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Abstract

A distributed phased array allows full position freedom of the individual radar sys-
tem nodes, still resulting in corporative and cohesive measurements. Recent and
ongoing advancements in synchronization between the radar system nodes make
the implementation of such a system increasingly feasible. To fully exploit the
freedom of node placement, the use of drones as system carriers is investigated.
The use of drones offer efficient maneuvering, enabling fast position adjustments
and increases access to areas typically hard to reach. However, implementing such
a system is not without challenges. These include insuring coherence between the
system nodes as well as integrating the system at the drone with limited space and
load capacity. In this thesis, antennas are proposed to be installed on the drone.
The result is based on simulations, and include a modeled drone along with the
antenna, feed and mounting arrangements. One of the proposed designs, the half-
wavelength dipole antenna, yields a lightweight solution with desired radiation
properties for a potential radar application. This design supports a distributed
phased array forming a common wavefront.
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Popular Science Summary

Picture a classic green radar screen with a sweeping beam that illuminated targets
as it rotates. This image has long been associated with radar, but also ties directly
to one of the most iconic and early uses of radar systems, i.e., search and detect.
Originally designed to mechanically scan a volume of space and detect objects,
such as aircrafts, by measuring their distance and velocity, this radar application
has been vital for decades. Even today, this role remains one of the most significant
radar applications. However, at its core, a radar system is simply a sensor, a tool
that measures range and velocity. Its true potential lies in how creatively we apply
it, driven by innovative ideas and solutions.

When it comes to sensors, whether to explain a concept or draw inspiration for
new innovative ideas, it has proven helpful to look at one of the ultimate design-
ers: nature. Systems in nature have been optimized by evolution over hundreds of
thousands of years and offer great examples of both deceptively simple and quite
complex solutions. Take, for example, the security system of the meerkats. These
small mammals have developed a highly effective way to monitor their surround-
ings. Meerkats take turns standing guard on elevated spots like hills, either in a
fixed location or spread out across different points near their home. When they
suspect or detect a threat, they communicate with one another in a coordinated
response.

A phased distributed radar array has embraced similar principles and addresses
the two concepts discussed so far. First, unlike traditional systems, it can steer a
beam without requiring a mechanically rotating platform. Instead, it uses the sig-
nal properties of individual sensors, which work together to create a coordinated
final signal. Second, much like the meerkats, each radar sensor in such a sys-
tem operates independently but collaborates to form a comprehensive picture and
make decisions about the scene. The key term here is coordination, ensuring that
the sensors function as one. Synchronizing multiple radar systems to cooperate
effectively is a rapidly advancing field of research.

The focus of this thesis is to evaluate such a distributed radar system, with each
radar implemented on a drone. This introduces additional challenges, including
the limited space and weight that can be carried, as well as the limited mission
time imposed by the drone platform. The primary goal of the project is to design
an antenna, the unit responsible for transmitting and receiving the signal, that is
tailored to meet these demands, while allowing drones to function as a cohesive
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and efficient radar array.
The radar phased array, which creates a coordinated final signal, was chosen

as the application because it does not require the individual radar sensors to be
steered. To achieve this, antennas must exhibit broad radiation patterns to ensure
overlapping illumination, allowing signals from all units to combine effectively.

Three antenna types with broad radiation were investigated: the half-wavelength
dipole antenna, the monopole antenna, and a characteristic mode antenna, where
the drone itself functions as an antenna. Among these, the half-wavelength dipole
antenna proved to be the most adaptable, as it delivered desired radiation prop-
erties when placed at various places around the drone. In addition, it remained
lightweight and fully compatible with other components of the system, such as the
unit that delivers the signal.
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Chapter 1

Introduction

1.1 Background

In recent decades, natural disasters have occurred more frequently than previously
recorded [1]. Events such as wildfires and earthquakes often demand rapid response
in environments with limited accessibility and visibility. At the same time, global
conflicts have evolved with the integration of advanced technologies. For example,
in November 2024, the Armed Conflict Location & Event Data (ACLED) recorded
over 10 000 drone or airborne attacks [2], demonstrating the growing role of un-
manned systems in various domains. While this example highlights the use of
drones in warfare, their potential extend far beyond.

The potential of unmanned aerial vehicles (UAVs), or drones, has resulted
in the rapid advancement of software for high-precision drone control and path
planning [3]. Radar systems, which were initially constructed to measure only the
range to a reflecting object, are now used in much more advanced ways, capable
of detecting ranges, velocities, and even producing images. Given the UAVs’
maneuverability and ability to reach most areas, drone-carried radar systems have
naturally gained interest, and imaging and vital sign detection are two examples of
their applications [4][5]. Current advancements include the use of multiple drones
that work together for a single task, prompting developments in drone formation
control and leading to the concept of drone swarms [6].

Phased arrays enable precise radiation control, allowing for both beamforming
and beamsteering capabilities. Due to these properties, phased arrays are utilized
in several radar applications, such as surveillance, remote sensing, and space ex-
ploration, and they remain a highly researched subject. However, the traditional
half-wavelength spacing of antenna elements imposes limitations on such systems,
particularly at low frequencies, where the resulting large size often makes the array
stationary.

The advancement of drone swarms presents the possibility of realizing a highly
controllable, mobile phased array radar, with each drone representing a single radar
system. Such a system would be particularly useful when cameras are unsuitable,
for example, when longer detection ranges are required or in obscured conditions,
such as through rubble or smoke.
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2 Introduction

1.2 Goal

Implementing a drone carried phased array radar system presents several chal-
lenges, such as antenna design, challenges due to vibrations and position uncer-
tainties of the drones, as well as communication and synchronization between the
radar systems. In this project, the main goal is to design a lightweight antenna
that is possible to carry on the DJI Matrice 100 quadcopter, without impairing its
flying ability. The antenna must be well integrated with the remaining components
of the radar system that will also be carried by the drone.

To ensure that the antenna is suitable for future applications, the project
will begin by exploring possible radar systems based on available hardware. This
approach will yield several design suggestions with varying levels of suitability.
These designs will then be further evaluated, with potential challenges in antenna
integration identified and solutions proposed. By addressing these challenges early,
the integration process can be efficient and adaptable regardless of the specific final
application.

1.3 Related Work

A key challenge in the implementation of the phased array radar system, which is
distributed in space using drones, is the synchronization of phase and frequency
between individual systems. Achieving this is essential for fully exploiting the
benefits of phased arrays.

The authors in [7] achieved a time synchronization precision of 2.26 picoseconds
between two stationary radar systems. This was accomplished by having each
radar system adjust their clock and frequency to a common reference signal. The
reference signal, generated by an external radio, consists of a two-tone signal that
enables each radar system to measure the time delay and phase difference between
the two tones and adjust its clock and frequency accordingly.

Rather than using an external reference, [8] demonstrates how the reference
signal is exchanged directly between individual radar systems, enabling phase and
frequency adjustments. This method enables synchronization among radar sys-
tems even while in motion. The results demonstrated precise synchronization and
beamforming capabilities, approaching ideal performance.

In [9], a mathematical model of a phased array operating at 1 GHz and im-
plemented on UAVs was investigated. The study demonstrated promising beam-
forming capabilities while exploring the effects of positional uncertainties and the
number of antenna elements used. The results showed that employing a suffi-
cient number of radar systems, even with moderate positional uncertainties, led
to effective beamforming capabilities.



Chapter 2
Theory

The foundation of electromagnetism (EM) was established by James Clerk Maxwell
in the 19th century, through his mathematical description of the physics of elec-
tromagnetism, summarized in four equations, known as Maxwell’s equations [10]:

∇×E = −jωB (2.1)

∇×H = J + jωD (2.2)

∇ ·D = ρ (2.3)

∇ ·B = 0 (2.4)

where they are given in the frequency domain assuming a time-harmonic field,
and E and H are the electric and magnetic field strengths, D is the electric
displacement, B is the magnetic flux density, J and ρ are the current and charge
densities and ω is the angular velocity. The following convention between the time
and phase domain is used:

E(r, t) = Re{E(r, ω)ejωt} (2.5)

Throughout this report, the analysis will be conducted in the frequency domain.
When simplified as E or E(r), E(r, ω) is assumed.

When considering a homogeneous medium with linear properties in the absence
of sources, Equations (2.1)-(2.4) can be re-written as:

∇2E +
ω2

v2
E = 0

∇2B +
ω2

v2
B = 0

where v is the propagation speed of the EM wave. The wave nature of the EM fields
is one of many discoveries in the mathematical representation, and the EM wave
is characterized by an amplitude and a phase that carry energy while propagating
through space with a velocity. Basic wave characteristics, such as superposition,
wave polarization and diffraction therefore appear significant in many EM appli-
cations. This also causes the parameters frequency f , wave number k, wavelength
λ and angular velocity ω to be frequently used and the relationship between them
is summarized as:

k =
2π

λ
f =

c

λ
ω = 2πf

3



4 Theory

Moreover, the flux of power through a surface is described by the time-average of
the Poynting vector [10]:

⟨S⟩ = 1

2
Re{E ×H∗} (2.6)

Finally, for a plane wave, the following relationship holds:

B = c−1k̂ ×E (2.7)

where c is the speed of light, and k̂ is the normalized wave vector, giving the
direction of propagation of the wave. The following sections cover the theory of EM
applications needed for the project. The first section addresses basic radar theory,
followed by general antenna theory. Subsequently, a more detailed description of
phased arrays and three types of antennas with particular importance is provided.

2.1 Radar System

A radar system uses the mentioned wave characteristics of the EM fields to deter-
mine either, or both, the position and the radial velocity of a potential target. By
measuring the time ∆T between transmission and return of a reflected signal, the
distance R can be calculated [11, p.4]:

R =
c∆T

2
(2.8)

To determine the radial velocity of a target, vr, the Doppler shift fd, of the returned
signal is measured [11, p.23]:

fd =
2vr
λ

(2.9)

where λ is the wavelength of the signal. Regardless of the radar measurement, the
returned signal must be strong enough for detection. The radar range equation
considers the power loss of the full signal path and can be expressed as follows [11,
p.73]:

SNR =
PavgTdGrGtλ

2σ

(4π)3R4kT0FLs
(2.10)

Here SNR is the signal-to-noise ratio, Pavg is the average power, Td is the Coher-
ent Processing Interval (CPI), Gt and Gr are the gains of the transmitting and
receiving antenna, λ is the wavelength, σ is the radar cross section of the target, R
is the distance between radar system and target, k is the Boltzmann constant, T0

is standard temperature (290 K), F is the noise figure and Ls is the total system
loss.

