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Monopulse es el tipo popular de seguimiento automático. En la literatura es posible encontrar

configuraciones con un sistema de alimentación o grupos de alimentaciones del mismo tipo, pero la

que se estudiará en este trabajo será la configuración de alimentación única, muy utilizada en el

entorno espacial y aeronáutico. Monopulse proporciona dos señales de CC, la suma (Σ) y delta (Δ),

y gracias a su patrón, el canal Σ se usa para fines de comunicación, mientras que Δ se usa para el

seguimiento. Este último da dos datos angulares: medida de acimut y elevación, cada uno de los

cuales controla el motor de accionamiento de la antena dedicada para moverla y corregir la

orientación. Si por un lado, el monopulso permite una forma completamente automática de rastrear

naves espaciales, por otro lado, comúnmente se ve afectado por problemas de despuntado,

principalmente debido al diseño de los componentes de la guía de ondas que pueden ser críticos en

la generación de la señal DELTA. Debido a su geometría, una antena puede convertirse en un

colector de agua, nieve y hielo que degrada sus prestaciones. Para evitar eso, se pueden diseñar

estructuras especiales para cubrir y proteger la estación terrestre (es decir, radomos). El objetivo de

esta tesis será dar una visión general sobre el seguimiento de sistemas monopulso, explicando

cómo se realiza la generación de señales SUM y DELTA, subrayando las posibles causas de los

errores de seguimiento.

Monopulse is the popular type of autotrack. In literature is possible to find configuration with one feed

system or clusters of feeds of the same type, but the one studied in this work will be the single feed

configuration, largely used in space and aeronautic environment. Monopulse provides two DC

signals, the sum (Σ) and delta (Δ), and thanks to their pattern Σ channel is used for communication

purposes, while Δ is used for tracking. The latter gives two angular information: measure of azimuth

and elevation each one controlling the dedicated antenna’s drive motor in order to move it and

correct the pointing. If from one side, monopulse allow a complete automatic way to track spacecraft,

on the other hand it is commonly affected by de-pointing problems, mainly due to design of

waveguide components that can be critical in the generation of DELTA signal. Due to its geometry,

an antenna can become a collector of water, snow and ice that downgrades its performances. To

avoid that, special structures can be designed to cover and protect the ground station (i.e., radomes).

The aim of this thesis will be giving a general overview on tracking monopulse systems, explaining

how the generation of SUM and DELTA signals is made, underlining possible causes of tracking

errors.
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Introduction

In order to establish a proper communication with a spacecraft from a ground station
located on the earth’s surface, the antenna should be able to point correctly the target. This
is called spacecraft tracking. The most common way to track is through autotrack: the
antenna will follow automatically the source once the signal is acquired, refining the previous
position with feedback signals.
To track spacial targets there are two typical ways:

• program track: knowing the orbital parameters and roughly the position of the target,
a controller sends these informations to drive motors of the antenna to point it;

• autotrack: the antenna will follow automatically the source once the signal is acquired,
refining the previous position. Ideally in autotrack, the controller needs just the orbital
parameters (but should be constantly reviewed) without knowing anything else.

Monopulse is the popular type of autotrack. In literature is possible to find configuration
with one feed system or clusters of feeds of the same type, but the one studied in this work
will be the single feed configuration, largely used in space and aeronautic environment.
Monopulse provides two DC signals, the sum (Σ) and delta (Δ), and thanks to their pattern Σ
channel is used for communication purposes, while Δ is used for tracking. The latter gives two
angular informations: measure of azimuth and elevation each one controlling the dedicated
antenna’s drive motor in order to move it and correct the pointing. Due to atmospheric effects
(wind, gusts and even gravity) servos may not be able to a point in the correct direction
without a retro-action and therefore other processing steps are needed to correct this kind
of errors. If from one side, monopulse allow a complete automatic way to track spacecraft,
on the other hand it is commonly affected by de-pointing problems, mainly due to design of
waveguide components that can be critical in the generation of DELTA signal.
Environment not only generates mechanical problems described before, but is also a source
of electromagnetic problems due to scattering effects. Due to its geometry, an antenna can
become a collector of water, snow and ice that downgrades its performances. To avoid that,
special structures can be designed to cover and protect the ground station (i.e. radomes);
but if from one side this protections solve the environmental problem, on the other side,
these structure are placed in front of the antenna that can cause electromagnetic blockage,
scattering and so on.
The aim of this thesis will be give a general overview on tracking monopulse systems,
explaining how the generation of SUM and DELTA signals is made, underlining possible
causes of tracking errors.
Once understood the basic concept on the monopulse principle, Chapter 2 will aim to
prevent and possibly correct tracking errors by designing an in-lab testing system for the
monopulse tracking chain that mimics the same operation that is commonly performed in
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every monopulse antenna before being operative: the calibration. This is typically done
down-timing the whole antenna at high costs. The proposed in-lab system will avoid antenna’s
downtime, testing the monopulse tracking chain before being installed in the ground station.
Finally, the third Chapter 3 will aim to explain environmental effects on tracking systems and
how radome coverage is made. Electromagnetic analysis of radome is performed in both dry
and wet conditions by experimentally simulating rain effects on panels. It will be explained
how minimize tracking problems due to radomes by designing special compensating structures
as well as different panels solutions.
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Para establecer una comunicación adecuada con una nave espacial desde una estación
terrestre ubicada en la superficie terrestre, la antena debe poder apuntar correctamente al
objetivo. Esto se llama seguimiento de naves espaciales. La forma más común de rastrear es
mediante el rastreo automático: la antena seguirá automáticamente la fuente una vez que se
adquiera la señal, refinando la posición anterior con señales de retroalimentación.
Para rastrear objetivos espaciales, hay dos formas típicas:

• program track: onociendo los parámetros orbitales y aproximadamente la posición
del objetivo, un controlador envía esta información a los motores de accionamiento de
la antena para apuntarlo;

• autotrack: la antena seguirá automáticamente la fuente una vez que se adquiera
la señal, refinando la posición anterior. Idealmente, en seguimiento automático, el
controlador necesita solo los parámetros orbitales (pero debe revisarse constantemente)
sin saber nada más.

Monopulse es el tipo popular de seguimiento automático. En la literatura es posible encontrar
configuraciones con un sistema de alimentación o grupos de alimentaciones del mismo tipo,
pero la que se estudiará en este trabajo será la configuración de alimentación única, muy
utilizada en el entorno espacial y aeronáutico.
Monopulse proporciona dos señales de CC, el sum (Σ) y delta (Δ), y gracias a su patrón,
el canal Σ se utiliza para fines de comunicación, mientras que 𝐷𝑒𝑙𝑡𝑎 se utiliza para el
seguimiento. Este último da dos informaciones angulares: medida de azimuth and elevation
cada una controlando el motor de accionamiento de la antena dedicada para moverla y corregir
la orientación. Debido a los efectos atmosféricos (viento, ráfagas e incluso la gravedad), es
posible que los servos no puedan apuntar en la dirección correcta sin retroacción y, por lo tanto,
se necesitan otros pasos de procesamiento para corregir este tipo de errores. Si por un lado,
el monopulso permite una forma completamente automática de rastrear naves espaciales, por
otro lado, comúnmente se ve afectado por problemas de despuntado, principalmente debido
al diseño de los componentes de la guía de ondas que pueden ser críticos en la generación de
la señal DELTA.
El entorno no solo genera los problemas mecánicos descritos anteriormente, sino que también
es una fuente de problemas electromagnéticos debido a los efectos de dispersión. Debido a su
geometría, una antena puede convertirse en un colector de agua, nieve y hielo que degrada sus
prestaciones. Para evitar eso, se pueden diseñar estructuras especiales para cubrir y proteger
la estación terrestre (es decir, radomos); pero si por un lado estas protecciones resuelven el
problema ambiental, por otro lado, estas estructuras se colocan frente a la antena que pueden
causar bloqueo electromagnético, dispersión, etc. El objetivo de esta tesis será dar una visión
general sobre el seguimiento de sistemas monopulso, explicando cómo se realiza la generación
de señales SUM y DELTA, subrayando las posibles causas de los errores de seguimiento.
Una vez entendido el concepto básico del principio de monopulso, el Capítulo 2 tendrá como
objetivo prevenir y posiblemente corregir errores de seguimiento mediante el diseño de un
sistema de prueba en laboratorio para la cadena de seguimiento de monopulso que imita
la misma operación que se realiza comúnmente en cada antena monopulso antes de estar
operativa. : la calibración. Esto normalmente se hace reduciendo el tiempo de toda la antena
a un alto costo. El sistema de laboratorio propuesto evitará el tiempo de inactividad de
la antena, probando la cadena de seguimiento monopulso antes de instalarla en la estación
terrestre.
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Finalmente, el tercer Capítulo 3 tendrá como objetivo explicar los efectos ambientales
en los sistemas de seguimiento y cómo se realiza la cobertura del radomo. El análisis
electromagnético del radomo se realiza tanto en condiciones secas como húmedas mediante la
simulación experimental de los efectos de la lluvia en los paneles. Se explicará cómo minimizar
los problemas de seguimiento debido a los radomos mediante el diseño de estructuras de
compensación especiales, así como diferentes soluciones de paneles.
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1 Tracking Principle

The first type of tracking system ever designed is the human being.
The receiving system of a person are his eyes, which collect the visual information to determine
the position of a target. This information is processed by a processor, the occipital lobe
of the brain, that computes the distance that separates him from the target, allowing the
recognition and giving him the possibility to follow the object as it moves in the space.
From the electrical point of view, human eyes are photodetectors collecting the electromagnetic
radiation in the visible band between 390 𝜇m to 700 𝜇m of the spectrum, or between 430 THz
to 770 THz; the information is then elaborated by the processor that builds the image with a
given resolution and keep in line of sight the target and generating some sort of feedback
signal to follow the target in space by moving head and eyes.
To replicate the behavior of human eyes, scientists and engineers developed an artificial
system using electromagnetic (EM) waves to detect targets’ positions: the RADAR (RAdio
Detection And Ranging). Its basic principle is to illuminate a certain area in space and detect
the EM field scattered by an object. Directive antennas are used to illuminate a specific area
with a wide or very narrow radiation pattern to roughly scan the area in sight, or identify
with high precision the type of object, respectively.
In a basic RADAR system, when a target is inside his field of view, EM field impinges the
object and is reflected back to the antenna. In this way, range (or distance) measurement
is determined considering the time needed by the field to reach the target and come back
to the antenna. To determine angular position, instead, antenna can be moved of a small
amount inside a determined area, in order to maintain the target insight.
These measurements are generally performed in the microwave region of the EM spectrum
because electromagnetic fields are less not affected by atmospheric attenuation and ideally
allows the detection with any weather condition. In any case, as described in Chapter ??,
atmosphere plays a big role in tracking and if not considered, catastrophic situations may
occur (for example lose a target). Terrestrial applications mainly use frequencies between
100 MHz to 20 − 40 GHz.
The lower boundary at 100 MHz is due to the fact that antennas’ dimension would be too
large and the ionosphere reflects any incident field back to the surface with frequency lower
than the resonance of plasma (5 − 7 MHz); the upper boundary is due to the atmosphere that
absorbs around 22 GHz which is the first resonant frequency of the oxygen while at 35 GHz
becomes important the presence of rain and fog. At 60 GHz the oxygen’s resonant frequency
plays an important role. [1]. Table 1.1 represents the standard frequency bands used.

1



CHAPTER 1. TRACKING PRINCIPLE

Table 1.1: IEEE definition of the frequency bands [1]

L S C X Ku K Ka V W mm
(GHz) 1-2 2-4 4-8 8-12 12-18 18-27 27-40 40-75 75-110 110-300

Today radars are used in naval and aeronautic applications, both military and civil [2];
recently are also been installed for automotive applications, like self-parking cars, industrial,
etc. [3]
While for terrestrial application simple tracking techniques can be successfully used, for space
application it is not possible to assure high precision, since targets are located at hundreds
(low orbit spacecrafts) or even million or billion of kilometers (interplanetary missions, for
example Mars 2020, or deep space missions for example Voyager) far from the antenna.

1.1 Tracking
Tracking system is typically composed by an antenna fed through a waveguide structure

where the EM field propagates and is converted into electric signal for processors, amplifiers
and converters. (see Fig. 1.1)
Components for space applications are designed following strict requirements (ECSS standards)
due to the unfriendly environment that is the space; therefore hardware for this type of
systems need to be perfectly designed, using the most reliable components. Antennas for
space applications might have the typical parabolic shape with very high gains in order to
focus the transmitted power in a small region (i.e. ground stations antennas), or also planar
arrays with a very broad directive in order to be easily tracked (i.e. spacecraft antennas).
Two type of measures can be performed to determine targets’ positions: range measurement,
for the distance between an object and the ground station, or angular measurements to
determine the position in space.

Feeds
Polarisers
OMTs

Mode couplers

LNA

HPA

Up/Down
converters

Baseband
devices

Figure 1.1: Transmission/Reception Chain

1.1.1 Range measurements
• Ranging pulse: an un-modulated pulse is sent to the target and measured the time

needed to return to the antenna. This type of measurement is used with collaborative
targets because the pulse need to be collected, processed by the transponder and sent
back to the ground station (Fig. 1.2a);

2



1.1. TRACKING

• ranging tones: satellite send a modulated signal to compare it with another modulated
signal generated by the ground station. In this case phase would be a problem because
would assume the same amount every 2𝜋 (phase wrapping), therefore a multiple
frequency signal is preferred, using the central one as reference (Fig. 1.2b);

• radar: used with non collaborative targets considering the time needed by the field to
reach the target and come back to the antenna (Fig. 1.2c);.

(a) Ranging Pulse (b) Ranging Tones

Radar eco

(c) Radar

Figure 1.2: Range Measurements

1.1.2 Angular measurements
• Conical Scan: consists in moving the antenna in a circular path in order to maintain

the target inside the center of the beam. Cons of this technique is the difficulty to move
large antennas in a continuous way in order to maintain a target pointed; moreover, a
minimum pointing error may cause losing target, especially for very distant ones such
as deep-space missions (Fig. 1.3a);

• monopulse: the most used way to track targets, exploits by two channels: SUM and
DELTA signals. The first one that is the classic main lobe of the antenna used for
ranging measurement and data transmission. DELTA signal is the core of this system,
formed by two signals (similar to the SUM) shifted by 180∘ the one to another; a target
is said to be tracked when DELTA gives a null signal value, while non-null signals refer
when the antenna is not pointing exactly the target. Using two signals is possible to
determine not only the target position, but also generate a sort of feedback to control
servos and re-point the antenna. Due to this feature, monopulse is able not only to
track but also to lock and follow a target in space (Fig. 1.3b);

• delta-DOR: uses two ground stations displaced far away the one to another and a
well-known reference source signal (i.e. pulsar or quasar) to triangulate the object

3



CHAPTER 1. TRACKING PRINCIPLE

position, comparing the angle formed between the cosmic source and the target (Fig.
1.3c).

