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Palavras-chave

Resumo

Radioastronomia, radiofrequéncia, radiometria, amplificador de baixo
ruido

A exploracdo do espaco sempre foi uma ambicdo do ser humano. Hoje
em dia as novas tecnologias aplicadas na area de radioastronomia
tornaram possivel que esta ltima meta ficasse cada vez mais atingivel.
O reforco fornecido pelas grandes empresas que produzem o equipa-
mento e os componentes necessarios, impulsionou o avanco de novos
projectos grandiosos tais como o SKA. No dmbito deste projecto ar-
rojado apresenta-se esta dissertacdo com o intuito de estabelecer uma
nova aproximacdo a implementac&o de recentes tecnologias no desenho
de amplificadores de baixo ruido.

O enquadramento deste trabalho bem colmatar a necessidade de
diminuir o custo dos varios componentes que integram os sistemas de
recepcdo. O amplificador de baixo ruido esté inserido no radiémetro,
que, ap6s a antena, é o primeiro dispositivo a ser alcancado pela radi-
acdo electromagnética proveniente do espaco. A importancia da con-
strucdo de um amplificador que introduza um nivel de ruido baixo com
um custo reduzido deve-se principalmente a quantidade massiva destes
elementos num projecto desta envergadura e a necessidade da sua qual-
idade ter de ser elevada para garantir a consequente descodificacdo do
sinal recebido.
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Space exploration has always been an ambition to human kind. Nowa-
days the new technologies that could be used in radicastronomy field
have made this goal even more attainable.

The big manufacturers that produce the equipment and the necessary
components have made a big reinforcement that boosted the creation
of new colossal projects, such as the SKA. Within this bold project
stands this thesis with the intention of establishing a new approach
to the implementation of the recent technologies on the design of low
noise amplifiers. This work has the objective of filling the need of
decreasing the cost of the numerous components that incorporate the
reception’s systems. The low noise amplifier is inserted on the radiome-
ter which follows the antenna and is the first electronic device reached
by the electromagnetic radiation coming from space. The construc-
tion’s importance of an amplifier that introduces a low level of noise
at reduced cost is due to the massive amount of this type of elements
that exists on a project of this magnitude. It is also due to the high
quality that this device must have to assure the consequent decoding
that follows.
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Chapter 1

Introduction

1.1 Motivation

The advanced technologies that have recently appeared in the market, have rose
the question: is it possible to build a reliable Low Noise Amplifier (LNA) at a cheaper
price? Providing an answer to this question has become the main motivation for this
dissertation. The major companies and manufacturers of Radio Frequency (RF) tech-
nology have contributed with transistors and other components capable of operating
at high frequencies with low noise introduction to the overall system.

The case of study for this work is the High Electron Mobility Transistor (HEMT)
and their variants (pseudomorphic and metamorphic). Their characteristics and ad-
vantages (concerning the noise) when compared to other types of transistors, made
them a preferred choice for this assignment.

An inherent subject to the objective of this work is the Square Kilometre Array
(SKA) project. The development of new scientific knowledge, the search for outer
space activity and the need of satisfying millennial unanswered questions, made this
ambitious project to involve millions of euros. The detection of faint signals, demands
an unpaired quality when compared to other existing systems. Thus LNA can be priced
on thousands of euros. The price also rises due to the cryogenic temperatures that are
in the surrounding system to prevent noise increase.

This academic work is an effort to explain the reader of the difficulties and the ele-
ments that must be taken into consideration when designing a LNA for radioastronomy
receivers.

1.2 Main goals
The main goals that are intended to be achieved are the following:

e Research of recent technologies that are capable of being used at RF, and con-
temporary technology that is being used.

e Study and investigation of the HEMT transistors that can be used on the con-
struction of a LNA.
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e Simulation of different aspects that are crucial to the implementation of any
microwave amplifier.

e Design of a LNA capable of operating at RF with low noise introduction and
competitive enough to be considered on the current market.

e Analysis and interpretation of the results that were obtained.

e Pertinent conclusions to the overall project.

1.3 Dissertation structure

Throughout this document there will be a description of most of the theoretical
concepts that are used to obtain the objectives that are proposed. This allows any
reader to fully understand the work that was taken.

The second chapter is a thorough explanation of all the theoretical background that
is needed to fully understand what is behind the construction of a LNA. It has also an
approach to the state of the art, and where the LNA technology stands at this point
in time.

In chapter three there is an introduction and presentation of the simulations de-
veloped that contributed to the design and implementation of the LNA. The software
used was MATLAB (version R2013a) of Mathworks company and Advanced Design
System (ADS) (version 2012.08) of Agilent company.

The forth chapter presents the results obtained after the construction of the LNA.
With the help of tables and figures it is possible for the reader to understand the
accomplishments that were made.

The fifth chapter is a reproduction of the conclusions of the global work and pro-
posal of a future work that can be taken by others that follow. An overview of the
improvements that can be made is also present at this chapter.



Chapter 2

Theoretical background

2.1 Summary

In this chapter there is a presentation of all the theoretical concepts that act as
supporting material for the practical part of this work. There is also an overview of
the current technology that exists at the market.

2.2 Radio Astronomy

Astronomy is probably the most ancient of sciences. Since the early years of hu-
mankind, the universe was always considered to be filled with mysteries and a source of
legends and superstitions. The hunger for new knowledge and the pursuit of revealing
some of the universe’s secrets, drove people throughout centuries of history, to research
and develop solutions that could provide the tools and the means to obtain these goals.
On the timeline of astronomy’s history there are scientists like Galileo Galilei, Isaac
Newton, Albert Einstein, Carl Sagan, Stephen Hawking...among others, for whom we
should all be grateful for their breakthrough discoveries that made modern astronomy
possible.

2.2.1 Brief history

Radio astronomy is a branch of astronomy that studies radio emissions from celestial
bodies. One of its pioneers was radio engineer Karl Guthe Jansky. While he was
making a study research for the Bell Telephone Laboratories, he stumbled upon a
signal unknown to the date. He later realize that this statical signal came from the
Milky Way Galaxy. Cosmic radio waves were discovered and a new era rose for other
researchers to continue Karl Jansky’s work [10]. After reading the discoveries of Karl
Jansky, electronics engineer Grote Reber, constructed the first parabolic reflector radio
telescope (Figure 2.1). He was able to make the first sweep of radio waves of the sky
[11].

During the second world war there was a big investment in the development of radar
systems which helped support the evolution of radio astronomy. Another scientist that
gave a big contribution to radio astronomy was John Kraus. Not only he is the author
of some renowned publications, as he is also the founder and designer of the Ohio

3



CHAPTER 2. Theoretical background

Figure 2.1: First radio telescope [1].

State University Radio Observatory, home of the Big Ear. This facility made part of
the Search for Extraterrestrial Intelligence (SETI) project, and is best known for the
detection of the WOW! signal. It was destroyed in the late 90’s, but its existence had
a huge influence on the future of radio astronomy [12] [13].

The SKA is one of the most ambitious and challenging projects that involves scien-
tists and researchers from all around the world. The main goal is to obtain the biggest
and most sensitive radio telescope ever built that will have the power and ability to
explore all of the electromagnetic spectrum and even beyond it. To conquer this goal
that massive project will be an array of coherently connected antennas spread over an
area about 300 km in extent with an aggregate antenna collecting area of up to 106 m?
at centimeter and meter wavelengths[14], holding three types of receivers: dishes, low
frequency telescopes and mid frequency telescopes. The project is being developed in
phases and it is located in South Africa and Australia [15].

Figure 2.2: Artists rendition of the SKA Dish arrays in operation at night time [2].

2.2.2 Theoretical concepts

For a better understanding of the science and methods behind the collection of data
from space, one must first comprehend some concepts of interest.

4
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THE ELECTROMAGNETIC SPECTRUM
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Figure 2.3: Electromagnetic spectrum [3].

Electromagnetic spectrum

The electromagnetic waves travel at the speed of light and their frequency () and
wavelength(\) are characterized by the following expression:

c=Av (msh) (2.1)

As it is possible to see from the previous equation the wavelength is inversely
proportional to the frequency. So if a wave has a high frequency its wavelength will be
low and vice-versa. The energy can be obtained with the aid of the Planck’s constant,
and with the use of the following expression [16]:

E=hv (J) (2.2)

The previous expression proves that the energy is directly proportional to the fre-
quency. The higher the frequency, the higher the energy associated to that specific
wave.

Figure 2.3 displays the EM spectrum and some of its characteristics. The diagram
shows that there is a relation between the temperature and the frequency (or energy)
of a wave, more about this subject will be explained on a forward subsection.

The designations given by the TEEE for the radar frequencies’ bands are displayed
on Table 2.1.