There are many ways to utilize the EM waves characteristics to implement
a radar system, and consequently a general description of a working system is
challenging to give without in one way or another making a decision on the system.
Therefore, it is helpful to consider broad categorizations of radar systems. A radar
system can be characterized by which waveform is used, or by which one of the
following applications it is to be used for; search, track, or imaging. The waveform
and radar application type will be briefly explained in the following sections.
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2.1.1 Radar waveform

The transmitted wave can be a pulsed wave or a continuous wave. A pulsed wave
transmits for a given duration, giving the pulse width τ , followed by a listening
time. During the listening time, before the next pulse is transmitted, there is a
window of time in which a target reflection can be registered. The pulse width and
the listening time add up to the Pulse Repetition Interval (PRI) or its inverse, the
Pulse Repetition Frequency (PRF). The previously mentioned coherent processing
interval is given by:

Td = n · PRI (2.11)

where n is the number of pulses used.

Since the detection time is limited, the detection range is also restricted. In
addition, when targets are close enough for the reflected signal to return within
τ , the signal cannot be detected. However, the system is naturally divided in
transmitting and receiving time, and therefore isolation between the two is usually
effortless, and the same system is sometimes even used for both. The CW radar,
on the other hand, continuously transmits a signal and the received signal is often
many orders of magnitude smaller than the transmitted signal, requiring a sensitive
receiver. Therefore, to prevent transmitter interference with the receiver, high
isolation is required.

2.1.2 Search, track and imaging application

For search radar systems, it is essential to balance scan speed, detection probabil-
ity, and false alarm minimization. The total scan time for a given volume depends
on the angular coverage and the beamwidth in both the elevation and azimuth
directions. Furthermore, the dwell time of the antenna, related to the angular
scan rate, affects the scan time, and the use of a pulsed waveform introduces an
additional factor based on the number of pulses and the duration of the pulse.
This results in a trade-off between faster scanning speeds and reduced angular
accuracy or coverage.

For effective target tracking, high-resolution signal processing is required.
Range resolution is a key factor, as it determines how accurately the system can
measure target distances. This resolution improves with an increase in signal
bandwidth, but a higher bandwidth also introduces more noise, which lowers the
signal-to-noise ratio (SNR) and limits the tracking range.

In radar imaging, Synthetic Aperture Radar (SAR) techniques help improve
resolution by artificially increasing the antenna size through the platform’s move-
ment. Although range resolution remains important, cross-range resolution be-
comes significant. This is determined by the radar wavelength and the integration
angle, which depend on the radar’s movement and distance to the target scene.
The trade-offs between range and cross-range resolution are important when de-
signing and optimizing radar systems for both scanning and imaging applications.
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2.2 Antenna Analysis

Radiation, or EM fields that transmit energy away from a source, is generated
by accelerating charges. When designing an antenna, the shape of the currents
along its structure is carefully considered to produce the desired radiation pattern.
Calculating the exact fields from Maxwell’s equations from a single accelerating
particle is analytically challenging, and for an entire structure, it becomes imprac-
tical for a general understanding of antenna operation. Moreover, the radiated
fields induce currents in nearby objects, making the antenna’s environment a fur-
ther complication in exact analytical calculations. Fortunately, effective approx-
imations and analysis tools are available, and the most important ones will be
discussed next.

2.2.1 Antenna radiation

Most of the parameters that quantify antenna radiation performance are defined
in the so-called far-field region. The far-field is at a distance from the radiation
source where the following holds [12]:

E(r) = E(r, θ, ϕ) = F (θ, ϕ)
e−jkr

r
(2.12)

This result is interpreted as the radiation pattern being independent of the ra-
dial distance, with the amplitude decreasing proportional to the distance. The
accuracy of the far-field assumption increases with distance, but a common limit
is typically defined as being at a distance of 2D2/λ from the radiating element,
where D is the largest dimension of the radiating element and λ is the wavelength
of the radiation [12]. To evaluate the radiation, the radiation intensity U(r̂), is a
measure of the power radiated per unit solid angle, and is obtained by scaling the
average power density, i.e., the time-average of the Poynting vector in Equation
(2.6), with the distance squared:

U(r̂) = U(θ, ϕ) =
r2

2
Re{E(r)×H∗(r)} =

r2

2η
|E(r)|2 (2.13)

where η is the wave impedance. Further, the total radiated power Prad is the sum
of the radiation intensity over all angles:

Prad =

∫
Ω

U(θ, ϕ) dΩ (2.14)

The pattern of the antenna is often described by its gain, G(r̂), the radiation
intensity normalized with the input power:

G(r̂) = ηr
U(r̂)

Uave
= ηr

U(r̂)

Prad/4π
(2.15)

where Prad is the total radiated power and ηr is the radiation efficiency, which
accounts for power dissipation of the antenna.
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Finally, for a full description, the electric field created from the current carried
on the radiating element will be derived. From Equations (2.1)-(2.4), the existence
of a vector and scalar potential can be derived. The potentials lack direct physical
meaning, but they are helpful as mathematical tools. For this task, the magnetic
retarded vector potential A given a time-harmonic sources, is of use [13]:

A(r) = µ0

∫
Γ

J(r′)e−jk|r−r′|

4π|r − r′|
dv′ (2.16)

where J(r′) is the current density at the evaluation point r′ on the radiating
structure Γ, and r is the observation point. H is related to the vector potential
A as [13]:

H(r) =
1

µ0
∇×A(r) (2.17)

The far-field assumption is again helpful, and the distance between the observation
point and evaluated point can be approximated as:

|r − r′| ≈ r − r̂ · r′ (2.18)

which allows the far-field vector potential to be expressed as:

A(r) ≈ e−jkrµ0

4πr

∫
Γ

J(r′)ejkr
′·r̂ dv′ (2.19)

Next, to find the magnetic field from Equation (2.17), one needs to consider the
curl of the vector potential. Recognizing that the phase variation dominates the
spatial dependence, the following approximation is made:

H(r) =
1

µ0
∇× e−jkrµ0

4πr

∫
Γ

J(r′)ejkr
′·r̂ dv′ ≈ −jke−jkr

4πr
r̂ ×

∫
Γ

J(r′)ejkr̂ · r′ dv′

(2.20)
Finally, the E-field can be expressed using Equation (2.7):

E(r) =
−η0jke

−jkr

4πr
r̂ ×

(∫
J(r′)ejkr

′·r̂ dv′ × r̂

)
=

e−jkr

r
F (r) (2.21)

This shows that the electric field is the Fourier transform of the current on the
radiating element, providing a helpful insight for antenna performance analysis.

An example of a hypothetical radiation pattern generated by a current directed
along the x-axis is shown in Figure 2.1a, meant to illustrate a typical radiation
pattern. The E-plane and the H-plane are the planes in which the fields vary [12],
and with the direction depicted for the example, the E-plane is the xz-plane where
ϕ = 0◦, and the H-plane is the yz-plane with ϕ = 90◦.

The Half-Power Beamwidth, HPBW, is defined as the angle at which the power
in the main beam of the radiation is reduced to half its maximal amplitude [12],
and is shown in Figure 2.1b. The HPBW, but also commonly referred to as θ3 or
ϕ3 where the index 3 refers to a reduction of -3dB of the full beam amplitude.



8 Theory
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(b) 2D cut of 3D raditation pattern, with
the HPBW depicted.

Figure 2.1: 3D and 2D radiation pattern.

The maximal gain of the antenna is directly proportional to the ability to
direct energy in a certain direction. The value is thus highly dependent on the
electrical size of the antenna and the value can be expressed as [11, p.313]:

Gmax = ηr
4πA

λ2
(2.22)

where A is the antenna aperture area, and ηr the aperture efficiency factor. Fol-
lowing the same motivation the HPBW is inversely proportional to the maximal
gain as [11, p.313]:

Gmax ∝ 1

θ3ϕ3
(2.23)

The relationships emphasize that the antenna size, beam directivity, and maximal
gain are interdependent, and often require careful consideration in antenna design.

2.2.2 Antennas as circuit elements

For efficient radiation, the same amount of power fed to the antenna must be
accepted, which requires that the antenna is matched to the feed. This is measured
by the reflection coefficient Γ [12]:

Γ =
Z − Z0

Z + Z0
(2.24)

where Z and Z0 is the antenna and feed impedance respectively. The feed impedance
is commonly 50 or 75 Ω. The antenna impedance is [12]:

Z0 = R0 + jX0 (2.25)

where R0 is the antenna resistance and X0 is the antenna reactance. Since the
feed impedance is real valued, ideally the antenna should have zero reactance. If
the antenna does not meet the required impedance, a matching network should be
included.
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C

L

RaRs

Figure 2.2: LC-matching network from a source with resistance Rs

and a load, in this case the antenna, Ra. The figure is inspired
from [14].

To match the reactance, this can often be achieved by introducing a capacitor
or an inductor to cancel out the reactive component of the impedance. However, to
match the resistance, components must be added without introducing significant
losses. This can, for example, be done with an LC-network or a quarter wavelength
(λ/4) transmission line.

The LC-network can be constructed as shown in Figure 2.2, and if Rs > Ra

the following equations can be used to obtain the component values for proper
matching [14]:

Q =
√
Rs/Ra − 1 (2.26)

ωC =
Q

Rs
(2.27)

ωL = QRa (2.28)

A λ/4 transmission line can also be used. The name refers to the transmission
line length of a quarter wavelength of the carrier signal. For a circuit with a load
impedance Za connected through a transmission line with characteristic impedance
Z0,c, the input impedance Zin at the other end is given by [15]:

Zin =
Z2
0,c

Za
(2.29)

Both of the matching techniques have minimal losses, depending on the quality of
the components.

2.2.3 Bandwidth

The bandwidth is a range around the radiating center frequency where the radia-
tion reaches a certain required performance. Usually for antennas, this is defined
where the power reflection coefficient is less than 10 % (-10 dB) [12].

