12)

(2.13)
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An approximate expression for the input impedance of the rectangular microstrip

antenna is given in [41] as:

&t

Rin = 90—, where h < A, (2.14)

Er

The input resistance is not influenced by the substrate thickness. This can be
decreased by decreasing the width of the patch. For an inset feed (yo mm from the

edge of the patch), the input resistance becomes:

Rin(y = ¥o) = Rin(y = 0)cos® (7 ¥o) (2.15)

2.9.2 Cavity Analysis Model

With this model, the microstrip patch antenna is approximated with a cavity with
electric boundary conditions (on top and bottom of the antenna) and magnetic
boundary conditions (sides of the microstrip antenna). The electric boundary condition
on top and bottom of the antenna mark the presence of the electric conductor in those
two planes (the ground plane on the bottom and the patch on top), where the tangential
component of the electric field is zero. This approximation can be used for finding the
fields within the substrate, the radiation pattern, input impedance and resonant

frequency.

However, by treating the microstrip antenna only as a cavity, without any loss in the
substrate, the antenna would not radiate, the input impedance would be purely
reactive, and therefore the amplitude of the electric and magnetic fields could not be

determined. By introducing the Radiation Resistance Rr and Loss Resistance RL as



80

imaginary poles, the input impedance becomes complex. The antenna loss is taken
into account by the effective loss tangent, defr, which is the inverse of the quality factor

Q ( 3er=1/Q).

This model states that when the patch is energised, attractive and repulsive
mechanisms determine the charge distribution on both sides of the radiating patch and
on the surface of the ground plane. Figure 2-39 shows the charge arrangement and

the current densities created.

+++4_\'lr
I
S —— $44tS T
Jp £, h
+H+FFFF A+ e e e e e l

Figure 2-39: Charge distribution on cavity model analysis [41]

The attractive mechanism is between the opposite charges that reside in the substrate,
between the lower side of the patch and the top side of the ground plane. This force
keeps the charge concentration on the bottom of the patch. The repulsive force is
between the same polarity charges at the bottom of the patch. This force pushed some

charges around the edges of the patch, on the surface of the patch.

The movement of these charges creates the top and bottom current densities of the
patch (Jt and Jv). Between the two forces, the attractive force is dominant and that

determines the current flow to remain underneath the patch.

The amount of current flowing on top of the patch decreases with the h/W ratio and at

limits, it tends to zero. This allows to consider the tangential magnetic field component



81

negligible and it also allows the modelling of the four side walls as perfect magnetic

conducting surfaces.

In reality the tangential magnetic fields are not perfectly zero, but small enough to be
neglected. These considerations will provide a good field distribution beneath the

patch.

The fields underneath the patch resemble the fringing fields around the edges of the
patch (along the length L). Therefore, the fringing fields are responsible for radiation.
As shown in Figure 2-36, the fringing fields at the edges of the patch are travelling in
the same direction, therefore their effects are adding-up in phase and re-enforce each

other, giving rise to radiation.

Along the Width of the patch (W), the current adds up as well, but it cancels out with
the equal, reversed current which appear on the ground plane. This explains why the

microstrip transmission line does not radiate.

For a microstrip antenna, the convenient voltage distribution along the length of the
patch gives rise to the fringing fields, which in turn triggers the radiation. As explained
in Section 2.7, a lower value dielectric constant leads to a better radiation, as the field

bents further away from the patch.

Because of the small substrate thickness, the waves within the dielectric get reflected
at the edge of the patch and the formed standing waves can be represented by cosine

and sine functions.

The fringing fields at the edges of the patch are also very small and the electric fields
appear to be perpendicular to the surface of the patch. This means that the TM modes

will be considered within the cavity.
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2.9.2.1 TM Fields within the Cavity

As described in [41], the field configurations (modes) within the cavity can be

determined using the vector potential and the boundary conditions.

Figure 2-40: Rectangular Microstrip Patch geometry [41]

For a rectangular microstrip patch geometry described in Figure 2-40, the resonant

frequencies within the cavity are:

oy = 5z | B2 + 2 + By (2.16)

Where m, n ,p =0, 1, 2,....are the number of half-cycle field variation along the x, y, z

directions [125].

The fields within the cavity can be written as:

2
E, = —j(kz(u%)Amnp cos(kyx") cos(kyy') cos (k,z') ; (2.17)
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E, = —jI;x—ZZAmnp sin(k,x") sin(kyy’) sin (k,z") ; (2.18)
. kykz . I} Y o N -

E,=—j e Apnp sin(k,x )cos(kyy )sm (k,z") ; (2.19)

H, =0; (2.20)

Hy = — %Amnp cos(k,x") cos(kyy’) sin(k,z"); (2.21)
ky ! . ! !

H, = _IAm"p cos(k,x )sm(kyy ) cos(k,z"); (2.22)

Where k, === k, = 025 ky, =~ (2.23)

are the wavenumbers at mode m, n, p, and X', y', z' are the coordinates along the
corresponding axes and the Amnp represents the amplitude coefficients for each mnp

mode.

The dominant mode is the mode whose resonant frequency is the lowest. This is

mainly determined by the dimensions of the patch.

a) If L>W>h, then the dominant mode is TMg,,, with the following resonant

frequency:

(f)o1o = ﬁ = ﬁ, where c is the speed of light in vaccum. (2.24)

b) If L>W>L/2>h, then the second order mode is TMg,,, with the following resonant
frequency:

1 c
(fr)OOI _ZW\/E_ZW\/E

,where cis the speed of light in vaccum.  (2.25)

c) If L>L/2>W>h, then the second mode is TMj,, (instead of TM§,, ), with the

following resonant frequency:
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Cc

1
(fr)oz0 :L_\/E: Ve,

,where c is the speed of light in vaccum. (2.26)

d) If W>L>h, then the dominant mode is TMj,,, with the resonant frequency given
in b).
e) If W>W/2>L>h, then the second order mode is TMg,, and the resonant

frequency is:

(fr)ooz =

where c is the speed of light in vaccum.

1 c
Wine Wye,'
Considering the field within the cavity described above, the field distributions along the

sidewalls of the cavity for different modes is very similar to what is shown in Figure 2-

41.

The microstrip patch can be represented by 4 slots, corresponding to the four edges
of the antenna, but from these, only 2 slots radiate and produce the radiation pattern
of the structure. The slots separated by the length of the patch radiate, while the
radiation of the other slots that are separated by the width of the patch cancel along

the principal planes.

The distance between the radiating slots is %”’, where 1, is the guide wavelength.

Having this distance between the slots, it means that the fields at the aperture of the
two slots have opposite polarisation, as shown in Figure 2-41, for the TM§, ,mode. This
allows the addition of those fields in a plane perpendicular to the ground plane and it

gives the maximum radiation pattern normal to the patch.
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Figure 2-41: TM Modes in a Microstrip Patch Cavity [41], [126]

2.9.2.2 TMo1o Operating Mode

If the dominant mode is TMo1o, then the fields within the cavity are:

E, = E,cos (%y’) (2.27)
H, = H, sin (%y’) (2.28)
E,=E,=H,=H,=0 (2.29)

Where EO - _ij()lO and HO - (%)Aolo (230)
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Figure 2-42: Current Densities on Microstrip Patch slots for the first mode [41]

As explained in the previous section, the electric field undergoes a phase reversal
along the length of the structure and is uniform along the width of the structure. As
illustrated in Figure 2-42, on each slot, there is a magnetic current density, M, =

—2n X E,, where E, is the E field at the slots.

The magnetic current densities have the same magnitude and phase along the W. The
two magnetic current densities are separated by L and they will add in a direction
normal to the patch. Figure 2-43 shows the E and H pattern of each slot and of the
combination between the two slots. #1 and #2 represent the numbers of the radiating

slots that combine to provide the broadside radiation pattern.
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Figure 2-43: E and H pattern cuts of the Microstrip Patch Slot [41]

The other two slots of Length L and height h present two current densities of the same
magnitude, but opposite direction, as shown in Figure 2-42. As a consequence, the

fields radiated by those slots cancel each other.

The far Electric Fields radiated by one of the end slots of the microstrip antenna are

[41]:
E.~Eg=0 (2.31)
Ey=+] kohWEge~JkoT {sin 0 si)r(LX si;Z} (2.32)
Where X = % sinfcos¢,and Z = kOZW cos6 (2.33)
if koh < 1, then
E,=+j VOE:M{sme I, o) (k_wee)} (2.34)
Where V, = hE, is the voltage across the slot (2.35)

and r is the farfield distance.
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Considering that the array factor for two elements of the same magnitude and phase

separated by L, along y direction is [41]:
(AF), = 2 cos (k;;L sin 0 sing) (2.36)
the total electric field for the two slots can be written as [41]:

E — 4 2Vpe~Jkor | | sin (koTWcosB)
¢tot = TJ r stn cos6

}cos (% sinf sing) (2.37)

In Figure 2-44, the broadside radiation pattern is shown for a microstrip patch antenna

operating in the TMo1o mode.
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= Measurements
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h=0.1588 cm,
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&=22.f=9.8 GHz) . 0
30°
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— Measurements
=== Cavily Model

90

(c) E-plane (=90 (d) H-plane (¢=0°)

Figure 2-44: TM010 Mode Radiation Pattern [41]
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2.9.2.3 TMoz20 Operating Mode

The second mode can be excited at the desired resonant frequency if the patch

dimensions are selected as explained in Section 2.9.2.1:

If L>L/2>W>h, then

(f)ozo = ?1”_8 = %, where c is the speed of light in vaccum. (2.38)

Such a patch has been built in CST, in order to evaluate the radiation pattern and to
prove its operational concept. Figure 2-41 shows the field distribution inside the cavity

and it illustrates the differences between the second mode and the first mode.

Similar to Figure 2-42, the current densities distribution for the Microstrip Patch
operating in the second mode are illustrated in Figure 2-45. This helps to understand

and estimate the radiation pattern for the second operational mode.

7
L]
Mz
s
| M

Figure 2-45: Current Densities on Microstrip Patch slots for the second mode



90

As in the previous section, the fields within the dielectric substrate can be found more
accurately if treating the structure as a cavity with electric walls above and below and
magnetic walls along the perimeter of the patch. Referring to Figure 4-1, which shows
the considered coordinates of a simulated patch operating in the second mode, the

electric and magnetic fields within the cavity are:

62

Ey = —j g Ga t KA (2.39)
H,=0; (2.40)
oI e

=22 (2.42)
E, =— jggy (2.43)
Hy = -2, (2.44)

where, A, is the vector potential and after applying the boundary conditions, the final

form of the vector potential within the cavity is:
A; = Apnyp cos(kyx’) cos(kyy’) cos (k,z") (2.45)

The primed coordinates x',y’, z’ are used to represent the fields within the cavity and

Amnyp is the amplitude coefficient of each mnp mode.
by =255k, =25 by =25 (2.46)
Where m, n, p are half cycle field variations along z, x, y directions.

Knowing that k,” + k,* + k,” = k,* = w,?pe (2.47)
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and using the formulas from [41], it results that the resonant frequency

reshnom = g (07 + G2+ (52 = 2 (502 4 (202 + (52 (2.48)

Where h, L, W are the substrate thickness, patch length and patch width, u is the
substrate permeability, ¢, is the substrate permittivity, and c is the speed of light in

vacuum [55].

By introducing (2.45) in (2.39) to (2.44) and by calculating the partial derivatives of

vector potential, it results that:

E,=—j (kl_ﬂizz)Amnp cos(kyx") cos(kyy') cos (k,z") ; (2.49)
E, = —jZZ—Z’AmnP cos(k,x") sin(kyy’) sin (k,z") ; (2.50)
E.=—j I;ZZZ Apnp sin(k,x") cos(kyy’) sin (k,z") ; (2.51)

H, = 0; (2.52)
H, = - %Amnp sin(k,x") cos(kyy’) cos(k,z"); (2.53)
H,=— %Amnp cos(kyx') sin(kyy") cos(k,z"); (2.54)

For TM,,, (m=0, n=2, p=0), equations (2.49)-(2.54) become:
E, = Eycos (ZTnx’) (2.55)
H, = Hosin(zTnx’) (2.56)

E,=E,=H,=H, =0; (2.57)
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2.10 Circularly polarised microstrip patch

This section presents some methods for obtaining circular polarisation on the
rectangular microstrip patch. It also discusses the necessity of employing the circular

polarisation, especially for the LEO-MEO satellite applications.

2.10.1 Circular polarisation benefits

Either as a transmitter or a receiver, the ground station antenna plays an important
role in any type of communication including satellite communications. The azimuth,
elevation and polarisation angles must be accurately adjusted on the ground antenna

in order to achieve the highest throughput [127].

The polarisation of an electromagnetic wave is normally defined by the electric field
vector whose extremity can vary only in one direction or in more than one direction. A
wave can be described as linearly polarised, circularly polarised or elliptically
polarised, and it denotes the position of the electric field vectors relative to a defined
plane. For the linear polarisation, the E-field vectors are either positioned horizontally
or vertically relative to a plane, from where the name of ‘horizontal polarisation’ and

‘vertical polarisation’ originate.

The circular polarisation, results from two perpendicular, linear polarisations placed
90° out of phase. If the two linear electric fields have equal vectors in amplitude, then,
the polarisation is purely circular. In this case, the tip of the E-field vector rotates as it
propagates, and it defines a circular path in the plane normal to the direction of

propagation. The direction of rotation can be left hand or right hand producing the left-
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hand circularly polarisation (LHCP) or right-hand circularly polarisation (RHCP), as the
wave propagates away from the observer. This sense of rotation depends on the

position of the 90° out of phase polarisation: if leads or lags the other wave.

The elliptical polarisation is a particular type of circular polarisation. If the amplitudes
of the two E-field vectors are not equal and/or the phase difference between the two
waves is not 90°, then the resultant vector tip defines an elliptical shape in the direction

of propagation [128].

The polarisation of the receiving antenna must be aligned to the polarisation of the
incoming wave for maximum power transfer. A linearly/circularly polarised antenna is
able to receive a circularly/linearly polarised wave, but at a power loss of 3 dB. This is
because the linear antenna will respond only to one of the linear components of the
circularly polarised wave, and therefore, the received power is halved, compared to

the transmitted power.

In satellite communications, the horizontal polarisation is defined as the polarisation
where the E-field vector is parallel to the equatorial plane and the vertical polarisation

as the polarisation where the E-field vector is parallel to the Earth’s polar axis [129].

As the LEO and MEO satellites orbit the Earth at high speeds, the ground station
antenna must be able to track the moving satellites which can become visible at
different azimuth angles on each pass. The circular polarisation is conveniently used
in these situations because the polarisation losses due to antennas misalignment do

not occur as with the linear polarisation.

The ionospheric effects have a great impact on linearly polarised waves. The linear
polarisation is rotated (Faraday rotation) because of the strong magnetic fields in the

lonosphere and polarisation mismatch occurs between transmitting and receiving
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antennas. This phenomenon does not affect the circular polarisation because the

vectors rotation occurs equally for both wave components [128].

The multipath propagation for a circularly polarised wave is greatly reduced by filtering.
When a circularly polarised wave hits a conductive surface, the reflected wave is
inversely polarised. Therefore, if the transmitted wave is left-hand polarised, then the
multipath propagations will be right-hand polarised, and therefore filtered at the

receiving side.

The Circular Polarisation purity is quantified by the cross-pol discrimination (XPD).

This is, in essence, the co-polar minus the cross-polar logarithmic values:

Co—pol

XPD = 20log (dB) (2.58)

Cross—pol

Another way of expressing the cross-pol discrimination is by the Voltage Axial Ratio
(VAR). VAR is the ratio of the major axis to minor axis of the ellipse that the resulting

vector defines in the direction of propagation.

Ideally, for circular polarisation, this value is equal to 1 (linear value), and the XPD is
infinite. However, in reality, the ratio is greater than one, and therefore, the E-Field

vector describes an ellipse. The relationship between the XPD and VAR is:

+1

XPD = 20log — (dB), where r is the Axial Ratio (2.59)

r
r—
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2.10.2 Methods for obtaining circular polarisation on a rectangular Microstrip Patch

As described in the previous section, circular polarisation is desired in applications
where one or both components of the communication link move. Circular polarisation
allows the data transmission regardless the orientation of the transmitter or receiver

[130].

Circular polarisation radiation is realised by exciting two orthogonal modes of equal
amplitudes [131]. This involves the insertion of small perturbing elements into the

microstrip structure, at appropriate locations, with respect to the feed [132].

Different types of perturbation methods have been reported in literature to generate
circular polarisation on a single fed Microstrip Patch: truncated corners [133], stubs
[134], slits [132], notches [135], [166]. Figure 2-46 illustrates some of the perturbation

methods reported in literature.

The bandwidth of a circularly polarised microstrip patch is obtained after overlapping

the 10 dB impedance bandwidth and the 3 dB axial ratio bandwidth [131].

In [133], the circular polarisation is obtained by truncating two opposite corners of a
rectangular microstrip patch. The impedance and axial-ratio bandwidths are improved

by implementing a U-slot.