(a) Conical Scan (b) Monopulse

Baseline

(c) Delta-DOR

Figure 1.3: Angular Measurements

1.2 Monopulse
Monopulse is a hybrid word: mono-, meaning one from Greek, and -pulse from Latin

pulsus. The angle estimate is possible using a single pulse (hence the name monopulse), but
also multiple pulses are usually employed to improve the accuracy of the estimate. [4]
Monopulse systems are composed by two signals: SUM and DELTA shown in Fig. 1.4. SUM
signal is the classic main lobe of the antenna; DELTA signal is the core of this tracking
system because allows to measure the angular position of a spacecraft. Target is tracked (i.e.
its direction is perfectly aligned with the boresight of the antenna) when DELTA signal is
zero, which means that the antenna is pointing the spacecraft exactly in the NULL direction;
when the measured signal is not zero, the characteristics of the DELTA pattern allow to
detect angular position and also understand in which direction the antenna should be moved.
To work correctly SUM and DELTA signal must be aligned; it means that when SUM signal
is at its maximum value, DELTA signal has to be minimum.
If not, tracking errors may appear. Modern monopulse systems are typically based on
multimodal waveguide components where the SUM and DELTA signals are composed by
combination of multiple modes.

4



1.2. MONOPULSE

Typically, the fundamental mode is used for the SUM signal, while a combination of higher
order modes for the DELTA signal. The combination of higher order modes (HOMs) is chosen
such that the phase carries the information on the direction, while its amplitude, the amount
of mispointing. But in the history, mono-modal systems were firstly used [4].
In a typical azimuth-over-elevation mount antenna, the information carried by SUM and
DELTA signals to correct the antenna position with respect to the target is done through the
Tracking Receiver [5] (or IQ demodulator in Fig. 1.5) that generates two error signals that
are proportional to the misalignment. The tracking information is typically normalized with
respect to the SUM signal (ratio DELTA over SUM).

-200 -100 0 100 200

h (% of BW)

-50

-45

-40

-35

-30

-25

-20

-15

-10
dB

SUM
DELTA

Figure 1.4: 2D radiation pattern of a monopulse tracking system

Given two signals 𝑣(𝑡) and 𝑣𝑟(𝑡) modulated in amplitude and phase [4]

𝑣(𝑡) = 𝑎𝑐𝑜𝑠(𝜔𝑡+ 𝜑)
𝑣𝑟(𝑡) = 𝑎𝑚𝑎𝑐𝑜𝑠(𝜔𝑡+ 𝜑+ 𝜑𝑚(𝑡))

that in phasor representation, are represented as

𝑉 (𝑡) = 𝑎𝑒𝑗(𝜔𝑡+𝜑)

𝑉𝑟(𝑡) = 𝑎𝑒𝑗(𝜔𝑡+𝜑)𝑎𝑚𝑒
𝑗𝜑𝑚(𝑡)

it is possible to represent through a Cartesian representation

𝑚(𝑡) = 𝐼(𝑡) + 𝑗𝑄(𝑡) (1.1)

where the in-phase and quadrature components are

𝐼(𝑡) = 𝑎𝑚𝑐𝑜𝑠𝜑𝑚(𝑡)
𝑄(𝑡) = 𝑎𝑚𝑠𝑖𝑛𝜑𝑚(𝑡)

(1.2)

𝑅𝑒

{︃
𝑑

𝑠

}︃
= 𝑑𝐼𝑠𝐼 + 𝑑𝑄𝑠𝑄

𝑠2
𝐼 + 𝑠2

𝑄

(1.3)

𝐼𝑚

{︃
𝑑

𝑠

}︃
= 𝑑𝑄𝑠𝐼 + 𝑑𝐼𝑠𝑄

𝑠2
𝐼 + 𝑠2

𝑄

(1.4)

These two signals represent azimuth and elevation errors and are typically provided to the
Antenna Control Unit (ACU) that moves the antenna in order to correct its position with

5



CHAPTER 1. TRACKING PRINCIPLE

respect to the target. These values also determine the speed of the antenna that has to move
to be aligned with the target.

s

d

A/D

A/D

A/D

sI
sQ

dI
dQ

90°Reference
oscillator

|s|2

Re{d/s}

Im{d/s}

|s|2 = sI2+sQ2

Re{d/s} =
dIsI + dQsQ

|s|2
Im{d/s} =

dQsI + dIsQA/D

Figure 1.5: Example of tracking receiver [4]

1.2.1 Multiple source
In the history, the first kind of monopulse systems use a parabolic-reflector antenna fed by

four horns in the focal plane [4]. This configuration produces four squinted beams in which
the upper horns produce the lower beam and the lower horns vice-versa. A target senses
equal amplitudes only on the axis of symmetry of the antenna, while different amplitudes in
other directions depending on the radiation pattern.

Figure 1.6: Four horns configuration A, B, C, D horns

The obtained pattern is affected by mutual coupling, therefore it would not be the same
as the one that would be obtained from individual horns if the other three were missing.
Taking as reference Figure 1.6 and calling 𝐴,𝐵,𝐶,𝐷 the voltages corresponding to each horn,
the sum and difference signals would be:

𝑠 = 1
2(𝐴+𝐵 + 𝐶 +𝐷)

𝑑𝑎𝑧 = 1
2[(𝐴− 𝐵) + (𝐶 −𝐷)]

𝑑𝑒𝑙 = 1
2[(𝐴+𝐵) − (𝐶 +𝐷)]

(1.5)

where 𝑠 represents SUM signal, 𝑑az the azimuth difference and 𝑑el the elevation difference.
The direction in which azimuth and elevations are nulls, is called monopulse axis that
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1.3. MULTIPLE MODES

corresponds to the boresight direction of the antenna.
Azimuth and elevation are measured between the horizontal plane and the slant plane
respectively, as shown in Fig. 1.7.

• the slant plane is perpendicular to the vertical boresight plane, containing the line of
sight to the target;

• the azimuth angle is measured from the slant plane and the vertical boresight plane
intersection.

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -EQ’

Q

T

T’

o

BEAM AXIS

α’

Rg

Radar at O
Target at T
TQ ┴ to vertical plane through axis
T’Q’ ┴ to vertical plane through axis
∆OT’Q’ in horizontal plane 
∆OTQ in slant plane
∆OTT’ in vertical plane through target∆OTT’ in vertical plane through target

A

Figure 1.7: Relations among azimuth and elevation axis [4]

In reception, the radio-frequency (RF) sum and difference signals are combined and down-
converted to intermediate frequency (IF) and mixed with the output of a local oscillator to
be amplified and filtered at IF. This signal will be processed by a monopulse processor where
the output is the ratio of the Δ signal and the Σ signal (see example in Fig. 1.5), multiplied
by a cosine of the local oscillator. The cosine will be +1 if the target is on one side of the
axis, and −1 when is on the other side. The amplitude ratio gives also the information how
is far the target is off axis; the cosine factor reduces also errors due to noise.

1.3 Multiple modes

The directly next generation of multiple source systems exploits the capability of a
waveguide to propagate HOMs.
Waveguides are commonly used in space applications because allow the propagation of EM
waves in a confined space, isolated from external environment and therefore less affected by
interference. Furthermore, these components are typically made of aluminum providing a
high resistivity to mechanical shocks that are common in the space environment.
Circular waveguides are typically used in space application, allowing the propagation of
circular polarized fields shown in Fig. 1.8 because are less affected by propagation interference.

7
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(a) Left-Hand (b) Right-Hand

Figure 1.8: Circular Polarization

The fundamental mode in a circular waveguide is the degenerate TE11 (cosine and sine)
in which the E-field is transversal with the maximum at center (Fig. 1.9a,b), while the
H-field perpendicular to it, describes a closed contour that extends inside the waveguide. For
its radiation characteristics, this mode is perfect to be used for communications and range
measurements, building SUM signal.
The first HOM is the TM01 in which the E-field is radial in the cross-section with a null in
the center of the structure and at the boundary, while a maximum in the annular region
in between (Fig.1.9c); the H-field is transversal describing circles around the center of the
structure. This mode is typically used in combination with the TE01 to build DELTA signal.
The subsequent one is the TE21 degenerate (cosine and sine) in which the E-field has a null at
the center and four regions of maximum alternated with regions of null in the annular space
between the center and the boundary for TE𝑐

21, while the same behavior rotated by 45∘ for
the TE𝑠

21 (Fig. 1.9d,e). H-field describes a closed contour that extends inside the waveguide
with a null at the center and maximum at the four corner. Exploiting the null in the center
of the electric field, the two degenerate modes are typically used to build DELTA signal.
Then the TE01 is the opposite of the TM01 with the E-field transversal describing circles
around the center, with a null exactly in the center and maximum at half way between the
center and the boundary of the waveguide (figure 1.9f ), while the H-field radial opposite with
respect to the E-field. For its characteristics is typically used in combination with the TM01
to build DELTA signal.
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(a) TE𝑐
11

𝜉 = 1.841
(b) TE𝑠

11
𝜉 = 1.841

(c) TM01
𝜉 = 2.405

(d) TE𝑐
21

𝜉 = 3.054

(e) TE𝑠
21

𝜉 = 3.054

(f) TE01
𝜉 = 3.832

Figure 1.9: Electric field of propagating High Order Modes in circular waveguide. 𝜉 the
zeroes of the Bessel functions
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(a) TE𝑐
11

𝜉 = 1.841
(b) TE𝑠

11
𝜉 = 1.841

(c) TM01
𝜉 = 2.405

(d) TE𝑐
21

𝜉 = 3.054
(e) TE𝑠

21
𝜉 = 3.054

(f) TE01
𝜉 = 3.832

Figure 1.10: Magnetic field of propagating High Order Modes in circular waveguide. 𝜉 the
zeroes of the Bessel functions
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1.4 Monopulse Chain Components
An impinging EM field propagating in the environment must be collected trough a feed

that generates the signals exciting HOMs in the waveguide network. HOMs must be separated
to extract the modes needed for the monopulse to build SUM and DELTA signals. The most
common way to separate modes in a waveguide structure is through mode couplers and once
each mode is separated, the extracted signal will be processed in the tracking receiver to
generate SUM and the DELTA signal.
Fig. 1.11 explains the process that an impinging signal is processed. The result is the SUM
and DELTA shown in Fig. 1.4

Figure 1.11: Complete scheme of a monopulse system.

1.4.1 Mode Extraction
Mode couplers are components made by different waveguides with a common core where

the collected signal from the feed propagates. Attached to the common waveguide, smaller
waveguides are displaced to allow the extraction of a specific mode. Generally, the most
common mode coupler is the travelling wave type, where the core structure is a classical
waveguide (typically circular in space applications), sufficiently large to allow the propagation
of the needed HOMs. The specific mode is extracted through slots in the main circular
waveguide positioned in such way that electric or magnetic coupling is possible. These slots
could have rectangular or circular shapes and the number of slots to extract the same mode
depends on the bandwidth needed for the component.
Mode extraction using slots are made with rectangular waveguide (of dimensions a and
b) allowing the propagation of the fundamental TE10 mode. When HOMs propagate in
the circular waveguide has the correct field distribution to be coupled inside the slot, this
aperture collects the EM field exploiting electric or magnetic coupling (depending on the
orientation aperture) and if the extraction is made though a rectangular waveguide, the only
TE10 mode is excited. In the case that HOMs do not have the correct field distribution, TE10
is not excited. The electrical signal is typically extracted through coaxial pins, while both
termination of the rectangular waveguide must be closed with a matching load to avoid back
reflections that may degrade the field quality.
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CHAPTER 1. TRACKING PRINCIPLE

Electric coupling happens when TE10 is generated through the coupling of the E-field from the
circular to the rectangular waveguide. This is possible when the long side a is perpendicular
to the circular waveguide propagation axis, taking the name of transversal slots (Fig. 1.12).
Vice-versa, magnetic coupling happens when TE10 is generated through the coupling of the
H-field from the circular to the rectangular waveguide and this is possible when the long side
a is along the circular waveguide propagation axis. This refers to axial slots as shown in Fig.
1.13.
These two types work in the same way and each configuration is able to extract the desired
mode. It is possible to divide these two categories of slots into two others subcategories,
depending on the orientation. Can be horizontal or vertical, and again they are completely
exchangeable.
The existence of these categories is just for a design point of view. When the space surround-
ing the extractor is limited, is possible to choose the most convenient configuration. It is
mandatory that the component have all the slots working in the same way without mixing
the two behaviours.
From a theoretical point of view, it is possible to extract a specific mode using a single
slot, but since a circular waveguide allows the propagation of several HOMs, the single-slot
configuration would couple not only the needed HOM, but also all the others that share
the same electric or magnetic coupling. Therefore this solution would be a combination of
multiple modes that would be catastrophic for the monopulse system. Another reason to not
use a single-slot configuration if the asymmetry of the structure: small variations of the EM
field would not the needed mode in the correct way. Therefore a more stable configuration is
using at least a pair of slots for each HOM.
Different solutions are available in the market: with two, four or even eight slots as described
in Chapters 1.4.1.1, 1.4.1.2 and 1.4.1.3 respectively, and also with electric or magnetic cou-
pling.
From a design point of view there exist three categories of mode couplers: travelling wave
couplers described in detail in this work, geometrical couplers in which modes are generated
using a particular geometric shape for a single aperture or set of apertures and finally resonant
couplers, where modes are generated by the development of standing waves in resonant cavity.
This type of mode coupler can be used for narrow-band operations [5]. More advanced and
broadband designs are the multi-hole mode couplers are presented in Chapter ?? , where the
rectangular waveguide extends to the entire length of the circular waveguide and apertures in
the shared wall allow magnetic coupling.
These components might be the main cause loss in the performance of an autotrack system
and might introduce misalignment errors.
It is common to find transitions (as shown in Fig. 1.14) from wider to narrower circular
waveguide in a mode coupler in order to reject all the HOMs of no interest. The transition
need to be done smoothly to avoid reflections at the interface. These transitions allow
the simplest mode extraction for the SUM signal, since it is obtained through the only
fundamental TE11 modes.

12
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(a) Horizontal (b) Vertical

Figure 1.12: Example of a 2-port Transversal Mode Extractor

(a) Horizontal (b) Vertical

Figure 1.13: Example of a 2-port Axial Mode Extractor

Figure 1.14: Wider-to-Narrower Transition
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1.4.1.1 2-way coupler

The use of two slots is the simplest way to extract modes propagating in a waveguide. In
the figures below is shown how the extraction using axial or transversal slots is completely
exchangeable depending on which mode is need to be extracted.

(a) Axial extraction
TE𝑠

11

(b) Axial extraction
TE𝑐

11

(c) Transversal extrac-
tion TE𝑠

11

(d) Transversal extrac-
tion TE𝑐

11

Figure 1.15: Example of 2-port extractors

Using just two slots allows the extraction not only of the needed mode, but also all the
other modes propagating inside the circular waveguide concordant with the magnetic or
electric coupling, depending on the orientation of the used slots as shown in Fig. 1.15. For
example the axial slots allow to extract both TE11 and TE21 at the same time therefore is not
possible to use it for the monopulse. To solve this problem is possible to break the symmetry
using still two slots as shown in Fig. 1.16; in this way it is possible to extract the TE𝑐

21 with
one slot and TE𝑠

21 with the other, giving the basic mode extractor for the DELTA signal.
As is shown in the Figures 1.16, TE𝑐

21 is coupled through the axial slot rotated by 0∘ with
respect to the vertical direction, while TE𝑠

21 mode is coupled through the axial slot rotated
by 135∘ along the vertical direction while the other slot is barely excited.
With a 2-port coupler it is only possible to achieve coupling factors of −3 dB because with a
single slot to extract the correspondent HOM (TE𝑠

21 or TE𝑐
21), only half of the power can be

extracted. Therefore to increase the coupling coefficient and the selectivity, configurations
with four or eight slots exploiting the symmetric behaviour are needed.