Antennas

Antennas are used for both emission and reception of Electromagnetic (EM) waves.
Some of the parameters that best describes their performance are: the radiation pat-
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Designation Frequency Wavelength

High Frequency (HF) 3 to 30 MHz 100 to 10 m
Very High Frequency (VHF) 30 to 300 MHz 10 to 1 m
Ultra High Frequency (UHF) | 300 to 1000 MHz 100 to 30 cm
L Band 1to 2 GHz 30 to 15 cm

S Band 2 to 4 GHz 15 to 7.5 cm

C Band 4t08 GHz | 7.5t0 3.75 cm

X Band 8 to 12 GHz | 3.75 to 2.5 cm

Ku Band 12 to 18 GHz | 2.5 to 1.67 cm

K Band 18 to 27 GHz | 1.67 to 1.11 cm

Ka Band 27 to 40 GHz | 1.11 to 0.75 cm

V Band 40 to 75 GHz | 7.5 to 4.0 mm

W Band 75 to 110 GHz 4 to 2.7 mm

mm Band| 110 to 330 GHz | 2.7 to 1.0 mm

Table 2.1: IEEE Standard Letter Designations for Radar-Frequency Bands [9].

tern, the beam width, the radiation power density, the radiation intensity, the direc-
tivity, the efficiency, the gain and the polarization [17] [I8] [19].

Figure 2.4: ASKAP’s antenna diagram [4].

When dealing with a receiving antenna, the measure that needs to be taken is the
flux density of a radio emission’s source. This relates the power received (P) from a
specific area of collection (A) with the bandwidth (B) and the efficiency of the antenna
( 1) (Equation 2.3)

P
—9
S nAB

The units for the flux density are the ones showed on Equation 2.3, but in radio
astronomy it is common to use the Jansky (Jy) also as a tribute to Karl Jansky.

(Wm™2Hz™1) (2.3)

Imillimeter wave
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Another useful concept is the surface brightness (or intensity) of the source, that
can be described by the following equation [20]:

2h13/c?

B,(T) = chv /KT _ |

(WHz'm™25r™1) (2.4)

h is the Planck’s constant

v is the frequency

c is the velocity of light in vacuum
k is the Boltzmann’s constant

T is the temperature in Kelvins

The previous equation is also called the Planck’s function. The flux density can
also be described by the integration of the Planck’s function over a solid angle [20]

S = /B(l/)dQ (Wm2Hz™") (2.5)
The power received by the antenna can be characterized by the following equation:

P=kTuB (W) (2.6)

T, is the antenna’s temperature (not physically) that aggregates all the tempera-
tures from the surroundings (sky, atmosphere, humans, amongst others). The relation
between temperature and noise and its importance is a well known fact among as-
tronomers, and for a better understanding of this subject an extended explanation will
be given at subsection 2.2.3.

Black body radiation

The black body is an important concept used on the analysis of the transfer of
electromagnetic waves and thermal radiation. It is used as a standard of comparison
with the object of study. The black body, ideally, absorbs all types of radiation that
focus over it and consequently reflects no energy. The black body radiation is the
result of it being in thermal equilibrium (at a constant temperature). Some of its
properties are quite helpful, it is isotropic and homogeneous, it only depends of the
temperature (at a given wavelength) and it is the strongest when compared with others
at the same temperature. The brightness temperature given by equation 2.7 is a way
to express the temperature of a blackbody in thermal equilibrium that is equivalent to
the temperature of the object of study in the same equilibrium [20] [21].

B,(T)C?

T, =
b 2k1?

(K) (2.7)

Remote sensing

Even though an object could be light-years way, its electromagnetic radiation can
still wander throughout space and reach the antenna’s range of a radio telescope on
earth. Remote sensing is the collection of that radiation and with so the extraction
of all the information regarding the object of study without physical approach. The

7



CHAPTER 2. Theoretical background

process of remote sensing involves various features that must be considered and some
are going to be expose here [21]:

e The object of study must provide EM energy.

e When the EM radiation reaches Earth the passage through different mediums
weakens the signal and may cause its distortion.

e The interaction with the source provides an analysis of its geometrical character-
istics that is encrypted in the EM radiation.

e The process that involves the reception is carried out by sensors on satellites that
orbit Earth or on terrestrial radio telescopes.

e Those sensors are attached to electronic devices that convert the EM radiation
into an electronic signal that can then be processed.

e The receiving stations carries out the processing and stacking of the signal that
will be later handled by experts.

Radiometry

All matter can be modeled as energy composed by charged particles. When some
sort of external excitement (temperature modifications) occurs there is a variation in
the motion of the particles which provides an alteration to the energy perceptible by the
electromagnetic waves radiated. This radiation is mainly composed by a considerable
number of independent waves at distinct frequencies that are most commonly known as
noise. Radiometry is the process that involves the measurement of that radiation. Some
notions, that sometimes cause confusion, are useful to understand and are exposed in
the diagram of figure 2.5.

RADIANT POWER

Power emitted by a
source

RADIATION RADIANT

IRRADIANCE INTENSITY EMITTANCE

Power incident on a Intensity of EM radiation Power emitted by a
surface in a specific direction surface

RADIANCE

Radiation intensity on

wmZst?
a surface

Figure 2.5: Radiometry concepts.
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2.2.3 Noise

Noise is an inherent characteristic to all electrical devices, it can be defined as
disturbances that interferes in the reception of a real and desired signal that is being
transmitted. Any body that is at a temperature above 0 K emanates noise energy due
to the random motion of the electrons that constitute their material. In all signals that
are transmitted and received, noise is present and makes its contribution. There are
many types of noise, but for this case of study they are not as important or relevant
as the ones that are going to be mentioned [22] [23].

Categories of noise:

e Thermal noise also known as Johnson-Nyquist noise is the most elemental form
of noise and is associated to the irregular agitation of the charged particles of the
electrical material caused by thermal variations, hence its name.

e Shot noise is associated to the charge carriers of components with semiconductor’s
junctions like diodes and transistors.

e Flicker noise or pink power density spectrum is mostly perceived at lower fre-
quencies and is the main source of noise on DC amplifiers at higher frequencies
it is camouflaged by other types of noise.

A method that is used to calculate the noise is the one which makes the assumption
that a system’s noise can be equivalent to a resistor that would present equal charac-
teristics. Having that in mind, the following expression determines the noise voltage
(V) caused by a noisy resistor (Ry) [24]:

Vy = AkTBR, (2.8)
R

'+ 1s the noisy resistor in Ohms (£2)

k is the Boltzmann’s constant

T is the temperature in degrees Kelvin of the noisy resistor (K)
B is the bandwidth of the system in Hertz (Hz)

The maximum power available from this noisy resistor can be calculated by the
following expression:

V2
Py = -2 kT 2.
TS kTB (2.9)

There are three common ways to describe quantitatively the noise of a system:

Designation Symbol Units

Noise Factor F Dimensionless

Noise Figure NF dB
System Noise Temperature T, K

Table 2.2: Quantitatively representation of the noise.
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The subsequent expressions supply the mathematical description of the above items:

Power of the signal

SNR = 2.10

Power of the noise ( )

_ imput SNR B, /P, P, (2.11)
~ output SNR P, /P, G,P, '

kBT 1

F _ out — out 212

kBT G, T.G, .

NF =10log,, F (2.13)

T; is the standard room temperature (290 K)

2.2.4 Radio-telescope

Figure 2.6: Radio-telescope [5].

The radio-telescope (Fig. 2.6) has a main role on the study of space. It is a powerful
device capable of receiving radio wave emissions from outer space. Its operation range
can be from 30 MHz to 300 GHz. It is composed mainly by two parts: a large radio
antenna and a sensitive radio (or radio receiver). In Fig. 2.7 there is a conceptual
description of the signal’s path since it reaches the antenna till it is analyzed on a
computer. The first electronic device to be reached by the radio emissions is a RF
amplifier, the LNA. This device should be as close as possible to the antenna so that
there is a minimization of the losses produced by the feed line. Another reason for the
LNA to be that near of the antenna is since the received signal has traveled such a long
distance and has passed through different mediums it becomes too weak and some how
degraded and there is a demand for amplifying it first.

2.2.5 Radiometer receiver

The radiometer receiver is a device whose main purpose is to measure the radiated
power of a source. When dealing with some specific microwave applications it is more
advantageous and efficient to express this power in terms of an equivalent temperature.

10
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ANTENNA
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Figure 2.7: Radio-telescope : conceptual block diagram.

The concept behind this instrument is the following: an antenna is pointing to an radi-
ating object, the signal is captured and the task now is to find a relation between both
of them (Fig.2.8). The antenna’s temperature (T4) is the sum of all the temperatures

Object of
study

Ts \\
Cosmic Microwave \\\
Background radiation (CMB)

ANTENNA

Tre:eiver

RADIOMETER
RECEIVER

Figure 2.8: Drawing of the procedure for measuring the brightness temperature.

of the elements that reaches the antenna. This means that it is a collection of all the
noise temperatures associated with Earth and its surroundings added to the one that is
being studied (T5). After being received by the antenna, the next device to be reached
by the signal is the radiometer receiver. This device will also add a noise temperature
(T} eceiver) to the overall value, and unfortunately it will be much higher when compared
to T'4. Therefor

TA = TB + Tothers

(2.15)
Tsys = T4 + Treceiver = ITB + Tothers + Treceiver

11
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Having in consideration that studies have already been conducted that calculates the
temperatures of most of the elements that are constant (Typers) [25], and that the
Treceiver 18 also possible to be calculated, the remain temperature will be the object’s
(T). The values of Tp are relatively small when compared to T4 so the challenge on
the design of the radiometer receiver is to make sure it has a good sensitivity to make
it possible to distinguish both in order to obtain the correct value of T [26] [27].