Another similar way of obtaining circular polarisation is presented in [132].
Asymmetrical slits are implemented on all four corners of the rectangular patch. The

reported impedance and axial ratio bandwidths are small.
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Parasitic elements are implemented instead in [134], on all four corners of the patch.
The elements are shorted to the ground plane, for size reduction and capacitive and

inducting loading. The reported impedance and axial ratio are again, small.

In [135], circular, asymmetric, slots are employed along the diagonal directions of the
rectangular patch. The size of the antenna is reduced by implementing four symmetric
slits along the orthogonal directions of the asymmetric circular slots, which reduce the
resonant frequency of the structure. As in all the other methods, this method also

provides small impedance and axial-ratio bandwidths.

Dual fed microstrip patches with 90° phase shifted signals have been also reported in
literature, to generate Circular Polarisation with high axial ratio bandwidth. This comes
at the expense of increased size of ground plane and a more sophisticated feeding

network [131].

In [41], Balanis obtains circular polarisation on a rectangular patch by placing the feed
along the diagonal line of the element. The same results can be obtained for a square

patch by cutting diagonal slots on patch.

2.11 Reflect-array Antennas Theory

A reflectarray represents a hybrid antenna that combines the advantages of a
conventional printed antenna array consisting of hundreds of elements and a spatially
placed feed antenna illuminating the elements, Figure 2-47, [136]. The printed
elements are designed so that they reflect the incident field with certain phase shifts

in order to collimate the beam to a certain direction. In this way, the reflectarray
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eliminates the bulkiness of conventional parabolic antennas and the lossy feed

networks of printed arrays.

The elements of the reflectarray are designed to introduce phase shifts meeting the

following two important conditions:

- The phase shift from each element at a point in space is spatial phase delay (because
each element of the reflectarray is illuminated at a different location by the feed,

introducing a phase delay between the feed and each patch);

- The phase shifts are progressive phase shift (a progressive phase shift must be
introduced between elements if it is intended to get the reflected energy from each

element collimated into a beam and to squint that beam to a certain direction) [137].

To achieve this, different phase tuning approaches have been reported in literature:
variable size elements [137-140, 145], delay lines [138, 141-144], rotation angles [136-

137], use of solid-state elements [137], use of tuneable dielectric materials [138-157].

The microstrip patch is a highly resonant element, which according to the transmission
line theory, it can be approximated with a parallel RLC circuit: the metallic patches
behave as parallel capacitors with the adjacent elements, the ground can be
associated with a parallel inductor and the dielectric substrate loss can be modelled

as a parallel resistor.

For the variable size elements tuning approach, the length of the microstrip patch
should be half a wavelength in the dielectric and a small deviation from that value
produces a wide range of phase shift in the reflected wave. Figure 2-47 illustrates the
concept of a typical reflectarray, where the source is positioned far enough from the
patches such that the incident wave to the elements can be approximated to a plane

wave. ldeally, one single reflecting element should be capable of providing a 360°
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phase shift while sweeping the Length of the patch. In reality, this value is affected by
the substrate thickness, separation between elements, the angle of incidence of the
feed, and a phase shift of about 300-330° is achieved. However, in [136] this phase

shift range has been considered sufficient for the reflectarray design.

D ~ R REC——

Phase

Amplitude

-x dB

Varying parameter

Figure 2-47: The reflectarray concept and the phase and amplitude of the reflection

coefficient of the reflecting elements [136]

A typical S-curve that shows the reflected phase change versus the patch length for
variable size reflectarray is showed in Figure 2-47. It can be observed that the S-curve
crosses 0°, which represents the resonance of the reflectarray element, i.e. the orange
reflected wave. All the other reflecting elements present different lengths, which exhibit

different phases on the reflected waves. The Slope of the S-curve, while it crosses the
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0° is bandwidth representative. The more gradual slope, the wider the bandwidth of
the element. The elements with the dimensions close to the resonance provide the
largest variation in phase range, but they also exhibit the highest loss, as the amplitude
of the reflection coefficient shows in Figure 2-47. At resonance, the electrical current

flow on the element reaches its maximum, which leads to maximum loss.

Similar to the antenna arrays theory, in order to collimate the beam in a
particular/desired direction, a progressive phase value is assigned to each element in
the reflectarray. However, one also has to take into account the feed position with
respect to each element in the antenna. The incident electromagnetic fields from the
feed will have a certain phase at the reflectarray surface, proportional to the distance

between the feed and the reflectarray elements. This is the spatial phase delay.

In a typical reflectarray antenna structure, the reflectarray is in the farfield of the feed
antenna and its surface is perpendicular to the incident radiation. All the elements of
the reflectarray are illuminated at an offset angle with respect to the centre of the
reflectarray, therefore different path-delays exist at different points on the surface of

the reflectarray.

Each element will then reflect the incoming field with a specific delay and the reflected
energy will combine in phase constructively or destructively, giving rise to a non-
coherent pattern. In order to collimate the beam, the phasing elements of the

reflectarray must compensate for this path-delay.
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Figure 2-48: The geometrical parameters of a planar reflectarray Antenna [137]

According to Figure 2-48, the spatial phase delay can be written as:
cI)spd = —Bo R; (2.60)

Where R; is the distance from the feed to the ith element and §, is the wavenumber
equal to 2mt/A,. If each element in the reflectarray will exhibit such a phase, therefore
compensate for this spatial delay, then the reflected beam will collimate in the

broadside direction (Z-direction).

To point the beam in any other direction than broadside (6=0, ®=0), each element

must generate a certain phase, referred to in [137] as the progressive phase shift:

q)pp == _Bo ri N ro (261)
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Where r; is the position unit vector of the ith element and r, is the beam direction unit
vector, as it is illustrated in Figure 2-48. The dot product between the two-unit vectors

represents the cosine of the angle between the two vectors.

If the position vector of the ith element is written using the spherical angles 6 and ¢,

then the progressive phase becomes:

d,p, = —Bo (x;5inBycos@, + y;sin@,singy) (2.62)

It results that the total phase that the unit cell must account for is the spatial phase

delay plus the progressive phase shift:

Diotal = _Cbspd + q)pp =Bo (Rj — sinB (xjcos@, + YiSin(pO)) (2.63)

If the position of the feed is known, then

Ri = Vx—x)2+F —yp?+ (z - %)? (2.64)

where x;,y;,z; are the position coordinates of the elements in the reflectarray and

X,y,Z are the position coordinates of the feed [158].
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Otherwise, if the feed incident angles are known instead, then

R; = sinB;(x;cos@; + y;sing;) (2.65)

Where 6;, @; represent the feed incident angle [159].

When employing patches or similar elements in a reflectarray, several methods used
to increase the element bandwidth are presented in [140] and these include:
increasing the substrate thickness (but using low dielectric constants), use substrates
with high dielectric constant in order to decrease the substrate’s thickness, increase
the inductance of the patch by cutting slots into it, add reactive components to reduce

the VSWR.

In [139], it is concluded that the length-phase slope increases as the substrate
permittivity increases, which leads to bandwidth reduction. The phase curve illustrates

the element phase stability with respect to frequency variation.

The main issue encountered with this phase shifting method is the nonlinear variation
in phase with frequency. A first consequence of this issue is the narrow bandwidth of

reflectarrays with variable size patch element.

In [137], the reflection coefficients of the reflectarray elements, as a function of patch

length, at different incident angles are presented, and shown in Figure 2-49:

As it can be observed, at 40° incidence angle, the resonant length changes, but not
considerably, the slope of the S-curve increases slightly, and the amplitude of the
reflection coefficient drops (more loss). Given this, one can say that by changing the

frequency, a slight variation of the incident angle can be achieved [160].

For the components excited at a certain incident angle, the reradiated component will

be directed in the same direction as the element’s pattern, while the reflected
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components will be directed away from the beam, at the specular angle. Figure 2-50

illustrates this.
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Figure 2-49: Reflection coefficients of the variable size square patch reflect-array

element as a function of the patch length, for different angles of incidence [140]
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Figure 2-50: Reflectarray element pattern (a), reradiated and reflected waves of a

reflectarray element (b) [160]
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3. Antenna requirements analysis

Based on the background provided in the previous chapter, a set of requirements for
the designed antenna are determined in the following sections. This is done based
on a scenario in which a link between the antenna and a LEO satellite is made. This
scenario imposes a tighter gain requirement in comparison to other scenarios (as
point to point links on Earth, 5G on Earth, |oT, etc.), as the free space path loss
between Earth and LEO satellites is high, plus that other losses need also to be

considered (as atmospherical losses, polarisation losses, misalignment losses, etc.).

3.1 Link Budget Calculation

In this section, a link budget calculation will indicate the power level received by a
satellite from the ground. In this scenario, the satellite altitude is considered to be 550
km and the uplink frequency 30 GHz, as in the SpaceX constellation described in the

previous section.
The Power Received at the satellite can be calculated with the following formula:
P. = EIRP + Gp — Losses (3.1)

Where EIRP is the Effective Isotropic Radiated Power, G is the gain of the receiving
antenna, and Losses constitute the total loss that the signal encounters from the

Transmitting antenna to the Receiving antenna.

Losses = FSPL + RFL + AML + AA + PL (3.2)
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Where FSPL is the Free Space Path Loss, RFL is Receiver Feeder Loss, AML
accounts for the Antenna Misalignment Losses, AAis the Atmospheric and lonospheric

Loss and PL is the Polarisation Loss.

The FSPL can be calculated using the following formula (considering isotropic

transmitting and receiving antennas):
41
FSPL = 20log (7 d) (3.3)

Where 1 is the wavelength, and d is the distance to the satellite. Similar to SpaceX
constellation, the satellite altitude is considered to be 550 km. For 30 GHz, the

wavelength is 10 mm, and by replacing the values in the FSPL formula, it results:

41T
10%107°

FSPL = 20log

+550) = 176.78 dB (3.4)

For all the other losses (RFL+AML+AA+PL), an approximate 6 dB value is considered.
The Effective Isotropic Radiated Power represents the power that leaves the

transmitting antenna.
EIRP = P; + Gy (3.5)

Where P; is the power at the antenna input and G is the gain of the antenna. If the
power at the antenna input is considered 1W (0 dB or 30 dBm) and the gain of the

antenna 15 dB, then the Effective Isotropic Radiated Power becomes:
EIRP = 30 dBm + 15 dB = 45 dBm (3.6)

In [24], the Rx antenna gain, at the satellite, used for the gateway uplink budget for
SpaceX is 40.9 dBi. Having these values, it results that the Power Received at the

satellite is:
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P. = 45 dBm + 40.9 dBi — 176.78 dB = —90.88 dBm (3.7)

In the above scenario, it was considered the case when the satellite was right above
the transmitting antenna, and the distance between the antenna and satellite was
minimum. It must be considered that as the satellite moves away from the antenna,
the distance between them increases. As a consequence, the FSPL value changes.
In order to see the effect of those changes on the link budget, some extra calculations

will be presented below.

In the SpaceX constellation, the satellites orbit at 550 km altitude, with 22 satellites

per plane. The circumference of the Earth is:

Circumference =2+xm xR =2+*m* 6372 =40016.16 km (3.8)

As illustrated in Figure 3-1, the geocentric semi-angle from the centre of the Earth is:
_ . . Rg+h _
6 = arcsin (sm(a) * T ) a (3.9)

The formula above has been determined assuming that RE = OG, as RE>>D/2,
h<<RE and 6<<a. For simplicity and clarity, the geometry in Figure 3-1 has not been

scaled to illustrate the assumptions above.

By replacing with the values given in Figure 2-5, it results that:

6372+550

6 = arcsin (sin(56.55) * ) — 56.55 =8.46" = 0.14758 rad. (3.10)

Having 6, the diameter of the field of view of each Starlink Satellite, orbiting at 550 km

above the surface of the Earth, is:

D = 20Rp =2 %0.14758 * 6372 = 1880 km (3.11)
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Figure 3-1: Field of View Geometry, where h<<RE and 6<<a

The diameter of the field of view of the Starlink satellites obtained from the above
calculations, appears to agree with the value declared in [25], regarding the area that

a satellite can cover (970 km radius).

Knowing these values, it results that the number of LEO satellites, with this coverage,

necessary to surround the Earth is:

40016.16 km
1880 km

= 21.28~ 22 satellites (3.12)

Only one orbit plane is used in this case as this represents the worst scenario. As the
number of satellites per plane or the number of planes increases, the tracking

requirements relax.
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This means that the satellites footprints do not overlap or the overlapping area is very
small. As the number of the satellites in constellation increases, the satellites footprints

can overlap within 3 dB of the footprint (i.e. half of the footprint area).

For the above scenario, the satellites orbit at 550 km altitude, with 22 satellites per
plane. It results that the satellite orbits at 6922 km from the centre of the Earth (Earth

radius is 6372 km). The circumference of this circle can be calculated as:

Circumference =2 *m* R = 2w % 6922 = 43492.2 km (3.13)

By dividing the Circumference to the number of satellites in one plane it results the

arc length:
Arc = 82221 _ 197691 (3.14)
The corresponding angle to this arc length is:
1976.91 = 2% 11 + 6922 + T2° (3.15)

Angle = 16.37°

It means that the angular distance between two consecutive satellites is about 16.4°,
from the centre of the Earth. From the surface of the Earth, because the satellite
footprints do not overlap, the ground antenna needs to track the satellite for about 70°,
on this particular constellation and satellite position. When the ground antenna lies

between two satellites, the angle becomes about 92°, as shown later, in Figure 3-3.
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Figure 3-2 illustrates the angle between two satellite, from the centre of the Earth, and
the corresponding angle between satellites seen by the ground antenna. When SAT.
1 is positioned at the zenith point relative to the ground antenna, the other consecutive

satellite, SAT. 2, is already visible to the antenna, at about 20° elevation.

Figure 3-2: Distance between satellites from the Centre of the Earth

This is, obviously, different, if the constellation density is higher, if more than 22
satellites are placed in one orbital plane. For example, for 58 satellites per plane, at

550 km altitude, as SpaceX intends to launch, the angle between satellites is 6.2° only,
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from the centre of the Earth, and about 37°-40° from the surface of the Earth. As the
number of satellites in the orbit increases, the angular distance between the satellites
seen by the ground antenna decreases. Having a higher number of satellites in orbit,
it means that satellites antennas footprints overlap, therefore the ground antenna will

need to track the satellite for approximately 40° only.
In Figure 3-2, the distance between the antenna and SAT. 2 can be calculated using
the sine law:

550 _ X
sin(28.91) sin(81.82)

(3.16)

x =1126 km

With this distance, the FSPL changes to 183 dB, therefore, the power received by the
satellite will be about 6.2 dB lower. This distance is, again, subject to the number of
the satellites per plane. As the satellites are closer to each other, the variations in path
loss and in power received at the satellite will be smaller, especially if inter-satellite

links are employed.

3.2 Beam Scanning speeds

In order to calculate the orbital speed of a LEO satellite which orbits at 550 km, the

Newton second law must be applied on the satellite:

Feqr = ma (317)

Where m is the satellite mass and a is the acceleration due to gravity. The orbiting

satellites present a constant horizontal speed and acceleration due to gravity.
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The relation above can be written as:

(3.18)

Where G is the gravitational constant, M is the mass of the Earth, v is the orbital speed
of the satellite, and r is the distance from the centre of the Earth to the satellite. The

relationship becomes:

GM = rv? (3.19)
6.67408 x 10711 x 5972 x 10%* = (6372 + 550) x 103 x v? (3.20)
v =7588.2 m/s

Having the value of the orbital speed, from the centre of the Earth, the orbiting period

can be calculated:

2X1x(6372+550)x103
7588.2

= 5731 sec = 95.5 mins (3.21)

The calculated velocity above is the linear orbital velocity, but in order to determine the
necessary tracking speed of the ground antenna, the apparent velocity must be
determined. This velocity depends on the distance between the antenna on the
surface of the Earth and the satellite. As the satellite approaches the zenith of the
ground antenna (the overhead pass), the speed of the satellite will appear to be higher.
As the satellite passes the zenith and moves away from the ground antenna, its speed
will appear to be lower. This happens due to the position of the satellite velocity vector
relative to the ground antenna’s line of sight. At zenith, the satellite’s velocity vector is

exactly perpendicular to the ground antenna’s line of sight and the speed of the
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satellite is maximum. At low elevation angle, the distance between the ground antenna

and satellite is maximum, resulting in the lowest apparent angular velocity [165].

The apparent angular velocity can be calculated as per [165]:

S LA (3.22)

where d is the distance from the ground antenna to the satellite.

After replacing all the values in the above relationship, it results that:

v __7588.2m/s _ 0.0137 rad
arP "~ 550%x103 m

=0.79°/s (3.23)

Therefore, when the distance between the ground antenna and the satellite is 550 km,
the tracking velocity is 0.79°/s. To calculate the angular speed when the distance
between the satellite and the ground antenna is 1126 Km , the same formula as above

must be used:

v __75882m/s __ 0.00673 rad
app T 1126x103m

= 0.38°/s (3.24)

Hence, based on Figure 3-2, the tracking speed, that the Ground station antenna
needs to follow the satellite, varies between 0.79°/s and 0.38°/s. The values obtained
appear to match the expected angular speeds for these altitudes, as described in the

graph presented in [161] and [165].
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3.3 The required Ground Antenna Beamwidth

In order to determine the necessary ground antenna half-power beamwidth, based on

the number of satellites in one orbital plane, some observations must be highlighted.