(a) TE𝑐
21 extraction (b) TE𝑠

21 extraction

Figure 1.16: Example of 2-port TE21 extractors
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1.4.1.2 4-way coupling

To increase the coupling coefficient and reject undesired modes, can be used more than
two slots. For instance, in case the TE21 mode need to be coupled two slots are sufficient but
TE11 is coupled as well in the same slots, generating interferences in the extracted signal. In
order to extract just the two TE21 four slots are needed (see Fig. 1.17).
TE𝑐

21 has the electric field rotated by 45 degree therefore to extract it can be used four axial
slots rotated by 45 degree with respect to the electric field in order to obtain the magnetic
coupling.
To extract TE𝑠

21 four axial slots rotated by 45 degree with respect to the electric field are
needed and each slot presents a coupling factor of −3 dB.
Using four slots, the extraction of the single TE21 degenerate mode is possible, without
extract any other modes.

(a) TE𝑐
21 extraction (b) TE𝑠

21 extraction

(c) TE21 extraction

Figure 1.17: Example of 4-port TE21 extractors
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1.4.1.3 8-way coupler

To simultaneously extract both the TE𝑐
21 and the TE𝑠

21 modes, an 8-way coupler can also
be used as shown in Fig. 1.18. This coupler is is the combination of two 4-way couplers one
rotated of 45∘ respect to the other and each pair of four slots extract a single TE21 mode.
Technical properties are the same as the ones described before. To recover all the energy is
needed a coupling coefficient of −6 dB for each slot.

(a) TE𝑐
21 extraction (b) TE𝑠

21 extraction

(c) TE21 extraction

Figure 1.18: Example of 8-port TE21 extractors
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1.4.2 Combining Network

Modes extracted through the mode coupler, need to be coupled inside all the waveguide
circuitry that builds SUM and DELTA signals as well as post-processing components installed
that make the monopulse system work.
To do this, a combining network is used to combine in the correct way fields that would be
extracted through coaxial probes or waveguides connecting mode couplers to components
like septum polarizers, hybrid couplers, orthomode transducers, filters, matched loads and
amplifiers.

1.4.2.1 Septum Polarizer

To separate left-hand and right-hand polarizations (LHCP and RHCP) as well as generate
linear polarizations, is using a septum polarizer. It is a four-port passive device consisting in a
rectangular waveguide (sometimes circular-to-rectangular waveguide transitions are required)
and a step-shaped metal wall that progressively divides the rectangular waveguide into two
separated waveguides.
To explain how it works, in Fig. 1.19 is presented this component divided in four sections
𝑆0, 𝑆1, 𝑆2, 𝑆3, and the TE10 excited in the input port IN that generates an horizontally
linearly polarized field (i.e. 𝐸 = 𝑥̂𝐸0). The field distribution is represented in Figure 1.20.
As the electric field propagates through the component, encounters the metallic wall that
gradually changes the field orientation. Because a linear polarized field has been choose for
the example, the field ad the output ports 𝑂𝑈𝑇1, 𝑂𝑈𝑇2 will be still linearly polarized but
the output power will be half of the input power. Septum polariser can be engineered so
that a 90∘ relative phase difference at one port and −90∘ at the other port relative can be
established between the vertical and horizontal polarization outputs.
With the same approach, it is possible to separate also LHCP and RHCP.
The EM model to describe a septum polarizer is trough the scattering matrix 1.6.

𝑆 = 1√
2

⎡⎢⎢⎢⎣
𝑆11 𝑆12 𝑆13 𝑆14
𝑆21 𝑆22 𝑆23 𝑆24
𝑆31 𝑆32 𝑆33 𝑆34
𝑆41 𝑆42 𝑆43 𝑆44

⎤⎥⎥⎥⎦ = 1√
2

⎡⎢⎢⎢⎣
0 0 1 1
0 0 −𝑗 𝑗
1 −𝑗 0 0
1 𝑗 0 0

⎤⎥⎥⎥⎦ (1.6)

Calling 𝑂𝑈𝑇1 the LHCP port and 𝑂𝑈𝑇2 the RHCP output of the septum, will result the
same field distribution with amplitude divided in half and opposite phase.
Taking for example the left-hand circular polarized field definition, 𝐸 = 𝐸0√

2
(𝑦− 𝑗𝑥̂), it results

𝑂𝑈𝑇1 : −𝑗 𝐸0√
2

− 𝑗
𝐸0√

2
= −𝑗𝐸0

𝑂𝑈𝑇2 : 𝑗 𝐸0√
2

− 𝑗
𝐸0√

2
= 0

The opposite for a right-hand circular polarization.
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Figure 1.19: Transversal view of a septum polarizer
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Figure 1.20: Schematic representation of the E-field distribution inside a septum polariser at
different cross-section along the metal septum
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1.4.2.2 3 dB/90∘ Hybrid Coupler

To generate DELTA signal, the extracted HOMs needed must be combined and the typical
component used is a 3 dB/90∘ hybrid coupler (as shown in Fig. 1.21) that combines the
input signal (the extracted TE21 modes) with a 90-degree phase shift the one to another with
a very high isolation (𝑆12 = 0, 𝑆23 = 0). The typical S-matrix is shown in Eq. 1.7.
It can be schematized as a 4-port with each pair connected in a crossed way by a quarter-
wavelength transmission line. The obtained signal at the output is used by the tracking
receiver described in Chapter 1.2 generating the DELTA signal and the signals to control
antenna’ servos.
Hybrid couplers are used to separate right-hand and left-hand circular polarization into two
separate channel and also to maximise the coupled extracted signal. This component, in fact,
it is not necessary in the case of linear polarization because the signal coupling would be
exactly the same at both output ports and with an amplitude 3 dB lower. For this reason,
hybrid coupler it is suggested to be installed only when circular polarisation is used.

𝑆 = − 1√
2

⎡⎢⎢⎢⎣
𝑆11 𝑆12 𝑆13 𝑆14
𝑆21 𝑆22 𝑆23 𝑆24
𝑆31 𝑆32 𝑆33 𝑆34
𝑆41 𝑆42 𝑆43 𝑆44

⎤⎥⎥⎥⎦ = − 1√
2

⎡⎢⎢⎢⎣
0 0 1 𝑗
0 0 𝑗 1
1 𝑗 0 0
𝑗 1 0 0

⎤⎥⎥⎥⎦ (1.7)

Figure 1.21: Hybrid Coupler schema
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1.4.2.3 Magic-Tee

A classical component that is used to combine signals is Magic-Tee also known as 3
dB/0 − 180∘ hybrid coupler [6] (shown in Fig. 1.22), consisting in a four ports, where port 𝑃1
and port 𝑃2 are the two inputs, while port 𝑃3 and 𝑃4 are the two outputs. 𝑃3 is also known
as sum port Σ while 𝑃4 is known as delta port Δ. It is designed in such way that TE10 mode
is excited and exploiting the even symmetry, Σ and Δ port are completely decoupled the one
to another. The same happens considering all the other couple of ports: ports 𝑃1/𝑃2 and
𝑃3/𝑃4 are completely decoupled.
Coupling between port 𝑃4 with ports 𝑃2 and 𝑃3 is equal in amplitude but with a 180∘ phase
shift, and this explains why the name of the two ports. Given two signals entering in port
𝑃1 and 𝑃2, is possible find at port 𝑃3 the sum of the two input signals, while at port 𝑃4 the
difference between the two.
In order to work properly, matching is needed inside the structure. This allows to achieve
𝑆11 = 𝑆44 = 0; then, in order to be lossless, also 𝑆22 = 𝑆33 = 0 According to this convention,
the scattering matrix is shown in Eq. 1.4.2.3

𝑆 = − 1√
2

⎡⎢⎢⎢⎣
𝑆11 𝑆12 𝑆13 𝑆14
𝑆21 𝑆22 𝑆23 𝑆24
𝑆31 𝑆32 𝑆33 𝑆34
𝑆41 𝑆42 𝑆43 𝑆44

⎤⎥⎥⎥⎦ = − 1√
2

⎡⎢⎢⎢⎣
0 0 1 1
0 0 1 −1
1 1 0 0
1 −1 0 0

⎤⎥⎥⎥⎦

(a) Electric Field (b) Magnetic Field

Figure 1.22: Magic-Tee
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1.5 Example of Combining Networks

To extract TE11 modes for SUM signal is quite simple: is possible connect the wider-to-
narrower transition (Fig. 1.14) to discard HOMs and a septum polariser at the output of the
circular transition to separate left-hand from right-hand circular polarization (while the same
result at the septum output will be obtained in case of a linear polarization). On the other
side, for the DELTA signal a network might be needed to combine each output slots in the
correct way, typically using hybrid couplers.
A simply 2-way mode coupler, no needs couplers to extract DELTA signal, because it is
possible to connect directly outputs of the mode coupler to the 90∘/3𝑑𝐵 hybrid coupler input
ports.

A

B

Figure 1.23: 2-port combining network

Complex network is required in case of a larger number of extracting slots and the
complexity depends on the mode coupler used.
For example taking into account that TE𝑐

11, TE𝑠
11, TM01, TE𝑐

21, TE𝑠
21 and TE01 are excited

in the circular core of a mode coupler, the 4-way mode coupler in Fig. 1.24 a will have a
combining network as follow to extract the TE𝑐

21 mode:

𝑈 +𝐷 ⇒ TE01, TE𝑠
11andTE𝑐

21 survive
𝑅 + 𝐿 ⇒ TE01, TE𝑠

11and − TE𝑐
21 survive

(𝑈 +𝐷) − (𝑅 + 𝐿) ⇒ TE𝑐
21

Where U, D, L, R are the four extracting slots.
The same can be done using the configuration in Figure 1.24b to extract the TE𝑠

21 mode:

𝑈 +𝐷 → TE01, TE𝑐
11 and TE𝑠

21 survive
𝑅 + 𝐿 → TE01, TE𝑐

11 and − TE𝑠
21 survive

(𝑈 +𝐷) − (𝑅 + 𝐿) ⇒ TE𝑠
21
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U

D

RL

(a) TE𝑐
21

U

D R

L

(b) TE𝑠
21

Figure 1.24: 4-port combining network

To extract both TE𝑠
21 and TE𝑐

21 at the same time using an asymmetric 4-port mode coupler
in Fig. 1.25, the combining network will be described with Eq. 1.8.⎧⎨⎩(𝐴+ 𝐶) ⇒ TE𝑐

21

(𝐵 +𝐷) ⇒ TE𝑠
21

(1.8)

Where slots A and C will extract the TE𝑐
21 and slots B and D will extract the TE𝑠

21.

A

B

C

D

Figure 1.25: 4-way combining network for TE𝑐
21 and TE𝑠

21

The same reasoning can be followed for the extraction through an 8-way mode coupler
and are described with Eq. 1.9 and Eq. 1.10. Fig. 1.26 shows the recombining network: slots
A, C, E, G will extract TE𝑐

21 while slots B, D, F, H will extract TE𝑠
21⎧⎨⎩(𝐴− 𝐶) + (𝐺− 𝐸) ⇒ TE𝑐

21

(𝐻 − 𝐵) + (𝐷 − 𝐹 ) ⇒ TE𝑠
21

(1.9)

⎧⎨⎩(𝐴+ 𝐸) − (𝐶 +𝐺) ⇒ TE𝑐
21

(𝐵 + 𝐹 ) − (𝐻 +𝐷) ⇒ TE𝑠
21

(1.10)

The two sets of recombinations are two ways to obtain the same result. Eq. 1.9 describes
the 90∘ recombination, while Eq. 1.9 describes the 180∘ recombination and the reason why
there exist these two kind of network is just for a design point of view. When the space
surrounding the extractor is limited, is possible to choose the more convenient configuration.
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A

B

C

D

E

F

G

H

(a) TE𝑠
21 and TE𝑐

21 90∘ recombination

A

B

C

D

E

F

G

H

(b) TE𝑠
21 and TE𝑐

21 180∘ recombination

Figure 1.26: 8-port combining network

Connections between mode coupler to the rest of the system can be done either through
waveguide or coaxial cable (rigid or flexible). The advantage using waveguide is that the
signal is perfectly shielded and no external signals will interfere with it, but the problem is
the space needed, therefore might be not a good choice in case of limited space available. On
the other hand, coaxial cables do not give this problem because even complex connection can
be done in case of limited space, but as a consequence the shielding from external interference
is not perfect. Wrong matching or imperfect pin connection can introduce noise in the system
and generate de-pointing problems.
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(a) Waveguide Extraction [7]

(b) Coaxial Extraction [8]

Figure 1.27: Example of a mode extraction network of an ESA’ system
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2 Monopulse In-Lab Calibration System

Before its operational use, a monopulse antenna need to be calibrated through a well
known target [1], where the signal source (i.e. a horn antenna or other kind of antennas) is
mounted on a tall structure in the far-field region of the measured antenna (see Fig. 2.1).
Hence, the name, calibration tower. Also satellites are used in some cases [2] performing a
differential measurement between the transmitted and received signal from both antenna and
spacecraft.
In the far-field region, the wavefront curvature produced by the source, becomes more planar
over the antenna under test. Outdoor measurements might result the simplest way to test a
space antenna due to its size (diameters can swing between few meters to tens of meters), but
environmental conditions are critical factors; precipitations, humidity, wind and temperatures
are the most critical points especially because most of the used antennas for space applications
are installed in locations with rigid weather conditions (poles and equator latitudes mainly).
Snow, storms, temperature, wind and humidity might have a big impact on these kind of
measurements. Also terrain morphology need to be considered since obstacles may cause
reflection, introducing the problem of multi path (Fig. 2.2), increasing the measurement
errors and other uncertainties.
Measurements with a calibration tower requires two main operations: the first one is that
the entire monopulse tracking chain must be installed on the antenna; the second one, in
particular, if the antenna is already fully operational, it must be put downtime as long as the
calibration procedure is completed.
These operations must be done every time a component of the tracking chain is changed to
upgrade the antenna’s characteristics (i.e. increase bandwidth or modify working frequency) or
re-designed due to components not fully compatible. Both operation are expensive especially
because during this period, the antenna it is not working for its commercial purposes.
To minimize these operations a novel setup has been designed allowing in-lab measurements
on a bench test the entire tracking chain, without mounting it on the antenna to test it.
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CHAPTER 2. MONOPULSE IN-LAB CALIBRATION SYSTEM

Figure 2.1: Calibration Tower

Figure 2.2: Multipath

2.1 Monopulse In-lab Bench Test
It consists on a simple multi-modal source generator for the monopulse tracking chain

made with an overmoded circular waveguide (OCWG) component with offset sections. With
this setup it is possible to prevent the use of expensive systems to calibrate the monopulse,
by mimic in-lab its behaviour and eventually correct in advance possible designing errors
that may lead to problems in the tracking system once installed on the antenna. The most
common problem is the de-pointing that occurs when SUM and DELTA signals are not
aligned (meaning that the maximum of the SUM signal is not aligned with the minimum
of the DELTA). In this situation the antenna may track a target (calibration tower or a
spacecraft) a in a wrong position with respect to the real one.
This waveguide junction is excited with the degenerate fundamental TE11 mode to properly
excite amplitude and phase difference of the desired HOMs that are used for tracking purposes.
Unlike many works reported in the literature that describe the conversion between two modes
in the same circular waveguides [3] - [4], this work does not convert one mode to another
without phase control, but aims to excite many high order modes (the ones needed for
tracking purposes) controlling their amplitude and phase in a very precise way.
The proposed system is based on a offset-junction [5] [6] [7] between two waveguides of radius
R large enough to allow the propagation of HOMs as shown in Fig. 2.3. As long as the
two waveguides are collinear (their propagation axis is aligned), high order modes are not
excited. As the symmetry is broken with a shift offset M𝑜 with respect to the axis of the
input waveguide, along the angular direction 𝜑 (Fig. 2.3), HOMs are generated. Depending
on the radius and the operational frequency band, a circular waveguide can propagate HOMs
up to a determined cutoff frequency f𝑐 which is related to the zeroes of the Bessel functions.
Two cascaded OCWGs with the same diameter but aligned in such way that their propagation
axis is non-collinear (Fig. 2.3a), HOMs at port P2 (such as TM01, TE21, TE01, ... shown in
Fig. 1.9) are generated, by feeding the input port P1 with the fundamental TE11 modes. In
particular, amplitude and phase difference of the HOMs with respect to the TE11 modes can

28



2.1. MONOPULSE IN-LAB BENCH TEST

be controlled by changing the magnitude of M 𝑜 for the amplitude and the angular position 𝜑
of the offset respectively.