Square law
LNA BPF detector Integrator
T_____________________________7
|
I
|
Ta X ‘
|
—> % I -
! I
! I
[ N
\
Treceiver
[
T;ys

Figure 2.9: Total power radiometer - block diagram.
The radiometer is nevertheless a measurement instrument with certain specifica-
tions that must be mentioned for a better understanding:

e Accuracy is the capability of the instrument to provide a measure as close as
possible to the real value.

e Precision provides a notion of the instrument’s stability by evaluating the devi-
ation of different measures of the same input value.

e Resolution is the minimum value of change in the input that the instrument can
detect at the output.

e Sensitivity is the smallest amount of signal that the instrument can measure.

,,
-
I
ISR

| LA
= = = | |

a) Accuracy b) Precision ¢) Resolution d) Sensitivity
Figure 2.10: Accuracy, precision, resolution and sensitivity.

For a better understanding of these concepts that sometimes causes confusion, figure
2.10 depicts a similar situation with a target. The analogy is simple: accuracy is making

12
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measures as close as possible to the real value, precision is making measures that are
always consistent and similar (even though not being close to the real value). The
biggest confusion is between resolution and sensitivity. As it is possible to see the
difference is that even though the resolution provides a small value for the distinct
measures, the sensitivity locks that value to a minimum that may not match the
resolution’s value. This way sensitivity is one of the most important characteristic
of the radiometer.

So in short, at the input of the radiometer receiver there is T,;. To know what
the output of the radiometer will be, one most first understand the processing of the
input signal through all its components. Taking a look at Fig. 2.9, the first block that
appears is an amplifier (LNA). This component provides the gain to the radiometer
by amplifying the signal. To prevent the excessive addition of noise to the system the
LNA is usually cryogenically cooled (reducing its temperature the noise produced by
it is also reduced). The following block is a band pass filter centered at a determined
frequency with a specific bandwidth. Its function is to eliminate all the information
that falls out of the desired band. The next block is a square law detector. Its function
is to rectify the incident signal providing only the envelope wave that surrounds the
signal. This way only the intensity of the input radio wave will be processed in the
following stages. The last step of the radiometer receiver will be an integrator, its
function is to smooth the variations of the signal. The longer the integration time, the
smoother the signal gets [26] [27].

As it has been mentioned before, the sensitivity of the radiometer receiver is one of
its most important characteristics. The quality of this attribute makes it possible to
distinguish the small value of the T that is included in the 74, which are all included
in the total value of the T,,. For the radiometer depicted on figure2.9 the formula that
provides the result of the output is the following one [26]:

Vour = kBG(Tsys) (216)

For the sensitivity of this type of radiometer the formula that provides a result is
the one that follows [20]:
Tsys

Vs

This formula is a result of mathematical calculations that will not be exposed in this
document. 7 is the time of integration as for B stands for the bandwidth used. The
sensitivity of the radiometer depends on Ty, B and 7. The integration time is the
only element of this equation which is possible to be changed, although with some
limitations. A high value of 7 corresponds to a decrease of the value of the sensitivity,
which provides the quality necessary to measure the value of T'z.

AT = (2.17)

2.3 Amplifier

The first stage of the radio receiver, as it has been mentioned, is a RF amplifier.
There are many types of amplifiers and circuits to obtain them, mostly by using tran-
sistors. The most common transistors are the three-terminal semiconductor devices:

13
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Bipolar Junction Transistor (BJT) and Field Effect Transistor (FET) with their vari-
ants. Within the FETs the most commonly used is the Metal Oxide Semiconductor
Effect Transistor (MOSFET) and for this case of study the focus will be on HEMT
and mainly on pseudomorphic High Electron Mobility Transistor (pHEMT).

2.3.1 Transistors

BJTs were widely used for decades in all sorts of electronic devices. The charac-
teristics of a MOSFET turned it gradually smaller when compared to a BJT. For that
reason, the MOSFET is nowadays a preferred choice in the design of Integrated Circuit
(IC). By having the possibility of packing a large number of MOSFETs in a single IC,
the quality and the capacity of the device that is being implemented increases (it is
the case of memories or processors). Some construction differences of both transistors
are depict on figure 2.11 [28].

Emitter Base Collector

Bl = B

p-type
substrat

Body

a) BIT b)
type-n NMOS

Figure 2.11: Cross-section of type-n BJT and a NMOS.

Other differences concerning the properties of both transistors: MOSFET are volt-
age driven devices,while BJT are current driven devices. MOSFET devices have higher
input impedance and lower power dissipation and most important of all for this case
of study, lower noise when compared to the BJT.

The HEMT is a variant of the FET that was implemented by Takashi Mimura
[29]. Their main differences resides on the structure and the materials that are used.
Their properties of low noise and high gain at radio frequencies made them the preferred
transistor for low noise applications. At figures 2.12 it is possible to see both structures
of the HEMT and of the pHEMT.

M+ 53

M AGats
i A Gabs

i InGads i Gats

Gatsz substate Gassz substrate

(a) Conventional HEMT. (b) pHEMT.

Figure 2.12: Structure of the HEMT and pHEMT [6].
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2.3.2 Commercial transistors

Nowadays the technology of some manufacturers made it possible to have com-
mercial transistors at a low price that can operate and have a good performance at
higher frequencies. The values shown on Table 2.3 were obtained at a frequency test
of 12 GHz at 298.15 K . All of the transistors displayed are best suitable for low noise
applications. (G4 is the available gain, more on this subject will be best analyzed on
subsection 2.6.1.

Designation Technology description NF, il Ga
(dB) | (dB)
VMMK-1218 GaAs pHEMT 0.84 |9.95
ATF-36077 GaAs pHEMT 0.5 12
MGF4953A GaAs HEMT 0.4 13
MGF4941AL GaAs HEMT 0.35 13
NE3516502 n-channel GaAs HJ-FET 0.35 14
NE3511S02 n-channel GaAs HJ-FET 0.3 13.5

Table 2.3: Low noise transistors available on the market.

2.3.3 Configurations

Making the MOSFET a general case for the FET family, it is easier to continue
the study of the amplifier. There are three basic configurations for the MOSFET,
each with its own utility and function. Its characteristics are shown at Table 2.4. The
common-source is the most commonly used configuration and it is widely used on gain
stages due to its medium voltage and current gain. The signal is introduced on the
gate and exits inverted on the drain. The common-gate is not so much used as the
previous configuration but it can be implemented as a current buffer or as a voltage
amplifier. The power gain is the lowest when compared to the other configurations. The
common-drain (also known as source follower) is commonly used for voltage buffers.
Its low output impedance makes it to be a preferred choice for output stages on more
complex amplifiers.

2.4 Radio Frequency analysis

When dealing with radio frequencies, there are some aspects of the components
that can not be neglected like in lower frequencies. Usually the model used for these
components is an ideal model and not a real one that describes every feature. The
components that are used in the design of a circuit can be divided in to two major
groups: the passive and the active components.

2.4.1 Passive components

The passive components are the ones that does not require an external source
of energy to operate. This means that there is no special operation mode for the
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Common-Source

Ziny MEDIUM
Zoyr MEDIUM
A, MEDIUM
A; MEDIUM
A, HIGH

I/O phase=180°

Common-Gate

Zin LOW
Zour HIGH
A, HIGH

A; LOW

A, LOW

I/O phase=0°

Common-Drain

Z;y HIGH
Zovr LOW
A, LOW

A; HIGH

A, MEDIUM

I/O phase=0°

Table 2.4: Commonly used configurations.
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component to work. They can either be lossy (such as resistors) or lossless (such as
capacitors and inductors).

As it is possible to see at figure 2.13 there are several parasitic elements when using
a simple passive component. Those elements will affect the results of the design of
any device at radio frequencies. For that reason there are manufacturers that provide
optimized passive components so that they do not interfere as much in the bandwidth
that they are intended to be used.

——n

T L
|

Rs
CP I

(a) Model of a real capacitor. (b) Model of a real inductor.

(c) Model of a real resistor.

Figure 2.13: Models at RF.

2.4.2 Active components

Active components are the ones that require an external source for their operation,
in other words this means that for the component to work there must be a source
that supplies the necessary energy. These components also have an important part on
the circuit because they use the energy supplied on them to operate over the input
signal (for example to amplify it). Components such as diodes or transistors require a
determined mode of operation to work (or be active).

17
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c:CF

Ls

Figure 2.14: Model of a FET at RF.

In figure 2.14 it is possible to see the numerous parasitic elements associated with
an active component, in this case a FET. They will have undesired effects on the
outcome of the design, and they must be considered when planning any device at radio
frequencies.

2.4.3 Scattering parameters

The scattering parameters are defined by a matrix that describes the properties,
characteristics and behavior of a multi-port network when a radio frequency signal
reaches it. The two-port network (Fig.2.15) will be the case of study throughout this
document. The S-parameters are a necessary mean when dealing with RF because it
is quite difficult to make tests with the transistors at this frequencies using the normal
standards such as open and short circuits [24][30].