Figure 3-3 shows the Ground tracking antenna in 2 different situations: one is the same
as illustrated in Figure 3-2, marked in red, in which Satellite 1 is at the zenith of the
antenna. The second position of the satellites relative to the tracking antenna is
illustrated in green. In this situation, the first satellite moved away from the antenna
and the second satellite moved towards the antenna, such that the ground station is

now placed between the two satellites.

In the first position, when Satellite 1 is perpendicular to the antenna, the angle between
the lines of sight of the antenna to the satellites is 69.3°. However, for the second
position, this angle changes to 92.2° and this is the highest angle that can occur
between the lines of sight, for this orbit (assuming 22 satellite in one plane, spaced

16.37° from the centre of the Earth).

Similar to the explanation provided in Section 3.2, because of the angular speed
vector, to get from position one (red) into position two (green), the first satellite must
move 46.1° away from the tracking antenna, whereas the second satellite must move
only 23.2° towards the tracking antenna. Therefore, the tracking angle required from
the ground antenna is 46.1°, which represents the worst case, where the number of

satellites per plane is 22 satellites.
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Figure 3-3: The angle between the Lines of Sight of the tracking antenna to two

orbiting satellites, in two different situations, assuming 22 satellites per orbit.

As explained by Balanis in [39], the beamwidth of an antenna describes its resolution
capabilities to differentiate between two adjacent radiating sources, in our case two
adjacent satellites. If the two adjacent satellites are separated by angular distances
equal or greater than the half beamwidth angle of the antenna, then the two sources

can be distinguished, otherwise, the angular distance between the two will be flatten.

As a consequence, for the first situation, the tracking antenna must not have a
beamwidth greater than 69.3° and for the second situation, not greater than 92.2°,

otherwise the antenna will not distinguish between the two satellites. Using the formula
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provided in [39] for determining the gain of a planar antenna knowing the half power

beamwidth in the principal planes:

30000

Gain (dB) =~ 10 x log ( (3.25)

®1deg @Zdeg

it results that 69.3° beamwidth translates into an antenna gain of 7.95 dB and 92.2°
into 5.47 dB. The angles on the denominator represent the half power beamwidths in
the principal planes. In the calculations, it has been considered the same beamwidth

value in both principal planes.

Those values will be different if the number of satellites per plane increases. For
example, if the number of satellites increases to 58, then the tracking antenna must
not present a beamwidth higher than 37°, which means an antenna gain of 13.4 dB.
This might change if other inclined orbits, populated with satellites appear and if the

intersatellite links are employed.
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4. Study of the Microstrip Antenna operating in TM020 Mode

As it has been shown in Section 2.9.2, when the first operating mode is excited, the
rectangular microstrip patch presents a broadside radiation pattern. The first operating
mode represents the dominant mode, i.e. the lowest operating frequency of the
antenna. The broadside beam feature has been extensively referred in literature, and
used in applications where broadside and wide beamwidths are required. However, if
the second operating mode is excited, the radiation pattern becomes symmetrically

split around the zenith, and this could be used for directivity enhancement.

The antenna will be exploited in order to obtain the antenna gain required in the
scenario described in Chapter 3. So far, this mode has not been referenced in many
applications. The second operating mode of a patch antenna, TM020, is analysed in

this chapter, where a patch antenna is designed and simulated in CST.

4. 1 Simulations of the Microstrip Patch antenna operating in TM020 mode

To verify the second operational mode theory, a microstrip patch has been modelled
and simulated in CST. Figure 4-1 illustrates the dimensions of a Microstrip Patch
antenna which operates in TM020 mode, at 30 GHz. The patch is fed by a coaxial
probe, whose position point (y0) has been chosen to minimise the reflected power

back to the source.
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6.41mm

3.37mm| [« »©
2.17mm

z

I::.-ww:
]

Figure 4-1: Microstrip Patch Antenna dimensions for TM020 operating mode

Using the coax impedance calculator facility of CST Studio, the coax feed dimensions
have been calculated, resulting in a line impedance of 48.850hm. The internal
conducting pin of the coax has a diameter of 0.23 mm, and the dielectric around the

pin has a diameter of 0.77 mm, with a dielectric constant of 2.2.

A parameter sweep, where the position of the feeding point was varied relative to the
edge of the patch (yO = 2.17mm), helped finding the optimum position of the feeding

point.

As it can be observed, in Figure 4-2 (a), the curve corresponding to y0=2.166 mm from
the edge of the patch, shows the lowest reflection point when the antenna is
resonating. As explained in [162], ideally, at resonance, the impedance, at an arbitrary

distance from the edge of the patch, is purely resistive.

The Length of the patch has been slightly trimmed down to 6.41 mm to have the
resonance centred to 30GHz. The 10 dB bandwidth is 974 MHz. It has also been
observed that by offsetting the metallic patch from the centre of the dielectric substrate,

the resonance increases and the return loss improves - Figure 4-2 (b). The metallic
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patch is shifted in +x direction, by 0.95mm, bringing it very close to the edge of the

dielectric substrate (0.6mm).
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Figure 4-2: Return loss Curve showing (a) the optimum position of the feed at 30

GHz and (b) patch offset from the centre of the dielectric substrate vs. Return Loss
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The width of the grounded substrate has been swept with frequency and it was
observed that the gain of the structure gradually improved while the substrate width

increased up to 11 mm. The gain starts to slowly degrade above that width.

Figure 4-3 below, shows the return loss variation with the grounded substrate width
and E-Theta pattern cuts corresponding to each substrate width. As it can be
observed, the best Return Loss and Gain corresponds to 11 mm substrate width. The

Gain drops by 0.8 dB when the width is reduced to 7 mm or increased to 18 mm.
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Figure 4-3: S11 when the substrate width is varied between 7 and 18 mm (top) and

E-Theta pattern cuts for different substrate widths (bottom)
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Besides the second mode strong appearance at 30 GHz, one can also observe the
first mode around 15 GHz, but with a higher reflection coefficient. Using the formulas
provided in Section 2.9.2.3, and taking into account the fringing fields that make the
patch look slightly longer (approx. 6.7 mm), then the resonant frequencies can be
calculated. It will be observed that the resulting values coincide with the values given

by the Return Loss curve.

The radiation pattern of the structure from Figure 4-1 is presented in Figure 4-4. The

polarisation is linear (vertical), and the E-theta component is illustrated below.

farfiedd (F=30) [1]
) el

Figure 4-4: The Farfield Gain Pattern of the structure

Generally, the microstrip patch is designed as a broadside radiator, by properly
choosing the field configuration beneath the patch. However, an end-fire radiation
pattern can be obtained by selecting the appropriate modes. As explained in section
2.9.2.3, the second mode is obtained by appropriately selecting the dimensions of the
patch. This produces two phase reversal of the electric filed under the patch, along the

length (X-axis).
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The E-theta Cut in Figure 4-5 shows some extra details on the obtained farfield.
Compared to TM010 mode, the second mode produces two symmetrical beams on
each side of the Z axis. The main lobe direction is about 39° on each side and the 3

dB beamwidth is about 47.7°.

Farfield Gain Theta (Phi=0) Farfield Gain Theta (Theta=39)

—— farfield (f=30) [1 0 —— farfield (f=30) [1]

\.
120
: P Frequency = 30 GHz
180 e L~ Main lebe magnitude = 7.7 6B EOMEMIY 0 G
) _159_ Main kbe direction = -39.0 deg. Main lebe magnitude =  7.71 dB
Angular width (3dB) = 47.7 deg. Main lobe direction = 180.0 deg.
Theta | Degree vs. dB Side lobe level = -B.7 dB Phi / Degree vs, dB Angular width (3 dB) = 62.3 deg.

Figure 4-5: E-Theta and E-Phi Pattern cuts

As shown in Figure 4-4, the simulated radiation efficiency of the patch is -0.07764 dB
which translates into approximately 98% efficiency. Figure 4-6 illustrates the
simulated surface currents, which also provides an insight on the magnetic field

distribution.
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Figure 4-6: Surface current distribution of the antenna operating in TM020 mode
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The dominant TM,;, mode (the mode with the lowest cutoff frequency, in which the

length of the patch is longer than the width) has the following resonant frequency:

c

fblO =:2LVE; ="15.0€3(3f*2 (3.52”
knowing that c= \/ﬁ ,and  pe = ol €y (3.53)

and this corresponds to the first resonance frequency observed in Figure 4-2.

If the Width of the patch is higher than the length, then TM001 becomes the dominant
mode. The dominant modes show in which direction is the electric field lines vary and
how many variations occur on the patch’s dimension. For example, TM010 mode

shows that a variation of the electric field lines occurs in the X direction.

The first mode radiation pattern is illustrated below, in Figure 4-7. As it can be
observed, the radiation pattern is broadside, similar to the pattern shown in Figure 2-
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Figure 4-7: First mode radiation pattern at 15 GHz
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Figure 4-7 shows that the new patch operates in the second mode TM020, which
means that there are two variations of the field along the length of the patch, i.e. in the

X direction.

c

fo20 = e 30 GHz (3.54)

(taking into consideration that the fringing fields make the patch look slightly longer)
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Figure 4-8: E-Field distribution of the second mode operating patch

Figure 4-8 shows the Field variation along the X axis. The field distribution along the
patch and the farfield radiation pattern presented above, matches the experiments and

theory presented in [162].

The simulated radiation efficiency of the patch antenna shown in Figure 4-7 is -0.2855

dB, which translates into approximately 93% efficiency. Figure 4-9 below illustrates the
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surface current distribution of the patch antenna operating in the first mode and it also

gives an insight on the magnetic field distribution.

surface current (f=15) [1] 2 ’ :
oy 15 GHz L ,., N % 4 % I . * . . At B x

Frequency
Phase 225
Maximum 1002.43 A/m

Figure 4-9: Surface current distribution of the patch antenna operating in TM010
mode

4. 2 Simulations of the Circularly Polarised Microstrip Patch Antenna

The Microstrip Patch simulated in Figure 4-4 has been converted into a circularly
polarised patch by truncating two opposite corners. This determines the E-Field vector
decomposition into two perpendicular vector components: one of them exciting the
edges along the Length and the other vector exciting the edges along the Width. This
coupling process creates two orthogonal modes, 90° out of phase, which provides the
circular polarisation of the patch: TM020 mode along the Length of the Patch and

TMO010 mode along the Width of the Patch. Because in the TM010 mode the patch
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presents a nearly hemispherical radiation pattern, the combination between the two
modes generated by the dimensions of the antenna, gives the TM020 circular mode.
The width of the patch, the feeding point and the corners cuts dimensions have been
varied in order to obtain the desired resonant frequency. The minimum cross
polarisation has been obtained with the opposite patch corners trimmed by

approximately 0.78mm in the x and y directions.

Figure 4-10 illustrates the new dimensions of the circularly polarised Microstrip Patch:

6.43 mm |
w 2.51 mm
3 !
3
3
0.57 mm
¥
|
T 0.80 mm ﬂ
[ - Y

Figure 4-10: Dimensions of the circularly polarised microstrip patch

The LHCP (cross-polarisation) and RHCP (co-polarisation) radiation patterns are
illustrated in Figure 4-11. As the polarisation cannot be purely circular, a small amount
of the opposite polarisation (LHCP) is expected to be also generated. The maximum
LHCP gain generated is -1.96 dB, while the maximum gain obtained from RHCP is
7.15 dB. In the simulations below, the patch is RHCP polarised, however, for the LHCP

polarisation the other two opposite corners of the patch must be truncated.
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Figure 4-11: LHCP and RHCP polarisation patterns

Figure 4-12 illustrates the LHCP and RHCP pattern cuts and Figure 4-13 presents the
patch return loss and the axial ratio curve. The axial ratio curve indicates the cross-
pol discrimination in the direction where the maximum gain is achieved, i.e. 6= -40°
and @ = 0°, over the frequency range. As explained in the previous section, to
determine the bandwidth of a circularly polarised structure, both the return loss and
the cross-pol discrimination performance of the unit must be considered. The overall
performance is obtained by overlapping the 10 dB impedance bandwidth and the 3 dB

axial ratio curve bandwidth.
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From the S11 curve in Figure 4-13, the 10 dB impedance bandwidth can be calculated:
Impedance BW: ((32-29.362)/31.236) = 8.44%.
The axial ratio 3 dB bandwidth can be also calculated:
AR BW: ((30.389-29.763)/30.076) = 2.08%.

By overlapping the two curves, it can be observed that the overall performance BW is

dictated by the axial ratio bandwidth: 2.08%.

The bandwidth extends from 29.763 GHz to 30.389 GHz, where the return loss is
between 15 dB and 11 dB, with 14 dB at 30 GHz. In terms of polarisation
discrimination, the axial ratio values vary between 0.41 dB and 3 dB, with 0.89 dB at

30 GHz.

Figure 4-14 illustrates the axial ratio vs Theta, when Phi=0°, for 29 GHz, 30 GHz, 31
GHz and 32 GHz. The best axial ratio values are obtained at 30 GHz. At Theta=-40",
the axial ratio is 0.89 dB, which is in agreement with the plot in Figure 4-13. At the
other frequencies, the axial ratio values are above 3 dB, which suggest that the field

is not circularly polarised anymore, but linearly polarised.
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Figure 4-12: RHCP and LHCP Pattern Cuts
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Figure 4-13: S11 and Axial Ratio (axial ratio over frequency at Theta =

-40 and Phi=0)
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Figure 4-14: Axial Ratio vs Theta at Phi=0"

In the next chapter, the behaviour of the circularly polarised microstrip patch in the

presence of a reflective substrate is analysed. The simulation results will show that

due to the radiation pattern shape of the feed (two symmetrical beams), the resultant

pattern will always have a high cross-polar component. The RHCP beam lobe

becomes LHCP after hitting the reflective substrate, and combines with the RHCP
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beam lobe launched in air. This and other experiments will be discussed in the next

chapter.
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5. Antenna Arrays Using Second Mode of Microstrip Patch Antenna

The microstrip patch operating in the second mode can be used to develop a low-
profile, higher gain antenna, by attaching a reflective surface to redirect one of the two
symmetrical beams, produced as a result of the second mode excitation. Furthermore,
for beam steering capability, this structure can be arranged in an array configuration.
The gain of the resulting radiation pattern can be further improved if extra resonating,
reflective patches are placed on the reflective surface. This approach resembles the
principle of operation of a reflectarray antenna, as described in Section 2.11. This
Chapter describes the results of different simulations relating to the microstrip patch
antenna operating in the second mode in presence of reflective surfaces and then any
of their extensions to array configurations. In this chapter, it will be demonstrated that
the antenna gain and beam scanning angle requirement determined in Chapter 3 can

be met using patch antennas operating in the second mode, TM020.

5.1 Linearly polarised microstrip patch in presence of a reflective surface

As shown in Chapter 4, the microstrip patch operating in TM020 mode presents two
symmetrical lobes about the broadside axis (z-axis) providing a maximum gain of
about 7.7 dBi at the operating frequency of 30 GHz. Figures 4-4 and 4-5 showed the

radiation pattern and pattern cuts of the antenna.

The gain of the antenna can be improved if a grounded substrate is placed
perpendicularly, in -z direction, under the antenna substrate as illustrated in Figure 5-
1. The feeding patch antenna is rotated 90° along the y axis and placed on the new

grounded substrate. The overall effect is that the lower beam produced by the patch
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shown in Figure 4-4 hits the reflecting substrate and the resulted, reflected beam
combines with the higher beam, giving rise to a more directive beam. The dimensions
of the reflective substrate have been arbitrary chosen as 28 mm (in length) x 8 mm (in
width). The substrate dielectric material is Rogers 5880 LZ with a thickness of 0.5 mm
and a permittivity of 2. In this configuration, the lower beam of the patch antenna hits
the grounded substrate and reflects back into the air, where it recombines with the top
beam. By adding the reflective substrate, it is predicted that the increase in gain would
be of maximum 3 dB [163] plus the added advantage of a single beam radiation from

the structure.

farfield (f=30) (1)
Tyrpe afetld

Figure 5-1: Radiation pattern of the microstrip patch antenna rotated 90° along the y

axis and placed on the reflective substrate

As can be observed from the simulated radiation pattern, Figure 5-1, the gain
increases only by approximately 2 dB, to 9.63 dBi. This is because of the short width
of the reflective substrate not supporting the entire reflection of the lower beam in its
width. Figure 5-2 illustrates the E-Theta pattern cut. It indicates that the reflected beam

and the beam which travels in space are not combining totally, to give a single, more
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directive beam. Indeed, the reflected beam scatters at the edges of the narrow
reflective substrate. Markers 1 and 2 in the Figure 5-2 illustrates the two uncollimated

beams, as they are shown in Figure 5-1.

The reflecting grounded substrate also influences the return loss of the antenna. As
shown in Figure 5-3, the return loss at the antenna resonance decreases to
approximately -13.6 dB and the resonant frequency shifts to 30.15 GHz. However, the
10 dB bandwidth of the structure is almost the same as that of the single patch antenna
operating in the second mode. As explained in [41], the effect of the location of the
ground plane is visible in the input impedance. The input impedance varies with the
height at which the antenna is located relative to the ground plane and its’ phase and

magnitude also depend on the angle of incidence to the ground plane.