(a) Step Junction (b) TE𝑠
21 and TE𝑐

21 180∘ recombina-
tion

Figure 2.3: Step Junction

The firsts HOMs (the TM01, the two degenerated TE𝐶
21, and TE𝑆

21, and the TE01) exhibit
a null in their radiation pattern at the boresight direction, which is convenient for tracking
purposes, but the pattern of their respective electric (E) and magnetic (H) fields is radically
different. This last aspect will determine the HOMs’ phase difference evolution, with respect
to the fundamental modes TE𝐶/𝑆

11 , as well as the way of extracting this information through a
waveguide HOMs coupler (as explained in Chapter 1.4.1). Adopting a waveguide radius that
allows the propagation at least up to the TE01 mode, it is evident that when the offset M𝑜 is
rather low, independently from the rotation angle 𝜑, the two degenerate fundamental modes
TE𝐶

11 and TE𝑆
11 will be fully transmitted (|𝑆21| ≈ 1). Furthermore, the coupling parameter

S21 relating the fundamental mode and an excited high order mode (S21(HOMs,TE11)) will
be very small, becoming zero if M𝑜 = 0. By increasing the value of M𝑜, HOMs are inexorably
generated and their excitation level should increase with M𝑜.

2.1.1 Excitation Coefficient High Order Modes
The theoretical determination of the phase difference 𝜓 between any excited HOM and

the incoming fundamental TE11 mode as a function of 𝜑 can be easily derived by inspection
using their respective E/H patterns in a circular waveguide. The first HOM to be considered
is the TM01. As shown in Fig. 1.9, this mode has a radial E field in any transversal
section (orthogonal to the transversal azimuthal pattern of the H field). If the incident
TE𝐶

11 fundamental mode (where its E field is oriented in the vertical direction) reaches the
discontinuity of an OCWG with a given offset magnitude and a rotation of 𝜑 = 0∘ or 𝜑 = 180∘

(offset along positive or negative x axis), the TM01 mode cannot be excited, due to the fact
that TE𝐶

11 and TM01 modes have opposite symmetry in the xz plane (odd for TE𝐶
11 and even

for TM01). On the contrary, if the offset angle 𝜑 is exactly 90∘ or 270∘ (offset along the
positive/negative y axis) the excitation level K 𝑇 𝑀01 of the TM01 mode will be the maximum
attainable for an offset magnitude M𝑜. Furthermore, the normalized phase difference 𝜓TM01
between the fundamental mode TE𝐶

11 and the excited mode TM01 varies from 𝜓TM01 = 180∘
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for 𝜑 = 90∘ to 𝜓TM01 = 0∘ for 𝜑 = 270∘. This means that any offset deviation in the
y-direction implies a jump of the phase 𝜓TM01 of 180∘ while an offset deviation in the
x-direction does not affect the system. It is possible to conclude that for any other 𝜑 rotation,
the TM01 magnitude is proportional to |𝑠𝑖𝑛(𝜑)| while the phase difference 𝜓TM01 follows the
general rule discussed before. This situation is clearly shown in Fig. 2.4 where the excitation
coefficients of HOMs are given for both the incident fundamental modes (TE𝐶

11 and TE𝑆
11) at

different offset angles 𝜑.
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(a) TE𝐶
11 incident - TM01 excited (b) TE𝑆

11 incident - TM01 excited

(c) TE𝐶
11 incident - TE𝐶

21 excited (d) TE𝑆
11 incident - TE𝐶

21 excited

(e) TE𝐶
11 incident - TE𝑆

21 excited (f) TE𝑆
11 incident - TE𝑆

21 excited

(g) TE𝐶
11 incident - TE01 excited (h) TE𝑆

11 incident - TE01 excited

Figure 2.4: Excitation coefficients of HOMs for a given incident fundamental mode (TE𝐶
11 or

TE𝑆
11) at different offset angles 𝜑
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Table 2.1: Amplitude and phase of the HOMs when excited by a given incident fundamental
mode. Depending on the coupling, the HOM provides sensitivity for elevation (EL) or

azimuth (AZ) antenna depointing.

Incident HOM Amplitude M Phase Ψ Sensitivity
TE𝐶

11 TM01 M 𝑇 𝑀01𝑠𝑖𝑛𝜑 {1 + 𝑠𝑖𝑔𝑛[𝑠𝑖𝑛(𝜑)]} 𝜋
2 EL

TE𝐶
11 TE𝐶

21 M 𝑇 𝐸21𝑐𝑜𝑠𝜑 {1 + 𝑠𝑖𝑔𝑛[𝑐𝑜𝑠(𝜑)]} 𝜋
2 AZ

TE𝐶
11 TE𝑆

21 M 𝑇 𝐸21𝑠𝑖𝑛𝜑 {1 + 𝑠𝑖𝑔𝑛[𝑠𝑖𝑛(𝜑)]} 𝜋
2 EL

TE𝐶
11 TE01 M 𝑇 𝐸01𝑐𝑜𝑠𝜑 {1 + 𝑠𝑖𝑔𝑛[𝑐𝑜𝑠(𝜑)]} 𝜋

2 AZ
TE𝑆

11 TM01 M 𝑇 𝑀01𝑐𝑜𝑠𝜑 {1 + 𝑠𝑖𝑔𝑛[𝑐𝑜𝑠(𝜑)]} 𝜋
2 AZ

TE𝑆
11 TE𝐶

21 M 𝑇 𝐸21𝑠𝑖𝑛𝜑 {1 + 𝑠𝑖𝑔𝑛[𝑠𝑖𝑛(𝜑)]} 𝜋
2 EL

TE𝑆
11 TE𝑆

21 M 𝑇 𝐸21𝑐𝑜𝑠𝜑 {1 + 𝑠𝑖𝑔𝑛[𝑐𝑜𝑠(𝜑)]} 𝜋
2 AZ

TE𝑆
11 TE01 M 𝑇 𝐸01𝑠𝑖𝑛𝜑 {1 + 𝑠𝑖𝑔𝑛[𝑠𝑖𝑛(𝜑)]} 𝜋

2 EL

In general, the excitation coefficients of the HOMs can be defined as the complex ratio

𝐾𝐶
𝐻𝑂𝑀 =

𝑆21
𝐻𝑂𝑀,𝑇 𝐸𝐶

11

𝑆21
𝑇 𝐸𝐶

11,𝑇 𝐸𝐶
11

= 𝑀𝐻𝑂𝑀𝑠𝑖𝑛(𝜑)𝑒𝑗Ψ𝐻𝑂𝑀 (2.1)

𝐾𝑆
𝐻𝑂𝑀 =

𝑆21
𝐻𝑂𝑀,𝑇 𝐸𝑆

11

𝑆21
𝑇 𝐸𝑆

11,𝑇 𝐸𝑆
11

= 𝑀𝐻𝑂𝑀𝑐𝑜𝑠(𝜑)𝑒𝑗Ψ𝐻𝑂𝑀 (2.2)

It is possible to obtain the amplitude MHOM and phase difference ΨHOM required to mimic
the values retrieved by a monopulse system as if it would be tracking a real spacecraft. In
particular, in case the HOM considered is the TM01, the equations could be divided as follow

𝑆21(𝑇𝑀01, 𝑇𝐸
𝐶
11) = 𝑀𝑇 𝑀01𝑠𝑖𝑛(𝜑) (2.3)

Ψ𝑇 𝑀01 = {1 + 𝑠𝑖𝑔𝑛[𝑠𝑖𝑛(𝜑)]} 𝜋2 (2.4)

The same considerations could be used if the incident fundamental mode is the TE𝑆
11. In

this case, the excitation of the TM01 mode is proportional to |𝑐𝑜𝑠𝜑)| with exactly the same
amplitude level M𝑇 𝑀01

𝑆21(𝑇𝑀01, 𝑇𝐸
𝑆
11) = 𝑀𝑇 𝑀01𝑐𝑜𝑠(𝜑) (2.5)

Ψ𝑇 𝑀01 = {1 + 𝑠𝑖𝑔𝑛[𝑐𝑜𝑠(𝜑)]} 𝜋2 (2.6)

From a practical point of view, and referring to the equivalence of Fig. 2.4, this means that
taking into account the antenna axis coordinates system of a real tracking system, the TM01
excitation due to the fundamental TE𝐶

11 mode is exclusively sensitive to the elevation pointing
error (ΔEL) while the excitation due to the fundamental TE𝑆

11 mode is exclusively sensitive
to the azimuth pointing error (ΔAZ).
The same reasoning can be applied to the next HOMs, and the amplitude and phase results
can be easily validated in any electromagnetic CAD tool. Table 2.1 summarizes this behaviour
up to the TE01 mode. The two degenerated modes TE𝐶

21 and TE𝑆
21 always exhibit the same

maximal amplitude M 𝑇 𝐸21 while their respective phase delay Ψ𝑇 𝐸21 with respect to the
fundamental modes are complementary.
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2.1.2 Mathematical Model of the Step-Waveguide Junction
As the phase behaviour Ψ𝐻𝑂𝑀 of the excited modes is already known for any value of

the rotation angle 𝜑, the correspondence between an arbitrary waveguide offset M 𝑜 and the
resulting magnitude M 𝐻𝑂𝑀 for the different modes has to be established.
The frequency behaviour of the HOM excitations amplitudes’ are similar to the frequency
variation of the ratio 𝜆𝑔𝐻𝑂𝑀

/𝜆0 [8], where 𝜆𝑔𝐻𝑂𝑀
is the guided wavelength for each individual

HOM and 𝜆0 is the free space wavelength. Moreover, it can be demonstrated by simple
electromagnetic simulations that an arbitrary variation of the offset magnitude in the OCWG
circuit implies a linear variation of these excited levels with M 𝑜, as long as M 𝑜 is not too large
compared to the waveguide radius (e.g., M 𝑜 < 𝑅/10). Fig. 2.5 shows a simulation example
for a Ku-band oversized circular waveguide. While the transmission for the fundamental
modes TE11 is almost perfect (|𝑆21| ≈ 0dB), HOMs excitations start at their respective cutoff
frequencies and decrease smoothly with the frequency. Fig. 2.5 also shows the standard
bandwidths used in a real tracking system where the so-called security guard is about 5−10%
both close to the cutoff of the mode itself and to the cutoff of the next mode.

Figure 2.5: Behavior of the amplitude of the excitation coefficients of HOMs for an offset
M𝑜 = 0.6 mm in a circular waveguide with radius R= 14 mm.

Using the above reasoning, the excitation amplitude of a generic HOM with an incident
fundamental mode TE11 can be written as

|𝑆21(𝐻𝑂𝑀,𝑇𝐸11)| = 𝑀𝐻𝑂𝑀 = 𝑀𝑜

[︃
𝑛

(︃
𝜆𝑔𝐻𝑂𝑀

𝜆0

)︃𝑚

+ 𝑏

]︃
(2.7)

where the optimal values of the coefficients m, n and b for each high order mode can be
derived by using a simple conjugate-gradient fitting algorithm.
Since the behaviour of the excited magnitudes (M TM01 , M TE21 , M TE01) are mathematically
known through Eq. 2.7 and the behaviour of their normalized phase shift (ΨTM01 , ΨTE𝐶

21
,
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Table 2.2: Optimized parameters for HOM mathematical model 2.3, considering a circular
waveguide with radius of R= 14 mm.

HOM m n(mm−1) b(mm−1)
TM01 0.22972 0.13036 -0.09838
TE21 0.91575 0.00460 0.05974
TE01 0.96433 0.00565 0.06818

ΨTE𝑆
21

, ΨTE01) with respect to the fundamental modes is known through Table 2.1, it is
possible to predict the excitation values of any HOM for a given offset set (M𝑜, 𝜑) in an
OCWG circuit. From Eq. 2.7 it is also possible to obtain the offset M𝑜 for a desired excitation
level of a specific HOM, corresponding to a desired tracking contour level (Fig. 2.8) at a
given frequency by simply reverting the formula.

𝑀𝑜 = |𝑆21(𝐻𝑂𝑀,𝑇𝐸11)|𝑑𝑒𝑠𝑖𝑟𝑒𝑑

𝑛
𝜆𝑔𝐻𝑂𝑀

𝜆0

𝑚
+ 𝑏

(2.8)

Indeed, also the levels of all the undesired excited HOMs can be easily obtained. It is worth
noting that the analytical model from Eq. 2.7 (and, consequently, Eq. 2.8) can be extended
to any frequency range by using the waveguide radius as scaling factor.
As an example, it is possible to retrieve the parameters m, n and b from the plots of Fig. 2.5
using the reverted Eq. 2.7 and results are shown in Table 2.2, assuming an offset M𝑜 = 0.6
mm in a OCWG of radius R= 14 mm. Afterwards, these coefficients have been used to
determine the frequency behaviour of the OCWG under test, by varying the offset magnitude
from M𝑜 = 0.2 mm to M𝑜 = 1.4 mm with a step of 0.2 mm. This has been simulated through
HFSS and results are shown in Fig. 2.6. The excellent agreement can be observed for the
three considered modes, with a maximum discrepancy of ±0.3 dB.
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(a) TM01 mode

(b) TE21 mode

(c) TE01 mode

Figure 2.6: Mathematical model 2.7 vs full-wave simulated results in a circular waveguide
with radius R=14 mm. Curves refers to different values of the offset M𝑜
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2.1.3 Simulated Modes Excitation from the Calibration Tower
To confirm the possibility to mimic the target position with this simple offset waveguide

junction, we considered a tracking system based on a circular waveguide with a radius R = 14
mm and working at 12 GHz.
The link between two horn antennas has been simulated by HFSS, considering the structure
shown in Fig. 2.7.