Before making the analysis of figure 2.15 one must first have in consideration the
following expression:

_Z4—4
- Z+Z

Equation 2.18 is a simple generic representation of the reflection coefficient. The
letter 'x” can be replaced by either L or S in order to obtain the load or source coeffi-
cient reflection respectively. This representation may be a very straightforward way of
dealing with the reflective coefficient, but yet effective to understand what follows:

a, is the incident wave at the input of the two-port network generated by the
source. It can also be the result of a reflection from the source. If ¢, = 0 then there is
no reflection at the source meaning that p, = 0 and by equation 2.18 it is possible to
conclude that Zg = Z,. This has the meaning that the input is properly terminated.

b, is the reflected wave from the input of the two-port network. It can also be the
incident wave at the source.

P, (2.18)
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Z - ~

2-Port Network

A /_\_/' S S (—\—/ %

Z|N ZCIUT

Figure 2.15: Two port network.

a, is the incident wave at the output of the two-port network. it can also be the
wave reflected from the load. If a, = 0 then there is no reflection at the load meaning
that p, = 0 and by equation 2.18 it is possible to conclude that Z; = Z,. This has the
meaning that the output is properly terminated.

b, is the reflected wave from the output of the two-port network. It can also be the
incident wave at the load.

The following expressions concentrate the principal properties of the scattering
parameters of a two port network:

{Zj - E g] m (2.19)

b =a0S, +a5,

2.20

b, = a5, + a5, (2:20)
b —a,S, b

S, =% g g =2 (2.21a)
@ @
b —a,sS, b

S ="M e, g g =2 (2.21b)
& a,
b, —a,S, b

S, =2 %% g g =2 (2.21c)
@ @
b, —a,S, b

S, =2 N e, g g =2 (2.21d)
a, a,

Taking into count the result of equation 2.21a it is possible to conclude that when
the output is properly terminated, S;, becomes the ratio between the reflected wave
and the incident wave at the input and it is designated as the input reflection. It is
also a parameter that can represent the accuracy of the input matching.

With the result of equation 2.21b it is possible to conclude that with the input
properly terminated S, is the ratio between the reflected wave at the input with the
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incident wave at the output. This is the transmission that occurs from the output to
the input and hence is designated by reverse transmission.

The result of equation 2.21c is similar to the previous one in this case is the ratio
between the reflected wave at the output with the incident wave at the input, S,
becomes a representation of the transmission from the input to the output (also called
forward transmission) when the output is properly terminated.

Finally it is possible to observe from the result of equation 2.21d that S,, is the ratio
between the reflected and the incident wave at the output. This parameter represents
the output reflection and can also express the accuracy of the output matching.

2.4.4 Maximum Power Transfer

The ideal transmission of a signal between a generator (source) and a load suffers no
reflections in the intermediate stages, however most of the times that is quite difficult
to take place due to the impedance mismatches that occurs on the transmission lines
and on the components inserted on the circuit. Those discrepancies evolve into a loss
on the power gain and an increase of the noise figure. Also the reflections that occur
on the circuit may damage the components or even the generator. Considering all of
this, obtaining a maximum power transfer becomes an important goal on the design of
any microwave device and that is possible with the help of matching networks on the
input and on the output (more on this subject will be presented on section 2.5).

Taking into count figure 2.15, the condition to obtain an impedance matching is
that the real part (resistance) should be equal to the real part of the termination that
is being treated (source or load) and its complex part (reactance) should be equal on
magnitude but with opposite sign. This is called the complex conjugate matching.
Expressions 2.23 and 2.22 shows the basic principle of this subject [24].

Z,
Z

out

-7 (2.22)
~ 7 (2.23)

To prevent reflections caused by mediums with different impedance levels which causes
losses on the transmission of RF signals, the conditions that must be taking into con-
sideration are related with the reflection coefficients.

r, =I (2.24)

n

r,=r: (2.25)

ou

I' " is the reflection coefficient at the input of the two port network.

[, is the reflection coefficient at the output of the two port network.

I', is the reflection coefficient at the load.
I, is the reflection coefficient at the source.

2.5 Matching Networks

The Matching Network (MN) are a solution to the mismatches mentioned on sub-
section 2.4.4. Figure 2.16 is a representation of the set of matching networks that
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Figure 2.16: Matching networks of an amplifier.

are required to guarantee the conditions of expressions 2.24 and 2.25 that provides a
maximum power transfer between a source and a load.

At figure 2.16 it is possible to observe that the amplifier’s information is given by
the s-parameter matrix. It is with that information that both input and output MN
are configured. The matching networks can either be designed with lumped elements
or transmission lines. One of the methods to obtain the values for each component of
the MN is with the aid of a Smith Chart.

2.5.1 Lumped elements

There are many forms to perform a matching network with lumped elements. Figure

2.17 shows some of the viable variants.

Figure 2.17: Matching networks with lumped elements.

FiN

FiN
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Although quite simple and effective at low frequencies, these type of matching
networks fail to succeed at higher frequencies. This is due to the fact that each lumped
component (as is has been mentioned previously at subsection 2.4.1) is affected with
other parasitic elements. Their overall effect traduces into problems with the noise and
the gain performance of the amplifier. An alternative for their use are transmission
lines.

2.5.2 Microstrip lines

The manufacturing of circuits have come a long way since the first printed circuit
board (PCB) was made by Paul Eisler [31I]. The advantages that it brought for the
designs and implementations of electronic circuits made it crucial for the innovations
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that followed. Nowadays it is possible to implement any type of circuit for any type of
signal, in a cheaper and easy way. There are many types of transmission lines that can
be used on Printed Circuit Board (PCB). Unfortunately they are also a cause of losses
and noise interference to the signal. Microstrip lines due to their top notch performance
are preferred for microwave applications. Microstrip lines consists of a conductor strip
that lays on a dielectric substrate that separates it from the ground plane [32]. Figure
2.18 depicts a simple representation of the microstrip and its features.

h = height of the dielectric conduc tor

g, — relative static

permittivity ofthe

dielectric

w — width of the conductor

t — thickness of the I
h

Diedex tric
substrate

conductor
I = length of the conductor

Figure 2.18: Microstrip cross-section.

The dielectric constant makes the propagation waves to go slower because of their
quasi-Transverse Electromagnetic (TEM) characteristic. TEM occurs when the medium
of propagation is the air but since in microstrip lines the dielectric is not the air but
a material with different ¢, the electric and the magnetic waves are not orthogonal to
each other as it is suppose to be. This is referred to as quasi-TEM. However at very
high frequencies the non orthogonality of the waves becomes worst and the reference
of quasi-TEM is no longer valid.

The parameters that best describes the behavior associated to the microstrip are
the following:

Ao
VEers

A= (2.26)

The expression 2.26 is the representation of the wavelength in the microstrip line.
g, 1s the effective dielectric constant which depends of the physical dimensions of the
microstrip line and of the ¢, of the dielectric used.|32][18]

For the calculation of e.;; the most accurate formula was developed by Hammerstad
and Jensen [33] (Equation 2.28).

= — 2.27
U h ( )

Where W stands for the width of the conductor and h for the height of the dielectric.

—ab
e+1 e —1 10
Eeff = + (1 + —> (2.28)

2 2 U
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The values of a and b are obtained by the following expressions:
1 (ut+ () 1 u \?
=1+ —1 = In|1+(-—= 2.29
TR <u4 To432) Tz T (18.1) (229)

0 9 0.053
b = 0.564 <€T — ) (2.30)

e+ 3

The characteristic impedance of the line is determined by the following expressions:|[33]

0.7528
30.666) )

Fu) = 6+ (2 — 6)el- (% (2.31)
o = ? (2.32)

_ "o f(u) i
ZO_27T 5effln( " +,/1+u2> (2.33)

Another parameter associated with a microstrip line is the width of the conductor.

This value is calculated in function of the ratio of expression 2.27 [24][18][34]. If the
value of u < 2 then one must first calculate the value of A on equation 2.34 and then
substitute this value on equation 2.35.

7Z L= 1 0.11
A= /2e, — 1)+ (0.23 + ) (2.34)
o e +1 r
8

If the value of © > 2 then one must first calculate the value of B at equation 2.36

and substitute this value on expression 2.37

Mo

B " 2.
2Z0w/8r ( 36)
2 e — 1 0.61
u==(B-1-m@2B-1))+ — (1n(B - 1)+0.39 - 5 ) (2.37)

The value of h is provided by the manufacturers and the value of W is finally

obtained by expression 2.27. The process that involves the calculation of e.¢; and Z,
is called analysis and the one that involves the calculation of W is called synthesis.

Figure 2.19 shows some of the possibilities with the use of elements of microstrip

lines.

2.5.3 Smith chart

Smith chart is a method developed by Phillip H. Smith. This graphical aid makes

it possible to visualize the impedance of an element at different frequencies [35]. The
Smith chart is a transformation between an impedance and the reflection coefficient
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Figure 2.19: Matching networks with microstrip elements.

Figure 2.20: Constant circles drawn on the Smith Chart [7].

of a transmission line [30]. With this tool it is possible to calculate the elements of
the MN. If they are composed with lumped elements it can be used to calculate the
values of the capacitors and of the inductors. If in other hand they are constructed
with microstrip lines, it is possible to calculate the values of the dimensions of the lines
and of the stubs that are used.

Another help that this tool provides is the compromise that one must take between
the gain and the noise figure. For that there is the constant gain and noise figure
circles drawn on the Smith chart. Those circles identify the areas where the gain and
the noise figure are constant and with so one can make a choice of what values to use
on the elements that compose the MN.