Farfield Gain Theta (Phi=0)

farfield (f=30) [1]

Frequency = 30 GHz

Main lobe magnitude = 9,66 dB
Main lobe direction = -26.0 deg.
Q;l (-26.01, 9.661 ) Angular width (3 dB) = 45.8 dea.
% ( -50.97, 9.035 ) Theta [ Degree vs. dB Side lobe level = -5.3dB

Figure 5-2: E-Theta radiation pattern cut of the patch antenna with reflective

substrate showing the two uncollimated beams

The effects of the width on the gain and return loss of the antenna structure are

simulated and shown in Figure 5-4 & 5-5.
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Figure 5-3: The effect of the reflective substrate on the return loss S11 (mag.)

Figure 5-4 shows as the reflecting substrate width increases from 8 mm to 21 mm, the
gain reaches its peak, 10.6 dBi (which is 1 dB higher than the previous gain), for a
width of the substrate of about 18 mm. In this case, the two symmetrical beams of the
microstrip patch antenna (in the second mode) can be assumed to combine nicely into
one single beam (thanks to less energy scattering at the edges of the grounded
substrate). However, the return loss, S11 illustrated in Figure 5-5, varies slightly as the
substrate width is increased. Further, the structure resonant frequency changes with

the width but not considerably.

Farfield Gain Theta (Phi=0) 1D Results\E-Phi Cuts

=28mm, W=8mm

—— L=28mm, W=10mm

180

Phi / Degree vs. dB

Figure 5-4: Gain variation with the width of the reflective substrate at 30 GHz, when

the reflective substrate width is varied from 8mm to 21mm



137

S-Parameters [Magnitude in dB]

——— : L=28mm, W=8mm

— L=28mm, W=11mm
L=28mm, W=12Zmm
L=28mm, W=13mm

— L=2Bmm, W=14mm

dB

L=28mm, W=17mm

S e e B e 5

L=28mm, W=20mm
L=28mm, W=21mm

q ( 30.049, -12.661 )
{\2 sS4 A

. - : - T 1 T
14 16 18 20 22 249 26 28 30 32
Frequency [ GHz

Figure 5-5: Return loss variation with the width of the reflective substrate, when the

reflective substrate width is varied from 8mm to 21mm

The effects of the length of the reflective substrate have also been studied, keeping
its width at 18 mm. The highest gain obtained for the structure is when the length is
about 17 mm, but this gain is very slightly higher than the previous case gain, see
Figure 5-6. Figure 5-7 shows the return loss variation with the length of the grounded

substrate, but again it is very small in comparison to the previous case return loss.
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W=18mm, L=27mm
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Figure 5-6: Gain variation of the antenna structure with the length of the grounded
substrate, when the length of the grounded substrate is varied between 14mm to

27mm
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Figure 5-7: Return Loss variation with the length of the grounded substrate, when the

length of the grounded substrate is varied between 14mm to 27mm

The variation of the grounded substrate dimensions has been done while keeping the
width of the microstrip patch antenna set to 8 mm. As shown in Figure 5-8, by
increasing the width of the microstrip patch antenna to match the width of the reflecting

substrate (18 mm), the 3 dB BW in Phi direction increased considerably from 56° to

72°, however, the gain remained unchanged.
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Figure 5-8: E-Theta gain when the width of the feed’s substrate matches the width of

the reflecting substrate
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5.2 Patch Antenna Array with Reflective Grounded Substrate

To improve the gain of the antenna structure a second element can be utilised as in
antenna arrays, assuming initially in the y-direction. To this end, the reflective substrate
width is taken as 18 mm and its length as 17 mm. The width of the patch antennas
feeding the reflecting ground plane is always chosen to match the width of the

reflective substrate.

Initially, the patch antennas are assumed to be separated by a distance of
approximately 10 mm (from centre to centre), as illustrated in Figure 5-10. This is done
to mitigate the occurrence of unwanted lobes, but also to reduce the interaction or
coupling between consecutive antennas. The patch antennas behave like a 2-element

array that their radiation combined impinges on the reflective substrate.

Some relevant formulas used in the antenna array theory are presented below. These

formulas will be applied in the subsequent subsections.

The array factor represents a function which describes the radiation pattern of an
antenna array. It is a measure of how the radiation pattern of a single antenna element

is changed by adding more antennas to form an array.

As described in Section 2.4.2, the array factor for two isotropic elements, fed by
sources having the same magnitude and phase, separated by a distance d (centre to

centre), along the Y axis is:

AFy, = 2 cos E (kodsinfsing + ,B)] (5.1)

. . 2T
Where kg is the wavenumber in free space = =
0
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and p is the progressive phase between the array elements

For an array of N isotropic elements along the Y axis, the array factor becomes:

1, sin(G(kodsinBsing+p))
AFy = ﬁ[ . 1 . :
sin (E(kodsmesmdﬁ[)’))

] (5.2)

Once the Array Factor is determined, the radiation pattern of the antenna array can be
determined by multiplying (if linear) or adding (if logarithmic) the radiation pattern of

one element, placed at the origin of the coordinate system, with the Array Factor.

5.2.1 Two-Element Antenna Array

As explained in the previous section, a two-element array is formed by repeating the
antenna element determined in Section 4-2, and shown in Figure 4-8 (left-hand side).
The two elements are initially placed at a distance of 10 mm apart measuring from
centre to centre. For the sake of comparisons to follow, first the radiation pattern of
one of the elements in the array is presented, Figure 5-9. The width of the reflecting
substrate is 18 mm and the length 17 mm. As it can be observed in the figure, the
total efficiency of the antenna is -0.2965 dB, which translates into 93% efficiency. The
radiation pattern of the array with two elements with 10 mm inter patch spacing is
shown in Figure 5-10. The antenna elements have been excited assuming 0° progress

phase.
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Figure 5-9: Radiation pattern of one-element (of the array)

As expected, the addition of the second element in the y-direction has increased the
gain by about 3 dB (14.5-11.3) to 14.5 dB. The sidelobes levels are low (1 dB), but
they inevitably occur because the distance between the elements is greater than A/2.
E-Phi cuts vividly show that the directivity has improved reducing the -3 dB beam width

from 72°, Figure 5-9, to 43°, Figure 5-10.

To help further with the understanding of the behaviour of the antenna array, the E-
field vector propagation and radiation pattern cut in the XZ-plane is also illustrated in
Figure 5-11. The antenna total efficiency is -0.2427 dB, which translates into 94%

efficiency.
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Figure 5-10: Radiation pattern and cuts for two-element array with 10 mm distance

between elements

If desired, the sidelobe levels can be reduced from the present levels by shortening
the distance between the elements. However, this increases the coupling between the
antenna elements, which may adversely affect the radiation pattern and the input
impedance of the array. Figure 5-12 illustrates the coupling between the two patches
when the first patch is fed. The isolation between the patches has been measured for
several inter patch spacings (5 mm, 8 mm, 10 mm, 13 mm) and illustrated below, in

Figure 5-13.
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S21 and S11 vs distance between patches at 30GHz
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Figure 5-13: S21 and S11 vs distance between patches at 30 GHz

The highest coupling between the elements occurs at the resonant frequencies, i.e.,
at about 15 GHz (which corresponds to the first mode of operation of the patch) and
at 30 GHz (corresponding to the second mode of operation of the patch). At 30 GHz,
as shown in Figure 5-13, the coupling between elements drops by 12 dB when the
distance between elements varies between 5 mm and 13 mm. The Return loss curve
does not vary as much as the Insertion loss, however it slowly improves as the

distance between patches increases.

As suggested in Section 2.4.2, the derivation of the Array Factor (AF) is based on
assuming isotropic radiators. The AF depends on the distance between the elements,
the operating wavelength, and the axis along which the elements are located. In other
words, the AF pattern does not take into account the actual radiation pattern of the

elements of an array. To obtain the overall radiation pattern of an array, its AF
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(considered as a common factor) needs to be multiplied (or logarithmically added) by

the element radiation pattern [41].

Considering the case under study in this work, the AF of a two-element array with 10
mm inter spacing is shown in Figure 5-14. The pattern has been obtained in Matlab
where two generic elements have been placed along the y-axis. The upper part of

Figure 5-14 shows the Array Factor Pattern, with the Phi and Theta cuts.
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Figure 5-14: Array Factor of a 2-element array with 10 mm spacing between
consecutive elements fed in phase with the associated pattern cuts (top) and the

Array Element Pattern cut from Figure 5-9 (bottom)

By aligning the E-Phi cut in Figure 5-9 to the Phi pattern cut in Figure 5-14, it can be
observed that the width of the beam (E-Phi) in Figure 5-9, overlaps the beam in Figure

5-14 along Phi=0°. The E-Phi 3 dB BW in Figure 5-9 expands between 143.75" and
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216.25°, which corresponds to 36 and 324° in the Phi pattern cut in Figure 5-14. For
Phi=0" pattern cut, the 3 dB beamwidth extends between -20.35° and -57.65" in Figure

5-9, which corresponds to 20.35° and 57.65° in Figure 5-14.

The addition of the two patterns represents the pattern presented in Figure 5-10. The
two-element Array Factor pattern presents a maximum of 3 dB, which explains the
increase of the resultant pattern by 3 dB. The sidelobes that appear next to the main
lobe are due to the presence of the nulls in the Array Factor Pattern and also because
of the width of the main lobe in Figure 5-9 which is covers a part of the Array Factor

lobes lying along the 0°-180° axis.

5.2.2 Four-Element Antenna Array

Similar to the previous case, but this time the radiation pattern of a four-element array
attached vertically to the reflective grounded substrate as shown in Figure 5-15 in
which the radiating elements are patch antennas operating in the second mode is
analysed. Figure 5-15 shows the array radiation pattern, the E-theta, and the E-phi
pattern cuts at 30 GHz centre frequency. The total efficiency of the antenna is

approximately 95%.

In comparison to the previous two-element array (4-10), addition of the two more
radiating elements has increased the gain by about 3 dB to 17.9 dB and of course, the
beam has become more directive over the y-direction. Indeed, as expected, the 3 dB

E-Phi beamwidth has decreased and the 3 dB E-Theta beamwidth remained the same.
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It can be observed in Figure 5-15 that there are minor side lobes next to the main lobe
in the radiation pattern, which can also be predicted from the plot of the AF pattern for

this antenna structure, as illustrated in Figure 5-16 obtained by a Matlab program.

From Figure 5-16, the AF maximum value is 6 dB, which is as expected of a four-
element array (ie: 3 dB for the first two and another 3 dB due to the equivalent sum of
two set of two radiators). If the distance between array elements increases, the

number of the sidelobes will rise and this can be verified using the AF expression.
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Figure 5-15: Radiation pattern and E-theta and E-Phi pattern cuts for four-element

array with 10 mm distance between consecutive elements

By adding the radiation patterns in Figure 5-16 (top) with the radiation pattern of one

element from Figure 5-9 or from Figure 5-16 (bottom), it results the pattern shown in
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Figure 5-15. As it can be observed, as the number of elements increases, the Array
Factor Pattern produces narrower main lobes, but also a higher number of narrow
sidelobes. These in combination with the wide beam of the element pattern, produce
an overall pattern with more sidelobes, compared to the two element Array Factor

described in the previous section.
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Figure 5-16: Array Factor of a 4-element array with 10 mm spacing between

consecutive elements fed in phase and the associated pattern cuts

5.3 Beam Scanning

For the antenna array presented in Figure 5-15, the beam can be moved in the Z-Y
plane (Azimuth) by simply introducing a progressive phase at the input of the feeding

patches.
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As shown in the AF formula, the total phase shift in an antenna array is comprised of
the spatial phase delay plus the progressive phase at the input of each element in the
array. Therefore, by imposing a progressive phase shift at the input of each feed in the

Figure above, the beam will shift in Azimuth.

Figure 5-17 illustrates the beam shift in the Z-Y plane, for different progressive phases
imposed at the input of the patches. The progressive phases used at the input of the

patches are: 0°, 30°, 60°, 90°, 120°, 150°, 180°.

Farfield Gain Theta (Theta=36)

—— farfield (f=30) [1[1,0]+2[1...

Frequency = 30 GHz

Main lobe magnitude =  17.9dB
Main lobe direction = 180.0 deg.
Angular width (3 dB) = 21.3 deg.
Phi [ Degree vs. dB Side lobe level = -14.7 d8

(@)

Farfield Gain Theta (Theta=39)

—— farfield (f=30) [1]1,0]+2[1...

Frequency = 30 GHz

Main lobe magnitude =  17.8dB
Main lobe direction = -173.0 deg.
Angular width (2 dB) = 20.8 deg.
Phi [ Degrea vs. dB Side lobe level = -13.2 dB

(b)



150

Farfield Gain Theta (Theta=35)

—— farfield (f=30) [1[1,0]+2[1...
30

LS

&

AT

AL

Frequency = 30 GHz

Main lobe magnitude =  17.3d8
Main lobe direction = -166.0 deg.
Angular width (3dB) = 20.8 deg.
Side lobe level = -12.0dB

Farfield Gain Theta (Theta=42)

— farfield (f=30) [1[1,0]+2[1...

Frequency = 30 GHz

Main lobe magnitude = 16,4 dB
Main lobe direction = -160.0 deg.
Angular width (3dB) = 19.8 deg.
Phi / Degree vs. dB Side lobe level = -10.6 dB

(d)

Farfield Gain Theta (Theta=43)

— farfield (f=30) [1[1,0]+2[1...

Frequency = 30 GHz

Main lobe magnitude =  15.4 dB
Main lobe direction = -153.0 deg.
Angular width (3 dB) = 19.8 deg.
Phi / Degree vs. dB Side lobe level = -9.4 dB

(e)



151

Farfield Gain Theta (Theta=48)

—— farfield (£=30) [1[1,0]+2[1...

Frequency = 30 GHz
Main lobe magnitude =  14.2 dB

W
150 ~—_|

180 Main lobe direction = -148.0 deg.
Angular width (3 dB) = 18.7 deg.
Phi [ Degree vs. dB Side lobe level = -3.2 dB

Farfield Gain Theta (Theta=53)

farfield (F=30) [1[1,0]+2[1...

Frequency = 30 GHz

Main lobe magnitude =  13.1dB
Main lobe direction = 144.0 deg.
Angular width (3 dB) = 18.1 deg.
Side lobe level = -8.5dB

Figure 5-17: Beam shifting in Azimuth for (a) 0°, (b) 30°, (c) 60°, (d) 90°, (e) 120°, (f)

150°, (g) 180° progressive phase input

As it can be observed, the main lobe magnitude decreases rapidly, as the beam is
scanned. At 150° progressive phase, the main lobe decreases by approximately 3.7
dB, giving a steering range of 32° on each side of the structure (64° in total). The

grating lobe becomes more prominent as the progressive phase increases to 150°.
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The absolute side-lobe level is 11.8 dB, and as the progressive phase input increases
further to 180°, the side-lobe level expands until it becomes a grating lobe. The grating
lobe occurs because the distance between the feeding patches is > M2. However, at
distances < A, the feeds start to couple to each other and their interaction reduce the

overall gain of the structure.

Table 5-1 presents the pattern cuts values at different progressive phase on the input

of the patches.

Table 5-1: Beam Shifting Results when the distance between the feeding patches is

10 mm
Progressive Phase (deg) 0 30 60 90 120 150 180
Phi Lobe Magnitude (dB) 17.9 17.8 17.3 16.4 154 14.2 13.1
Phi Lobe Direction (deg) 180 -173 -166 -160 -153 -148 -144
Phi 3 dB BW (deg) 21.3 20.8 20.8 19.8 19.8 18.7 18.1
Phi Side Lobes (deg) -14.7 | -13.2 -12 -10.6 9.4 3.2 -8.5
Theta Lobe Magnitude (dB) 17.9 17.8 17.3 16.4 154 14.2 13.1
Theta Lobe Direction (deg) -38 -38 -39 -39 -41 -46 -51
Theta 3 dB BW (deg) 35.3 34.3 31.3 27.6 25.4 25.2 26.3
Theta Side Lobes (dB) -19.2 -19.4 -19.6 -19.7 -19.3 -18.1 -14.9

The effect of the progressive phase (imposed at the input of the feeding patches) on

the array factor pattern is shown below, in Figure 5-18.

For simplicity, only two progressive phase angles have been considered: 60° and 180°.
Compared to Figure 5-16, where the progressive phase angle is 0°, the Array Factor
Pattern at 60" progressive phase shows that the lobe at Theta= 90° increases and

widens considerably.