Figure 2.7: Structure considered to mimic the calibration tower.

Figure 2.8: Normalized radiation pattern of the SUM and DELTA used in the monopulse
system. (b) Calibration is typically performed inside the half-power beamwidth, using eight

directions distributed on a circle.

Let assume to excite Port 1 with only the TE𝐶
11 mode: to make the mode excitation in

the receiving waveguide independent from the distance when considering the ith direction,
the following normalization of the amplitude A and phase difference Ψ has been adopted.

𝐴|𝑑𝐵 = 𝑆21(𝑚2, 𝑇𝐸
𝐶
11)|𝑑𝐵,ith − 𝑆21(𝑇𝐸𝐶

11, 𝑇𝐸
𝐶
11)|𝑑𝐵,direction O (2.9)

Ψ = ∠𝑆21(𝑚2, 𝑇𝐸𝐶
11)|ith − ∠𝑆21(𝑇𝐸𝐶

11, 𝑇𝐸
𝐶
11)|ith (2.10)

where S21(m2, 𝑇𝐸𝐶
11) is the scattering parameter relating the TE𝐶

11 excitation in Port 1 to
any of the modes TE𝐶

11, TE𝑆
11 , TE21𝐶 , TE𝑆

21, in Port 2, and direction O is the boresight
direction shown in Fig. 2.8.
The same reasoning can be done exciting in Port 1 the TE𝑆

11 mode. However, due to the
symmetries of the geometrical structure and of the mode field patterns, amplitude and
phase difference results can be retrieved directly from those with the TE𝐶

11 excitation, just
considering a rotation of 90∘.
Running the simulation for all the eight positions and for the boresight direction O with
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Table 2.3: Waveguide offset extracted using Eq. 2.2 at 12 GHz, when considering different
antenna depointing angles for a circular waveguide with radius of R= 14 mm and 𝜑 of 45∘.

Depointing angle M 𝑇 𝑀01 M 𝑇 𝐸21 M 𝑇 𝐸01 M𝑜 (mm)
0.5∘ -46.9 -42.6 -40.4 0.11
1∘ -32.4 -30.7 -28.7 0.44
5∘ -27.3 -22.5 -20.5 1.13

TE𝐶
11 excitation on the TX side, Eq.2.9 and Eq. 2.10 are used to retrieve the results shown in

Fig. 2.9. Both the amplitude [Fig. 2.9a] and phase [Fig. 2.9b] of TE𝐶
21 and TE𝑆

21 are plotted.
For a given target misalignment 𝜃𝑑 with respect to boresight, the amplitude of Δ signal shows
a given value compared to the maximum of Σ signal (in Fig. 2.8). Moreover, the phase
difference between Σ and Δ signals has a precise value that normally swings between 0 and
180 degrees, depending on the HOM used and on the target position 𝜑 around the tracking
contour (TC). From Fig. 2.9 it appears that, when the transmitted excitation is 𝑇𝐸𝐶

11 , the
received TE𝐶

21 mode is not excited at the boresight direction 𝑂 as well as for A (𝜑 = 0∘) and
E (𝜑 = 180∘) directions. On the contrary, the degenerated TE𝑆

21 mode in RX, is not excited
at the boresight O, and for C (𝜑 = 90∘) and G (𝜑 = 270∘) directions. This is not surprising,
due to the symmetry of the structure. Moreover, it is notice that there is a 180∘ phase shift
between directions that are symmetrically located with respect to the boresight direction.
Purposely introducing a depointing of 0.5∘, 1∘, and 5∘ with respect to the line-of-sight between
the two simulated horn antennas, with a fixed rotational angle of 𝜑 = 45∘ (point B in Fig.
2.8). The amplitudes of the TM01, TE𝑆/𝐶

21 , TE01 HOMs due to the depointing in the circular
waveguide of the receiving antenna are reported in Table 2.3 (columns M𝑇 𝑀01 , M𝑇 𝐸21 , and
M𝑇 𝐸01). It is noted that the above-mentioned amplitudes are normalized assuming as reference
the excitation coefficients at Port 2 of Fig. 2.1 of the TE𝐶

11 or the TE𝑆
11 mode, when Port 1 in

Fig. 2.1 is excited with the same mode. In this way, all the phase and amplitude changes
due to the propagation effects and to the receiving antenna are cancel out.
From these values, using Eq. 2.8 and the coefficient m, n and b of Table 2.2, the offset M 𝑜

required to obtain the given excitations for the three HOMs have been calculated. The three
values are practically coincident (within 1%), and their average value is reported in the last
column of Table 2.3.
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(a) Normalized amplitude between TE𝐶
21 RX and TE11𝐶 RX (dots) and TE21𝑆

RX and TE11𝐶 RX (triangles)

(b) Phase difference between TE𝐶
21 RX and TE11𝐶 RX (dots) and TE21𝑆 RX

and TE11𝐶 RX (triangles)

Figure 2.9: Calculation of the modes excited in the RX waveguide when the link in Figure
2.1 is considered with TE𝐶

11 excitation on Port 1.
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2.2 Design of monopulse waveguide components
To properly validate the effectiveness of the OCWG, all the waveguide components of a

monopulse tracking chain (transitions, 3dB/90∘ hybrid coupler, septum polarizer, OMTs and
mode coupler) have been designed, simulated and measured. All the simulations have been
performed at 12 GHz.
This analysis is important not only because it is necessary to have a proper working monopulse
tracking chain, but also because all these components have a big effect on the resulting
tracking signals. Electromagnetic analysis of the component have been performed with the
EM simulator Ansys HFSS and Mician, and measurement campaign has been performed with
network analyser. All the designed components are made of raw aluminium.

2.2.1 Circular-To-Circular Waveguide
Most of the circular components have been designed with a radius R of 14 mm to work in

a 1 GHz-wide frequency band centred at 12 GHz. To properly excite these components with
a commercial source generator, it is necessary to convert the designed radius to the standard
one used in this frequency band, that is of 9.9 mm.
Aside from this reason, the second aim of this conversion from smaller to larger diameter
(9.9 mm to 14 mm) it is needed because the standard components are designed to be mono
modal, and therefore to allow the propagation of HOMs, larger waveguides are needed.
The mechanical connection has been done using a standard WR75 rectangular waveguide
flanges and to perform all the measurements, ports are closed with designed matched loads.
From Fig. 2.11 it is possible to notice a very good isolation (0 dB) with the fundamental
TE11 modes and a good input matching (less than 35 dB) at port P1 (the same at port P2)
in the band of interest (see Fig. 2.5). Discrepancies between simulations and measurements
of the input matching is due to the manufacturing process and material used. Simulations
of simple waveguide structure generate results close to the theoretical expected values, not
achievable when manufactured.
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(a) Simulated
(b) Mesaured setup

Figure 2.10: Circular-to-circular waveguide from R of 14 mm to 9.9 mm

Figure 2.11: Simulations (dots) and measurements (solid line) of the Circular-to-Circular
waveguide.
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2.2.2 3dB/90∘ Hybrid Coupler

The hybrid coupler is used to combine the extracted TE21 modes from the mode coupler
giving as output the tracking signals that are used by a processor to move the antenna toward
the target as described in Section 1.2. Also in this case, mechanical connection is made
through a standard WR75 flange as shown in Fig. 2.12. Measurements are performed by
closing the unused ports with standard WR75 matched loads.
Graphs of Fig. 2.13 show a very good agreement between simulations and measurements in
the band of interest (see Fig. 2.5). In particular, transmission and coupling around −3 dB as
expected from the theory of this component. Also in this case, port isolations and matching
present a good behaviour of about −30 dB.

(a) Simulated

(b) Mesaured isolation setup

(c) Mesaured coupling setup (d) Mesaured transmission setup

Figure 2.12: 3 dB - 90∘ hybrid coupler
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Figure 2.13: Simulations (dots) and measurements (solid line) of the 3 dB - 90∘ hybrid
coupler.

2.2.3 Compact Quadrature Hybrid Coupler
Size and weight of waveguide component can be a limiting point for ground stations or

compact tracking systems so that it might be necessary to reduce size of each component
maintaining its EM characteristics. The most common way to minimize waveguide compo-
nent’s dimensions is through a scaling factor of the original sizes depending on the ratio
between the guided modal wavelength 𝜆𝑔 with respect to the free space wavelength 𝜆0.
Hybrid couples are one of the key components required to have a working tracking system.
The proposed structure allows a very compact design without using any scaling factor, but
modifying the component design, allowing an operational bandwidth of 40% with 25 dB of
matching and isolation.
In the literature there exist similar structure that rarely a full-band coverage with very
compact sizes and a good isolation between ports.
For example riblet coupler [9] and its evolution [10] achieves a 25% of bandwidth exhibiting
the compact characteristics through the H-plane configurations. Other structures based on
multi-hole [11], [12] or multi-window (branch-line) [13], [14] coupling allow excellent EM
performances but at the cost of large size of coupling sections and therefore too bulky in case
the space where to install it is not sufficient. Improvements have been obtained in [15], [16]
and the natural evolution [17]. In [18] to achieve a 10-dB coupler with a 44% bandwidth in a
very compact design have been used three apertures in two different levels. In any case, to
obtain this result, a number of matching fins and posts are required, increasing the design
complexity. Plus, these elements are not necessary in a 10-dB coupler like in [19] with a 45%
of bandwidth. In particular, this last design presents mechanical limitations between coupling
apertures, limiting the fabrication and frequency scaling; nonetheless it requires several
transitions to the standard waveguide connection, affecting the compactness. Another work in
[20] uses three apertures along the longitudinal axis allowing a 41% bandwidth but increasing
the total length, affecting again the compactness. Finally, a last configuration [21] is based in
two back-to-back septa originating a single multi-step coupling aperture, exhibiting a very
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good compactness and EM characteristics, but with a cost of a 20% operational bandwidth.
To overcome all the described problems, this compact quadrature hybrid coupler proposes
two symmetric stepped apertures that generates a square coaxial-like section (see Fig. 2.14),
allowing an ultra-compact design and large operational bandwidth without using any junction
to connect it to the standard waveguide dimensions. This design allows also to change
the required EM performances to better match the needed configuration. Moreover the
coaxial-like section is thick enough (larger than 𝜆0/10) to be easily mechanized for higher
frequencies (up to 100 GHz with standard milling machines).

2.2.3.1 Field Configuration and Design

The proposed hybrid coupler is schematically represented in Fig. 2.14(a). It is a structure
with three planes of symmetry and consists of a central four-stepped ridge from which
two large and symmetric coupling windows are obtained. From this result a very stable
phase imbalance over broad bandwidths and a coupling less sensitive to frequency variations,
enabling full-band operations. Due to ridge section, no external mode transformer are needed.
The coupling area presents a quasi-squared central section shown in Fig. 2.14(b) with external
dimensions 𝑎2 and 𝑏2, becoming a half-wave coaxial-like section, with a rectangular inner
conductor of dimensions ℎ5 and 𝑤. As a consequence, the fundamental TE10 mode at the
four ports of the coupler will be transformed to a quasi-TEM mode.
The quasi-coaxial central section will not allow the propagation of only the fundamental
TEM mode, but also few high order modes (TE10-like, TE01-like and the TE11-like modes)
as show in Fig. 2.15, resulting in a radial field directed from the metallic central section
towards the outer metallic walls (like a TEM mode) plus the fields in the same (TE10 mode)
and opposite direction (TE01 and TE11 mode). Since the contribution of the high order
modes is not negligible, the complete field in the mid-section will be a superimposition of the
propagating modes, resulting in a quasi-TEM behavior, assuming a monomodal TE10 feeding
at the input port. As the electric field propagates from one input port to the output port,
complete sequence is shown in Fig. 2.16. Due to the symmetry of the structure, the same
reasoning can be followed for all the other ports.
To match the waveguide height in the coupling area to standard rectangular waveguide, only
a single step is required, reducing the total length of the complete structure.
The complete dimensions are shown in Table ??. Other fractional bandwidth can be easily
obtained re-adapting size of the coupling area.
An important figure of merit to represent the genuineness of a circuit is through the amplitude
imbalace between adjacent ports that can be seen as a sort of axial ratio (AR).
Typically, axial ratio is defined for circular or elliptical polarization as the ratio between
the two vector components of the electric field. In the case of a four-port network such as
an hybrid coupler, it is possible to define AR as the ratio between the two transmission
parameters. Using the port distribution in Fig. 2.14(a), assuming the input port 𝑃1 and
output ports 𝑃3 and 𝑃4, AR can be computed as

𝐴𝑅 = |𝑆31|2 + |𝑆41|2 + |𝑆31 + 𝑆41|2

|𝑆31|2 + |𝑆41|2 − |𝑆31 + 𝑆41|2
(2.11)

Results in Fig. 2.19 where a good accordance between simulations and measurement are
shown. In particular, it is possible to notice that at 12 GHz, the amplitude ratio between
ports 𝑃3 and 𝑃4 is less than 1 dB, enhancing the goodness of this configuration.

44



2.2. DESIGN OF MONOPULSE WAVEGUIDE COMPONENTS

caption[Mechanical parameters (units in mm). 𝐿𝑡𝑜𝑡 is the total length of the coupling area
divided by 𝜆0. Ports have standard WR75 dimensions: 𝑎 = 19.05 mm, 𝑏 = 9.525

mm.]Mechanical parameters (units in mm). 𝐿𝑡𝑜𝑡 is the total length of the coupling area
divided by 𝜆0. Ports have standard WR75 dimensions: 𝑎 = 19.05 mm, 𝑏 = 9.525 mm.

𝑎1 𝑎2 𝑏1 𝑏2 𝑤 𝑙1 𝑙2 𝑙3
17.6 15.8 8 13.4 2.4 2.17 2.3 1.2
𝑙4 𝑙5 ℎ2 ℎ3 ℎ4 ℎ5 𝐿𝑡𝑜𝑡

1.2 7.055 14.7 13 5 3 1.16

The realized component have a very compact dimension as shown in Fig. 2.17 with a total
dimension of 40𝑥40𝑥30mm3 and output ports WR75. Fig. 2.18 reports an excellent agreement
between simulations and measurements with an input matching and isolation below −25 dB
in the frequency band under test (10-15 GHz).

(a) 3D view (b) Transversal view

Figure 2.14: Quadrature Hybrid Coupler

(a) TEM-like mode (b) TE10-like mode (c) TE01-like mode (d) TE11-like mode

Figure 2.15: Propagating modes in the coaxial section
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(a) h5 section (b) h4 section (c) h2 section (d) a1 section

Figure 2.16: Propagating modes in the coaxial section

(a) Simulated (b) Manufactured compared with 1€.