2.5.4 Input matching network

When performing the configuration of an input matching network one must take
into count the main goal of it. The following formula is the one that best describes the
considerations that must the be taken when configuring the input matching network
[24] :

S,5,,T

FIN = Sn + ﬁ (238)

227 L

It is possible to see that I', is influenced by I',. If either that value or S, are equal
to zero then the previous expression takes the form that follows:

FIN = ‘5111 (239)
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This expression is related to an unilateral amplifier. This concept stands for the
situation where the amplifier only has the capacity to transmit through one way (for-
ward transmission) and with so only has forward power gain. Using the mathematical
approach, this means that the S,, (expression 2.21b) (reverse transmission coefficient)
of the scattering matrix that represents the amplifier is equal to zero. This defini-
tions almost never occurs and the amplifiers are mostly bilateral, because both ports
simultaneously influence each other.

2.5.5 Output matching network

The procedure on the configuration of a output MN is similar to the one performed
on an input MN and the following expression is the one that best describes the con-
siderations that one must take [24] :

S ST
Lovr =S + % (2.40)

115

It is possible to see the influence of I'; in I', .. If either this value or S, are equal
to zero the previous expression takes the form of equation 2.41 which is related to an

unilateral amplifier.

(2.41)

2.6 LNA design

The design of a LNA must take into consideration three important parameters:
gain, Noise Figure (NF) and stability. There must be a compromise taken by the
designer so that all those parameters can meet the target goals.

2.6.1 Gain

When dealing with the design of a microwave amplifier, the power gain is the most
relevant one among the other types that are implicit to it (voltage, current and power).
The LNA as it has been mentioned on subsection 2.2.4 is the first electronic device to
be reached by the signal after its capture by the antenna. It is important that the gain
is of higher value so that it can be measured on the following stages after the LNA.
There are three different types of gain associated to the microwave amplifier.
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Figure 2.21: Different gains associated to the matching networks.

At figure 2.21 it is possible to observe the different power associated to each stage
from the source to the load. It is possible to obtain the following expressions for each

case [24]:
G _ PavN _ 1 B ‘F ‘2 2 1 2 42
A_Bws a ’1_ 11 s‘2| 21| 1_‘ UT’Q ( . )
P 1 P2
G, == 1S, |2 (2.43)
i PIN |1_| N|2 ’ ’1_ 22 L‘2
P 1-[Lp — L,
G — L — 2 2.44
’ PavS |1 - 11 s’2| | ‘1 - OUT L|2 ( )

e (5, is the available power gain and it is the ratio between the power available from
the network and the power available from the source. This result was provided
by assuming that 'y = '}y, (maximum power transfer condition)

e G, is the operating power gain and it is the ratio between the power delivered
to the load and the power delivered to the input of the network. This result was
provided by assuming that I's = I'}5, (maximum power transfer condition)

e (5, is the transducer power gain and can be considered has the overall gain of
the system since it is the ratio between the power delivered to the load and the
power available from the source.

2.6.2 Noise Figure

The NF is one of the most important characteristics of a LNA. Having in mind
what was discussed on subsection 2.2.5, the temperature of the antenna will be added
to the temperature of the receiver. The major contributor for the last mentioned
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temperature is the LNA. So there is the need to decrease as much as possible the
noise figure of the LNA. Being the first stage, this device must be carefully design
to prevent the propagation of the noise through out the chain that leads to the final
output. Reminding Table2.2 the letter F represents the noise factor. The Friis’s law
determines the noise’s influence of all the components on the path of a signal.

Figure 2.22: Chain of elements representing the path of the signal.

Taking as an example the figure 2.22, Friis determined the following expressions:

F,—1 F;—1 F,—1
Fiota = F1 + + + o+ 2.45
el =N TG GaiGag Ga1Gaz..Gan1 (2.45)
T: T: T, —1
Tyorar = Th + == ’ (2.46)

-+ + ..+
Ga1 Gai1Gao Ga1Ga2..Gan1

From both equations it is viable to conclude that the previous stages have an effect
on the following ones. The biggest influence on the noise factor and on the noise
temperature is given by the first stage (LNA). In expression 2.46 the contribution of
Fy and G4; has a huge impact on the total result. It is due to that influence, that it
is of high importance to design the LNA with a low level of noise and a high level of
gain.

2.6.3 Stability

The stability factor is one of the most relevant constraints to the manufacturing of
an amplifier. If certain conditions are not satisfied all the effort spent on the design of
the other factors may be in vain. If the amplifier is not stable it will not perform as
expected. Most likely it will oscillate instead of amplifying the signal as supposed. A
transistor will oscillate if it has a negative real part either on the input or at the output
port impedance. Physically a negative resistance does not exist, this is a mathematical
concept that provides the means to understand the effect of the oscillation. A negative
real resistance occurs when |I',|>1 or |I',,.|>1. From equation 2.38 it is possible to
see that I',, is dependent of I',. This means that I, must also be inferior to one.
In a similar way, from equation 2.40, it is possible to conclude that I'; must also be
inferior to one. The stability can be measured with the aid of the s-parameters, the
matching networks and values of the terminations (source and load). There are two
situations that are possible to occur on an amplifier, it can be either unconditionally
stable or potentially unstable. Summarizing, the conditions to assure that an amplifier
is unconditionally stable are the following ones:

Iy <1 and || <1 (2.47a)
I <1 and || <1 2.47b
O S

ur
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Throughout the literature that studies this subject there are other conditions that
can guarantee mathematically the stability of the amplifier. One of the most known

conditions is the Rollet’s stability factor (or K-factor) named after its author - John
Rollet.

K — 1— ‘Sll|2_ ‘Sz2|2+A2
2[5,,5,|

> 1 with ’A‘ = "5'11522 - 512521‘ <1 (248)

The above conditions are considered necessary and sufficient to guarantee the un-
conditionally stability of an amplifier. Another way to measure the stability is with
the p stability test or geometric stability factor. This parameter has the advantages
of using only one condition and it also provides a quantification of the stability. This
means that a higher value of u is equivalent to a more stable system.

B 1 152]
‘522 — ASE’ + \512521|

When performing the stability check (with any of the factors mentioned above) it
should be specified a much higher range than the bandwidth of study. If the amplifier
is unstable at a determined frequency it most likely oscillate. Even though the designer
is careful there is still a chance of the stabilization of the amplifier fails, so there are
some techniques that can be implemented after the circuit’s manufacturing [36][24].

> 1 with |A| = |Sl1522 - 512521| (249)

1

e Introduction of a series or shunt gate resistance, although this technique is not
suitable for LNA design since it degrades the noise figure.

e Introduction of a shunt drain resistance . This technique is more suitable for a
LNA but it can cause a decrease on the gain.

e Introduction of a feedback between the drain and the gate, this way there is a
reduction of the negative resistance of the transistor and there is also a decrease
on the gain at lower frequencies. But this technique is also not suitable for a
LNA since it degrades the NF.

e Introduction of a short-circuit quarter-wave length line designed to eliminate the
gain at higher frequencies than the bandwidth of study, eliminating this way a
possible source of oscillation.

2.6.4 Bias circuit

One of the aspects that has not yet been considered is the bias circuit. This is
also an important characteristic of the overall design of any type of RF circuit and
has an important impact on the design of a LNA. The network bias is accomplished
by introducing passive components into the circuit. As it has been mentioned before,
those type of components introduce parasitic elements that one has been avoiding by
using microstrip lines. On data sheets of RF transistor, the manufacturer provides the
S-parameters and the noise parameters obtained with a certain set of conditions. One
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of those conditions (along with constant room temperature of 298 K) is the bias point
that was used to obtain those results. As it has been mentioned in subsection 2.3.3
at table 2.4, there are three types of configurations for a FET. The Common-Drain
configuration is best applied on the output stage of an amplifier due to its low Z,,; and
low gain. The Common-Gate has high voltage gain, but low power gain. Finally the
Common-Source has medium voltage gain but most importantly a high power gain,
that is more suitable for the design of a RF amplifier. This last configuration has also
the particularity of inverting the signal of the input at the output.

So in resume, the manufacturer proceeds a series of tests on the transistor and
provides the information of the polarization and its influence on the gain and on the
NF. When making the design of the bias network, it must respect the specifications
that are inherent to the transistor that is being used. The minimum current (Ipg) and
the drain-source voltage (Vpg is equal to the Vp on a Common-Source) that are applied
to the transistor for it to work has it should are also supplied by the manufacturer.
These items are called the recommended bias conditions and their main goal is to set
the transistor to its quiescent point.

The bias network must have the least impact has possible on the rest of a RF design,
but unfortunately that is quite difficult to be obtained. So the preferred choice is to
make it simple so its interference is as low as possible. The use of a resistance at the
gate and at the drain after the voltage supply provides the necessary current to obtain
the quiescent point of the transistor. A capacitor connected to the resistance and to
the ground will serve as a low-pass filter.