This determines the occurrence of the high sidelobe observed in Figure 5-17, at
around Phi=50°. Also, the lobe at Theta=0" in the Array Factor plots swings towards

Theta= 330°. From here the main lobe scanning in Azimuth, shown in Figure 5-17.
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Figure 5-18: Array Factor pattern at 60° progressive phase angle (top) and 180°

(bottom)

When the progressive phase increases to 180°, the Array Factor pattern appears to
be like two major lobes (Figure 5-18 bottom). As it can be observed, the 3 dB beam of
the unit element pattern overlaps the trough of AF patten, at Theta=0" and it covers
areas from both lobes the Array Factor, between 36° and 324°. From here the two main
lobes observed in Figure 5-17. The peak of the unit element pattern combines with the
trough of the AF pattern, and half-power of the peak adds to 5.82 dB from the AF
pattern. Because the maximum of the two patterns do not fall at the same angles, the
resultant pattern presents lower levels. If the distance between the patches is

increased to 13 mm, then the AF peaks fall within the 3 dB beamwidth of the unit
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element, and the resultant radiation pattern presents a higher level (15 dBi compared

to 13 dBi). This is shown in Figure 5-19.
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Figure 5-19: The radiation E-Theta pattern for 180° progressive phase when the

distance between the patches is set to 13 mm

Table 5-2 presents the Beam Shifting Results when the distance between the feeding

patches is 13 mm.

Table 5-2: Beam Shifting Results when the distance between the feeding patches is

13 mm
Progressive Phase (deg) 0 30 60 90 120 150 180
Phi Lobe Magnitude (dB) 17 16.9 16.8 16.4 16 15.7 15.1
Phi Lobe Direction (deg) 180 -174 -169 -163 -158 -154 -150
Phi 3 dB BW (deg) 16 16 15.6 16.6 15.6 15.2 14.9
Phi Side Lobes (deg) -12.5 -11.7 -11 -10.6 -4.7 -1.5 -9.9
Theta Lobe Magnitude (dB) 17 16.9 16.8 16.4 16 15.7 15.1
Theta Lobe Direction (deg) -38 -38 -38 -38 -41 -43 -46
Theta 3 dB BW (deg) 36.2 34.4 30.8 27.2 25.3 23.4 22.3
Theta Side Lobes (dB) -24.3 -19 -20.3 -20.3 -19.6 -19 -17
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Compared to the results in Table 5-1, the values in Table 5-2 show that the main lobe
magnitude decreases slower when the distance between feeds is set to 13 mm.
However, the beam appears to shift more in azimuth when the distance is set to 10

mm.

5.4 Circularly polarised microstrip patch attached to a reflective surface

In Chapter 2 the circular polarisation has been obtained on the microstrip patch
antenna by cutting out the two opposite edges of the patch. An axial ratio of 0.89 dB
was obtained at 30 GHz, on Theta =-40" and Phi=0°, which correspond to the
maximum gain point on the pattern. This axial ratio corresponds to 25.82 dB cross-pol

discrimination.

Similar to the linear polarisation analysis performed in Section 4.2, the circularly
polarised patch is studied in the presence of a reflective substrate. Initially, the patch

is attached to a 28 mm long reflective substrate, as shown in Figure 5-20.

As in the previous study, the substrate dielectric material used is Rogers 5880 LZ, with
2.0 permittivity. It is anticipated for the lower beam of the patch to hit the grounded

substrate, which reflects it back in the air and where it recombines with the top beam.

Normally, by adding the reflective substrate, it is expected that the gain increases by
approximately 2.5-3 dB [163]. As shown in Chapter 2, the gain of the RHCP polarised
patch is 7.15 dBi, therefore, the addition of the substrate should increase the RHCP

gain to approximately 10 dBi.
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Figure 5-20: Radiation patterns of a circularly polarised patch attached to a 28 mm

long reflective substrate a) LHCP, b) RHCP

However, the radiation pattern illustrated in Figure 5-20 shows that the reflective
substrate is too narrow and that the beam to be reflected gets scattered at the edges
of the substrate. The width of the reflective substrate has been increased to investigate

further.

The gain of the structure vs the substrate width (when the substrate length is set to 28
mm) is shown in Figure 5-21. The RHCP gain increases only to approximately 8.6 dBi,
when the substrate width is 22 mm. This is because when a circularly polarised beam
hits a reflecting surface, the polarisation of the reflected beam is reversed. As a result,

half of the beam that hits the reflecting substrate becomes LHCP polarised. The other
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half of the beam, which was launched in air, did not reverse in polarisation and
remained RHCP polarised. In conclusion, the overall effect of the reflecting surface is
the cancellation of the circular polarisation of the combined beams with effect to
generation of a linear polarisation. The obtained LHCP polarised gain is approximately
0.5 dB higher than the RHCP polarised gain as a result of the reflective grounded

substrate.
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Figure 5-21: Gain variation with the substrate width, when the substrate length is set

to 28 mm

Figure 5-22 shows the gain variation with the substrate length, when the substrate
width is set to 22 mm. The highest RHCP gain (8.56 dBi) is obtained with a 26 mm

long substrate.

Figure 5-23 below, shows the radiation patterns of both the RHCP and LHCP
polarisations, when the substrate length is 26 mm and the substrate width is 22 mm.

As it can be observed, both the LHCP and RHCP patterns are fully supported by the
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reflective substrate. The Phi=0" and Theta= 0° LHCP and RHCP pattern cuts are

illustrated in Figure 5-24.
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Figure 5-22: Gain variation with the substrate length, when the substrate width is set

to 22 mm
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Figure 5-23: LHCP(a) and RHCP(b) radiation patterns of a circularly polarised patch

attached to a 22 mm x 26 mm substrate

Both Figures 5-23 and 5-24 suggest that the LHCP beam, which points to
approximately Theta=50°, has been obtained from the combination between the cross
polarisation of the RHCP beam, which was launched in air and the resulted LHCP

polarisation from the RHCP beam, which hit the substrate.

The same can be said about the RHCP beam: it points at approximately 29° and it
represents a combination between the RHCP beam, which was launched in the air
and the cross polar of the LHCP beam which resulted from the RHCP beam hitting the

substrate.
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Figure 5-24: LHCP and RHCP pattern cuts

As the cross polar discrimination between the LHCP and RHCP is very low, it is
expected for the axial ratio value to be very high. Figure 5-25 illustrates the axial ratio

o

values over Theta at 30 GHz, when Phi=0

Farfield Axial Ratio (Phi=0)

farfield (F=30) [1]

dB

-200 -150 -100 -50 0 50 100 150 200 Frequency = 30 GHz
Theta / Degree Main lobe magnitude = 40 dB

Figure 5-25: Farfield axial ratio, at Phi=0"

If two such structures are attached together, as an array of two elements, both the
LHCP and RHCP polarisations will result in more directive beams. This is illustrated in

Figure 5-26.
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Figure 5-26: a) LHCP and b) RHCP patterns for an array of two circularly polarised

patches with reflective substrate

As it can be observed from Figure 5-26, the cross polar discrimination between LHCP
and RHCP is very low, therefore it is expected for the axial ratio to be high. This is

shown in Figure 5-27, for a Theta cut, when Phi=0°, at 30 GHz.
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Figure 5-27: Far field Axial Ratio for the two elements array

To summarise, in this section it has been demonstrated that the presence of the
reflecting substrate does not improve the gain of the circularly polarised microstrip
patch. The overall effect of the reflecting substrate is to convert the circularly polarised
field into a linearly polarised field. The RHCP gain is small, because approximately
half of the energy is transferred on the opposite polarisation, due to the presence of
the reflecting substrate. Due to reciprocity theorem of the antennas, the same effect is
expected even if the antenna is transmitting or receiving. The antenna’s radiation

pattern and receiving pattern are identical.

As this is not the desired effect for this particular structure, it is concluded that it is
more advantageous to use the reflective substrate in combination with the linearly
polarised patches. As it has been demonstrated in the previous section, the linearly
polarised patch in combination with the reflective substrate increases the gain by

approximately 3 dB.
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6. Investigations of the effect of the reflecting patches on the

antenna gain

The gain of the linear structure analysed in Chapter 5 proved sufficient for complying
the gain requirement defined in Chapter 3, however, this can be further improved by
adding reflecting patches on the reflecting substrate. This improves the gain and the
beam angle scanning range. The reflecting patches are illuminated by the lower beam
of the feeding patches, and they reflect the incident beam with a different phase,
depending on whether the patches are resonant or not. The reflected beam presents
a different phase compared to the phase of the top beam which has not been reflected
by the substrate. The new phase is determined by the distance between the reflecting
patches and the feed (differential space delay) added to the phase introduced by each
reflecting patch (progressive phase). This concept is very similar to the way a reflect-
array antenna works. It is important to specify that on a reflectarray antenna, the
amplitude distribution on each element is dictated by the primary feed, therefore only
the phase can be controlled at the printed elements [136]. The concept of a reflectarray

antenna was explained in the Chapter 2.

6.1 Directing patches design

To enhance the design of the ordinary flat reflector consisting the ground conductor
and the overlay substrate, as shown in the previous chapter, e.g. Figure 5-15, a set of
the directing patches is implemented on the substrate (covering the ground-plane) (in

other words, the patch rests on the top layer substrate: Roger RT5580LZ (g, =
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2.0,tgloss = 0.0021) and the whole structure is backed by a ground plane). The

ground plane increases the antenna gain by 3 dB [163].

After several simulations using the CST Microwave Studio, the dimensions of the unit
cell resonant at 30 GHz have been determined, as illustrated in Figure 6-1. Using the

standard formulas, the resonant length of the patch can be approximated as:

_ c _ 3x108
2«fressVe,  2%30%109%V2

= 3.5 mm (6.1)

while the width of the patch can be approximated as 0.7*L = 2.45 mm. However, when
simulating the patch with the calculated dimensions, at 30 GHz, the phase of the

reflected wave is different from 0° (-38°), which means that the patch is not resonant.

The dimensions of the resonant patch resulted to be L=2.83 mm, and W=3.5 mm, and
as shown in Figure 6-1 a), the phase of the reflected coefficient at 30 GHz is very close
to 0°, which means that the patch is resonating. The substrate’s dimensions are: 5 mm

X5 mm x 0.5 mm.
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Figure 6-1: a) Directive patch-structure and return loss phase; b) Directive patch-

phase versus patch length i.e. the S-curve;

Figure 6-1 b) shows the S-curve obtained by exciting the unit cell (at different lengths)
using a waveguide port. The phase of the S11 parameters is obtained and mapped
against the corresponding patch length. The unit cell has been excited by a waveguide
port in order to determine the resonant length of the patch. For this, the electric
boundary condition has been set along the width of the patch and the magnetic
boundary condition along the length of the patch, as shown in Figure 6-1 a). This
approach is known as ‘parallel plate waveguide simulator’ or ‘H wall waveguide’. The
incoming wave hits the tested element at broadside and then gets scattered back (at
broadside), with a certain amplitude and phase. The back scattered wave consists of
three components: one is the re-radiated component due to resonance of the patch,

the second is the specular reflected component due to the ground plane and the third
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is the scattered component created by the non-resonant structures of the patch and
delay lines. As the substrate thickness is 0.5 mm, which is << 0.1*A,, then it is correct
to assume that only the first two components are dominant [160]. The resonant
elements will completely re-radiate the incident energy (at broadside), while the non-
resonant elements will present both components in the back-scattered energy: the re-

radiated and reflected energy. The reflected energy will be dominant [160].

It is also important to take into consideration the incident angle of the incoming wave.
The H wall waveguide simulator takes into account only the broadside incidence case,
however, in a real case scenario, the reflectarray elements will be illuminated at

different incident angles.

To analyse these cases, a physical waveguide model must be constructed, with the
patch under test placed at the end of the waveguide. By varying the H-plane (or the
long dimension of the waveguide), a certain incidence angle is obtained, given the

formula in [160]:

sin(Bi) = m/(ka) (6.2)

Where a is the long dimension of the waveguide

Figure 6-2 illustrates the radiation pattern of the reflecting element shown in Figure 6-
1 (a), with 2.83 mm length and 3.5 mm width. The patch has been excited using a
microstrip line placed very close to the patch, along the width, but without actually

touching it.
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Figure 6-2: The radiation pattern of the reflecting element and the E-Theta pattern

cut

It is convenient to map the phase generated by the reflecting patch to the length of the
patch, as shown in Figure 6-1. In this way, depending on the amount of differential
space delay occurred between the feed and the reflecting patches, the convenient
length of the patch can be chosen to compensate for the necessary phase. The phase
curve of the reflecting patch is shown in Figure 6-1 b), and it can be seen that the
patch can only compensate for phases ranging between 42.9° and -154°. For phases
outside this range, there will be phase errors introduced by this limitation. As explained
in [139], reduced phase range produces phase error on the surface of the reflectarray,

which leads to gain reduction.

The return loss phase shown in Figure 6-1 suggests that the designed patch is nearly
resonant at 30 GHz, and that it introduces approximately 3.5873° of phase shift. As
expected, it has been observed that for 0° phase shift, S11 shifts to the left (lower

frequencies), and the length of the patch increases - see formula (6.1)
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At absolute resonance, the S11 Phase curve shows 0° phase shift and the Length of
the patch is approximately 2.9 mm. There is no phase shift because the Patch can be
modelled with parallel RLC elements, which, at resonance, behaves as an open circuit.
The open-circuit introduces reflections to the source that have the same phase as the

incident waves.

6.2 Simulations of the structure containing the parasitic patches

By introducing the radiating or parasitic patches on the reflecting substrate, it was
expected to obtain a higher gain compared to case when no patches were present on
the substrate. The reflected wave from the parasitic patches combines in phase with

the first beam of the feeding patches, improving the directivity of the antenna.

Starting from the four elements array illustrated in Figure 5-15, a set of two radiating
patches have been added on the reflective substrate, being separated by 5 mm (4,/2).
The length of the reflecting substrate is 17 mm and the distance between the feeding
patches is 10 mm. The dimensions of the directing patches are, as explained in the
subsection above: L=2.83 mm and W=3.5 mm. The performance of structure is then

obtained using CST software.

Figure 6-3 illustrates the structure, the 3D radiation pattern and pattern cuts in two

principal planes.
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Figure 6-3: Antenna structure with radiating patches added and pattern cuts.

As it can be observed, the gain has improved only by approximately 0.6 dB. Compared
to the pattern in Figure 5-15, where the reflecting patches were not present, the
number of sidelobes decreased around Phi, but some of them became overprominent.
Also, the main lobe direction decreased towards the Z axis, to 31°, from 38°, and the
3 dB beamwidth decreased to 33" from 35.3°. This comparison between the two cases

is shown in Figure 6-4.
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Figure 6-4: E-Theta and Phi Cuts with and without the reflective patches

A third row of patches has been added, and it has been observed that their contribution
to the radiation pattern is minimal. Moreover, there is an increase of the sidelobe level

observed around 70°, possibly due to the effect of the spatial phase delay.

The farfield range of the feeding patch starts at a distance of approximately 31 mm
away from it and the two sets of the reflecting patches lie at 2.58 mm and 7.53 mm
distance from the feeding patches. It results that the reflecting patches are in the
nearfield of the feeding patches, and therefore the electromagnetic field incident on
each reflecting element cannot be approximated by a plane wave. Instead, the
reflecting elements are illuminated by the nearfield. In the nearfield, the relationship
between E and H fields is complex and the strengths of the field components vary.
There is also a reactive component of the radiated field, which represents the energy
stored close to the antenna, and this can be represented by reactive elements
(capacitors and inductors). This reactive field induces a current on the reflective
elements, however, because the feeding patch is a voltage radiator (due to the
presence of the fringing E-fields) and its ground plane cancels the current on the
surface of the patch, then it is correct to assume that the H-field component of the

nearfield is small compared to the E-field component, which is dominant.
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Given the radiation pattern of the feeding patch, as shown in Figure 4-5, with the two
symmetrical lobes pointing at 8= +/- 39°, it is acceptable to say that the first set of
reflecting patches is illuminated at an approximate angle of 40°. As a result, the
reflecting elements will re-radiate part of the incoming energy and it will reflect most of
it, as illustrated in Figure 2-50, from Section 2.11. The reflected energy will not see the
peak of the reflecting patches’ beam. If the specular angle is around 40°, then the
reflected field will only be reinforced by 2.7 dB, as shown in Figure 6-2. On the other
hand, the re-radiated energy will see the maximum gain of the reflecting elements, but
because the patch is not fully resonant, then the amount of the re-radiated energy is

small.

The first two sets of reflecting patches are in the reactive nearfield of the feeding patch
(which ends at 8.58 mm), and they appear to be illuminated at approximately the same

time, as the side view in Figure 5-11 illustrates.

An animation of the E-Field distribution over the reflecting patches show that the last
patches get excited later than the first patches and that their radiation is slightly out of
phase. Figure 6-5 shows a screenshot of the E-field animation from which it can be
observed that the last patches get illuminated less, compared to the first patches that

are closer to the feeds.

Figure 6-5: E-field distribution contour and Phi=0 pattern cut
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The input return loss and the isolation between the feeding ports of the structure in

Figure 6-3, is shown in Figure 6-6. The 10 dB input impedance bandwidth is 0.695

GHz.

dB

S-Parameters [Magnitude in dB]

q ( 29.948, -34.404 )
Q (29.575,-10)
Gi (3027, -10)

dB

16 18 20 22 24 26 28 30 32
Frequency [ GHz

S-Parameters [Magnitude in dB]

16 18 20 22 24 26 28 30 32
Frequency [ GHz

Figure 6-6: The S-parameters of the Structure containing the reflecting patches

The input frequency has been varied within the 3 dB beam peak drop in order to check

the operating bandwidth of the structure shown in Figure 6-3. Figure 6-7 illustrates the

beam degradation as the frequency is swept between 23 GHz and 32 GHz.