Figure 2.17: Designed compact hybrid coupler
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Figure 2.18: Simulations (dots) and measurements (solid line) of the compact hybrid.

Figure 2.19: Simulations (dots) and measurements (solid line) of the axial ratio from 2.11
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2.2.4 Septum Polarizer

In a classical monopulse tracking chain, a septum polariser is used to separate right-hand
and left-hand circular polarization or linear polarization for the SUM signal as explained
in Section 1.2. In this experiment, the septum polarizer has been used to excite the entire
tracking chain having in input a commercial field source, maintaining the described theoretical
characteristic. The key point is to generate the same tracking signal to build the DELTA.
SUM signal it is not necessary at this stage.
For simplicity, measurements have been performed with both vertical and horizontal linear
polarization as shown in Fig. 2.20.
Results in Fig. 2.21 show a very good agreement of both transmission and isolation between
simulations and measurements. In particular, it is possible to notice a transmission of −3
dB for both linear polarisations inside the band of interest as expected from the theory; as
the frequency increases the component cannot guarantee a good operation as it has been
designed to work correctly up to 12.5 GHz (as reported in Fig. 2.5). Also in this case,
mechanical connection has been made using a standard WR75 flange and to perform all the
measurements, ports are closed with designed matched loads.

(a) Simulated

(b) Mesaured isolation setup

(c) Mesaured Vertical Transmission setup (d) Mesaured Horizontal Transmission setup

Figure 2.20: Septum Polariser
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Figure 2.21: Scattering parameters of the Septum Polariser.

2.2.5 Radiating Load

An important component for the practical analysis is the radiating load shown in Fig.
2.22. This load is installed at the output port P2 of the mode coupler (see Fig. 2.24, but
also for the analysis of the septum polariser in Fig. 2.20). This component, with a radius of
14 mm as mode coupler and septum polarizer, is needed to close the circuit and avoid any
back reflections of fundamental TE11 modes. Measurements in Fig. 2.23 shown a matching
of around −30 to −35 dB in accordance with the expected behaviour. Discrepancies with
simulations, like in the case of the circular-to-circular transition, are due to manufacturing
process and material characteristics.

(a) Simulated (b) Mesaured matching setup

Figure 2.22: Radiating Load

49



CHAPTER 2. MONOPULSE IN-LAB CALIBRATION SYSTEM

Figure 2.23: Simulations (dots) and measurements (solid line) of the radiating load.

2.2.6 Mode Coupler
The core element of a monopulse chain is the mode coupler, to extract the fundamental

and high order modes and build SUM and DELTA signal. Any design or mechanical error in
this component could generate catastrophic problems on the monopulse system.
The mode coupler shown in Fig. 2.24 is designed with a radius of 14 mm for the circular
waveguide but to be fed and tested, transitions from larger to smaller circular waveguides
are needed. This mode coupler is the simple one where only one of the two degenerate TE21
modes is extracted. Mechanical connections are made using standard WR75 flanges. Also in
this case, unused ports in the measurement process have been closed with standard WR75
matched loads and with the designed circular matched load.
Fig. 2.25 shows the electromagnetic behaviour of the component in the band of interest (Fig.
2.5) connected to the hybrid coupler. Very good agreement can be seen for matching 𝑆33
at the output port P3 closing P1 and P2 with matched loads. Also a very good agreement
between simulations and measurements for the transmission of the fundamental modes TE11
from port P1 to port P2 as well as the coupling from port P1 to port P3.
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(a) Simulated
(b) Mesaured isolation setup

(c) Mesaured Transmission setup

Figure 2.24: Mode Coupler - Single Mode Extraction

Figure 2.25: Scattering parameters of the single-mode Mode Coupler.
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2.3 OCWG Measurements and Tracking test
Once all the microwave components are built, the test for a complete tracking chain is

possible.
A prototype of the step-waveguide junction has been fabricated considering a circular waveg-
uide with a radius R= 14 mm (Fig. 2.27). The structure, made of raw aluminium, is composed
by two sections of waveguide designed so that they can be joined with different waveguide
offsets, namely from M𝑜 = 0.2 mm up to M𝑜 = 1.4 mm with a step of 0.2 mm, while the
rotation angle 𝜑 (Fig. 2.3) can sweep from 0∘ to 360∘ with a step of 22.5∘. The monopulse
tracking chain (see Fig. 1.11) has been assembled through the designed components described
before, in addition to the step-waveguide junction for the excitation of HOMs. In this
case, a dual-mode mode coupler is used (Fig. 2.26), where the main circular waveguide P1
has a radius of R= 14 mm and is connected to the step waveguide junction, which is fed
with a circular polarised input signal obtained by properly combining the two degenerate
fundamental TE11 modes through a septum polariser. A RHCP is therefore generated and
will be used for the entire measurements campaign.
The mode coupler is able to extract both the TE𝑆

21 and the TE𝐶
21 modes at the output ports

P3 and P4. Moreover, the 3-dB hybrid junction is connected to the ports P3 and P4 of the
step-waveguide junction to extract the left-hand circular polarisation (LHCP) and right-hand
circular polarisation (RHCP).
The overall experimental setup (shown in Fig. 2.28) is then closed through the radiating load
connected to the port P2 of the mode coupler where the fundamental TE11 is extracted for
the SUM signal. In this situation it is not needed.

Figure 2.26: Mode coupler for TE𝑆/𝐶
21 mode extraction used in the monopulse system.
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(a) CAD structure
(b) Manufactured

(c) Close-up step-junction

Figure 2.27: Step-waveguide junction
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Figure 2.28: Experimental prototype of the complete setup where, apart from the various
transitions and matched loads, it is possible see the offset waveguide in the middle of the

structure, the tracking coupler connected to a septum polarizer on the side, and a 3 dB/90∘

hybrid coupler on the top. The hybrid has one output closed with a matched load to
measure the RHCP signal.

The experimental results at 12 GHz are shown in Fig. 2.29a for the RHCP and in Fig.
2.29b for the LHCP. The measured levels for the RHCP are around −33 dB, −27 dB, and
−23 dB for M𝑜 = 0.4 mm, M𝑜 = 0.8 mm, and M𝑜 = 1.2 mm, respectively in accordance with
the simulations described in Chapter 2.1.3. As expected, the values for the LHCP shown
in Fig. 2.29b are practically zero, due to the RHCP excitation of the system. In the same
Fig 2.29a, the simulated results are also reported (crosses). The comparison shows a good
agreement, thus demonstrating the effectiveness and accuracy of the proposed step-waveguide
junction to mimic the mode excitation due to a depointed target.
A wideband measurement of the system has also been performed. Fig. 2.30 shows the
amplitude of the coupling coefficient level TE21 computed through Eq. 2.7 and measured
in the frequency band 11.5 − 12.2 GHz, for different offsets M𝑜. The agreement of the
measurements is very good with a maximum discrepancy of ±1 dB, probably due to a non-
perfect matching between the cascaded tracking coupler, septum polariser, and matched load
used to close the circuit. In any case, the average of the measured coupling is in agreement
with the theoretical values.
Finally, Fig. 2.31 shows the frequency behavior of the measured phase Ψ𝑇 𝐸21 of the mode
TE21 for a fixed offset M𝑜 = 0.8 mm. Also, in this case the agreement between simulations and
experimental results is very good with a small up-shift of a few degrees, which is attributed
to a mismatch of the radiating load in Fig. 2.28, leading to a non-negligible contribution of
the reflected waves. Similar curves were measured for the other values of the offset, but they
are not reported since the plots are practically identical to the one in Fig. 2.31.
It is worth noting that the current implementation is a proof of concept, and it has the
practical limit to require a manual intervention to change the offset and/or the rotation angle
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between the two waveguides. Moreover, the steps are fixed both in offset and in rotation
angle. However, this operation can be easily motorized to achieve a continuous rotation and
offset, thus speeding-up the measurement as well as allowing to mimic any direction of arrival
of the signal.

(a) CAD structure (b) Manufactured

Figure 2.29: Experimental results for an incident RHCP signal.(a) output RHCP; (b) output
LHCP. In both cases three offset values are considered, namely M𝑜 = 0.4 mm (blue dots),

M𝑜 = 0.8 mm (orange dots), and M𝑜 = 1.2 mm (green dots). In the case of the RHCP
output also the simulated results of the two antenna systems are presented (crosses).
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Figure 2.30: Wideband values of the amplitude of the excitation coefficients at the RHCP
output port for different values of M𝑜. The measured values (markers) are compared to the

simulations (solid lines).

Figure 2.31: Wideband values of the phases of the excitation coefficients at the RHCP
output port for different values of rotating angle 𝜑, for an offset M𝑜 = 0.8 mm. The

measured values (markers) are compared to the simulations (solid lines). Positions A, B, C,
... refer to Fig. 2.3b.
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2.4 Conclusion
In this second chapter, a way to calibrate in-lab monopulse systems has been shown

through description design and analysis of a complete monopulse chain fed by an overmoded
circular waveguide in Ku-Band, working in the frequency band 10 − 14 GHz. It has been
proven how it is possible to calibrate monopulse systems exciting in the needed high order
modes of a circular waveguide without the need of a physical calibration tower. This system
can be easily rescaled to work at other frequency bands or other high order modes through
the proposed mathematical model.
The advantage of the proposed work is the possibility to test in-lab monopulse system
mimicking the depointing effect avoiding any problem related to environmental conditions,
reducing costs and antenna downtime.

References
[1] C. Balanis, Antenna Theory: Analysis and Design. Wiley, 2016, isbn: 9781118642061.
[2] J. Taylor, Deep Space Communications, ser. JPL Deep-Space Communications and

Navigation Series. Wiley, 2016, isbn: 9781119169062.
[3] K. Wang, T. Li, H. Li, et al., “A broadband te01-te11 mode converter with elliptical

section for gyro-twts”, IEEE Transactions on Microwave Theory and Techniques, vol. 67,
no. 9, pp. 3586–3594, 2019. doi: 10.1109/TMTT.2019.2925065.

[4] A. Chittora, S. Singh, A. Sharma, and J. Mukherjee, “A novel tm01 to te11 mode con-
verter designed with radially loaded dielectric slabs”, IEEE Transactions on Microwave
Theory and Techniques, vol. 64, no. 4, pp. 1170–1175, 2016. doi: 10.1109/TMTT.2016.
2536031.

[5] G. Ceccato, J. L. Cano, A. Mediavilla, and L. Perregrini, “Controlled excitation of
waveguide high-order modes for a simple and accurate monopulse tracking system
test bench”, IEEE Transactions on Microwave Theory and Techniques, vol. 69, no. 2,
pp. 1327–1334, 2021. doi: 10.1109/TMTT.2020.3045202.

[6] ——, “Controlled high order mode generation for tracking coupler bench test”, in 2020
IEEE/MTT-S International Microwave Symposium (IMS), 2020, pp. 904–907. doi:
10.1109/IMS30576.2020.9224025.

[7] ——, “A simple and accurate method for circularly polarised monopulse tm01 tracking
system testing”, in 2020 23rd International Microwave and Radar Conference (MIKON),
2020, pp. 218–221. doi: 10.23919/MIKON48703.2020.9253906.

[8] N. Marcuvitz, I. of Electrical Engineers, I. of Engineering, et al., Waveguide Handbook,
ser. IEE electromagnetic waves series. McGraw-Hill, 1951, isbn: 9780863410581.

[9] H. J. Riblet, “The short-slot hybrid junction”, Proceedings of the IRE, vol. 40, no. 2,
pp. 180–184, 1952. doi: 10.1109/JRPROC.1952.274021.

[10] L. Hildebrand, “Results for a simple compact narrow-wall directional coupler”, IEEE
Microwave and Guided Wave Letters, vol. 10, no. 6, pp. 231–232, 2000. doi: 10.1109/
75.852425.

57

https://doi.org/10.1109/TMTT.2019.2925065
https://doi.org/10.1109/TMTT.2016.2536031
https://doi.org/10.1109/TMTT.2016.2536031
https://doi.org/10.1109/TMTT.2020.3045202
https://doi.org/10.1109/IMS30576.2020.9224025
https://doi.org/10.23919/MIKON48703.2020.9253906
https://doi.org/10.1109/JRPROC.1952.274021
https://doi.org/10.1109/75.852425
https://doi.org/10.1109/75.852425


CHAPTER 2. MONOPULSE IN-LAB CALIBRATION SYSTEM

[11] S. Wen, Q. Wang, Taowu, and Y. Tan, “Design of a compact 3db ka-band directional
coupler”, in The 2012 International Workshop on Microwave and Millimeter Wave
Circuits and System Technology, 2012, pp. 1–4. doi: 10.1109/MMWCST.2012.6238197.

[12] M. M. M. Ali, S. I. Shams, and A.-R. Sebak, “Low loss and ultra flat rectangular
waveguide harmonic coupler”, IEEE Access, vol. 6, pp. 38 736–38 744, 2018. doi: 10.
1109/ACCESS.2018.2854189.

[13] S. Srikanth and A. Kerr, “Waveguide quadrature hybrids for alma receivers”, 2001.
[14] H. Rashid, V. Desmaris, V. Belitsky, M. Ruf, T. Bednorz, and A. Henkel, “Design of

wideband waveguide hybrid with ultra-low amplitude imbalance”, IEEE Transactions
on Terahertz Science and Technology, vol. 6, no. 1, pp. 83–90, 2016. doi: 10.1109/
TTHZ.2015.2502070.

[15] T. Kawai, M. Kishihara, Y. Kokubo, and T. Ohta, “Cavity-type directional couplers
with simple structure”, in 1997 IEEE MTT-S International Microwave Symposium
Digest, vol. 2, 1997, 413–416 vol.2. doi: 10.1109/MWSYM.1997.602821.

[16] E. Hadge, “Compact top-wall hybrid junction”, Transactions of the IRE Professional
Group on Microwave Theory and Techniques, vol. 1, no. 1, pp. 29–30, 1953. doi:
10.1109/TMTT.1953.1124837.

[17] R. Beyer and U. Rosenberg, “Compact top-wall hybrid/coupler design for extreme
broad bandwidth applications”, in IEEE MTT-S International Microwave Symposium
Digest, 2005., 2005, pp. 1227–1230. doi: 10.1109/MWSYM.2005.1516898.

[18] C. L. Wang, “Compact 10 db broadband directional coupler”, in 2013 IEEE Inter-
national Conference on Applied Superconductivity and Electromagnetic Devices, 2013,
pp. 282–284. doi: 10.1109/ASEMD.2013.6780775.

[19] H. Xin, S. Li, and Y. Wang, “A terahertz-band e-plane waveguide directional coupler
with broad bandwidth”, in 2015 16th International Conference on Electronic Packaging
Technology (ICEPT), 2015, pp. 1419–1421. doi: 10.1109/ICEPT.2015.7236847.

[20] Y. Zhang, Q. Wang, and H. Xin, “A compact 3 db <formula formulatype="inline"><tex
notation="tex">e</tex></formula>-plane waveguide directional coupler with full
bandwidth”, IEEE Microwave and Wireless Components Letters, vol. 24, no. 4, pp. 227–
229, 2014. doi: 10.1109/LMWC.2013.2296297.