RF Choke

A RF choke circuit is necessary so that the RF signal does not damage the voltage
supply, but most importantly does not escape the path that was designed for it. There
are some options to design this circuit, but the most suitable one for the frequency of
interest in this case is by using a quarter wavelength transmission line associated with
a radial stub. The concept behind this is the following: a quarter wavelength (%) is
responsible for putting at its output the dual of what was at its input. In other words
if at the input there is a short-circuit (low RF impedance) then at its output there will
be an open-circuit (high RF impedance), the same concept also happens on the reverse
case. Connected to the % there is a radial stub that is mainly used to provide a low
RF impedance (short-circuit). This component has great advantages compared to the
normal stub, since it does not require other types of components (tee junctions) on the
design. in figure 2.23 it is possible to see the layout that was explained previous which
provides the circuit for RF choke [37].

2.6.5 Commercial LNA

Nowadays there are many manufactures that have developed commercial LNA that
can be used for different applications and frequencies. At table 2.5 it is possible to see
some of the LNAs available on the market and that are suitable for the frequency of
study. Although most o them have a very high gain, there NF is not as favorable as
intended for the use on radioastronomy. The LNA that provides the best result for
this area is the ALN1000-10-3010 of the WENTEQ microwave company.
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Figure 2.23: RF choke.

Designation NF (dB) | Gain (dB) | Frequency range (GHz)
HD27028 1.8 17 7-14
ALN1000-10-3010 1.0 30 9.5-10.5
PE15A1004 3 38 12 - 18
PE15A1003 2.2 38 8-12

TGA2512 1.4 27 5-15

TGA2511 1.3 20 6-14
WBAS0130A 2.0 22 8§-13

Table 2.5: Available LNAs on the market.

This LNA has NF of 1.0 dB and a gain of 30 dB, which is quite good, but its
frequency range is very narrow when compared to the other transistors present at the
table. There are also studies being conducted for the developing of new technologies
using the transistors mHEMT that are appropriate for the use on the study of space
[38]. Those technologies will be in the future responsible for better results on the
construction of LNAs and the inherent decrease of its NF.

2.7 Concluding remarks

In this chapter there was a brief explanation of all the theoretical concepts that
make the support and introduction for the design of a LNA at RF. A succinct intro-
duction is made in order to understand the importance of the LNA and its NF on a
radiometer receiver for radio astronomy. There was also a description of some relevant
aspects that are important for the procedures that precedes the practical part of this
assignment. Some of the contemporary available commercial LNAs are also displayed
in this chapter, which will serve as comparison for the experimental results that will
be attained posteriorly with this project.
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Simulations

3.1 Summary

In this chapter there is a presentation of the simulations that were taken to provide
a support for the design of the circuit. Some relevant aspects, such as matching net-
works, noise figure gain and stability are mentioned and studied. The software used is
MATLAB and ADS. At the annex it is provided the MATLAB code that supports the

simulation.

3.2 MATLAB simulation

MATLARis a fundamental tool for the development of all sorts of work concerning
complex and large amounts of calculations. The RF Toolbox provides a set of options
to use on the construction of the MN and also the possibility of using S-parameter files
provided by a manufacturer to simulate the transistor that is being tested. The bias
circuit and also the RF Choke are quite difficult to simulate so they are not considered.
The transistors that were tested for these simulations are on the list that follows:

Transistor Description NF Ga
(4B) | (dB)

NE3511502 GaAs Hetero Junction Field | 0.3 13.5

Effect Transistor (HJ-FET)

FHC40LG GaAs HEMT 0.55 |12

ATF-36077 GaAs pHEMT 0.5 12

MGF4953A InGaAs HEMT 0.35 13.5

MGF4941AL InGaAs HEMT 0.35 | 13.5

Table 3.1: Tested transistors.

All the transistors were chosen due to their qualities of a low NF and the possibility
of being used at 10 GHz. They were also chosen due to their availability on the market
and their physical characteristics. The values of G4 and NF were obtained by the
manufacturers at a frequency test of 12 GHz and room temperature of 298 K.

Iversion used is 2013a
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Figure 3.1: Symbols for the stubs.

3.2.1 Introduction

The performance required for a matching network becomes a challenge when it
concerns the selections that needs to be taken. There are many types of matching
networks. This simulation on MATLAB covers eight different types of matching net-
work that are depict in figures 3.2 and 3.3. It does not intend to provide a complete
description of a MN for a given transistor but instead its objective is to give a global
idea of what choices should be taken, and what types of MN should be avoid. For a
better understanding, in figure 3.1, there is a description of the symbols of the stubs
that were used. This representation is similar to the one used on ADS by Agilent
that was later used for the design of the LNA. The symbol for a short circuited stub
is represented at figure 3.1a and the representation for the open circuited stub is at
figure3.1b. The measure signed as L is the line’s length and W stands for the line’s
width. This last dimension is related to the substrate (RT5880) that was used and
since it is the same for each simulation the value for W is defined according to its
specifications and is constant throughout the simulation. Figures 3.2 and 3.3 depicts
the matching networks that were chosen to be used for both the simulations of the
input and the output and are composed by stubs and/or lines all based in micro-strip
technology. Figure 3.2 depicts the MNs which are composed by open-circuited stubs.In
MN 1 and MN 2 the dimensions of /; and [, are the ones that change through each
simulation. At MN 3 and MN 4, there is an added element that provides one more
length (I3) to be analyzed. Figure 3.3 depicts the MNs which are composed by short-
circuited stubs. Similar to the MNs represented at figure 3.2, the first two MN have 2
lengths to be analyzed and the last two ones have 3 lengths for analysis. Some of the
variables used on the MATLAB code are already defined. The source impedance (Zs),
the load impedance(Z;) and the characteristic impedance of the line(Zy) have all the
value of 50 2. The specifications for the substrate are also defined in the function
matching network.m and were implemented with the following part of the MATLAB’s
code:

e_r=2.2;
SigmaCond=5.96e7;
h_m=0.508e -3;
w_m=1.51e-3;
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Figure 3.3: MN with short-circuited stubs.
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Figure 3.4: Characteristic impedance plotted for low dielectric constants.

t_m=35e-6;
1_tan=0.0009;

The value of W (width of the conductor) was calculated having in mind what was
written on subsection 2.5.2. The substrate used is the RT5880 (Rogers Corporation),
whose relative static permittivity (e,) is 2.2.

With the help of figure 3.4 [32] it is possible to see that for a Zj of 50 € the value to
be expected for the ratio % is higher than 2. So equation 2.37 satisfies that condition
and provides the value for W. The final result for that parameter is 1.51 mm.

3.2.2 Functions

The microstrip lines were assembled with the help of the RF Toolbox (package
rfckt). As an example, for the configuration of the MN 1 (figure 3.2), the part of the
MATLAB code that performs that action is the following one:

stubl=rfckt.microstrip('Height',h_m, 'LossTangent',l_tan,'
EpsilonR',e_r, 'Thickness',t_m, 'SigmaCond',SigmaCond, '
Width',w_m, 'Linelength’',11,

'StubMode', 'Shunt','Termination', 'Open');
line2=rfckt.microstrip('Height',h_m, 'LossTangent',l_tan,'
EpsilonR',e_r, 'Thickness',t_m, 'SigmaCond’',SigmaCond, '

Width',w_m,'LineLength',12);
MN=rfckt.cascade('ckts',{stubl,line2}) ;
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Figure 3.5: Flow chart of the simulation.

The flow chart depicted in figure 3.5 gives a description of what the program does. Tt
starts by asking the user the value of the central frequency and the bandwidth that is
intended to be used for the simulation. The central frequency and the bandwidth are
used to specify a range of frequency values to be analyzed using the following MATLAB
code:

Npts=41;

flLower=fc-(BW/2) ;
fHigher=fc+(BW/2) ;
freq=linspace (fLower ,fHigher , Npts)

The next option that the user has is to choose between using or not short-circuited
stubs. This option is required for mere academic study since this type of stubs are
not recommended on practical implementations at high frequencies. A small menu
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Figure 3.6: Menu that displays the available transistors.

appears (figure 3.6) that gives the user the option to choose a transistor from a list
that is displayed on table 3.1. Their S-parameters’ files are saved in the data base
and they provide all the information necessary of the transistor. The next step of
the program main_ MN_final.m is the search of the best input and output MN for
the specifications that were imposed by the user. The final matched amplifier is then
assembled with the best input and output MN. A stability check is performed and the
final results are displayed with graphics and images. At the end of the simulation, a
text file is saved with the results, providing the best 1, I3 and I3 and also the maximum
NF and minimum gain that was obtained for each MN. The user has also the option
of restarting the program and perform the simulation with different parameters.

3.2.3 Input matching network

Being a bilateral amplifier the output matching network has some effect on the
NF but the biggest responsible for its decrease is in fact the input MN. For a better
understanding of the construction of function MN input search, a brief review of
concepts of chapter two is in order. Both input and output MN must satisfy the
equation of the maximum power transfer (Equation 2.24). The output MN in this
case is assumed to be perfectly matched. This means that I',,, = I'; = 0. Having
that in mind and making some substitutions on equation 2.38 the result is equation
2.39. Assembling all of the information mentioned it is possible to obtain the following
expression:

1— 1[5

If FS = F;N = Sll then GA = m
— P11P11

ENG (3.1)

Reminding both expressions 2.11 and 2.12, it is possible to see that the noise factor
depends of a ratio between output and input temperatures (or powers) and of the G 4
(expression 2.42). So this last one has an important impact on the noise factor. From
expression 3.1 it is possible to conclude that the noise factor depends on Si;, which is
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Figure 3.7: Input matching network.

the parameter that provides the accuracy of the input MN. This information proves
that the input MN is responsible for the optimization of the NF.