As it can be observed, the main lobe direction changes in Theta direction as a result

of a modified radiation pattern of the feed at different frequencies and also as a result

of different phases introduced by the reflecting patches at different frequencies. At 23
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GHz, the gain dropped to 16.5 dBi, while at 32 GHz, the gain dropped to 16.1 dB (from

18.5 dB at 30 GHz).

Farfield Gain Theta (Phi=0)
20 -

— fo(f=24)
—— f...(f=25)
—— f..(f=26)

(1[1.0]+

[

(
— fu(f=27) [

[

(

1,042
1,0]+2
1,0]+2

1,0+
0]+3

1,043

1,043

1,0]+4
10 1

—— f..(f=28)

2[
[1,
[
[
[
—— f..(f=29) [

3
[t
[
[
[
[

-10 +

dB

-20 +

=30

-40 : i : : : i :
-200 -150 -100 -50 0 50 100 150 200
Theta / Degree

Figure 6-7: Beam degradation with frequency variation between 23GHz and 32GHz

6.2.1 Simulation results when the distance between feeds is increased to 13 mm

To check if an increase in the distance between the feeding patches results in any gain
improvement to the structure shown in Figure 6-3, the structure is simulated with the
feeding patches separated by 13 mm. This distance has been chosen due to the Array
Factor pattern that is produced. The main lobe and the sidelobes are narrower, which
provides more directivity to the array pattern. The length of the reflecting substrate
containing the reflecting patches has been kept to 17 mm, as before. It was anticipated
to see less coupling between the feeding patches, at the expense of higher sidelobes
levels, as the E-Theta cut is showing in Figure 6-8. It has been found that at 30 GHz,
the highest coupling between the feeds was -33 dB, when the distance between the
feeds was 10 mm, and -39 dB when the distance between the feeds was 13 mm.

Therefore, the isolation between the feeding patches increased by 6 dB, only by

0]+4
1 o]+4
1,0]+4[1,
1,01+2[1,0]+3[1,0]+4
1,0]+2[1,0]+3[1 0]+4

T
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increasing the space between them by 3 mm. Figure 6-8 illustrates the E-Theta and

E-Phi pattern cuts for the two cases.
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Figure 6-8: E-Theta and E-Phi pattern cuts when the distance between feeds is 10

mm and 13 mm

In Chapter 5, Table 5-2, it has been demonstrated that a maximum gain of 17 dBi can
be obtained when the distance between the feeding patches is set to 13 mm and with
no reflecting patches present on the reflecting substrate. As a continuation to that,
Figure 6-8 shows that the presence of the reflecting patches on that structure

increases the gain of the structure by 1.6 dB, from 17 dBi to 18.6 dBi..

Similarly, Figure 5-15, demonstrated that a maximum gain of 17.9 dBi can be obtained
when the distance between the feeding patches is set to 10 mm and no reflecting
patches are present on the reflecting substrate. As a continuation to that, Figure 6-8
shows that the presence of the reflecting patches on that structure, increased the gain

by 0.6 dB only, from 17.9 dBi to 18.5 dBi.

This demonstrates that a higher distance between the feeding patches, reduces the

coupling between the elements and improves the overall gain of the antenna.

— f,, (F=30) E Thets 10w atepnn fosd ] — {...[f=30) E_Phi 10mm betvwesn

1 fends
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Table 6-1 shows the beam swing for the two cases discussed above (i.e. when the
distance between feeds is 10 mm and 13 mm, with the reflecting patches on the

substrate).

Table 6-1: Beam swing capability of the antenna having the feeds spaced by 10 mm

and 13 mm (the reflective substrate length is kept to 17 mm in both cases).

10mm between feeds (reflecting patches present on the 17mm reflective substrate)

Progressive Phase (deg) 0 30 60 90 120 150 180
Phi Lobe Magnitude (dB) 18.5 18.3 17.9 17 16 14.6 13
Phi Lobe Direction (deg) 180 -172 -165 -157 -152 -147 -143
Phi 3dB BW (deg) 24.2 24.2 21.7 22.4 21 20 18.8

Phi Sidelobes (dB) -16.3 -13.8 -11.8 -10.3 -9.2 -5.7 -8
Theta Lobe Magnitude (dB) 18.5 18.3 17.9 17 16 14.6 13
Theta Lobe Direction (deg) -31 -32 -33 -35 -39 -43 -48
Theta 3dB BW (deg) 33 31.9 29.6 27.2 25.4 24.1 22.2
Theta Sidelobes (dB) -17.3 -17.4 -19.3 -21.9 -19.3 -14.9 -11.7

13mm between feeds (reflecting patches present on the 17mm reflective substrate)

Progressive Phase (deg) 0 30 60 90 120 150 180
Phi Lobe Magnitude (dB) 18.6 18.5 18.1 17.8 17.1 16 14.9
Phi Lobe Direction (deg) 180 -174 -167 -161 -156 -152 -148
Phi 3dB BW (deg) 17.9 18.5 18.7 18 17.6 17.3 16.4

Phi Sidelobes (dB) -13.7 -12.5 -11.6 -10.8 -9.4 -3.9 -8.5
Theta Lobe Magnitude (dB) 18.6 18.5 18.1 17.8 17.1 16 14.9
Theta Lobe Direction (deg) -33 -32 -32 -34 -36 -38 -42
Theta 3dB BW (deg) 35.5 32.8 28.3 25.2 23.1 21.5 20.3
Theta Sidelobes (dB) -19.1 -19.8 -21 -21.9 -19.4 -15.9 -13.5

As it can be observed from the table above, between the two cases, the sidelobe levels
increased with the distance between the feeds, however, during the beam swing, the
main lobe magnitude decreased at a lower rate when the distance was kept to 13 mm
(for example, for 120° progressive phase, 17.1 dBi of gain (for 13 mm between the
feeds) vs 16 dBi of gain (for 10 mm between the feeds). On the other hand, even if the

gain decreases quicker in the latter case, the beam appears to swing a higher range
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than with 13 mm distance between the feeds (-152° vs -156°). This is a consequence
of the array factor pattern change as the distance between the patches changes. As
the distance between the elements decreases, some of the lobes of the array factor
pattern widen, therefore resulting in more beam swing. Figure 6-9 below summarises
the results in Table 6-1 and illustrates the tendency of the main lobe magnitude versus

the beam swing angle, as explained above.

Antenna gain vs beam swing angle in Phi
direction (for 30° step progressive phase)

19

N.'\\
o 18 =
s,
2
=Y \
o
T 16 .
= \ —@— 10mm between feeding
% 15 patches
]
c 14 13mm between feeding
g 13 patches

12
0 10 20 30 40
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Figure 6-9: Beam swing angle in Phi direction versus the main lobe magnitude for 10

mm and 13 mm distance between the feeds.

Figure 6-10 below shows for the array element, that the presence of the reflective
patches on the reflective substrate improved the gain and the radiation beamwidth.
The array element without the reflective patches and its radiation pattern are illustrated

in Figure 5-9 but shown in Figure 6-10 as well for comparison.
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Figure 6-10: The Array Element with and without Reflective Patches and pattern cuts

6.2.2 Simulation results when the length of the reflective substrate is increased to 28

mm

In the previous subsection, it has been analysed the effect of the feeding patches
separation, in the presence of the reflective patches, on the main lobe magnitude and

the beam swing capability of the antenna.

In this subsection, it is desired to investigate the effect of the reflective substrate’s
length, in the presence of the reflective patches, on the radiation pattern. In the
previous simulations, the length of the reflective substrate was kept to 17 mm. For this

investigation, the length is increased from 17 mm to 28 mm (approximately 2 x A).
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Figure 6-11 shows the simulation results of the antenna having 13 mm distance
between the feeds and a 28 mm long reflective substrate. Compared to the
performance obtained with a 17 mm long substrate, the gain has increased only by
approximately 0.2 dB, i.e. from 18.6 dBi to 18.9 dBi. The E-Theta 3 dB BW became
narrower, from 35.4° to 28.9°, but wider in the Phi direction from 17.8°to 23.1°. The

total efficiency of the antenna is approximately 88%.
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Figure 6-11: Structure with 13 mm between the feeding patches, with reflective

patches and 28 mm reflective substrate

Similarly, Figure 6-12 shows the simulation results of the antenna having 10 mm
distance between the feeds, but a 28 mm long reflective substrate. In this case, the
gain has increased only by 0.3 dB i.e. from 18.5 dBi to 18.8 dBi. As in the previous

case, the E-Theta 3 dB BW became narrower from 32.94° to 27.64°, but in Phi
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direction, the BW increased from 27.64° to 29.4°. The total efficiency of the antenna is

approximately 69%.
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Figure 6-12: Structure with 10 mm between the feeding patches, with reflective

patches and 28 mm reflective substrate

In both cases described above, the increase in length of the reflective substrate
improved the gain only by approximately 0.2-0.3 dB. This small gain improvement can
be due to the surface waves which may scatter from the edges of the reflective
substrate or may reflect back from the end of the reflective substrate and get radiated
by the reflecting patches. By increasing the length of the reflective substrate, the phase
of the scattered/reflected waves changes, and this may contribute to the slight

improvement of the antenna gain.
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To check the contribution of the radiating patches to the radiation pattern, the
structures from Figures 6-11 and 6-12 have been also simulated without the reflecting
patches. For the structure with 10 mm between the feeding patches, the simulation
results are presented in Figure 6-13, and compared to the simulation results of the

structure containing the reflective patches.
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Figure 6-13: Structure with 10 mm between the feeding patches, with no reflective

patches and 28 mm reflective substrate

As it can be observed in Figure 6-13, the presence of the radiating patches improves
the gain by 1 dB, from 17.7 dBi 18.7 dBi, and the E-Theta 3 dB beamwidth decreases
from 35.8° to 27.6°. However, the presence of the patches increases the E-Phi 3 dB

beamwidth from 22° to 27.2°.
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Similarly, for the structure with 13 mm between the feeding patches, the simulation

results are presented in Figure 6-14, which are also compared to the simulation results

of the structure including the patches. In this case, the reflecting patches improved the

gain by 2.33 dB, from 16.6 dBi to 18.9 dBi. Similar to the previous case, the E-theta 3

dB beamwidth decreased from 44° to 29° and E-Phi 3 dB beamwidth increased from

18° to 27.3".
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Phi [ Degree vs. dBi

00 20 w0 kDD

(179.9, 16.6)

(170.9,13.6)
( -170.9, 13.6

Figure 6-14: Structure with 13 mm between the feeding patches, with no reflective

patches and 28 mm reflective substrate

Up to this point, the two structures, presenting 10 mm and 13 mm separation between

the feeding patches and a 28 mm long substrate, provide more or less the same gain,
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i.e. 18.7 dBi and 18.9 dBi. In order to decide which antenna performs better, the beam

swing capability of the two needs to be analysed.

In the next subsection, the beam scanning capability in Phi direction for the two

antennas is analysed, similar to the analysis done in Section 6.2.1.

6.2.3 Beam swing capability of the structures having 10 mm and 13 mm spaced

feeding patches and 28 mm reflective substrate with reflecting patches

The structures shown in Figures 6-11 and 6-12 have been simulated with different
progressive phases at the input of the patches. The simulation results are summarised

in Table 6-2.

As the beam is steered, the main lobe magnitude decreases more rapidly when the
distance between the patches is 10 mm. For example, at 120" progressive phase, the
main lobe decreases by approximately 2.5 dB, and gives a steering range of 32° on

each side of the structure (64° in total).

However, for 13 mm between patches, the main lobe magnitude decreases only by
about 2 dB, for the same progressive phase, but it gives a steering range of 27° only
on each side (54° in total). Shortly said, the structure in Figure 6-12 achieves with 120°
progressive phase what the structure in Figure 6-11 achieves at 150° progressive

phase, however at the expense of having a lower gain.

Based on the results presented in Table 6-2, Figure 6-15 summarises the beam swing

angle versus gain, as explained above.
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Antenna gain vs beam swing angle in Phi
direction (for 30° step progressive phase and 28
mm long reflective substrate)

N e
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—@— 10mm between feeding
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Main Lobe Magnitude
= =
w [e)]

[N
N

0 10 20 30 40 50

Beam Swing Angle in Phi Direction

Figure 6-15: Antenna gain vs beam swing angle for a 28 mm long reflective

substrate antenna

If judging by the steering capability of the two cases, for the first case (13 mm distance
between feeds) with 140° progressive phase, where the beam drops by 3 dB (to 15.9
dB), the beam steers 62° in total. For the second case (10 mm between the feeds), a
progressive phase of 130° makes the beam to drop by 3 dB (to 15.8 dB) and a beam

steer angle of 66° is obtained.

The beam swing and the radiation patterns are illustrated in Figure 6-16, for the case
when the distance between patches is 13 mm. The progressive phases used at the

input of the patches are: 0°, 30°, 60°, 90°, 120°, 150°, 180°
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Table 6-2: Beam swing capability of the antennas having 10 mm and 13 mm

distance between the feeds and a 28 mm reflective substrate

10mm between feeds (reflecting patches present on the 28mm reflective substrate)

Progressive Phase (deg) 0 30 60 90 120 150 180
Phi Lobe Magnitude (dB) 18.8 18.6 18.1 17.4 16.3 14.7 12.4
Phi Lobe Direction (deg) 180 -170 -161 -154 -148 -143 -139.7
Phi 3dB BW (deg) 29.4 27.7 27.8 25.5 24.1 22.9 21

Phi Sidelobes (dB) -18.4 -14 -12 -10.5 -9.7 -7.8 -8.5
Theta Lobe Magnitude (dB) 18.8 18.6 18.1 17.4 16.3 14.7 12.4
Theta Lobe Direction (deg) -25 -25 -27 -30 -33 -37 -41
Theta 3dB BW (deg) 27.6 26.6 24.4 22.5 21.1 20.5 19
Theta Sidelobes (dB) -14.9 -16.7 -17.2 -17.9 -18.3 -13.3 -9.5

13mm between feeds (reflecting patches present on the 28mm reflective substrate)

Progressive Phase (deg) 0 30 60 90 120 150 180
Phi Lobe Magnitude (dB) 18.9 18.8 18.5 17.9 16.9 15.4 13.6
Phi Lobe Direction (deg) 180 -173 -165 -159 -153 -148 -143
Phi 3dB BW (deg) 23 21.7 21.4 21.2 20.7 20.3 19.6

Phi Sidelobes (dB) -14.9 -13.1 -12 -11.2 -10.3 -5 -8.3
Theta Lobe Magnitude (dB) 18.9 18.8 18.5 17.9 16.9 15.4 13.6
Theta Lobe Direction (deg) -25 -25 -26 -27 -29 -31 -35
Theta 3dB BW (deg) 29 26.8 23.3 20.3 18.4 17.5 16.3
Theta Sidelobes (dB) -15.1 -18.2 -18.3 -18.6 -18.2 -13.8 -10.7

Farfield Gain Theta (Theta=25)

Frequency = 30 GHz

Main lobe magnitude =  18.9 d8

Main lobe direction = 180.0 deg.

4 Angular width (3dB) = 23.1 deg.
Phi / Degree vs. dB Side lobe level = -15.1 dB

(@)
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Figure 6-16: Beam swing in azimuth when progressive phase is introduced (0°, 30°,

60°, 90°, 120°, 150°, 180° and 13 mm between patches)
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6.2.4 Investigations on beam steering capability in elevation

In the previous section, it has been shown that by imposing progressive phase shift at
the input of the feeding patches, the beam can be steered more than 54° in Azimuth
(27° on each side for a 2 dB drop in gain). It is desirable to obtain the same steering
range in Elevation, ideally. In this section, this possibility will be explored by adding

one extra row of feeding patches, above the existing ones.

The structure presented previously was comprised of four feeding patches attached
to a radiating substrate which was populated with radiating patches, as shown in
Figure 6-16. It provided a radiation pattern with a maximum gain of 18.9 dB and a
relative sidelobe level of —15 dB in Theta Direction. The beam can be steered to more
than 54° in the ZY plane, but at the expense of the gain loss and higher sidelobes
levels. For example, for a 3 dB lower gain (15.9 dB), and a relative sidelobe level of -

7.9 dB, the beam could be steered + 31°, using a progressive phase shift of + 140°.

To sweep the beam in the other principal plane (XZ plane), a second set of feeds must
be introduced on top of the existing ones, to form a 2D array, capable of steering the

beam two dimensionally.

Figure 6-17 shows the antenna structure containing the 2 sets of 4 feeding patches.
The vertical distance between the patches is 9.5 mm and the horizontal distance is 13

mm.
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Figure 6-17: 8 feeding patches structure, with 13 mm horizontal distance and 9.5 mm

vertical distance

The radiation pattern shown in Figure 6-17 indicates two uncollimated lobes: one
produced by the initial set of feeds, and the other lobe produced by the top set of the
feeding patches. The E-theta pattern cut shows the direction of the two beams: one

pointing to -15° and the other to about -57° relative to the horizon line (6=0").