2.2.4 Image current theory

When a current is placed above a large ground plane, the EM wave reflection can
be modeled as a mirror image current relative to the ground plane. The direction
of the image current depends on the current direction compared to the ground
plane. A current with a direction perpendicular to the ground plane produces an
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Figure 2.3: Image currents from a large ground plane for a per-
pendicular directed(a) and horizontal directed(b) current i in
relation to the ground plane.

image current in the same direction as demonstrated in Figure 2.3a, whereas a
tangential current will be mirrored in the opposite direction and is demonstrated
in Figure 2.3b [12].

2.3 Phased Arrays

The performance of a radar system is highly related to the antenna. An electrically
large antenna can direct radiation more efficiently, improving signal strength and
allowing for better spatial detailing of the scene. To implement a large antenna,
phased arrays can be used. The wave nature of the EM field ensures translation-
phase-shift properties, and by considering placement and emission phase of each
element, the radiation pattern is controlled.

The radiation vector F a(r̂) and the gain Ga(r̂) of the common antenna array
pattern is scaled with the so-called Array Factor, AF [13]:

AF(r̂) =

N∑
n=1

ane
j(kr̂·dn+ϕn) (2.30)

F a(r̂) = F e(r̂)AF(r̂) (2.31)

Ga(r̂) = Ge(r̂)|AF(r̂)|2 (2.32)

where an is the excitation factor, dn and ϕn is the position and phase of element
n using an array of N elements, F e is the element radiation vector and Ge is the
element gain.

The periodicity of the array factor (AF) can lead to constructive interference
in unwanted directions, known as grating lobes. These grating lobes are typi-
cally avoided by ensuring that the element spacing is less than or equal to half
the wavelength. However, according to Equation (2.22), the maximal gain, and
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Figure 2.4: Platform based phased array, where relative phase dif-
ference between the elements can be adjusted. Depending on
the phase of transmission from each element the position of
the maximal amplitude of the transmission occur at different
positions illustrated by the half-circle lines. The resulting su-
perimposed wave from all elements is drawn with a horizontal
line, and the propagation is perpendicular to this line. In (a)
one RF chain is used and the beam is steered by phase shifters
at each element. In (b) each element have its own RF chain
and the phase and amplitude can be adjusted dynamically.

consequently the gain of the main lobe, increases as the effective aperture of the
antenna array grows, which can result from increasing the element spacing.

When the spacing is increased in a sparse array configuration, grating lobes
can be mitigated by breaking the periodicity of the element placement. This can
be achieved by arranging the elements randomly. From a statistical point of view
what is observed is that the main lobe gain increases linearly with the number of
elements, N , while random noise introduced by the irregular spacing cause both
the main lobe and side lobe gain to increase with N . The result is that the main
beam gain increases N times more than the side lobe gain [16].

However, from a statistical point of view, the result can be misleading, as the
random configuration can still cause beams to be directed in unwanted directions.
Therefore, extensive research exists on determining the levels of the main lobe and
the maximal side lobe, accounting for random element positioning [16][17][18].

The traditionally platform-based array can be controlled by the same trans-
mitter/receiver by using phase shifters at each element to electronically steer the
beam, the so-called passive electronically scanned array (PESA) [11], see Figure
2.4a. The active electronically scanned array (AESA) instead uses separate radio
frequency (RF) chains and allows the phase and amplitude to be dynamically ad-
justed at each element, see Figure 2.4b [11]. The consequence of full signal control
for each element is the possibility of faster beam adjustments, multiple beam ca-
pability, and higher system sensitivity. However, increasing the number of sensors
requires more advanced processing, and communication and synchronization must
be realized.

Instead of implementing antenna elements on a single platform, the antenna
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Figure 2.5: Distributed phased array, with 3 nodes. The synchro-
nization is achieved wireless, and the location of the signal pro-
cessing is therefore not strictly defined, illustrated by the dashed
boxes. The synchronization can be centralized, with each node
synchronizing on the same reference signal, either by an inter-
nal node of the array, or an external node and is illustrated
with the purple arrows. Else it can be decentralized, where the
nodes synchronize on a reference signal that is exchanged be-
tween nearby nodes, and is illustrated by the green arrows.

element along with a radio unit can be arbitrarily distributed in space. In the
distributed phased array, the antenna element with its corresponding radio unit is
often referred to as a node, and now synchronization must be achieved by wireless
communication, as illustrated in Figure 2.5. For radar applications, the synchro-
nization must be performed without target feedback, categorizing it as an open-
loop synchronization [7]. This can be done by all nodes synchronizing on the same
node, and is classified as a centralized open-loop or alternatively as a decentralized
open-loop synchronization, where the synchronization is passed to a nearby node or
nodes [19]. The two synchronization categories are illustrated with blue arrows in
Figure 2.5. For the platform-based array, it is always assumed that the target is at
a distance large enough for a common wavefront to form; this does not necessarily
have to be the case for the distributed phased array. The distributed phased array
can operate similarly to that of the AESA, but for either larger spacings between
the nodes or directive element gain, the nodes can be used independently given
that the signals add up in phase at the target destination. The signal incident on
the target can then ideally be represented as [19]:

si(t) =

N∑
n=1

Wn(t)e
j2πfct (2.33)

where Wn is the transmitted waveform from element n, in an array consisting of N
elements and fc is the center carrier frequency. In reality, the uncertainty of posi-
tion, time, carrier frequency and phase between the nodes makes precise synchro-
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Figure 2.6: Current distribution of a half-wavelength dipole antenna
at resonance.

nization challenging, and the constructive interference of the signal in Equation
(2.33) is hard to achieve.

2.4 Half-wavelength Dipole Antenna

The half-wavelength dipole is a conducting rod, and as the name suggests, at
resonance the length L is half a wavelength of the center frequency. The current
distribution is shown in Figure 2.6 and can be expressed as:

J(r̂) = J(ẑ) = I0 cos
(
π
z

L

)
δ(x)δ(y)ẑ = I0 cos

(
2π

z

λ

)
δ(x)δ(y)ẑ

where I0 is the maximal current at the center of the dipole. The radiation vector
in Equation (2.21), becomes:

F (r̂) =
η0jk

4π
r̂ ×

(∫∫∫
I0 cos

(
2π

z′

λ

)
δ(x′)δ(y′)ẑejkz

′ cos θ dx′ dy′ dz′ × r̂

)
=

η0jk

4π
r̂ ×

(
I0ẑ

∫ λ/4

−λ/4

cos

(
2π

z′

λ

)
ejkz

′ cos θ dz′ × r̂

)
=

iη0I0
2π

cos
(
π
2 cos θ

)
sin θ

θ̂

The electric field will according to Equation (2.21) be proportional to the radiation
vector, and the simplified radiation pattern is analyzed using Equation (2.13) as
follows:

U(r̂) ∝ r2 |E(r̂)|2 ∝ r2

∣∣∣∣∣1r cos
(
π
2 cos θ

)
sin θ

∣∣∣∣∣
2

=
cos2(π2 cos θ)

sin2 θ
(2.34)

Assuming a lossless antenna, with ηr = 1, the gain can be calculated using Equa-
tion (2.15), and the plotted result can be seen in Figure 2.7. The resulting pattern
from a dipole is commonly described as a donut shape, but is more importantly
omnidirectional in the azimuth direction. The maximum gain is at the center of
the antenna perpendicular to its length, with a value of approximately 1.6 or 2.15
dB. The radiation resistance for this antenna is 73 Ω at resonance.
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Figure 2.7: Gain of a lossless half-wavelength dipole antenna.

2.4.1 Feed

The half-wave dipole is usually fed in the center. In that configuration, each of
the antenna rods share the same impedance, resulting in a balanced load seen by
the feed. Supplying a balanced load with a balanced feed ensures that the same
current flows through each antenna rod, as the current only has one way to flow,
see Figure 2.8a where the equivalent circuit of a balanced feed is presented. In
practice, an unbalanced coaxial cable is commonly used between the antenna and
the source. The coaxial cable forces an equal, but opposite directed current on the
inner conductor and on the inner side of the outer conductor. When the coaxial
cable is connected with its outer conductor shield to the antenna, some current
can leak on the outer side of the outer conductor, see Figure 2.8b. When the
coaxial length approaches orders of the signal wavelength, the impedance of this
path tends to decrease, resulting in the so-called common mode current of the
coaxial cable being large [20]. The net current of the coaxial cable will radiate,
and the typical current distribution on the dipole antenna is disturbed. Methods
for increasing the impedance of the outer surface conductor current is done by a
balun. The most common are the voltage-, current- and sleeve balun [20][12, p.
538].

2.4.2 Half-wave dipole antenna placed over a ground plane

A dipole directed perpendicularly to the ground plane in the xy-plane, at a distance
dẑ, can be analyzed using image current theory, as the image current in Figure
2.3a suggests. The array factor from Equation (2.30) becomes:

AF(θ) = ejkd cos(θ) + e−jkd cos θ = 2 cos(kd cos(θ)) (2.35)

The dipole gain, adjusted according to Equation (2.32), for d = λ[0.1, 0.25, 1]
is plotted in Figure 2.9. For a dipole that is parallel to the ground plane, the
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Figure 2.8: Balanced- and coaxial feed to a dipole antenna with
corresponding circuit representation.

(a) d = 0.1λ (b) d = 0.25λ (c) d = λ

Figure 2.9: Vertical dipole placed above a ground plane in the xy-
plane.
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(a) d = 0.1λ (b) d = 0.25λ (c) d = λ

Figure 2.10: Horizontal dipole placed above a ground plane in the
zy-plane.

plane is instead placed in the yz-plane to keep the radiation pattern of the dipole
consistent. The dipole is placed in the z-direction at dx̂, and is instead modeled
as in Figure 2.3b, and the array factor becomes:

AF(θ) = ejkd sin(θ) cos(ϕ) − e−jkd sin(θ) cos(ϕ) = 2j sin(kd sin(θ) cos(ϕ)) (2.36)

The gain for the same distances d as for the vertical placed dipole, is plotted in
2.10.

2.5 Monopole Antenna

The quarter-wavelength monopole is a conducting rod placed perpendicularly to
a ground plane. Assuming a large ground plane, in the far-field the monopole
along with the mirror image current mimics a dipole antenna. The length of the
quarter-wavelength monopole is therefore L = Ldipole/2 = λ/4.

The antenna’s radiation is concentrated above the ground plane resulting in:

Gmonopole = 2Gdipole ≈ 3.2 or 5.1 dB

Rmonopole =
Rdipole

2
≈ 36.5 Ω

Furthermore, the radiation pattern is similar to the one in Figure 2.9b.