[21] N. J. G. Fonseca and J.-C. Angevain, “Waveguide hybrid septum coupler”, IEEE
Transactions on Microwave Theory and Techniques, vol. 69, no. 6, pp. 3030–3036, 2021.
doi: 10.1109/TMTT.2021.3074194.

58

https://doi.org/10.1109/MMWCST.2012.6238197
https://doi.org/10.1109/ACCESS.2018.2854189
https://doi.org/10.1109/ACCESS.2018.2854189
https://doi.org/10.1109/TTHZ.2015.2502070
https://doi.org/10.1109/TTHZ.2015.2502070
https://doi.org/10.1109/MWSYM.1997.602821
https://doi.org/10.1109/TMTT.1953.1124837
https://doi.org/10.1109/MWSYM.2005.1516898
https://doi.org/10.1109/ASEMD.2013.6780775
https://doi.org/10.1109/ICEPT.2015.7236847
https://doi.org/10.1109/LMWC.2013.2296297
https://doi.org/10.1109/TMTT.2021.3074194


3 Radome Effects on tracking

It is not unusual to find antennas for space, military and civil applications installed in
places where environmental conditions have a significant impact on their performances. Ice,
moist, rain, wind, cold and hot temperature, not only have big impact on the antenna’s
electromagnetic performances, but also on its mechanical characteristic. Strong wind can
move the antenna losing target alignment; accumulation of water can degrade the surface
with rust; temperature variations can deform the geometrical shape of the antenna and
so on. All these problems must be taken into account during the design and development
of the ground station since they can inexorably degrade its performances, ending up with
catastrophic problems (such as Arecibo antenna in Puerto Rico [1]).
Environmental problems can be overcome through special structure used to enclose and shield
ground stations from the environment. In such way, the antenna can be kept in controlled
atmosphere and avoid most of the problems described before. These shields are typically used
in places with severe weathers (like poles or equator), but it is not unusual to find them also
in places where weather is not a major key factor, but it is necessary to protect the antenna
(i.e. communication towers, ships, aircraft). Structures of this kind (i.e. radomes) have
different advantages in antennas’ performances and reduction of operational costs because
less maintenance is required. These advantages, on the other hand, do not come for free;
radome, in fact, must be specifically designed for the specific antenna in terms of size, shape
and performances. Therefore these structure are very expensive.
Radomes are typically made by dielectric or other composite materials, covering the antenna
in its entirety, therefore these materials must be as transparent as possible in the working
frequency band.
Radomes can be used to protect any kind of antennas: from the small ones like telecom
antennas for civil application (i.e. cell towers in Fig 3.1) to reflector antennas for aeronautical
and space applications (i.e. ECHELON system in Fig 3.2). In this thesis radomes for large
ground stations for space, civil and military applications are considered. In these cases there
are two types of radomes: Multi-Layer (ML) or Metal Space Frame (MSF) [2] [3].
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Figure 3.1: Example of GSM station [4]

Figure 3.2: Example of aeronautical surveillance system [5]
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Multi-Layer radomes are designed with self-supporting panels (typically with an hexagonal
shape) connected with each other through metallic bolts (Fig. Fig. 3.3a); panels are made by
different layers with high dielectric constant (i.e. E-glass or polyester fibreglass) and layers
with low dielectric constant (honeycombs or foam).
Metal Space Frame radomes, on the other side, are made with a single dielectric layer panels
(typically with a triangular shape) connected trough metallic poles (see Fig. 3.3b)

(a) Multi-Layer Radome (b) Metal Space Frame Radome

Figure 3.3: Difference between ML and MSF Radome. It is possible to notice the different
frame shape and joints between the two types. (Photo credits of ESOC)

One of the big issue of radomes in these applications is the tracking capability. Putting
whatever object in front of an antenna, may degrade the electromagnetic performance and
even if radomes are specifically designed to be as much transparent as possible, antenna’s EM
performances will be still affected. In Chapter 1 has been discussed what are the problems
for monopulse system and where these problems are generated inside the tracking chain.
Radomes, are external structure that do not depend on the antenna’s hardware, but play a
role in the monopulse by modifying the EM field received (or transmitted) that is used to
couple modes in the waveguide network to generate SUM and DELTA signals. Results are
shifts and asymmetric changes of the DELTA with respect to the SUM signal as shown in
Fig 3.4, where the presence of radome changes the DELTA signal shape, with consequent
tracking errors and depointing problems.
In Chapter 3.1.1 will be shown a technique to compensate this problem. Therefore, aside
from antenna’s tracking chain, the presence of radome structure adds an extra contribute
enhancing the depointing problem. In addition to that, the last element that can worse even
more the depointing is that on radome may deposit water in all form: liquid (rain, fog, mist)
and solid (ice, snow) not only increasing EM losses, but also generating a sort of lens effect
that may scatter in an uncontrollable way the received or transmitted field of the antenna.
This last contribution cannot be compensated or corrected but it is possible minimize it
by designing particular surfaces preventing or minimizing the water effect as explained in
Chapter 3.2.
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Figure 3.4: Example of Sum and Delta Offset without (solid line) and with (crosses) feed
obstruction of a 1-metre diameter cassegrain antenna at 12 GHz

3.1 Multi-Layer Radome

In this thesis, Multi-Layer (ML) radomes’ panels are studied because are considered the
most common ones due to the balance between electromagnetic and mechanical characteristics
with limited operational maintenance.
These panels are designed as stack of different dielectric materials with high and low dielectric
constant to balance the electromagnetic transparency as well as strong mechanical resistance.
Usually the external face of the panels is protected with an additional layer to guarantee the
water resistance and prevent accumulation of moist, snow or ice.
Radome with ML panels are self supporting without the need of atmospheric pressure control
from the inside. Interconnection is possible overlapping two panels jointed together with
bolts and screw.
Panels are frequency dependent, therefore they must be designed to work in a specific
frequency band: for low frequencies, in most of the panels it is possible to guarantee the
electromagnetic transparency along with a robust structure; on the other side, for high
frequencies, panels may result too thin to guarantee a sufficient mechanical robustness. Every
company that design ML radomes have its own recipe to build this structures, but all have
in common that dielectric materials are always used and the only difference is the internal
structure (number of layers, thickness, etc.).
ML radomes used in these studies are produced by FDS Italy Srl. Seven different type of
panels are tested (an example shown in Figure 3.5). For reason of intellectual properties,
data designs cannot be shown. Non-commercial examples and data are only presented.
Fig. 3.5(a) shows how ML panels are designed and Table 3.1 shows the dielectric properties
of each material used for radomes’ panels. Foam constitute the core material of each panel,
guaranteeing mechanical stiffness as well as the correct EM properties. To make the even
more robust, different layers of fyberglass are used in a sort of sandwich configuration, while
the external layer is made with a coating layer to avoid water penetration. Panels are jointed
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through metallic bolts to guarantee a solid structure, but also a solution with plastic bolts
will be presented (Fig. 3.5(b)-(c)). The presence of metallic elements in the interconnection
can cause electromagnetic losses due to scattering.
The aim of this study is to overcome the electromagnetic losses due to metallic interconnection
by adding compensating elements making these panels as much transparent as possible with
minimum losses. This analysis has been performed through the EM simulator Ansys HFSS
and measurements in FDS Italy facilities.

Table 3.1: Dielectric parameters of common material used for Multi-Layer radomes’ panels

Material 𝜖𝑟 𝑡𝑎𝑛𝛿
Foam 1.1 0.002

Fyberglass 4.1 0.013
Gelcoat 3.0 0.005

(a) Schematic representation
cross section (b) 3D model (c) Cross section photo

Figure 3.5: Example of Multi-Layer Radome

3.1.1 IFR Model and Joint Compensation
In an ideal condition, radome for aeronautical and space applications where reflector

antennas are involved, could be described as a structure made by a single dielectric panels
with transparent electromagnetic properties; therefore EM analysis can be performed though
scattering parameters or using the generic ABCD matrix, studying reflection and transmission
of the EM signal from the internal antenna to the external one.
In real situations analysis through ABCD matrix cannot be performed since radome is
composed by multiple panels connected to each other; instead, a differential analysis between
the transmitting and receiving antennas, firstly using a panel without metallic interconnection
(a big single panel) and then using two jointed panels interconnected (Fig. 3.7) allow to
understand its EM behaviour.

63



CHAPTER 3. RADOME EFFECTS ON TRACKING

To analyse this problem the Induced Field Ratio (IFR) [6]-[7] is used, by considering the
ratio between the plane wave generated from the transmitting antenna that hits the panel
without the joints and reaches the receiving antenna, and the plane wave that hits the panel
with joints.

𝐼𝐹𝑅 =
(︁
𝑒−Δ𝛼𝑒−Δ𝜑 − 1

)︁√︃ 𝜆𝐷1𝐷2

𝐷1 +𝐷2

𝑒−𝑗 𝜋
4

𝑤
(3.1)

where Δ𝛼 and Δ𝜑 are the amplitude and phase variation of the incident field on the joint, 𝜆
the wavelength, 𝐷1 and 𝐷2 the distances between the joint and the two probe antennas (that
for simplicity is assumed to be equal) and 𝑤 the interconnection width.
With this definition, for a purely non-blocking object, hence mostly transparent, the resulting
IFR will be 0 + 𝑗0 while a pure blocking object (such as a metallic wall) it would result in an
IFR of −1 + 𝑗0 that will appear as completely opaque and much larger than the considered
wavelength.
Therefore, the aim of this study is to minimize the IFR in order to obtain a structure as less
blocker as possible.
To compensate the presence of metallic joints and mitigate the scattering that can cause,
a metallic structure has been installed inside the jointed section between the two panels
and locked with panels’ rivets. This ladder-shaped metallic structure (Fig. 3.6) exploits
electromagnetic resonances to make these joints as much invisible to EM fields as possible.
Each ladder is designed to work in the specific panel’s frequency band by adapting it size.
Two type of ladders have been designed: a simple ladder with single open window (Fig. 3.6a),
and a triple ladder, with three open windows (Fig. 3.6b).

• The simple ladder presents three degree of freedom: window size (height H𝑠 and width
W𝑠) and width of the metallic structure (w). This ladder compensate the IFR more
effectively at low frequency;

• a triple ladder with two symmetric smaller windows in addition to the bigger one,
presenting an additional degree of freedom, the internal window’s width (W𝑠) and it is
more suggested for higher working frequencies.

In both ladders, for simplicity, width of the metallic structure is considered always the
same and after some tests, thickness of the structure does not play a big role (up to 1 mm
thickness).
EM analysis and measurement setup consist in two broadband horn antennas placed at a
distance from the panel support so that the far field condition is guaranteed (Fig. 3.7 and
Fig.3.9). The alignment between horns and panels in the measurement setup has been made
though a laser pointer aligning the interconnection axis of the jointed panels with the antenna
boresight (Fig. 3.8 and Fig. 3.10) and a differential analysis has been performed. First
without any metallic compensation (without ladders) and then installing the compensating
structure. All the measurements have been performed in the FDS Italy’s anechoic chamber.
Tests have been conducted in vertical and horizontal polarization by rotating the two horns of
90∘. Panel support have been designed with a transparent material in the microwave region,
similar to the material used for radome panels. Panels are then fixed to the support using
nylon screws to avoid possible vibrations.
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(a) Single Ladder
(b) Triple Ladder

Figure 3.6: IFR compensating metallic structures
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(a) Without joints (b) With joints

Figure 3.7: Example of HFSS simuulation setup of a multi-layer radome panel

(a) HFSS setup (b) Real setup

Figure 3.8: Alignment between horns and panel
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(a) Without joints (b) With joints

Figure 3.9: Panel measurements in FDS Facilities

(a) Antenna’s alignment (b) Panel Alignment

Figure 3.10: Laser alignment
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3.1.2 Compensating Ladders Design
During this study, five different working frequency bands are of interest for the IFR

compensation. Each design serves a specific band for a specific type of panel, where different
panel layering is designed but not presented in this thesis because intellectual properties of
FDS Italy Srl.
To guarantee a sufficient mechanical robustness, each ladder presents an S parameter (see Fig.
3.6) greater than 1 mm and a thickness of 0.20 mm, that is a constrain due to the copper foil
used to build these ladders to guarantee a sufficient mechanical resistance for open windows
through punching or photolithography.
Fig. 3.11 shows the simulated model for both vertical (TE) and horizontal (TM) polarization.
Due to the field distribution, the vertical TE model can be simplified exploiting the plane of
symmetry along the jointed axis (z-axis) and therefore it is possible to simulate a smaller
part of the panel. This allows a smaller computational effort and an higher electromagnetic
accuracy.
On the other hand, for the horizontal TM model, a similar approach it is not possible: a
reduced model of the panel will not give the same electromagnetic accuracy due to the
field distribution with respect to the plane of symmetry along the jointed axis (z-axis) and
therefore the complete model have been simulated. This increases the complexity of the model
which translates to a higher computational effort, suffering the electromagnetic accuracy.

(a) Vertical TE model

(b) Horizondal TM model

Figure 3.11: Comparison simulated TE model and TM model
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3.1.2.1 IDEM1-1B

The first case, identified as IDEM1, works in a frequency band from 2.7 GHz to 3.3 GHz
and from Fig 3.14 it is possible to notice a good accordance between simulations (dashed
line) and measurements (solid line) with a discrepancy between 0.1 − 0.2 dB for the TE case
(Fig 3.14(a)). Similar results are reported also for the TM case (Fig 3.14(b)). Peaks in the
reported simulated results are numerical errors due to complexity of the electromagnetic
model. The built compensating structure is shown in Fig. 3.12. In the same frequency
band, a second case identified as IDEM1B is compensated as shown in Fig. 3.15. A good
accordance for vertical and horizontal polarization can be noticed. Peaks in simulated results
are still numerical errors due to complexity of the electromagnetic model.
The compensating structure is shown in Fig. 3.13

Figure 3.12: Copper compensating structure made through punching technique for IDEM1.
The same strip can compensate vertical and horizontal polarizations.

Figure 3.13: Copper compensating structure made through punching technique for IDEM1B.
The same strip can compensate vertical and horizontal polarizations.
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(a) Vertical polarization

(b) Horizondal polarization

Figure 3.14: Comparison between simulations (dots) and measurements (solid line) of IDEM1
with compensation and non-compensation case.
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(a) Vertical polarization

(b) Horizondal polarization

Figure 3.15: Comparison between simulations (dots) and measurements (solid line) of IDEM1B
with compensation and non-compensation case.
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3.1.2.2 IDEM2

A third object, ITEM2, works in the frequency band from 5.5 to 5.7 GHz is presented
in Fig. 3.17 with small discrepancies between simulations and measurements similar to the
previous cases. The compensating structure is shown in Fig. 3.16

Figure 3.16: Designed compensating structure through punching technique made in copper
for ITEM2. The same structure can compensate vertical and horizontal polarizations.