The radiation pattern of only one array element containing two vertical patches, with
reflective substrate and patches is presented below, in Figure 6-18. As it can be
observed, the two uncollimated beams are pointing towards the same direction as
above: -15° and -57°. Figure 6-19 shows the radiation pattern produced by each

feeding patch, separately.

The top pattern is produced by the lower feed and this is collimated into a single beam
pointing towards -27°, with 26.8" 3 dB beamwidth. The lower pattern shown in Figure
6-19 is produced by the top feed and it consists of two separated beams, pointing
towards -34° and -60° respectively. The two patterns combine in phase in such a way

that it results the two separated beams at -15° and -57°.
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Figure 6-19: Radiation pattern produced by each feeding patch: top pattern produced

by the bottom feed and the bottom pattern produced by the top feed
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Ideally, the two beams shown in Figure 6-18 should combine into a single beam, but

they are not. The two angles should combine in phase as well.

One method of controlling the collimation of the two beams is through the distance
between the vertical patches. In Figure 6-17, the distance between the vertical patches
is 9.5 mm. Table 6-3 presents the simulation results of the structure in Figure 6-17, for

different distances between the vertical patches.

Table 6-3: Distance between vertical patches vs lobes levels

Distance (mm) [Lobe 1 gain (dBi) Lobe 1 direction (deg) |Lobe 2 gain (dBi) |Lobe 2 direction (deg)
9.5 15.5 -15 19.5 -57
10 14.95 -14 19.8 -56
10.5 14.47 -13 19.9 -55
11 14.09 -12 19.6 -53
115 13.78 -12 19.3 -50
12 13.45 -12 19.2 -48
12.5 13.2 -12 19.1 -46
13 13 -12 19.1 -44

As it can be observed, as the distance between the vertical patches increases, the
small beam decreases very slowly in gain and the main beam increases in gain up to
a point. At 10.5 mm separation between the patches, the sidelobe level decreases
only to 14.47 dB and the main lobe increases to 19.9 dB. The radiation pattern and

pattern cut are illustrated in Figure 6-20.

The second method of controlling the collimation of the two beams should be through
the use of radiating patches. By changing the dimensions of the patches, the phase of
the reflected wave changes. It has been observed that by decreasing the length of the
reflective patches, the level of the lower beam in Figure 6-18 decreases, and the gain

of the main beam increases. Patch length versus beam levels are presented in Figure
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6-21.The relative level of the sidelobe decreased to 10.4 dB when the reflective
patches were removed. This suggests that the sidelobe was not produced by the
reflective patches, but by the top feeding patches. Without the reflective patches, the
gain increased to 20.5 dB, and the 3 dB beamwidth was 18.3°. The presence of the

patches increased the gain only to 20.6 dB.

As the length of the reflective patches decreased, the main lobe level increased up to
20.6 dB, obtained with 2.6 mm patches. As the length continued to decrease, the main
lobe level remained at 20.6 dB, however, the sidelobe level continued to decrease to

10.65 dB, obtained with 2.0 mm patches.
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Figure 6-20: 10.5 mm distance between vertical patches, radiation pattern and E-

Theta pattern cut
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Figure 6-21: Patch Length versus beams gain

The array element containing two vertical patches spaced by 10.5 mm (with 2.83 mm

reflective patches) is presented in Figure 6-22, together with the radiation pattern and

the E-theta pattern cut.
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Figure 6-22: Array element with 10.5 mm distance between the vertical patches

Compared to the pattern in Figure 6-18 (where the distance between vertical patches

was 9.5 mm and with 2.83 reflective patches), with 10.5 mm between the patches, the
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minor lobe relative level decreased from 8.1 dB to 7.2 dB and the main lobe magnitude

increased fractionally from 12.1 dB to 12.3 dB.

The radiation pattern of the array element combined with the radiation pattern of the
array factor produces the final radiation pattern of the structure. The pattern cuts of
the array factor are shown in Figure 6-23. By looking at the Array Factor pattern, it can
be observed that the Theta pattern cut represents a perfect 6 dB circle, therefore, both
the lower and higher-level lobes will increase in value by the same amount, i.e. 6 dB,

therefore it is impossible to fully reduce the sidelobe level.
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Figure 6-23: Array Factor Pattern and the Azimuth (Phi) cuts at 10° and 56° elevation

(Theta) angles
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The higher gain beam can be steered in the XZ direction by introducing a progressive

phase between the vertical patches. This is exemplified with the structure containing

2.2 mm reflective patches, below, in Figure 6-24.
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Figure 6-24: Beam shifting in elevation with 0°,30°,60°,90°,180° and 240° phase shift

between the vertical patches.
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It was observed that by introducing the phase difference between the vertical patches,
the beam jumped between 28° and 55°, for 240° and 0° phase shift respectively and

there was not a smooth beam travelling between the two angles.

The length of the reflective patches has been chosen to provide the lowest sidelobe
level at 0° progressive phase input at the feeding patches, however, when the
progressive phase is increased, the sidelobe increases until it becomes the main lobe

and the main lobe decreases until it becomes a sidelobe.

Introducing the phase progress the input of the patches is equivalent to having different
size reflective patches, therefore the sidelobe level will increase or decrease

accordingly.

The 2.83 mm reflective patches were suitable for the lower set of the feeding patches,
however, not optimal for the feeding patches set above them. 2.2 mm patches
appeared to be a good compromise for the two sets of the feeding patches, however,

that changed when the progressive phase was introduced.

In consequence, due to the radiation pattern of the array element and the array factor
pattern, the lower sidelobe cannot be eliminated completely. As the progressive phase
is changed between the vertical patches, the main beam jumps between the angle of
the low sidelobe and the angle of the main lobe, without having a smooth transition

between the two angles.
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7. Antenna testing

This chapter concerns with evaluation of the scaled (around 10 GHz) version of the 30
GHz antennas designed and analysed in the previous chapters. They are built and
measured in an appropriate industrial anechoic chamber. The scaling is done for the
sake of simplicity in fabrication, cost issues, and the availability of an industrial
measurement facility. Where possible, the results of the scaled versions are compared
to the simulation results at mm-waves presented in Chapters 6 and 5, and based on

these a set of conclusions are made.

A set of 5 antennas were built in total:

- One single antenna patch operating in the second mode;

- One single patch attached to a reflecting substrate which will show the effect
of the ground on the radiation pattern;

- Two and four antenna patch arrays with the reflecting substrate attached;

- Four antenna patch arrays with reflecting substrate and reflect array to show
enhancement in the gain;

- Four antenna patch arrays with reflecting substrate and reflect array plus

phase shifters to show the beam steering.

The antennas were built at the University of Essex and tested in the Surrey Satellite
Technology (SSTL) anechoic chamber by the author of this thesis. The chamber
presents an HF907 double ridged waveguide horn reference antenna, which operates
between 800 MHz and 18 GHz. As a result, the four-feeding patch antenna array was
scaled to operate from 30 GHz to 10 GHz. This is equivalent to a size increase of order

3 (if keeping the same dielectric constant for the substrates).
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7.1 Feeding Patch Antenna

The scaled patch was simulated and the results at 10 GHz were found very similar in

nature to the results obtained in the previous chapters at 30 GHz.

It was observed that the scaled SMA connector did not match the dimensions of a
commercial one. The factors that determine the impedance of a coaxial cable are: pin

diameter, dielectric diameter and dielectric constant.

A commercial SMA connector type that operates at 10 GHz was modelled and
considered in the simulations. For example, the Huber and Suhner 500hm SMA
connector 23"SMA-50-0-13/111"NE operates up to 18 GHz and can be used as an
input connector for the microstrip patch. Thus, the Pin diameter must increase to 1.28

mm, and the dielectric (PTFE) diameter to 4.1 mm. This gives an impedance of 48.2Q.

By changing the dimensions of the SMA connector, and the length of the central
conductor, the resonant frequency of the whole antenna drifts, therefore the feeding
patch length has been trimmed from 19.23 to 19.03 mm and the feeding point moved

from 6.5 mm to 6.3 mm, to bring the resonant frequency closer to 10 GHz.

The built feeding patch and the anechoic chamber set-up for measurement are

illustrated in Figure 7-1.
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Figure 7-1: The microstrip patch antenna under test and the reference horn antenna

Figure 7-2 illustrates the simulated versus measured return Loss of the patch antenna.
The labels in the figure indicate the resonant frequencies and the 10 dB bandwidths.
As it can be observed, the measured frequency is shifted by approximately 100 MHz,
which is due to built tolerances. The 10 dB bandwidth is approximately the same

(approximately 3.2%) in both cases.
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Figure 7-2: S11 Simulated versus S11 Measured of the patch antenna operating in

2"d mode
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The associated phase is illustrated in Figure 7-3. The S11 magnitude and the phase
at 10.15 GHz translate to an impedance of (47.26+j0.2873) Q. This conversion has
been made using an online reflection coefficient to impedance converter. The absolute
value is close to the impedance of the SMA connector. That shows that the impedance
is not purely resistive and that it presents a small reactive component. The reactive
elements cause the voltage and current to be out of phase to some degree. Some

power is stored in the reactive components and not dissipated as heat.
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Figure 7-3: The phase of the measured S11 of the single patch antenna operating in

2"d mode

The E-Theta patterns and pattern cuts are compared in Figure 7-4. The two cuts are

very similar, and the gain difference is within 0.5 dB. The measured cross-polarisation
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level is higher than the simulated level. The high cross polarisation level, especially in

the diagonal planes, is due to feed point asymmetry, as explained in [164].
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Figure 7-4: Simulated versus measured co-pol patterns (a) and Co-pol and X-pol
cuts of a single feeding patch antenna (b)
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The small ripples in the measured pattern curve could be the result of the reflections
that occurred due to measurement set-up, i.e. due to the presence of the feeding
network at the back of the antenna. It must also be taken into account that a limited
number of measurement points were used (to avoid the increase of the sweeping time)

and that the curves resulted from the interpolation of the points.

Figure 7-5 illustrates the 3 dB gain drop across the bandwidth, i.e.: between 9.584
GHz and 10.562 GHz (approximately the 3 dB BW). As it can be observed, the shapes

of the patterns remain more or less the same, at all frequencies.

Theta cuts (Phi=0) at different frequencies

Figure 7-5: Pattern changes with frequency for single patch antenna operating in 2"
mode

7.2 One patch antenna attached to a reflecting substrate

The scaled single patch antenna presented in the previous section is added to the
scaled reflecting substrate, as described in Chapter 5. In Chapters 5 and 6, the

reflecting substrates material was Rogers RT5880LZ, which has a dielectric constant
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of 2.0. Because of the lead-time and price of this dielectric material, in this chapter, for
all the antennas, RT5880LZ was replaced with RT5880, which has a dielectric
constant of 2.2. The simulations showed no significant change in return loss, gain and
the radiation pattern due to this change at 10 GHz. No changes on the design of the
feeding patches were necessary due to the reflecting substrate dielectric change. All
the measurements are compared to the simulations reflecting the new substrate

(RT5880).

The experimental patch antenna attached to the reflecting substrate and the chamber

set-up for measurement are illustrated in Figure 7-6.

Figure 7-6: Patch antenna with reflecting substrate test setup

The measured vs simulated return losses of the antenna is shown in Figure 7-7. The
measured resonant frequency is shifted to the right by approximately 100 MHz and
the 10 dB fractional bandwidth is approximately 3.3%. Considering the associated S11

phase, shown in Figure 7-8, it can be inferred that the impedance of the antenna is
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(45.7-2.518j) Q. This has been deducted using an online tool for converting the

reflection coefficient (given the module and phase) to impedance.
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Figure 7-7: S11 Simulated versus S11 Measured of a single patch antenna operating
in 2" mode with reflecting substrate (Figure 6-6)
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Figure 7-8: The phase of the measured S11 relating to Figure 7-7

The radiation pattern, E-Theta, E-Phi pattern-cuts in co and cross-polar are presented

in Figure 7-9. The simulated and measured radiation patterns look very similar.
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The E-Theta pattern cut shows that the measured beamwidth is narrower compared
to the simulated one (43° vs. 27°), but, the E-Phi cuts show that the measured beam

is slightly wider in that direction (95° vs 80°) compared to the simulation.

This aligns with the gain values, as the measured gain is higher than the simulated
gain by approximately 1 dB. This could be due to measurement tolerances or build

tolerances.

The higher-level cross polarisation shown both in the measured Theta and Phi pattern
cuts could be caused by the feed asymmetry and also by the reflections due to
measurement setup. Compared to the simulations, the measured antenna presents a
higher feed asymmetry, which could be due to the build tolerances. That is visible in

S11 measurements, where the resonance is shifted in frequency.
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Measured vs Simulated E-Theta cut
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Figure 7-9: Simulated versus Measured co-pol patterns (a) and Co-pol and X-pol
Theta cuts (b) and Phi cuts (c) of the patch antenna operating in 2" mode at

proximity of the reflecting substrate
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The drop in gain (~3 dB at Theta = -39°) over frequency is illustrated in Figure 7-10. At
10.55 GHz, the sidelobe at Theta = 20° becomes more prominent and comes closer

to the main lobe.
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Figure 7-10: Pattern changes with frequency (a) Theta cut (b)Phi relating to the

antenna in Figure 7-6
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7.3 Two patch antennas array attached to a reflecting substrate

The measurement set-up of two patch antenna array (where each patch operating in
2"d mode) attached to a reflecting substrate is shown in Figure 7-11. Port 2 from the
Vector Network Analyser has been split through a 2-way splitter to provide the power
to each patch equally. At the input of each patch, a phase shifter (PTS-A3A8-18-15%f)

ensured that the relative phase between the two patches was zero.

Figure 7-11: Two patch antennas with reflecting substrate test setup

Initially, individual tests performed on each patch to show the asymmetry in fabrication,

connector location and coupling effects between the two patch elements in the array.

The measured vs simulated return losses of the invidual patches in the array is shown
in Figure 7-12. As with the previous single element antennas, the resonance was
shifted to the higher frequencies by approximately 70 MHz for the first patch and 40
MHz for the second patch. The 10 dB fractional bandwidth was approximately 3.4%
on the first patch and 3.3% on the second patch. The corresponding measured phases
of the S11 and S22 are illustrated in Figure 7-13, resulting an input impedance of

(47.39-0.3742))Q for Patch#1 and (45.26-1.458})Q for Patch#2.
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Figure 7-12: The measured vs simulated return loss (a) Patch #1 (b) Patch #2
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Figure 7-13: The phase of the measured S11 (a) and S22 (b) relating to Figure 7-12

Figure 7-14 presents the S11 of the antenna array (as a whole), ie: the S11 into the 2-

way splitter. All the subsequent measurements (pattern cuts) for this antenna have
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been taken at 10.1 GHz. The S11 measurements shown in Figure 7-13 have been
taken with the antenna pointing to the absorbing material (instead of pointing to the
reference horn antenna), and the measurements were taken straight at each port of
the patch antenna. In Figure 7-14, the measurement was taken with the splitter
introduced in the feeding network, and with the antenna pointing to the reference horn
antenna. As a consequence, the measurement appears slightly noisy due to the

reflections occurring from the reference antenna.
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Figure 7-14: S11 of the two element array looking into the two-way power splitter

The radiation patterns, Theta and Phi cuts of the co- and cross-polarisation are
presented in Figure 7-15. The measured and simulated patterns look very similar,
however, the E-Theta cuts show that the measured pattern has a narrower beamwidth
compared to the simulations. The measured gain is higher by approximately 0.5 dB
compared to the simulations. The E-Phi cuts shows that measured and simulated

beamwidths in Phi direction are similar (~38°), but the measured cut is slightly shifted
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to the right. This could suggest that there was a small misalignment in the

measurement setup (in Azimuth direction) between the reference antenna and the

antenna under test.
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Measured vs Simulated E-Phi Cut
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Figure 7-15: Simulated versus measured co-pol patterns (a) and Co-pol and Cross-
pol Theta cuts (b) and Phi cuts (c) of two element patch antenna array (each
operating in the 2" mode) in the proximity of a reflecting substrate

As in the previous measurements, the measured cross-pol levels are higher than those
from simulations, and that could be explained by the feeding asymmetry of each patch
and the reflections that occur from behind of the antenna under test, where the feeding
network was kept. The build tolerances could also be the reason for measuring a

different shape X-pol pattern.

The gain drop (~3 dB) over frequency is shown in Figure 7-16.
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Figure 7-16: Pattern changes with frequency (a) Theta cuts (b)Phi cuts
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7.4 Four patch antennas array attached to a reflecting substrate

The scaled four patch antenna array attached to a reflecting substrate and the

measurement set-up are shown in Figure 7-17.

Figure 7-17: Four patch antennas with reflecting substrate test setup

Port 2 from the Vector Network Analyser has been split through a 4-way splitter to
provide the input for each patch. At the input of each patch, a phase shifter (PTS-

A3A8-18-15*f) ensured that the relative phase between the four patches was zero.