2.6 Characteristic Mode Antenna

For a given conducting geometry, the current can be decomposed in a weighted
sum of the eigencurrents supported by the structure [21]:

J =
∑
n

anJn (2.37)

where Jn is an eigencurrent called the characteristic mode (CM) current, and
an is the weight related to that mode, and is called the modal weighting (MW)
coefficient.
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With the geometry discretized with M elements the eigenvalue problem of the
current on a geometry can be calculated as [22]:

XJn = λnRJn (2.38)

where X and R are M ×M sized matrices of the reactance and resistance, and λn

is the eigenvalue corresponding to the eigencurrent Jn. The presence of a mode
is often measured by the modal significance MS and is defined as [21]:

MSn =

∣∣∣∣ 1

1 + jλn

∣∣∣∣ (2.39)

When the mode is resonant, MS = 1, still the presence of a mode is significant
when MS is greater than 0.7 [23].

The weighting coefficient an can also be calculated as [21]:

an =
V i
n

1 + jλn
(2.40)

where V i
n is the impressed modal excitation coefficient.

2.6.1 Feed

The key is to utilize the CM currents that will add up in Equation (2.37) to
establish the desired radiation pattern. The mode can be excited, either inductive
or capacitive, ideally by modifying the occurring modes as little as possible.

An inductive coupling element (ICE) is commonly an externally attached half-
loop or integrated into the geometry with slots [22][24]. For the maximal coupling
between the ICE feed and the CM, the placement should be in the position of the
maximum current of the CM [24].

A capacitive coupling element (CCE) can be externally attached to the ge-
ometry, and the coupling to the CM is best when placed where the electric field
distribution is the strongest, which coincides where the current of the CM is the
smallest [25].
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Chapter 3
System trade-off

Establishing clear goals for antenna performance is essential. This involves identi-
fying potential radar system applications and defining metrics to guide the design
and compare different antenna options. In parallel, the drone’s limitations, such as
possible carrying weight and space constraints must be considered, to ensure the
chosen antenna meets both performance and practical implementation require-
ments. The following sections therefore evaluates what can be expected from
commercial hardware to establish a framework for the radar application based on
the radar range equation. The result from this will thereafter be used to evaluate
potential application set-ups.

3.1 System Hardware

3.1.1 Carrier Platform

The radar system is analyzed by assuming integration in the DJI Matrice 100
commercial unmanned aerial vehicle (UAV). The drone was chosen for this project
because it is available as a hardware resource through WARA-PS1. WARA-PS is
a research initiative that provides support to various projects, making access to
their resources possible. Matrice 100 is a rigid, carbon fiber quadcopter designed to
handle a customizable load in different environmental conditions. Relevant spec-
ification is presented in Table 3.12, and the specification for the TB48D battery,
commonly used by Matrice 100, is presented in Table 3.22.

3.1.2 Radio Unit

The radar functions will be implemented using a software-defined radio (SDR).
The SDR utilizes software to control key characteristics that were traditionally
managed by hardware, such as the frequency and bandwidth of the signal. This
capability allows a single product to be highly versatile, supporting a wide range
of use cases. While SDRs can typically generate low frequencies, they are limited
at higher frequencies, with the current commercial SDRs’ maximum frequency
reaching up to 6 GHz. To summarize the expected performance for the SDR in

1WARA-PS: https://portal.waraps.org/page/home
2DJI Matrice 100 specs: https://www.dji.com/si/support/product/matrice100
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Max angular velocity: Pitch: 300°/s, Yaw: 150°/s
Max. speed of ascent: 5 m/s
Max speed of descent: 4 m/s
Max ready-to-fly altitude: 3000 m
Hovering time with TB48D battery and 500 g payload: 17 min
Hovering time with TB48D battery and 1 kg payload: 13 min
Diagonal wheelbase: 65 cm
Communication frequency: 5.725-5.825 GHz

Table 3.1: Relevant specifications of the DJI Matrice 100.

Capacity: 5700 mAh
Watt hours: 129.96 Wh
Voltage: 22.8 VDC

Table 3.2: Specification of TB48D battery.

the planned system, the most relevant specifications of four commercial SDRs are
outlined in Table 3.3

The maximum power output of an SDR is frequency dependent, typically
decreasing as the frequency increases [26]. Each of the SDRs listed has at least one
transmitter port (Tx) and one receiver (Rx) port. The SDRs are connected via a
USB interface, which handles both communication and power delivery. Each SDR
unit incorporates a Field-Programmable Gate Array (FPGA) that can manage
control tasks and perform some level of signal processing. However, depending on
the complexity of the radar system, if the FPGA’s resources are insufficient, an
additional host system can be added. This will likely be a single-board computer
(SBC), for instance, Raspberry Pi SBCs offer models with USB 3.0 connectivity.
The details of communication between the SDR, the host on the drone, and the
user are not within the scope of this project.

3.1.3 Parameter trade-off

The size of the drone imposes the first limitation on the frequency range. It is
assumed that the antenna will be larger than a quarter wavelength, which results

3USRP: www.ettus.com/wp-content/uploads/2019/01/b200-b210_spec_sheet.pdf
4LimeSDR: www.crowdsupply.com/lime-micro/limesdr
5Matchstiq Z2: www.everythingrf.com/products/software-defined-radios/

epiq-solutions/957-983-matchstiq-z2
6Blade RF: www.nuand.com/bladerf-2-0-micro/#specification-wapper

Model Frequency Power output Inst. BW Weight Dimensions

USRP b210/b2002 70 MHz-6 GHz > 10 dBm 56 MHz 350 g 9.7x15.5x1.5 cm
LimeSDR3 100 kHz–3.8 GHz 10 dBm 61.44 MHz 49 g 10x6 cm
Matchstiq Z24 45 MHz-6 GHz 10-13 dBm 50 MHz 200 g 8.74x6.20x1.42
Blade RF 2.0 micro5 47 MHz-3.8 GHz - 56 MHz 90 g 6.3x10.2x1.8

Table 3.3: Specifications on four different SDRs.

www.ettus.com/wp-content/uploads/2019/01/b200-b210_spec_sheet.pdf
www.crowdsupply.com/lime-micro/limesdr
www.everythingrf.com/products/software-defined-radios/epiq-solutions/957-983-matchstiq-z2
www.everythingrf.com/products/software-defined-radios/epiq-solutions/957-983-matchstiq-z2
www.nuand.com/bladerf-2-0-micro/##specification-wapper
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in a frequency range of interest between 100 MHz and 6 GHz, with the SDR
limiting the upper frequency. Additionally, the communication frequency used by
the drone should be avoided.

All Raspberry Pi models have a peripheral current draw of less than 1.6 A6.
Comparing this with the capacity of the TB48D battery:

Batterytime =
5700 mAh

1600 mA
= 3.56 h

Given this worst-case result, the power consumption of the radar system will be
much lower than that required to sustain the drone, so the drone’s hovering time
should not be significantly affected.

Based on the SDR weights listed in Table 3.3, we assume the SDR weighs
approximately 200 g, while the Raspberry Pi SBC weighs 50 g6. This leaves a
maximum of 750 g for the antenna and supporting components, such as feed cables,
mounting hardware, and potential ground planes. However, since the hovering
time decreases with increased weight, it is important to keep the total weight as
low as possible.

The power output is assumed to decrease linearly from 13 dBm to 10 dBm
across the frequency range, accounting for the frequency dependence of the output
power.

3.2 Radar System trade-off

The foundation of the comprehensive but general analysis of the system is the
radar range equation in Equation (2.10). Specifically, the parameters F , Ls, and
the lowest limit of SNR are approximated using common values. The average
power Pavg is derived from the hardware analysis, while Td, Gr, Gt, and σ are
estimated for specific scenarios. For each case, R is plotted for various λ within
the frequency range determined by the hardware analysis.

Assuming negligible atmospheric losses, signal processing losses as well as
transmit and receive losses are estimated to be on the order of 10 dB [11, p.67-69].
The noise figure is assumed to be approximately 10 dB, based on the USRP SDR
specifications, which indicate a noise figure of less than 8 dB. The minimum SNR
is set to 10 dB [11, p.565], and the average power Pavg is assumed to be 95% of
the maximum power output.

The performance of the system will be analyzed based on the operating fre-
quency, as several parameters depend on frequency. Finally, the radar waveform
will be motivated, and the intended application will be determined.

3.2.1 Frequency Dependence of Radar Range Equation

To begin, two different antenna gains are evaluated. For this evaluation, the radar
cross section is approximated based on the target object’s area. In Figure 3.1, the
target is a human with a radar cross section, σ = 1 m2. The coherent processing
interval is set to Td = 20 ms, assuming that human motion is slow compared

6Raspberry Pi Documentation: https://github.com/raspberrypi/documentation

https://github.com/raspberrypi/documentation
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(a) Dipole antenna. (b) Aperture antenna.

Figure 3.1: SNR plotted over range for frequencies between 100
MHz and 6 GHz. The minimum SNR is plotted, with inter-
ceptions indicating the maximum range for each frequency. In
(a), a dipole antenna is used, and in (b), a 30x30 cm aperture
antenna is used.

to the measurement speed. However, if the system speed needs to be increased,
Td needs to decrease. The radar range equation is plotted for a range of different
frequencies, assuming two different antenna gains. In Figure 3.1a, a dipole antenna
is used, providing a constant gain of 2.15 dB across all frequencies. In Figure 3.1b,
a square aperture antenna with each side measuring 30 cm is used, resulting in a
frequency dependent gain as described by Equation (2.22).

Next, attenuation losses of the signal generally increase with higher frequencies
as the electrical distance increases and objects become electrically larger. To
evaluate the potential attenuation effects across the given frequency range, an
attenuation corresponding to 20 m propagation in woodland terrain according to
the model presented in [27] is included. In this case, the human radar cross section
is used along with the dipole antenna gain and the 20 ms coherent processing
interval. The results, with and without woodland attenuation, are plotted in
Figure 3.2.