Figure 3.7 served as reference to the development of the elements necessary to the
construction of function MN _input search.m. This last one uses a loop to calculate for
each combination of [,y and I3 of a type of MN(figure 3.2 and 3.3) the NF associated
with it. The NF itself is calculated by a specific function of MATLAB RF Toolbox . The
range of values for [, ls and [3 is from 0.1 mm to 7 mm with a step of 0.1 mm and the
number of MN may be 4 or 8 (depending on the user input choice regarding the type
of stubs). The function then makes a comparison between all the NF and chooses the
set of [1,l, and [3 that optimizes each MN simulated. The last part of the function is
the comparison between the NF associated to each MN and the choice of which is the
one that has a best performance regarding the NF. Some of the code that implements
this algorithm is the following:

Best_INMN=matching_network (best_il ,best_i2 ,best_i3 ,m);
Best_Matched_Amp=rfckt.cascade('ckts' ,{Best_INMN,Unm_Amp});
analyze (Best_Matched_Amp,freq,ZL,Zs,Z0);

Best _NF{m}=Best_Matched_Amp.AnalyzedResult.NF;

The first line makes the assembly of the best combination of [y, I and I3 for a
specific MN (variable 'm’ represents each of the MN depicted at figures 3.2 and 3.3).
The second line makes the assembly of the matched amplifier composed by the best
input MN and the unmatched amplifier (which is configure with the S-parameter file
provided by the manufacturer). The third and fourth line makes the calculation of the
NF and stacks it in the variable 'Best NEF”.

The MN that provides the minimum NF is considered the best one. Take as an
example the simulation of transistor MGF4953A, some of the results for the input MN
are displayed at figures 3.8, 3.9, 3.10 and 3.11. The plots are saved in a file with the
extension ".png” and ".fig”. This last one makes it possible for the user to edit with
MATLAB and make better visualizations of the results.

In figure 3.8 it is possible to see that MN 1 has a very low NF when compared to
the one of the MN 2 (Fig.3.9). Both figures are divided in to two parts. On the upper
is the NF depending on the two lengths of the MN. In this color scheme the areas that
are marked with red will be the worst combinations of lengths and that most likely
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Figure 3.8: Noise figure for input MN 1.
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Figure 3.9: Noise figure for input MN 2.
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Figure 3.10: Noise figure for input MN 4.
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Figure 3.11: Noise figure for input MN 4.

will present bad values for the NF. On the lower part of the figure there is the NF
depending on the specified central frequency and bandwidth (in this case f.=10 GHz
and BW=500 MHz). In this last figure it is shown both the plots of the unmatched and
of the matched amplifier, so one can compare the results and take some conclusions.

Figure 3.10 shows a surface that has the value of the NF in function of three lengths
(I1,l3 and [3). Although it is harder to see the results in this figure, it is still possible to
observe some of the places in the surface where the combination of the lengths provide
the best and also the worst NF. Figure 3.11 depicts the plot of the MN 4 for the NF
in function of the range of frequency that has been chosen. The results for this MN
shows that the input MN is optimized and provides a good result for the NF.

3.2.4 Output matching network

The output MN is the most important issue to take in to account when dealing with
the gain factor. Reminding some of the theoretical concepts introduced on subsection
2.6.1, there are three types of gain that can be calculated for a matched amplifier.
Assuming that the input MN is perfectly matched, this means that I's = I'j5 = 0.
Making substitutions of this conditions on equations 2.25, 2.42, 2.43 and 2.44 the
following expressions take place:

FOUT = 522 (32)
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Figure 3.12: Output matching network.

o |Swl?
Gy = TCE (3.3)
1_’5* ‘2
Gp= |9l ——F—=7 3.4
P =152l |1 — 52255, (34)
1_|S* ‘2
Gp = |8, |2— 17221 3.5
7 = |Sa1 11— 5055, (3.5)

It is possible to see that in this case Gp = G and that all the expressions for
the gains depends on Sy (forward transmission) and Sas (output reflection). This last
parameter also provides an accuracy of the output MN what proves the importance of
it on the gain factor of an amplifier. Just for curiosity if this parameter would be equal
to zero ( meaning that it would not exist reflections from the output), all the gains
would be equal to each other G4 = Gp = G = |S91|* .

Figure 3.12 served as reference to the proceedings for developing function
MN_output_search.m. Its algorithm is similar to the one used on MN _input_search.m,
but the objective in this case is to find the MN that provides the best results concerning
the gain factor. To do so the function makes a sweep through all the possible combina-
tions of the lengths of the components for each MN. The gain that is calculated during
this procedure is the G'r once again with the help of the RF MATLAB Toolbox.

The results that outcome of this function will complete the ones that were ob-
tained previously with the function related with the input and constitute the matched
amplifier.

At the upper part of figure 3.13 it is possible to see a long range of lengths’ combi-
nation that have provided bad results for the gain (blue area) and at the lower part of
the same figure it is possible to see that the value of the gain for the matched amplifier
is slightly worst than the one for the unmatched.

At figure 3.14 it is possible to see that the results are much better than the ones
obtained on the previous. This is the best case for the output MN of this transistor
(although this is not true, because the best results surprising or not were obtained with
the MN composed with short-circuited stubs, but since they are not easy to implement
the choice falls on the MN 2 instead)
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Figure 3.13: Gain for output MN 1.

Gain depending on the lengths of 11 and 12 for mede 2

—y

Best Gain obtained with mode 2

A A

N Lo

(8, w (8,
T T T

Magnitude (decibels)

-
N
T

Gain - Matched
Gain - Unmatched

115

9.75

1 1 1
9.8 9.85 9.9 9.85 10 10.05 10.1 10.15 10.2 10.25
Freqg [GHz]

Figure 3.14: Gain for output MN 2.
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Gain depending on the lengths of 11 and I2 for mode 3
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Figure 3.15: Gain for output MN 3.

Best Gain obtained with mode 3
14 T T T

13.5

12.5

12

11.5

Magnitude (decibels)

FERE : : | -
10.5

10 |- AT { | : i *

2.5 R : : | 4

i i L i i i L i
8§75 s.8 s.85 5.9 s.95 10.05 10.1 10.15 10.2 10.25

10
Freq [GH=]

Figure 3.16: Gain for output MN 3.

At figures 3.15 and 3.16 it is possible to see a bad example of a choice for a MN of
this transistor. The gain rises from approximately 9 dB till it gets to a constant value
of approximately 13.5 dB. This occurrence may indicate some problems when making
the tests with the final manufactured LNA, so it is better to avoided it.

3.2.5 Matched amplifier

After both input and output functions have terminated their search, the following
step is the assemble of the matched amplifier. The part of the code that performs this
action is the following:

Matched_Amp=rfckt.cascade('ckts',(inMn,Unm_Amp,outMn))
analyze (Matched_Amp ,freq,ZL,ZS,Z0)

With inMn and outMn being the best input and output MN respectively for the
transistor being study. The program then proceeds on making a final analysis of the
matched amplifier to check the values of the NF and of the gain (Gr). The plots are
then presented to the user containing the information regarding te overall NF and gain
obtained for the final matched amplifier. Some of those results are portrayed at figures
3.17, 3.18, 3.19 and 3.20.

By analyzing figure 3.17 (corresponding to transistor MGF4953A) it is possible to
see a flat line of the NF, equivalent to approximately 0.36 dB. This is a good result and
it complies with the value provided by the manufacturer (table 3.1 ). Figure 3.18 is the

42



CHAPTER 3. Simulations

Best Noise Figure obtained

NF - Matched
NF - Unmatched

9.75 9.8 9.85 2.9 9.95 10.08 10.1 1015 10.2 10.25

Figure 3.17: Best value of NF obtained with MGF4953A.
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Figure 3.18: Best value of gain obtained with MGF4953A.
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Figure 3.20: Best value of gain obtained with MGF4941AL.

43



CHAPTER 3. Simulations

representation of the plot for the gain, as it is possible to see this value is also quite
good and it also complies with the value provided by the manufacturer. In conclusion,
the transistor MGF4953A is the one that has the best performance for LNA design
at 10 GHz. At figure 3.19 it is possible to see the results for the NF with transistor
MGF4941AL. This value is not as good as the previous one, but still is the one that
offered the best results at 5 GHz. Figure 3.20 is the representation of the plots for the
gain. It is possible to see that for this case the gain is much higher and even though
it does not have a constant value it is still also the best performance for the frequency
of use. In conclusion, this transistor is the one most suitable for the LNA design at 5
GHz.

3.2.6 Stability check

An important issue that must be taken into consideration is the stability check.
With the aid of the u stability test (equation 2.49) it is possible to have some results that
will provide conclusions about the quality of the matched amplifier and the transistor
that was used. As it has been mentioned (subsection 2.6.3 the range of frequency
should be much wider than the bandwidth for which the LNA is being optimized
(although this is limited by the frequencies tested on the S-parameter file provided by
the manufacturer). Some of the results that were obtained for each transistor are at
figure 3.21.