(a) Vertical polarization

(b) Horizondal polarization

Figure 3.17: Comparison between simulations (dots) and measurements (solid line) of ITEM2
with compensation and non-compensation case.
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3.1.2.3 IDEM3

The fourth object, ITEM3, works in the frequency band from 1 to 1.7 GHz is presented
in Fig. 3.19 with discrepancies between simulations and measurements. Due to the geometry,
and the extremely complex model measurements result slightly better than simulations. The
compensating structure is shown in Fig. 3.18

Figure 3.18: Designed compensating structure through punching technique made in copper
for ITEM3. The same structure can compensate vertical and horizontal polarizations.

(a) Vertical polarization

(b) Horizondal polarization

Figure 3.19: Comparison between simulations (dots) and measurements (solid line) of ITEM3
with compensation and non-compensation case.
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3.2 Weather Raining Condition
One of the key point of radome panels is the non-susceptibility to deposit water on the

panel’ surfaces. Even if panels are made by low losses materials, accumulation of water
on the surface can degrade the electromagnetic behavior increasing transmission losses and
ruining the antenna radiation pattern. To mitigate this problem, panels are covered with
hydrophobic materials in such way that water droplet slide off the radome surface.
In the literature can be found studies concerning weather behavior of radomes panel. In [8]
is described the impact of weather conditions in arctic regions limited to the K-Band while
[9] study the systems in the S-Band. Plus, most of the studies that can be found on the
hydrophobic behavior of radomes are performed using MSF radomes [10], [11], [12].
On the contrary, this study aims to characterize the hydrophobicity in different frequency
bands from the L-Band to the K-Band (L, S, C, X and K) using ML radomes, in a controlled
environment where rain is generated with a specific rainfall rate.
Hydrophobicity of a material is highly dependent on the roughness of the surface [13] as
shown in Fig. 3.20. Due to the non-homogeneity of the surface, droplet can be trapped
inside "holes" (Wenzel state). In the case of highly rough surfaces there is the possibility that
since the distance between "holes" is not sufficient to break the surface tension of the droplet
(Cassie-Baxter state), the liquid can be suspended on the surface due to air trapped between
the material and the droplet way. As a convention, a surface it is said to be hydrophobic if
the contact angle, the angle between the liquid (droplet in this case) and the solid material
(panel surface) is 𝜃𝑐 > 90∘ (Fig. 3.20a). In fact, for smaller angles, liquid will generate a thin
film on the material surface, spreading all over the surface which represent to 𝜃𝑐 ∼ 0∘. (i.e.
cellophane, shiny metals, ceramics). On the other side, as the contact angle increases, liquid
will not be able to spread and droplets can be seen on the surface material (Fig. 3.20b).
To study this hydrophobicity of radome panels, a measurement campaign has been performed:
on the surface of each panel has been deposited a droplet of bi-distilled water of 5𝜇L and the
contact angle measurement have been performed though a KSV CAM 200 able to acquire 20
images per second. For each sample, four measurements have been performed with water
deposited on different points as shown in Fig. 3.21a. Standard deviation has also been
computed. Results are reported in Table 3.2. Bi-distilled water avoid the deposit on the
panel surface of any water residual impurity.
During the measurement campaign, different kind of coating materials have been tested as
shown in Table 3.2. The first sample identified with G-CA1 does not reach the condition
to be considered a pure hydrophobic material, even if the contact angle almost meet the
condition 𝜃𝑐 > 90∘. Other two gelcoat materials (G-CA2 and G-CA3) barely meet the
hydrophobic conditions (3.21b) even if in practical applications, better solutions can be
achieved to minimize how much water stops on the surface. In fact, materials identified
as H-CA1/2 meet the required condition; measurements show that these two surface are
extremely hydrophobic as shown in Fig. 3.21c.
Hydrophobic materials, therefore, minimize the water presence on panel surface but as this
advantage do not come for free. These treatments are extremely expensive and require
periodical maintenance to guarantee their nominal characteristics.
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(a) Hydrophobic threshold 𝜃𝑐 = 90∘ (b) Hydrophobic threshold 𝜃𝑐 > 90∘

Figure 3.20: Contact Angle for rough surfaces

(a) Dropplets on the surface (b) Gelcoat layer

(c) Hydrophobic layer

Figure 3.21: Contact Angle for rough surfaces

75



CHAPTER 3. RADOME EFFECTS ON TRACKING

The experiment has been conducted through the Sigma/ 2 - S2Cb water pump [14] (see
Fig 3.23), able to guarantee a rainfall rate of 10-20-30-50-100 and 180 mm/h. A sort of
shower has been built; a system of sprinklers connected to the water pump is used to make
rain on the panel surface, and a panels’ support bounded to the shower allows to rotate
panels with respect to the ground plane to study the different angle conditions (30∘, 45∘ and
60∘). The panel surface used for the test is 30x30 cm2. This test is repeated for both linear
polarization (vertical and horizontal). A low-cost prototype of the shower is shown in Fig.
3.23(a). The complete structure will have transparent walls (plexiglass) for backsplash and a
system to collect water on the ground.
The complete setup measurements (shown in Fig. 3.23(b)) will be made by the shower with
a (manually) rotating panel support and a set of broadband antennas at a distance of 60
cm from the centre of the support, in the far-field region. Due to the metallic nature of the
shower, possible scattering effects will be compensated through a Fast Fourier Transform
made by the vector analyser used for measurements.

Figure 3.22: Sigma/ 2 - S2Cb water pump [14]

Table 3.2: Measured contact angle (𝜃𝑐) and standard deviation (SD) of samples, coated with
Gelcoat (G) and Hydrophobic (H) layer

Sample 𝜃𝑐 (deg) SD (deg)
G-CA1 74 6
G-CA2 95 2
G-CA3 94 5
H-CA1 157 2
H-CA2 156 1
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(a) Shower prototype
(b) Setup measurement

Figure 3.23: Prototype of shower to generate controlled rainfall to test radomes’ panels
hydrophobicity

Measurements in Ku band (10-14 GHz) at the maximum rainfall rate (180 mm/h) have
been performed as follow:

• shower only: with/without rain;

• shower + support only: 30 − 45 − 60∘ dry;

• shower + support with gelcoat panel: with/without rain - 30 − 45 − 60∘;

• shower + support with hydrophobic panel: with/without rain - 30 − 45 − 60∘.

As expected, no significant differences between the three angles of the support as well as the
measured environment in both dry and rain conditions without support(Fig. 3.24(a)-(b)).
The presence of rain in the measured atmosphere will not give a significant effect, making it
non susceptible to unwanted scattering effect because rainfall is much slower with respect to
the electromagnetic field in this working frequency. Moreover, droplets size is much smaller
than the wavelength.
Different in the case of the gelcoat panel (Fig. 3.25) in which there is a significant difference
between wet and dry panel (about 2 dB at 12 GHz). This because gelcoat layer is so smooth
that water deposits on in, creating a sort of layer that increases EM losses. As expected, for
a 30∘ panel angle, water layer will be much thick than higher angles (60∘). Fig. 3.26 shows
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the normalized values between the dried gelcoat panel with respect to the wet one, enhancing
the difference between smaller and higher angles.
Hydrophobic panel, on the other hand, are less affected by water presence on its surface,
this because due to its characteristic, even for small rotation angles (30∘) water will not stop
on the surface, slipping away. Therefore the measured results will be almost the EM losses
of the panel itself (Fig. 3.26). Difference between dry and wet panel has been measured
and it is possible to appreciate differences only for a 30∘ angle, while 45 and 60∘ angles are
almost impossible to distinguish. Anti-phisical results (normalization above 0 dB) from 12
GHz to 15 GHz are due to rain moving the panel during measurements and/or non perfectly
alignments between panel and antennas, since the entire alignment process is done by hand,
using a simple spirit level.

(a) With/without rain - shower only

(b) With support - dry

Figure 3.24: Measurements in Ku band of (a) the structure only and (b) the structure with
panel support for different angles. Support must remain dry to avoid interference during the
panels measurements.
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(a) Gelcoat

(b) Normalized Gelcoat

Figure 3.25: Measurement of gelcoat panels in Ku Band. (a) dry panel (dashed lines) and wet
panels (solid lines) while (b) shows the normalized measurements with respect to dry panels
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(a) Hydrophobic

(b) Normalized Hydrophobic

Figure 3.26: Measurement of hydrophobic panels in Ku Band. (a) dry panel (dashed lines)
and wet panels (solid lines) while (b) shows the normalized measurements with respect to
dry panels. Normalization is more sensitive to measurement errors because behaves similarly
to dry panels
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3.3 Conclusion
In this third chapter, transparency of radome panels have been characterized. In particular,

structures to compensate the presence of metallic bolts and rivets in the jointed section has
been researched through the Induced Field Radio model to minimize any de-pointing problem
due to the presence of radome protecting a ground station. Simulations and measurements of
these structures show that the compensation is possible. Ideally, is it possible to compensate
the amplitude of IFR to be zero in a specific working frequency, but since radome panels
work in a larger frequency band, a total compensation is not possible. Even thou, the IFR
minimization is possible designing specific optimized structures.
A study of highly hydrophobic materials have also been conducted to minimize any elec-
tromagnetic scattering due the presence of water droplets, ice or snow on radome surface.
Presented results are a proof of concept on panels’ hydrophobicity in a specific frequency
band. Measurements in this sense confirm that panels coated with hydrophobic materials
behave as almost-dry panel with respect to standard panels without hydrophobic coating.
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Conclusions

This thesis aims to evaluate the de-pointing problems in antennas for space applications
in monopulse tracking systems. These problems are mainly due to errors in component design
(tracking chain) but a significant contribution is also given by the presence of radome and
water accumulation on it that enhance the de-pointing.
To solve the first problem, this thesis proposes a simple yet effective way to calibrate monopulse
tracking systems in-lab in order to evaluate in advance the de-pointing before the tracking
chain is installed on the antenna and, in case, re-design its component avoiding antenna
downtime.
For the second case, radome panels are typically jointed through metallic bolts or rivet,
increasing the EM scattering and therefore enhancing the de-pointing. To minimize this
effect, compensating resonant structures have been designed. Moreover, water presence
(either in liquid or solid form) on radome surface may increase even more the de-pointing.
An experimental evaluation of panels (manufactured by FDS Italy Srl) has been conducted.
Two type of coating panels have been tested in a controlled environment for different rain
conditions. As expected, hydrophobic coating surface drastically reduce the EM scattering
and therefore reducing de-pointing errors.

These results will lead to a significant upgrade in the design of antennas for space
applications with the possibility to boost even more the communication performances.
Future development of this research will be to motorize the in-lab calibration of the tracking
chain in order to automate the operation and further enhance the radome EM transparency
by designing even more efficient compensating structures.
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Esta tesis tiene como objetivo evaluar los problemas de despuntado en antenas para
aplicaciones espaciales en sistemas de seguimiento monopulso. Estos problemas se deben
principalmente a errores en el diseño de los componentes (cadena de seguimiento), pero
también contribuye significativamente la presencia de radomo y acumulación de agua en él
que mejoran la eliminación de puntas.
Para resolver el primer problema, esta tesis propone una forma simple pero efectiva de
calibrar sistemas de seguimiento monopulso en el laboratorio para evaluar de antemano el
despuntado antes de instalar la cadena de seguimiento en la antena y, en caso de que se
rediseñe. componente que evita el tiempo de inactividad de la antena.
Para el segundo caso, los paneles del radomo normalmente se unen mediante pernos metálicos
o remaches, lo que aumenta la dispersión EM y, por lo tanto, mejora la eliminación de puntas.
Para minimizar este efecto, se han diseñado estructuras resonantes compensatorias. Además,
la presencia de agua (ya sea en forma líquida o sólida) en la superficie del radomo puede
aumentar aún más el despuntado. Se ha realizado una evaluación experimental de paneles
(fabricados por FDS Italy Srl). Se han probado dos tipos de paneles de revestimiento en un
entorno controlado para diferentes condiciones de lluvia. Como era de esperar, la superficie
del recubrimiento hidrofóbico reduce drásticamente la dispersión EM y, por lo tanto, reduce
los errores de despuntado.

Estos resultados conducirán a una mejora significativa en el diseño de antenas para aplica-
ciones espaciales con la posibilidad de mejorar aún más el rendimiento de las comunicaciones.
El desarrollo futuro de esta investigación consistirá en motorizar la calibración en el labo-
ratorio de la cadena de seguimiento para automatizar la operación y mejorar aún más la
transparencia EM del radomo mediante el diseño de estructuras de compensación aún más
eficientes.

84



LIST OF PUBLICATIONS

List of Publications
[1] G. Ceccato, J. L. Cano, A. Mediavilla, and L. Perregrini, “Controlled high order

mode generation for tracking coupler bench test”, in 2020 IEEE/MTT-S International
Microwave Symposium (IMS), 2020, pp. 904–907. doi: 10.1109/IMS30576.2020.
9224025.

[2] ——, “A simple and accurate method for circularly polarised monopulse tm01 tracking
system testing”, in 2020 23rd International Microwave and Radar Conference (MIKON),
2020, pp. 218–221. doi: 10.23919/MIKON48703.2020.9253906.

[3] ——, “Controlled excitation of waveguide high-order modes for a simple and accurate
monopulse tracking system test bench”, IEEE Transactions on Microwave Theory and
Techniques, vol. 69, no. 2, pp. 1327–1334, 2021. doi: 10.1109/TMTT.2020.3045202.

[4] J. L. Cano, G. Ceccato, T. Fernandez, A. Mediavilla, and L. Perregrini, “An ultra-
compact full-band waveguide quadrature hybrid coupler”, IEEE Microwave and Wireless
Components Letters, pp. 1–4, 2021. doi: doi:10.1109/LMWC.2021.3116103.

85

https://doi.org/10.1109/IMS30576.2020.9224025
https://doi.org/10.1109/IMS30576.2020.9224025
https://doi.org/10.23919/MIKON48703.2020.9253906
https://doi.org/10.1109/TMTT.2020.3045202
https://doi.org/doi: 10.1109/LMWC.2021.3116103



	Cubierta
	Portada
	1 Tracking Principle
	1.1 Tracking
	1.1.1 Range measurements
	1.1.2 Angular measurements

	1.2 Monopulse
	1.2.1 Multiple source

	1.3 Multiple modes
	1.4 Monopulse Chain Components
	1.4.1 Mode Extraction
	1.4.2 Combining Network

	1.5 Example of Combining Networks
	References

	2 Monopulse In-Lab Calibration System
	2.1 Monopulse In-lab Bench Test
	2.1.1 Excitation Coefficient High Order Modes
	2.1.2 Mathematical Model of the Step-Waveguide Junction
	2.1.3 Simulated Modes Excitation from the Calibration Tower

	2.2 Design of monopulse waveguide components
	2.2.1 Circular-To-Circular Waveguide
	2.2.2 3dB/90∘ Hybrid Coupler
	2.2.3 Compact Quadrature Hybrid Coupler
	2.2.4 Septum Polarizer
	2.2.5 Radiating Load
	2.2.6 Mode Coupler

	2.3 OCWG Measurements and Tracking test
	2.4 Conclusion
	References

	3 Radome Effects on tracking
	3.1 Multi-Layer Radome
	3.1.1 IFR Model and Joint Compensation
	3.1.2 Compensating Ladders Design

	3.2 Weather Raining Condition
	3.3 Conclusion
	References
	List of Publications