Additional parameters that can vary with frequency include the coherent pro-
cessing interval and the radar cross section. The coherent processing interval limits
the system speed and is constrained by the target’s decorrelation time, which mea-
sures how long the target can remain illuminated without changing noteworthy.
For higher frequencies, this interval tends to decrease [11]. The radar cross sec-
tion is frequency dependent because it reflects how electromagnetic waves interact
with a target, considering factors such as amplitude, phase, material properties,
and geometry. Its frequency dependence arises from effects like resonance, scatter-
ing mechanisms, and surface interactions, which vary with the wavelength relative
to the target size and structure. Using a frequency with a wavelength comparable
to the size of the target is a good starting point, as the scattering for wavelengths
with orders larger than the object is typically small [11, p.142-143].
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Figure 3.2: SNR plotted over range for frequencies between 100
MHz and 6 GHz, with 20 m woodland attenuation and the
same result without attenuation (indicated by the faded dashed
lines).

3.2.2 Phased Array Configuration

When a phased array with N elements is used in a radar system, the radar range
equation is scaled by a factor of N2, as the array forms a common wavefront. The
dipole antenna, as shown in Figure 3.1a, is now depicted with N = 10 elements
in Figure 3.3. For a common wavefront to form, the radiation pattern of each
element must be broad enough for the radiated waves to combine coherently. The
30 cm radius aperture antenna shown in Figure 3.1b at 1 GHz will, according to
Equation (2.22), have a maximum gain of approximately 12.6. Using Equation
(2.23), assuming that the beam is equally wide in both directions, the beamwidth
is approximately 17◦, which may not be wide enough. Therefore, using an antenna
with a more directed beam at each element would require steering the beam toward
a common target. This could be achieved by either adjusting the direction of the
drone or by incorporating steering electronics at each element.

The different configurations of the drone-based phased array are illustrated in
Figure 3.4-3.6, where each drone represents one node.

Ideally, the same antennas used for radar system, would also serve for syn-
chronization between the nodes. Depending on the radiation direction, either a
centralized or decentralized synchronization approach must be considered. If the
radiation between the nodes is sufficient, a decentralized approach would be effi-
cient, while if for example the radiation is directed straight down and the radiation
between two nodes is insufficient, synchronization could be performed on towards
ground in a centralized configuration. To summarize depending on the final system
implementation, synchronization strategies may need different configurations.
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Figure 3.3: SNR plotted over range, using a phased array with dipole
elements.

target

coherent beam

Figure 3.4: Radiation of each
element forming com-
mon wavefront towards
ground.

target coherent beam

Figure 3.5: Radiation of each
element forming common
wavefront towards the
side.

target

Figure 3.6: Radiation of each node add constructively
first at the target
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3.2.3 Radar Waveform

For a CW radar system implemented on the drone, the achievable isolation by
physically separating the Tx and Rx antennas is limited. In the case of detecting a
human target with a dipole antenna at a distance of 50 m, transmitting at 1 GHz,
the condition for the received signal power Pr to equal the direct leakage power Pl

can be analyzed as follows:

Pr ≈ Pt
GtGrλ

2σ

(4π)3R4
,

Pl = Pt|S12|2,
Pr

Pl
≥ 1 ⇔ |S12| ≤

GtGrλ
2σ

(4π)3R4
= 7.4 · 10−11 ≈ −100 dB.

Here, |S12| represents the signal leakage. Other methods for increasing isolation
are outside the scope of this project and will not be considered.

For a pulsed radar waveform, additional parameters must be taken into ac-
count. To achieve high range resolution, the pulse width τ must be small, and is
constrained by the minimum detectable range Rmin:

τ ≤ 2Rmin

c
.

Furthermore, the target return from the maximum detectable distance Rmax must
be received within the PRI. Therefore, PRF must satisfy:

PRF ≤ c

2Rmax
,

where c is the speed of light.

3.2.4 Application

The primary advantage of a drone-based radar system is the dynamic control of
the radar beam. For example, whether the signals from the nodes combine to form
a common wavefront or add up constructively at the target position, the nodes can
adjust their beams based on feedback. Drones can group into subarrays during
search operations and reconfigure for tracking, depending on the required beam
width. Similarly, each node can operate independently and communicate with
others nodes, for example, when target classification requires illumination from an
additional direction.

When a common wavefront is formed, constructive interference enhances the
signal power, extending the detection range. This is illustrated in Figures 3.4 and
3.5. Directing the main beam sideways utilizes the increased range and allows
for more detailed scene measurements. This setup is ideal for SAR applications,
where images are reconstructed based on varying measurement ranges. It is also
highly desirable in many search and track scenarios.

However, the full range does not always need to be exploited. Beams can also
be directed downwards, where improved signal strength can be used to penetrate
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media with high signal losses. Such applications often require wideband radiation,
necessitating synthetic increases in bandwidth of the SDR [28].

Finally, phased arrays allow targets to be illuminated from multiple direc-
tions simultaneously. In these cases, the signal strength from each node must be
sufficient for the target location.

From the analysis, a frequency of 1 GHz is effective for achieving the desired
detection range while maintaining acceptable attenuation properties. Its corre-
sponding wavelength of 30 cm is manageable for drone implementation, as it allows
for the integration of two antennas, one for transmission and one for reception.
Consequently, the antenna design will focus on 1 GHz, targeting performance that
aligns with the specifications in Figures 3.5 and 3.4.



Chapter 4
Simulation

4.1 Procedure

The project results are based on simulations performed using FEKO. Antenna
designs integrated with the drone were developed as follows:

Drone Model All antennas must be analyzed in the presence of the drone.
Therefore, a model was constructed in FEKO.

Antenna Design An investigation was conducted to identify potential antenna
designs with the desired radiation characteristics, as well as size and weight
properties. For each potential design, the following steps were carried out:

1. Design the antenna following established design rules.

2. Construct and analyze the antenna as a standalone model in FEKO.

3. Consider different placements of the antennas on the drone and simu-
late the antenna’s performance in the presence of the drone.

4. Include the feed and arrangements to attach the antenna to the drone
to evaluate their effects.

4.2 FEKO

FEKO is an electromagnetic simulation tool designed to solve Maxwell’s equations
of arbitrary geometric shapes. FEKO supports several frequency and time domain
types of solver, and which one is used depends on the purpose of the analysis and
complexity of the geometries.

For antenna design, when the geometries are of moderate electrical size and the
materials are not too complex, the Method of Moments (MoM) solution method
is an efficient and accurate solver type to use. It is a full-wave solution method,
meaning it solves the Maxwell’s equations by only discretizing the geometry body
(not the free space). MoM solves the electromagnetic problem by calculating the
currents of the geometry, which are then used to solve for the fields.

The workflow using FEKO starts in CADFEKO, where the model is con-
structed. There is extensive flexibility to build 3D shapes, using a variety of
materials, including those provided by FEKO or custom materials defined by the

27
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user. Once the model is complete, the next step is to manage the solution settings
and define the frequency range. For Standard and S-parameter configuration,
ports and sources must be specified. FEKO provides a wide range of options for
defining sources and ports. In addition, simple circuit elements can be added di-
rectly and external circuit networks can be imported and connected to the ports.
In Characteristic Modes Configuration sources are not required. After defining
sources (if applicable), requests for results are added. Common requests include
Far- and Near-Field patterns and surface currents. The final step in CADFEKO is
to run the simulation. Once the simulation is complete, the results are processed
in POSTFEKO, where they can be visualized in 3D plots, Cartesian plots, polar
plots, or Smith charts, depending on the type of result. Post-processing is also
performed in POSTFEKO, with several built-in macros available. For example, in
CM analysis, users can calculate the modal significance and excitation coefficients.



Chapter 5
Antenna Design

From the system trade-off analysis in Chapter 3, essentially two radar distributed
phased array cases are identified, one having constructive interference at the target
position and one where a common wavefront is formed. As mentioned, the first
case mentioned required steering, either by tilting the drone or by electronics, and
therefore, to start, the antenna will be designed to suit the common wavefront
system to avoid that extra challenge.

The dipole and monopole antenna, essentially consisting only of a conducting
rod, are relatively lightweight and the radiation pattern of each is omnidirectional
in one direction. Therefore, these antennas are the first to be analyzed on the
drone. The antennas are not known for having wide bandwidths, but consider-
ing the operational bandwidth of around 1 GHz compared to the bandwidth of
the SDR of 50 MHz this will not necessarily be an issue. Although since the
SDR’s bandwidth can be synthetically increased methods for increasing the an-
tenna bandwidth will also be considered.

Next, due to the weight and size constraints introduced by the drone, an anal-
ysis of the possibility and challenges of utilizing the drone itself as a characteristic
mode antenna is executed.

In the next section, the model of the drone in FEKO is explained. The fol-
lowing sections present the analysis and results of the FEKO simulation of the
antenna designs.

5.1 Modeling of the Drone

The model of the Matrice 100 constructed in FEKO included the body, the four
arms, and the landing legs, closely following the true dimensions. The propellors
were not included since modeling the rotation of the propellors would be very
challenging. Whilst the motor is always placed in the center of the body, other
attachable components are free to be placed either on top or under the drone body.
For this model, only one battery is included at the top of the drone. The model
in FEKO can be seen in Figure 5.1, from the top and from the side of the back.
The figures also include a coordinate system, and if not else stated these are the
coordinates used in following presented result.

The drone is built in carbon fiber material, but the exact material properties
were not found and therefore the material was modeled as three different cases;

29
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Figure 5.1: Model of DJI Matrice 100 in FEKO, from the top front
and from the side of the back.

Material A B

ϵr 170 2.9
tanδ 0.38 0.04

Table 5.1: The extreme cases of carbon fiber electrical properties
used to model the drone. Material A is based on carbon fiber-
reinforced polymer, with the carbon fibers oriented in a direction
relative to the incident electric field that yields the maximum
relative permittivity ϵr and loss tangent tanδ. In comparison,
Material B has the lowest possible ϵr and tanδ and is not rein-
forced by carbon at all.

a perfect electric conductor (PEC) and two cases of carbon fiber. The properties
of the carbon fiber material were set in two extreme cases between neat resin
and fiber reinforced polymer composites measured in [29]. The measurements
covered 8-12 GHz, and not the frequency range of interest. Therefore, a rough
approximation is performed, and the relative permittivity properties ϵr and the
loss tangents tanδ used can be seen in Table 5.1, where the two extreme cases are
referred to as Material A and B. Because of the rough approximation, rather than
providing exact results, the two extreme cases provide an understanding of the
potential influence of the carbon fiber compared to that of a PEC.