The measured vs simulated return losses of each port is shown in Figure 7-18. As it
can be observed, the resonance was shifted to the right by approximately 76 MHz on
the first patch, 68 MHz on the second patch, 29 MHz on the third patch and 17 MHz
on the fourth patch. The 10 dB fractional bandwidth was approximately 3.2% on the
first patch, 3.4% on the second patch, 3.4% on the third patch and 3.3% on the fourth

patch.
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The corresponding measured phases of the S11, S22, S33 and S44 are illustrated in
Figure 7-19, resulting an input impedance of (45.81-0.7101j)Q for Patch#1,
(43.21+1.798))Q for Patch#2, (43.69+0.2582))Q for Patch#3 and (44.16-1.034j)Q for

Patch#4.
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Figure 7-18: The measured vs simulated return loss of Patch#1 (S11),
Patch#2(S22), Patch#3 (S33) and Patch#4 (S44)
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18

Figure 7-20 presents the S11 of the installed (overall) antenna array, i.e. the S11 into

the 4-way splitter. The subsequent measurements (pattern cuts) for this antenna have

been taken at 10.1 GHz.
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As installed S-param (into the 6 dB splitter)
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Figure 7-20: |S11| of the four-element patch antenna array at proximity of the
ground plane. Patches operating in the 2" mode.

The radiation pattern, Theta and Phi cuts of the co- and cross-polarisation are
presented in Figure 7-21. Although he measured and simulated patterns look very
similar, the E-Theta cuts show that the measured pattern has a narrower beamwidth
compared to the simulated pattern. The reason for seeing a noisy S11 measurement
is the same as the one explained for Figure 7-14, i.e. the reflections occurring from the

reference antenna and from the feeding network.

The measured gain is slightly higher by approximately 1 dB compared to the gain from
the simulation. The E-Phi cuts shows that the simulated beamwidth in Phi direction is
slightly wider compared to the measured beamwidth (16° vs 18°). The two Phi cuts are
well aligned at 180°, which means that the reference antenna and the antenna under

test were well aligned in Azimuth.
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Measured vs Simulated E-Phi cut
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Figure 7-21: Simulated versus measured co-pol patterns (a) and Co-pol and Cross-
pol Theta cuts (b) and Phi cuts (c) of four-element patch antennas in the presence of
the reflecting substrate

Again, the measured cross-pol levels are higher than those from simulations, and this
could be explained by the feed asymmetry of each patch and the reflections that occur

from behind of the antenna under test, where the feeding network was kept.

The gain drop (~3 dB) over frequency is shown in Figure 7-22.
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Figure 7-22: Pattern changes with frequency (a) Theta cut (b) Phi cut relating to the

array in Figure 7-17
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7.5 Four patch antennas array attached to a reflecting substrate with reflecting

patches

The reflecting substrate of the antenna presented in the previous section is
added/covered by reflecting patches, scaled to operate at 10 GHz. Given that the
reflecting substrate has a slightly different dielectric constant compared to what it has
been presented in Chapter 5 (2.2 instead of 2.0), and that the length of the feeding
patches has changed slightly to account for the extra inductance introduced with the
real model of the Huber and Suhner SMA connector, the dimensions of the scaled
reflecting patches have been modified by approximately two points of a millimetre to

bring the resonance of the whole structure back close to 10 GHz.

The measurement set-up of four patches attached to a reflecting substrate with

reflecting patches is shown in Figure 7-23.

Figure 7-23: Four-element patch antenna array in presence of reflecting substrate
covered by reflecting patches. Test setup.
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As in the previous antenna, Port 2 from the Vector Network Analyser has been split

through a 4-way splitter to provide the input for each patch. At the input of each patch,

a phase shifter (PTS-A3A8-18-15*f) ensured that the relative phase between the four

patches was zero.

The measured vs simulated return losses of each port is shown in Figure 7-24.
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Figure 7-24: The measured vs simulated return loss of Patch#1 (S11),

Patch#2(S22), Patch#3 (S33) and Patch#4 (S44)
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It can be observed that the resonance is shifted to the right by approximately 188 MHz

for the first patch, 132 MHz for the second patch, 132 MHz for the third patch and 141

MHz for the fourth patch. The 10 dB fractional bandwidth is approximately 2.2% for

the first patch, 2.0% for the second patch, 2.3% for the third patch and 2.2% for the

fourth patch.
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24
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The corresponding measured phases of the S11, S22, S33 and S44 are illustrated in
Figure 7-25, resulting an input impedance of (62.25+7.919j)Q for Patch#1,
(59.82+12.53))Q for Patch#2, (56.35+10.47))Q for Patch#3 and (61.40+10.69j)Q for

Patch#4.

Figure 7-26 presents the S11 of the overall antenna array in Figure 7-23; ie: the S11
into the 4-way splitter. For consistency, the subsequent measurements (pattern cuts)

on this antenna have been taken at 10.1 GHz.
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Figure 7-26: S11 of the array in Figure 7-23

The radiation pattern, Theta and Phi cuts of the co- and cross-polarisation are
presented in Figure 7-27. The measured and simulated patterns look very similar, and
the E-Theta cuts show that the measured pattern beamwidth is similar to the simulated

beamwidth (27° vs 29°). The measured gain is within 0.5 dB of the simulated gain (18.8
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dB vs 18.96 dB). The two E-Theta pattern cuts appear to be off-set by approximately
4°. This offset could be due to a misalignment in elevation between the antenna under
test and the reference antenna, but it could also be due to the reflecting patches on
the reflecting substrate radiate. The radiated power by these patches combine in a
slightly higher elevation angle compared to the simulations, which would suggest that
the feeding patches plane is not perfectly perpendicular to the reflecting substrate, and
that the reflecting patches are illuminated at a different (higher) angle compared to the
simulations. The E-Phi cuts shows that the simulated beamwidth in Phi direction is
wider compared to the measured beamwidth (27° vs 21°), however, if the simulation
cut is taken at the same angle as for the measurement cut (-27°), the beamwidths

become more similar.
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Figure 7-27: Simulated versus measured co-pol patterns (a) and Co-pol and Cross-
pol Theta cuts (b) and Phi cuts (c) of four-element patch antenna array with reflecting
patches on reflecting substrate. Each patch in the array operates in 2" mode.
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The presence of the reflecting patches on the reflecting substrate has improved the
gain by approximately 1.5 dB compared to 2.5 dB improvement seen in simulations.
This could be because of the angle under which the reflecting patches are illuminated

by the fed patches.

Again, the measured cross-pol levels are higher than the simulations, and that could
be explained by the feed asymmetry of each patch and the reflections that occur from

behind of the antenna under test, where the feeding network was kept.

The gain drop (~3 dB) over frequency is shown in Figure 7-28.
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Phi Cuts (Theta=-27) at different frequencies
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Figure 7-28: Pattern changes with frequency (a) Theta cut (b) Phi cut relating to
array in Figure 7-23

7.6 Four patch antenna array in presence of reflecting substrate covered with

reflecting patches with phase shifters

The four-element antenna array presented in the previous section is equipped with
phase shifters on each SMA connector to evaluate the scan the beam in Azimuth (ZY
plane). Table 7-1 presents the simulation results when progressive phase is introduced
at the input of the scaled antennas. As it can be observed, on the scaled antennas,
similar angular beam travelling is obtained in Phi Direction (approx. 62°), as it has been

obtained in Chapter 6, for a 3 dB decrease of the main lobe magnitude.
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Table 7-1: Beam scanning of the 10 GHz scaled antenna with Huber and Suhner

SMA connector

Structure scaled for 10GHz, with H&S SMA connector

Progressive Phase (deg) 0 30 60 90 120 140 150 180
Phi Lobe Magnitude (dB) 19 18.9 18.5 17.9 17 16.2 15.7 14
Phi Lobe Direction (deg) 180 -172 -164 -158 -153 -149 -147 144
Phi 3dB BW (deg) 23.1 23.2 22.9 21.4 20.9 20.8 -20.5 19.2

Phi Sidelobes (dB) -14.8 -13 -11.8 -11.1 -10.2 -7.3 -4.9 -9.1
Theta Lobe Magnitude (dB) 19 18.9 18.5 17.9 17 16.2 15.7 13.9
Theta Lobe Direction (deg) -25 -25 -26 -28 -29 -32 -32 -35
Theta 3dB BW (deg) 29.7 27.5 23.2 20.7 18.4 18.2 17.7 16.4
Theta Sidelobes (dB) -15.3 -17 -18 -18.4 -17.7 -14.7 -13.8 -11.1

On the measured antenna array, a -30° progressive phase shift has been imposed at
the input of each feeding patch through the installed phase shifters to steer the beam

in Azimuth.

Each phase shifter was capable of producing only 150° of phase shift at 10 GHz.
Figure 7-29 represents a part of the phase shifter’'s datasheet, which describes its

performance.

18GHz Phase adjustable SMA plug to SMA jack

PTS-A3A8-18-15*f 15°xf(GHz); 18Ghz VSWR 1.4

Interface
Standard MIL-STD-348B
Mechanically compatible with 292835

Electrical Data

Impedance 50Q

Frequency Range DC To 18GHz

VSWR =1.15(DC to 6GHz);=1.25 (6 to 12GHz);
=1.4 (12 to 18GHz)

Insertion Loss =0.5dB

Insulation Resistance =5000MQ

Dielectric Withstanding Voltage (at sea 1500 V rms

level) Working Voltage (at sea level) 500 V rms

Figure 7-29: PTS-A3A8-18-15%f phase shifter’s performance
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Initially, the phase at the input of each feed of a patch was measured and the relative
phase between patches was calculated. The required phase at the input of each patch
was determined by adding a progressive phase of -30° to the relative phase value.
The obtained values are shown in Figure 7-30. As it can be observed, the highest

phase value was required on phase shifter #4 (-152.2°).

Relative

Phase+30deg

progressive

Initial Phase |Relative Phase |phase Required Phase|Realised Phase |Loss

Shifter 4 -39.5 -22.7 -112.7 -152.2 -153.5 -8.2
Shifter 3 -49 -13.2 -73.2 -122.2 -122.4 -8.6
Shifter 2 -62.2 0 -30 -92.2 -92.5 -8.26
Shifter 1 -27.9 -34.3 -34.3 -62.2 -62.6 -8.17

Phase Shift1 SMATSMAT  SMAMSMAM

Phase Shift2 svArswar Zioermt!

Phase Shift3 S¥Afswat st

m—

Phase Shifta sw-swe 2t

RF cable2

RF cable3

RF cabled4

Figure 7-30: The required phase shift and realised phase at the input of each patch
antenna

The radiation pattern, with Theta and Phi pattern cuts are presented in Figure 7-31.
The measured and simulated patterns are similar and the measured gain is within 0.5
dB of the simulated gain (18.4 dB vs 18.7 dB). As in the previous section, the two E-

Theta pattern cuts appear to be off-set by approximately 4°.

This offset could be the result of a misalignment in elevation between the antenna

under test and the reference antenna, but it could also be due to error in radiation of
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the reflecting patches on the reflecting substrate. The radiated power by these patches
combine in a slightly higher elevation angle compared to the simulations, which would
suggest that the plane of the feeding patches is not perfectly perpendicular to the
reflecting substrate, and that the reflecting patches are illuminated at a different

(higher) angle compared to the simulations.

The E-Phi cuts show that the simulated beamwidth in Phi direction is slightly wider
compared to the measured beamwidth, and is in off-set by 3° compared to the

measurements.

It must be mentioned that the Phi measurement step size was 10°, and therefore on
each frequency, only 19 points were interpolated to give the Phi pattern cuts. This
means that in reality, the beam widths could be wider than the plots where the

measured points have been interpolated.
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Figure 7-31: Simulated versus measured co-pol patterns (a) Theta cuts (b) and Phi
cuts (c) of four element patch antenna array with reflecting patches on reflecting
substrate utilizing phase shifters to steer the radiation beam
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The measurement results showed that with 30° progressive phase at the input of the
patches, the beam steered by approximately 10°, which is very close to the simulation

results, where the beam steered by approximately 7°-8°.

7.7 Conclusions

A set of 5 antennas scaled to operate close to 10 GHz was built and tested to prove
that the concept and the simulations presented in the previous chapters at 30 GHz
(mm-wave) are correct. The antennas have been tested in the anechoic chamber
using 19 measurement points (per frequency) for Phi cuts (10° Phi steps) and 61 points
(per frequency) for Theta cuts (3" Theta steps). These points have been interpolated

to give the plots presented in this chapter.

The measurement results presented good correlation with the simulations, proving that
the antennas have been designed, built and tested correctly, and that the efficiencies

of the tested antennas are in the range of the efficiencies obtained by simulation.

The pattern cuts revealed slightly higher gain on measured patterns and narrower
beamwidths, but this could be caused by the relatively small number of points taken
for Phi cuts and the interpolation between the measured points. The measured cross-
polarisation levels where higher than in simulations. That could be explained by a
higher patch feed asymmetry due to manufacturing errors, and also the reflections

caused by the feeding network placed at the back of the antennas.

The presence of the reflecting patches improved the gain of the antenna only by 1.5

dB (compared to 2.5 dB shown by simulation), which could indicate that the feeding
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patches did not illuminate/excite the reflecting patches under the same angle as in
simulations. If the feeding patches plane is not perpendicular to the reflecting
substrate, then the reflecting patches would be excited under a different angle and that

would affect the results.

Overall, the measurement results proved that the second mode concept of the patch
antenna as exploited in this work for the first time is useful and that the patch antenna
gain can be improved by exciting the second mode of operation while adding an
adjacent reflecting substrate. Further improvement was achieved when reflecting

patches are arranged appropriately over the reflecting substrate.
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8. Conclusions and future work

8.1 Conclusions

A novel microstrip patch antenna array (67 mm x 28.5 mm x 9.5 mm) has been
designed to operate at 30 GHz, which provided 19 dBi of gain. The microstrip patches
operate in the second mode, TM020, where the main beam is split symmetrically about
the boresight axis. By adding an adjacent reflecting substrate vertically to the patch
substrate, the gain of the patch has been enhanced. Further improvement in the gain
has been shown possible by employing reflector patches on the reflecting substrate.
Therefore, the so designed antenna structures in single or array form can be
considered to benefit from a reflect array architecture where the fed patches/patch
illuminate/s the reflecting elements. The reflecting patches have been designed based

on the reflect-array element theory.

This antenna design meets the antenna requirements introduced through a scenario

with 58 satellites orbiting 550 km above the Earth.

The antenna beam is shown to steer in Azimuth by imposing progressive phase shift
at the input of the feeding patches. The beam was shifted approximately 62° for a 3
dB drop in gain. An attempt to shift the beam in elevation was made, by adding a
second row of feeding patches above the existing ones (i.e.: then the array is 2D). This
attempt proved unsuccessful, as the array element radiation pattern and the array

factor pattern produced sidelobes, which reduced the gain of the antenna.

To test that the theory and simulations presented were correct, a set of five antennas
have been scaled to operate at 10 GHz (171 mm x 85.5 mm x 28.5 mm). The reason

for the scaled version is the availability of an industrial measurement system in x-band
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(which by the way is within the microwave satellite band). The scaled versions of the
antennas have been built in the Essex lab and tested in the anechoic chamber at
Surrey Satellite site. Largely, the measurement results showed good agreement with
the simulations, and the gains of the antennas obtained were as expected theoretically
(via simulation). Some high cross-polarisation levels have been detected in some
cases, but that could be due to the inevitable feeding asymmetry of the array elements
and also because of the reflections caused by the feeding network placed behind the

antenna under test.

The measured beamwidths appeared to be slightly narrower than those from
simulations, and that could be because the coarse Phi measurement step (10°) for

each frequency and the interpolation of the measured points in a graph.

Contrary to the theoretical expectation, however, the reflecting patches improved the
gain only by approximately 1.5 dB compared to the simulation prediction of 2.5 dBi,
and one reason for this could be that the feeding patches were not illuminating the
reflecting patches at the same angle as in the simulations. This could happen if the

feeding patches plane is not perpendicular enough to the reflecting substrate.

Given the observed limitations of the tested antennas, a way forward to improve their
performance is to have them remeasured into the anechoic chamber, where the
feeding network placed at the back of the antenna is covered with absorbing material.
This will stop any radiation caused at the back of the antenna under test. Also, the Phi
step size should be decreased to provide more measurement points. If the cross-
polarisation level is still high it means that the feeding asymmetry of the feeding

patches is the main cause of this issue. Following the solutions given in [164], one way
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to improve the cross-polarisation level is to employ differential feeding on one patch

and rotational feeding on antenna array.

8.2 Future Work

A closer look into the reflecting elements on the reflecting substrate can be beneficial,
as different shape elements may result in improving the antenna gain further. The
potential beam scanning in the elevation should also be re-explored, especially if new

reflecting elements are used.

The gain of the feeding patch can perhaps be improved further, and also, other

dielectric materials, which are cheaper and easier to procure, could be used.

Further future research works (which can be suggested) encompass experimental
works at 30 GHz including fabrication, measurement and may be redesign of various
antennas considered in this work while employing appropriate integrated phase
shifters within the arrays for beam steering. For example, liquid crystal phase shifters
[146] are very small and can be fairly easily integrated within a layer of planar arrays.

Of course, this activity is by itself a major research task.
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