5.2 Dipole Antenna

The first half-wavelength dipole design presented includes the full iterative process;
analysis of the antenna in the presence of the drone, feeding structure, and mount-
ing arrangement. In the following sections, the results were obtained following a
similar procedure, and to avoid repetition, only the final results are provided.

5.2.1 Dipole antenna horizontally placed under the drone

The first attempt was to place the antenna under the drone body, due to the ease
of integration, and relatively protected location between the drone legs.



Antenna Design 31

d

Figure 5.2: Single dipole antenna placed under the drone at a dis-
tance d from the drone body.

Dipole antenna in the presence of the drone

Initially, a half-wavelength dipole antenna was designed in free space in FEKO,
with the aim of a resonance frequency around 1 GHz. The antenna was excited
by placing a wire port and exciting it with a voltage source with resistance of 50
Ω. The resulting dipole had a resonance frequency at 0.98 GHz when L was set
to 14 cm and the radius r was set to 1 mm, with typical dipole properties; 73 Ω
resistance at resonance and an omnidirectional radiation pattern. The simplest
case was to place the antenna centered under the drone modeled as a PEC, with
the purpose of seeing how its properties changed and if the drone would resemble
a ground plane. The dipole was placed at a distance d = λ [0.18, 0.25, 0.33] from
the drone body, and the drone and the dipole with the distance d depicted are
shown in Figure 5.2. The resulting reflection coefficient and the real part of the
impedance are plotted in Figures 5.3 and 5.4. In Figure 5.4, the imaginary part
of the impedance is left out for visibility, and instead the center frequency of
0.946 GHz is indicated, where the corresponding imaginary part of the impedance
for all three cases is close to zero. The resulting resonance frequency is slightly
shifted to lower frequency for all cases, and the radiation resistance decreases as
the distance d decreases. In Figure 5.5, the gain of the three cases is shown in the
same coordinate system as the figures including the drone model at the resonance
frequency of 0.946 GHz. The radiation pattern is more directive for shorter d, and
when d becomes large enough several main beams start to appear, as the theory
of a horizontally placed dipole above a ground plane also showed.

In summary, placing the dipole centralized under the drone does affect the ra-
diation similarly to the theory of placing a dipole above a ground plane. Further-
more, since at some distances several main beams are introduced, these distances
should be avoided.

Drone material effect

To evaluate the effect of the carbon fiber material of the drone body, the dipole
antenna placed at a distance d = 0.25λ was simulated for the two extreme case
of material A and B from Table 5.1. The simulations showed that the reflection
coefficient was barely affected and the result is plotted in Figure 5.6. The resulting
gain in the H-plane and the E-plane is plotted in Figure 5.7. Material A shows
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Figure 5.3: Reflection coefficient
of dipole placed a distance d
under the drone.

Figure 5.4: Real part of the dipole
antennas impedance placed
under the drone.

(a) d = 0.25λ (b) d = 0.18λ

(c) d = 0.33λ

Figure 5.5: Radiation from a single dipole placed at different dis-
tances d under the drone at f = 0.946 GHz.
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Figure 5.6: Reflection coefficient of dipole placed under the drone,
modeled as a PEC and two extreme cases of carbon fiber.

(a) H-plane (b) E-plane

Figure 5.7: Gain of a single dipole under the drone modeled with
different materials at 0.94 GHz.

a very similar radiation pattern, but with a slightly decreased maximal gain, and
material B is similar, but less directed beam and with some radiation leakage to
the other side of the drone body. In the E-plane plot the gain of the PEC case
and material A case coincides.

In summary, the results are at the extreme values of carbon fiber but the results
are just slightly shifted. Therefore, assuming that the drone can be modeled as a
PEC when the dipole antennas are put under the drone is a reasonable assumption.

Rx and Tx dipole antennas placed parallel to each other along their vertical
orientation.

The SDR has at least one Rx and one Tx port, therefore requiring two anten-
nas. The placement of the dipoles parallel to each other, separated by a distance
s = [10, 15, 33] cm is illustrated in Figure 5.8, with both antennas having the same
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s

Figure 5.8: Rx and Tx dipole antennas placed a distance 0.25λ
under the drone, separated by a distance s.

Figure 5.9: Reflection coefficient
of parallel placed Rx or Tx

antenna.

Figure 5.10: Signal leakage S12

between parallel placed Rx

and Tx antennas.

dimensions as in the previous section. The separation distance s simulated corre-
sponds to a half wavelength (0.15 cm), with a few cm added and subtracted. The
idea is that the amplitude of the wave is to be at its minimum at the neighboring
antenna for minimal reflection and absorption. The simulations were performed
with added ports on each of the dipoles, with only one of them being excited. The
simulated reflection coefficient and signal leakage are plotted in Figure 5.9 and
5.10, and has a center frequency around 0.94 GHz. The result shows that increas-
ing the distance between the elements is the main contributor to reducing signal
leakage. However, the distance that the antennas can be separated is restricted
by the size of the drone, and as s increases, the results approach the characteris-
tic of the dipole placed in free space and the reflection coefficient at resonance is
increased.

Additionally, the gain in the E- and H-plane for the different s are plotted in
Figure 5.11 at approximately f = 0.94 GHz. Since the maximal gain is slightly
shifted towards the opposite direction as the neighboring antenna, some reflection
does occur.



Antenna Design 35

(a) H-plane (b) E-plane

Figure 5.11: E- and H-plane gain with the Rx and Tx antennas
separated by a distance s, all at approximately f = 0.94 GHz.

Coaxial cable feed

Most antennas need to be compatible with coaxial cables which are therefore
incorporated in the simulations. The modeled coaxial cable has an outer conductor
radius of 2.1 mm, an inner conductor radius of 0.65 mm and a substrate with
relative permittivity ϵr = 2. The dimensions were approximated aiming for a
characteristic impedance Z0 of 50 Ω using the following formula [15]:

Z0 =

√
µ

ϵ(2π)2
ln(

b

a
) ≈ 60

ln( ba )√
ϵr

(5.1)

with a and b being the inner and outer conductor radius respectively.
For this example, the distance d = 5.7 cm, s = 15 cm, L = 14 cm and r =

0.8 mm. The coaxial cable was connected so that one end from the center of the
dipole was connected to the inner conductor of the coaxial cable and the other
end to the outer shield. The coaxial cable extended to the point where the drone
body starts. On each of the coaxial cables, a waveguide port was added, and one of
them was excited. The result of the simulations showed a great change in both the
reflection coefficient and radiation pattern compared to the wire port fed dipole,
and currents on the coaxial cable outer shield were directed in two directions.
This indicates that the common mode on the coaxial cable is large and therefore
problematic. The reflection coefficient is shown in Figure 5.12 and an example of
the gain at 1.05 GHz is shown in Figure 5.13.

The idea of blocking the common mode is to add a balun, and there exist
several different commercial ones for the given frequency range. To model the
balun a voltage balun was added. The voltage balun is a transformer with one
inductor added between the inner and outer conductor of the coaxial cable and
the other inductor at the center of the dipole, in a 1:1 ratio. The result of adding
a balun is also included in Figure 5.12. The reflection coefficient and the gain with
a coaxial cable feed with a balun and a wire port feed are plotted in Figure 5.14
and Figure 5.15. The resonance frequency shifts slightly to a lower value when
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Figure 5.12: Reflection coef-
ficient with and without a
balun.

Figure 5.13: Example of the gain
at f = 1.05 GHz for the
dipole fed by a coaxial cable
without a balun.

Figure 5.14: Reflection coefficient with a coaxial feed with an added
balun and with a wire port.

switching to a coaxial cable feed. However, both feeds have similar bandwidths,
with 84 MHz for the wire port and 89 MHz for the coaxial cable feed, and their
gain is almost identical.

Mounting arrangement

The dipoles must be attached efficiently to the drone. Plastic has similar electric
properties, and assuming a cylinder of plastic with ϵr ≈ 2 and tanδ = 0.005 around
the coaxial cable, the dipole piercing through its center can be seen in Figure 5.16.

The resulting simulations of the reflection coefficient with and without mount-
ing arrangement are presented in Figures 5.17 and 5.18. The result shows that
attaching the dipole at the center using plastic results in a less well-matched an-
tenna with the resonance slightly shifted to higher frequencies. However, the gain
with and without the center mounting arrangement is almost identical.
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(a) H-plane (b) E-plane

Figure 5.15: E- and H-plane gain with coaxial cable feed and wire
port feed at their corresponding resonance frequency, 0.93 GHz
and 0.97 GHz respectively.

Figure 5.16: Drone with the cylindrical plastic hangers around the
coaxial cable feed with the dipole attached at its center.

Figure 5.17: Reflection coefficient with and without the mounting
arrangement included.
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(a) (b)

Figure 5.18: 2D radiation remains very similar without (a) and with
(b) mounting arrangement, with both at f = 0.95 GHz.

Figure 5.19: Dipole with parasitic element placed under the dipole to
increase bandwidth. Similar mounting arrangement as previous
section is extended to also carry the parasitic element.

Increasing bandwidth

One way to increase the bandwidth is to include parasitic elements. Furthermore,
by carefully considering the placement of structures around the driven element,
the induced currents on the parasitic elements can themselves radiate and are
used to increase gain and/or bandwidth. Such a parasitic conducting rod, with
the length slightly shorter than the fed dipole was added under the dipole, see
Figure 5.19. A few iterations were performed to find the distance between the
driven dipole and the parasitic element that yield sufficient results, and the final
reflection coefficient, signal leakage and gain are plotted in Figures 5.20, 5.21 and
5.22. The figures also include the dipole without the parasitic element, with length
L slightly adjusted to have a resonance frequency that includes 1 GHz within the
bandwidth. From the figures the bandwidth is obtained as 170 MHz and 104 MHz
with and without the parasitic element. The gain of the two is very similar and
the same HPBW is assumed for the two cases, and are measured from the plotted
gain as 132◦ in the H-plane and 76◦ in the E-plane. The maximal gain without
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(a) With parasitic elements (b) Without parasitic elements

Figure 5.20: Reflection coefficient of dipole antennas placed par-
allel along their vertical orientation. The frequency where the
reflection coefficient is -10 dB is indicated with vertical lines.

Figure 5.21: Signal leakage between Rx and Tx dipole antennas
placed parallel along their vertical orientation with and without
parasitic element.

the parasitic element is 6.1 dB and with the parasitic element 6.4 dB.

5.2.2 Dipole antenna horizontally placed under the drone, parallel to
each other along their length

The dipoles and the parasitic elements were rotated so that they were parallel to
each other along their lengths. The distance between them was increased as much
as possible, still allowing the mounting arrangement to be connected to the drone
body above. The aim was to reduce signal leakage. The reflection coefficient,
signal leakage and gain are plotted in Figures 5.23, 5.24 and 5.25. The bandwidth
was obtained from the plot in Figure 5.23 as 147 MHz. The HPBW was obtained
from Figure 5.25 as 57◦ in the E-plane and 127◦ in the H-plane, with a maximal
gain of 5.8 dB. Notice that, as the dipoles have different directions from the section
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(a) H-plane (b) E-plane

Figure 5.22: Gain of dipole antennas placed parallel along their
vertical orientation with and without parasitic element, at f =
1 GHz.

above, the E- and H-planes are switched.

5.2.3 Horizontally parallel placement in front of the drone

To obtain a radiation to the side of the drone instead of under the drone the
antenna was moved to the front of the drone and a ground plane was added. In
the simulations the ground plane was modeled as a PEC rectangle, but in real life
a chicken wire metal grid can be used as long as the grid holes are small enough
in comparison to the operational wavelength. This will keep the weight as small
as possible.

The first design had the placement of the dipole along with the parasitic ele-
ments suspended between the front legs of the drone. The mounting arrangement
consists of the same material as modeled in previous sections, between the legs
and the end of the drone, as well as in between the Rx and Tx antennas, see
Figure 5.26. The resulting reflection coefficient, signal leakage and gain at f =
1 GHz is plotted in Figure 5.27, 5.28 and 5.29. The bandwidth is obtained from
the reflection coefficient as 171 MHz and the HPBW from the gain plot as 135◦

and 77◦ in the H- and E-plane respectively. The gain remained similar for the full
bandwidth range with a maximal value of 4.2 dB.

In the second design, the dipoles were left under the drone, but shifted further
down, with a ground plane added behind and the parasitic elements moved to
the front. The placement of the ground plane can be motivated since attachable
components (such as the battery) of the drone can also be placed under the drone,
rather than at the top. The mounting arrangement is similar to that of the dipole
placement under the drone, but an additional arrangement must be provided for
the parasitic elements, see Figure 5.30. The resulting reflection coefficient, signal
leakage, and gain are plotted in Figures 5.31, 5.32 and 5.33. The bandwidth
is obtained from the reflection coefficient as 140 MHz and the HPBW from the
2D gain plot as 120◦ and 68◦ in the H- and E-plane respectively. Similarly to
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Figure 5.23: Reflection co-
efficient with Rx and Tx

dipole antennas placed par-
allel along their length. The
frequency where the reflec-
tion coefficient is -10 dB is
indicated with vertical lines.

Figure 5.24: Signal leakage be-
tween Rx and Tx dipole an-
tennas placed parallel along
their length.

Figure 5.25: Gain of the Rx and Tx dipole antennas placed parallel
along their length, at f = 1 GHz.

Figure 5.26: The dipoles and parasitic elements suspended using
plastic attachments between the drone front legs.
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Figure 5.27: Reflection coeffi-
cient with Rx and Tx dipole
antennas with parasitic ele-
ments suspended in front of
the drone. The frequency
where the reflection coeffi-
cient is -10 dB is indicated
with vertical lines.

Figure 5.28: Signal leakage be-
tween Rx and Tx dipole an-
tennas placed parallel along
their length with parasitic el-
ements, suspended in front
of the drone.

(a) (b) E-plane

Figure 5.29: The 3D (a) and 2D (b) gain of a dipole with parasitic
element at f = 1 GHz, suspended in front of the drone.
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Figure 5.30: The dipoles and parasitic elements placed under at the
front of the drone.

Figure 5.31: Reflection coeffi-
cient with Rx and Tx dipole
antennas with parasitic ele-
ments, placed under at the
front of the drone. The fre-
quency where the reflection
coefficient is -10 dB is indi-
cated with vertical lines.

Figure 5.32: Signal leakage be-
tween Rx and Tx dipole an-
tennas placed parallel along
their lengths, with parasitic
elements, placed under and
at the front the front of the
drone.

the first implementation, the gain remained similar for all frequencies within the
bandwidth, with a maximal value of 4.3 dB.

5.3 Monopole Antenna

When a monopole antenna is constructed on a finite ground plane, the radiation
pattern is significantly affected. Initially, a single monopole antenna was designed
to resonate around 1 GHz, using a circular ground plane with a radius of 0.83λ.
This size was chosen because it is close to the maximum that could fit on the
drone. The resulting radiation pattern is shown in Figure 5.34a.

Subsequently, the antenna was placed on the drone, positioned close to the
body of the drone. The corresponding radiation pattern, shown in Figure 5.34b,
reveals that the radiation is strongly influenced by the presence of the drone legs.
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(a) (b) E-plane

Figure 5.33: The 3D (a) and 2D (b) gain of a dipole with parasitic
element at f = 1 GHz, placed under and at the front of the
drone.

To mitigate this effect, the ground plane was moved further down, leading to an
improved radiation pattern seen in Figure 5.34c. The single monopole with the
ground plane under the drone is shown in Figure 5.35a.

Since the SDR requires two antennas, an additional monopole antenna was
added, and is shown in Figure 5.35b. However, after several iterations to optimize
the distance between the antennas, the result showed that the two antennas in-
evitably interfered significantly with each other. This interaction, as well as the
lack of symmetry, resulted in multiple main beams, as shown in Figure 5.34d. Yet
achieving these results required an awkward integration on the drone, involving
a large ground plane placed far below the drone body. Due to these challenges,
including the impractical integration and the effects on the radiation pattern, the
monopole antenna was not further analyzed.

5.4 Characteristic Mode Antenna

Compared with the antennas in the above sections, a CM antenna functions when
the presence of the CM is significant. Therefore, rather than adjusting this antenna
to operate at around 1 GHz the following analysis investigates at what frequencies
this antenna would be efficient and specifically provides an understanding of the
lower limit of the frequency that the radar system on the drone would be able to
operate at.

5.4.1 Characteristic modes of the drone

A model of the drone without additional components was used to carry out the
analysis. The front of the drone was now instead directed in the x-direction. Since
the geometry of the drone is quite complex, it supports a large number of modes.
To find the lowest frequency carried by the drone, initially the CM configuration
was simulated at a wide range of frequencies. The lowest modes were identified at
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(a) Single monopole with ground plane that
will fit on the drone.

(b) Single monopole placed directly under the
drone body.

(c) Single monopole shifted down from the
drone body.

(d) Rx and Tx monopole antennas shifted
down from the drone body.

Figure 5.34: 3D gain of monopole antenna either alone or integrated
on the drone. The figures follows the iteration of attempting to
implement the monopole antennas on the drone.

(a) Single monopole placed directly under the
drone body.

(b) Rx and Tx monopole antennas shifted
down from the drone body.

Figure 5.35: Two of the attempted cases of implementing the
monopole antenna on the drone.
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Figure 5.36: MS of mode 1 and mode 2.

around 160 MHz and the MS of the two lowest modes are plotted in Figure 5.36
over the relevant frequency range. The corresponding currents for the two modes
are presented in Figure 5.37.

The CM current distribution of mode 1 and 2 are similar to two parallel dipoles
on either side of the drone. Considering the radiation resulting from a dipole the
potential of utilizing both modes to have a radiation covering the entire volume
around the drone seems promising.

The maximum current of each mode is at the center, along the edges of the
drone body. The maximal coupling of the ICE feed is at the current maximums. In
addition, both modes also have weak currents at the center of the body, potentially
allowing the radar equipment to be placed and connected to the ICE seamlessly.

The following sections examine the possibility of exciting the modes using an
ICE. The first section analyses both mode 1 and mode 2, with the drone model as
a PEC. The following section only covers exciting mode 1 with the drone modeled
in carbon fiber.

5.4.2 Exciting modes assuming PEC drone

The ICE was fed by a wire port at the start of each ICE wire, as shown in Figure
5.38 for exciting mode 1 and 2. The MS was not influenced by adding the ICE
and still reached a value of 1 at 161 and 166 MHz for the two modes respectively.
Since both the ICE wire and the drone is modeled as PEC the resistance is very
low, and therefore the loop wire is extended as long as possible along the sides of
the drone.

The resistance of exciting mode 1 is shown over the relevant frequency range
in Figure 5.39 and the reactance was around 280 Ω. Since the drone is symmetric
in the xz-plane, the impedance and reflection coefficient of the two feeds were
identical. The results shows that the ICE feeds are very poorly matched, however,
the resistance increases at 160 MHz, and demonstrates that a mode is coupled.
This is further confirmed in Figure 5.40, where the MW coefficient is increased at
160 MHz, still being low due to the poor matching.

To match the ICE, an LC-network and a double λ/4 transmission line were
added along with a series capacitor between the port and the antenna. The values
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(a) Mode 1 at 161 MHz

(b) Mode 2 at 166 MHz

Figure 5.37: CM currents on the drone modeled as PEC.

(a) Mode 1 (b) Mode 2

Figure 5.38: ICE with feeds at the start of each wire, to excite mode
1 and mode 2.
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Figure 5.39: Resistance of mode
1 with the ICE feeds.

Figure 5.40: MW coefficient of
mode 1 with the ICE feeds.

Source

18 nH
3.5 pF

Antenna Port

53 pF

(a) LC-network matching with a capacitor in series.

Z0,1

Source

Z0,2
3.5 pF

Antenna Port

(b) Double λ/4 transmission line matching with Z0,1 = 50 Ω and Z0,2

= 125 Ω, with a capacitor in series.

Figure 5.41: Matching networks for the ICE used to excite mode 1.

of the components in the LC-network were approximated using Equations (2.26)
-(2.28). To find appropriate transmission line impedances Equation (2.29) was
adjusted to account for the added transmission line:

Zs =
Z0,c,2

Z0,c,1
Za (5.2)

where Z0,c,1 and Z0,c,1 is the transmission line closes to the antenna port and
closest to the source respectively. The networks with component values are sum-
marized in Figure 5.41.

The resulting reflection coefficient and the MW coefficient are plotted in Fig-
ures 5.42 and 5.43. Since the maximum value of the MW coefficient using the
double λ/4 transmission line matching coincides with the resonance frequency, the
BW is obtained as 2.7 MHz and the gain is plotted in Figure 5.44 of this version.

The same procedure is carried out for mode 2, although now the drone is no
longer symmetric on either side of the ICE placement. The resistance and MW
coefficient are plotted in Figures 5.45 and 5.46.

Similar LC-matching network techniques as used for matching the ICE feeds
of mode 1 were attempted, to adjust the resistance of each of the feeds, and the
resulting reflection coefficient is shown in Figure 5.47. The reflection coefficient in
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Figure 5.42: Reflection coeffi-
cient of mode 1 with and
without matching. The -
10 dB reflection coefficient is
depicted using transmission
line matching.

Figure 5.43: MW coefficient of
mode 1 with and without
matching.

Figure 5.44: Gain of mode 1, excited by ICE and matched using a
double λ/4 transmission lines at f = 161 MHz.

Figure 5.45: Resistance of mode
2 with ICE feeds.

Figure 5.46: MW coefficient of
mode 2 with ICE feeds.
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Figure 5.47: Reflection coefficient of mode 2 with a LC-matching
network. Current flows between the ports over the drone body.

Material C D

ϵr 150 170
σ (S/m) 17 37

Table 5.2: Approximated carbon fiber properties to model excit-
ing mode 1 and 2. Material C and D are both carbon fiber-
reinforced polymer but depending on the direction of the carbon
fibers relative to the incident electric field the conductivity, σ
and relative permittivity, ϵr varies.

the figure exceeds 1, and this result is most likely due to the matching of each feed
not being identical. This can cause currents to flow between the feeds over the
drone body instead of being confined to the CM mode current. Although it is likely
possible to iterate and achieve identical matching for the two feeds, implementing
such a sensitive system on a drone, often operating in harsh environments, is not
practical. Therefore, mode 2 is not further analyzed.

5.4.3 Exciting modes assuming carbon fiber drone

The feed of the ICE will be highly dependent on what material is used for the
drone and will especially depend on the conductivity σ. Therefore, two new ex-
treme cases were approximated based on the same measurements as the previous
approximation in [29], and the two cases used are summarized in Table 5.2. The
ICEs were constructed and fed the same way as the PEC case, with the wires
slightly shortened. A capacitor was added in series with the source to have zero
reactance around 160 MHz, and the resulting resistance is plotted in Figure 5.48.

Given that the resistance was high for all frequencies, the radiation efficiency
was plotted and is presented in Figure 5.49 for the two extreme cases of the mate-
rial. The radiation efficiency is low, and therefore most of the powered delivered
through the wires is dissipated as heat in the drone material.
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Figure 5.48: Resistance of mode
1 with ICE feeds with the
drone modeled with two car-
bon fiber extreme material
characteristics.

Figure 5.49: Radiation efficiency
of mode 1 with ICE feeds
with the drone modeled with
two carbon fiber extreme ma-
terial characteristics.



52 Antenna Design



Chapter 6
Discussion

The goal of the project was to design an antenna that was well integrated with
both the drone and the radar system while also meeting the requirements of a
potential radar system. Only one of the three antennas analyzed advanced to the
final step of the analysis.

The monopole antenna was highly influenced by the ground plane and the
presence of drone legs. For a single dipole this could be solved by adding a sym-
metric ground plane, as well as moving the components further down from the
drone body. However, placing two monopoles (as required by the radar system)
on the same ground plane resulted in several main beams. Since the radiation of
the monopole is based on the image current in the ground plane, the interactions
between the elements are not surprising in hindsight. Due to the size restriction
of the drone simpler solutions as increasing the size of the ground plane are ruled
out.

The analysis of the CM antenna off the drone started of promising when the
CM mode currents of the lowest-order modes were positioned in such a way that
exciting the modes using ICE feeds would be straightforward. The first mode in-
troduced matching challenges but could be solved relatively easily using matching
networks. However, the excitement of the second mode introduced challenges that
made the antenna unsuitable for the conditions in which it would operate, such as
a dynamic environment with movement and varying weather. In addition, model-
ing the drone in carbon fiber resulted in higher resistance, and most of the power
delivered was dissipated in the drone material rather than being radiated.

Although there may be a solution to get the monopole and CM antennas
to work, the challenges encountered suggest that there are better alternatives
available. The effort required may not be worth it, making other solutions more
practical. However, the dipole antenna proved robust and was implemented on
the drone with challenges all within reach to solve, and the comparison of different
versions will be summarized in the following section.

6.1 Comparative Analysis

The half-wavelength dipole antenna proved efficient and robust, performing well
in various positions around the drone. When placed above a ground plane, the
dipole radiation deviated from its characteristic omnidirectional pattern, instead
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Placement 1 1 2 3 4
Beam direction Down Down Down Side Side
Parasitic element No Yes Yes Yes Yes
fcenter (GHz) 1.04 1.02 1.05 1.05 1.08
BW (MHz) 104 170 147 171 140
HPBW 132° x 76° 132° x 76° 127° x 57° 135° x 77° 120° x 68°
Gainmax 6.1 6.4 5.8 4.2 4.3
S12,max (dB) -17.8 -18.6 -23.8 -16.8 -16.9
Added ground plane No No No Yes Yes
Weightmax (g) 260 280 280 330 410

Table 6.1: Performance of the different versions of the dipole sum-
marized. The different numbering of placement is defined in
Section 6.1.

following the radiation in presence of a ground plane. Both beamwidth and radia-
tion resistance were affected by the distance the dipole was placed from the drone.
However, this effect can be advantageous, as it allows for simple adjustments when
properly accounted for.

Using a coaxial feed requires addressing the common mode currents generated,
but there is a range of commercially sold solutions. Signal leakage between Rx

and Tx, can be minimized by separating the antennas or aligning them along their
lengths. However, the measures are constrained by the finite spatial extent of the
drone. As such, a pulsed radar application is implied.

Finally, the simulations showed that the mounting arrangement had minimal
impact. The following dipole antenna positions were simulated:

1. Under the drone with Rx and Tx placed parallel along their vertical orien-
tation.

2. Under the drone with Rx and Tx placed parallel along their lengths.

3. In front of the drone with Rx and Tx placed parallel along their lengths.

4. Under at the front of the drone with Rx and Tx placed parallel along their
lengths.

For the different positions, the results are summarized in Table 6.1. The maximal
weights of the antenna are based on the following rough overestimated approxi-
mation of the included components as follows:

Coaxial cable 50 g
Dipole and parasitic element 10 g

Balun 30 g
Plastic cylinder for mounting 40 g
Chicken wire ground plane 50 g

The weight of the radar system with the dipole antenna will therefore range at
most between 510-660 g (including the SDR weight).

The beamwidth allows for the formation of a common wavefront. Depending
on the beam directions, either of the two common wavefront radar phased arrays
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shown in Figures 3.4 and 3.5 is suitable. Referring to the system analysis in Chap-
ter 3, particularly the detection range, adjusting the gain to 4 dB with operating
frequency at 1 GHz enables a detection range exceeding 600 meters with five ele-
ments and slightly over 1000 meters with ten elements. Since the drone will not
operate at such high altitudes, it is preferred to use the range potential scanning
from the side. Although this configuration slightly increases the weight due to
the inclusion of a chicken wire ground plane, the total system weight remains well
below the 1 kg limit.

The phased array can dynamically rearrange the number of elements in each
subarray to adjust beam directivity and signal strength based on feedback. In-
creasing the bandwidth of the antenna would improve the resolution of the range,
a most commonly desirable property. However, this would require managing the
synthetically increased bandwidth of the SDR and integrating the parasitic ele-
ment. The added weight of the parasitic element is negligible, especially when
using placement 3, where the mounting components are small. This setup is par-
ticularly advantageous for imaging applications, as it enables the radar system
to scan the scene from the side. Increasing the bandwidth improves the image
resolution in one direction. Furthermore, the added weight has a minimal effect
on hovering time, allowing the same cross-range resolution to be achieved with or
without increased bandwidth.

When a large signal strength is required, or when radiation sideways is blocked,
such as over cities with skyscrapers, radiating straight downward, or at a slight
angle using the distributed phased array can be advantageous. Although the
configuration does not allow for the determination of velocity along the same
plane as the ground of the target, range and velocity measurement perpendicular
to the ground are feasible. If transmitted power of the signal is large, the potential
of penetrating mediums is worth considering. However, many such applications
operate at lower frequencies with wider bandwidths than the purposed designs.

6.2 Future Work

For a distributed phased array with a common wavefront, the sleeve dipole shows
potential for use on drones. This antenna, with an omnidirectional radiation
pattern, is widely recognized since it is used on WiFi routers. The commercial use
of the antenna results in limited published guidelines on its design principles. As
a result, optimal performance was not achieved within the project timeframe.

Printed antennas, made with lightweight dielectric materials, also offer a poten-
tially promising option. For example, a printed Vivaldi antenna could potentially
offer a wider bandwidth.

Furthermore, implementing a more advanced distributed phased array on
drones, where the beams add constructively at the target, requires precise beam
steering at each element. Addressing this functionality would necessitate the de-
velopment of a more directive antenna tailored for this purpose.
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Chapter 7
Conclusion

In this project, potential radar distributed phased array systems implemented us-
ing drones were analyzed and antenna designs suggested based on potential radar
systems. The radar system analysis essentially identified three categorizations of
the array; two of which assuming that a common wave front is formed, either
radiating downward or towards the side, and one where the constructive inter-
ference forms at the target position. The antenna design was aiming to suit the
common wavefront case, and three antennas, a half-wavelength dipole antenna,
a monopole antenna and a CM antenna, all with potential desired properties,
were further investigated in the presence of the drone. Of the three suggestions,
only the half-wavelength dipole antenna was seamlessly integrated on the drone
while maintaining a useful radiation pattern, desired matching properties, and be-
ing lightweight to enable the drone to hover as long as possible. In addition, to
increase the bandwidth, a parasitic element was added and the bandwidth was
successfully increased 63 % without significant effect on the radiation pattern.
Furthermore, the dipole proved itself robust and adaptable, as the radiation di-
rection could be manipulated by placing the radiating and parasitic elements in
different positions around the drone, and by considerately adding an additional
ground plane, having the dipole antenna design suitable for different applications.
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