As it is possible to see all the matched amplifiers show some issues regarding the
stability. This was expected, since the simulation was not developed to optimize this
factor, also there are still components missing on the MNs that will be added on the
ADS simulation and that can modify the results for the stability.

3.2.7 Conclusions

At the end of the simulation, a figure of the equivalent MN that corresponds to the
best input and output matching is displayed for the transistor that was being analyzed.
Finally the results are saved on a text file. Those consists on the lengths of I, l5 and
I3 (when applicable) that best suited each MN for the correspondent input and output
configuration. The maximum overall NF and minimum overall gain that was obtained
for each MN is present in that text file. And just for curiosity the time spent for the
simulation is also displayed when using a less sophisticated computer. An example is
provided at figure 3.22 which used the transistor MGF4953A. Some of the final results
are presented at tables 3.2 and 3.3 that corresponds to the simulations for a f. of 10
GHz and 5 GHz respectively. As a note, one must mentioned that for some transistors
the input and output MN had better results with the use of short-circuited stubs. But
since they are not easy to be reproduce at RF, their results will be neglected at these
resumed tables.

From observing table 3.2 it is possible to see that the transistor that presents the
best result for the NF is the NE3511S02 but its gain is relatively low when compared
to others (it is also important to notice that by observing table 3.1, that this is a
HJ-FET). The best result with a good compromise between the gain and the NF is
obtained with transistor MGF4953A. At table 3.3 it is possible to observe that the
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the stability.
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3.502-03 00 §.97=-01 1.352+01
4.50e-03 3.40e-03 3.62e-01 1.01e+01
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1.90e-03 1.00=-04 3.4ze-01 1.18=+01

text_data,bxt +
1 Values were taken for fo= 1E+10 Hz and BW= SE+03 Hz
2 TRINSISTOR -> mgf4953a.szp file
£
4 Mm 11in 1zin 13in 1iout
5 1 3.10e-03 3.40e-03 oo 1.00e-04
6 2 1.00e-04 7.00e-03 oo 4.502-03
703 3.20e-03 3.30e-03 Z.00e-04 1.00e-04
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12 8 1.002-04 2.10e-03 1.00e-0% 1.40e-03
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15 The time taken for this simulation was of 67 hour(s)

42 winute(s) and 6.48 Iscond(s)

Figure 3.22: Text file generated by the simulation.

Transistor

Input MN

output MN

min NF (dB)

max Gr (dB)

MGF4941AL

MN 1

MN 2

0.37

10.9

MGF4953A

MN 1

MN 2

0.36

13.4

NE3511502

MN 4

MN 3

0.35

10.3

FHC40LG

MN 1

MN 1

0.55

10.4

ATF-36077

MN 4

MN 2

0.49

11.7

Table 3.2: Resume of the results obtained for each transistor at f. of 10 GHz.
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Transistor | Input MN | output MN | max NF (dB) | min G (dB)
MGF4941AL MN 1 MN 2 0.75 14.6
MGF4953A MN 3 MN 3 0.76 11.3
NE3511502 MN 3 MN 3 0.78 11.8
FHC40LG MN 1 MN 4 0.81 10.5
ATF-36077 MN 4 MN 2 0.78 10.7

Table 3.3: Resume of the results obtained for each transistor at f. of 5 GHz.

results have decreased in quality for both important parameters. The transistor that
presents the best values for these parameters is the MGF4941AL. The simulations
performed by the MATLAB code, contributed to the following step that uses ADS.

3.3 ADS simulation

ADS was the elected program to perform the design of the LNA. This tool is of
high importance for any designer of RF devices. Having the help of the MATLAB
simulations and taking in consideration their availability it was possible to choose
two transistors to work with. They are both from the same company (Mitsubishi
Electric): MGF4941AL and MGF4953A.

3.3.1 Introduction

Working with ADS is quite helpful, since it provides a series of tools to differentiate
almost all aspects of the circuit that is being designed. Unlike MATLAB this software is
capable of reproducing both bias and RF choke circuits. It is also capable of simulating
all the connections and junctions of the transmission lines and of the transistor.

The designer must take in to consideration not only the requirements of producing
an efficient LNA but also the specifications on building the final Monolithic Microwave
Integrated Circuit (MMIC). All minimal details must be carefully reproduced on the
ADS simulation in order to guarantee accurate results that are as close as possible to
the real ones. Most of the results of the simulations are for the transistor MGF4953A
at a central frequency of 10 GHz and a BW of 500 MHz. Transistor MGF4941AL was
simulated for a central frequency of 5 GHz and a BW of 500 MHz. This difference on
the central frequency is for future comparison of the results of both transistors.

The simulation on ADS was divided into two groups. Using the S-parameter files
and using the non-linear model of the transistor (both provided by the manufacturer).

3.3.2 S-parameter simulations

The first step of this procedure is to implement the best input MN that was ob-
tained with the MATLAB simulation. The transistor is once again represented by the
S-parameter file provided by the manufacturer. The lengths of the components are
configured according with the results of the previous simulation. The next step is to
make a first analysis by drawing the plots of the NF that is obtained at the output
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Figure 3.24: Plots of Sy, and gain.

and of the |S1;| in dB. This last value will provide a measure of the accuracy of the
input MN, since the best possible result would be zero (no reflections at the input) its
correspondent value in dB should be the most negative as possible at the frequency
that is intended like is shown at figure 3.23a. Of course the value of the NF should also
be has low as possible (figure 3.23b). With the help of the tunning tool it was possible
to optimize the values of the lengths that would provide the desired results.

The next step is the implementation of the best output MN provided from the
results of the MATLAB simulation. Similar to the input, the optimization of the gain
and of the Sy, parameter was made with the tuning tool. Like in the case of the Si;
the value of Ss; should be zero and the conversion to dB should get this value to be the
most negative possible. At figure 3.24 it is possible to see the goals that are intended.

So by now the design of the circuit is the one depicted at figure 3.25. It is possible
to see the terminals (corresponding to Zg and Z1) with the value of 50 Q and the rest
of the components that were mentioned. But this approach is very much incomplete,
so the designer must consider some aspects relative to the real implementation of a
MMIC. There should be a microstrip Line (MLIN) that simulates the connection that
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posteriorly will be made to the SubMiniature version A (SMA) connectors on both
terminations (source and load). There should also be a reproduction of the connections
that will be made to the transistor and that depends on its dimensions and package
(provided by the manufacturer). The bias and RF choke circuit is missing. And finally
two Direct Current (DC) block (appropriate capacitors) should also be added to the
RF signal path to prevent the DC of flowing to the source and load which can cause
serious damages and degradation of the NF.

ML L
TLZ TL4
S2F
SRP1
A 1 . 1
i S | - . | I
LI LI
X
Term T TL3 r¥ .
§ Termi Termz
Mum=1 N?Jrrr:—z
— Z=50 Ohm _ Z=50 Ohm

_C0803  MLIN
TL10

Term
: Term2

> | Num=2
Z=50 Ohm

Figure 3.26: Final circuit.

The final circuit design is represented at figure 3.26. The bias circuit was configured
having in mind the specifications provided by the manufacturer of the transistors. The
quiescent point is obtained by having a Ipg of 10 mA and a Vpg of 2 V. The Vg
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should be considered in the interval of [-0.5, 0] V. As it is known, the capacitor at DC
is considered to be an open circuit but at higher frequencies it is considered to be a
short circuit. Although this is a very simplest approach, it is effective for explaining
the rest. So for the bias circuit the only elements necessary are a resistance and a
capacitor. Their values were calculated having in mind their availability and function
on the circuit.

The RF choke (as it has been mentioned on subsection 2.6.4) is responsible for
preventing the RF signal of diverging from the path that was designed for it and to
avoid that it goes through the bias circuit. For the quarter wavelength line the values
that are necessary to be calculated are its line’s length and width. The value for the
width (W) should be the lowest possible to provide a high impedance value (equation
2.33). So its value is dependent on the manufacturer that will produce the circuit.
In this case the minimum possible value is 0.2 mm. The line’s length is calculated
using equation 2.26 and a tool of ADS that calculates the accurate value for .5y when
provided with the frequency of use and the parameters of the substrate chosen. The
value obtained with equation 2.26 is then divided by 4 and this is the final length
value for the quarter wavelength. The parameters of the radial stub was obtained by
simulation with ADS. By knowing that at the output of this component should be
short circuit for RF and afterwards at the output of the quarter wavelength line there
should be an open circuit. This means that at that point the gain should be the lowest
possible.

The DC block formed by capacitors were obtained by researching for the ones
that would provide a good result for a RF signal. After obtaining a package from a
manufacturer that provided the models to use on ADS several simulations were so that
a good choice of the capacitor can be made.

The Microstrip T-junction (MTEE)s were used so that they reproduce the connec-
tions between the stubs used and the lines which they are attached. They are also used
to connect lines with different widths and finally the connections with the transistor.

The rest of the components were configured with the help of the tuning tool so that
the best results for the important elements of the LNA could be obtained. Reminding
that there has to be a compromise between the gain and NF.

The procedure that was explained previously is easily adapted for both the tran-
sistors and frequencies being used. The main difference resides on the dimensions and
values of the components (DC capacitors, MLIN, Microstrip Line Open Circuit stub
(MLOC), MTEE and radial stubs). At figure 3.27 it is possible to see the results for
the NF and for the gain of the transistor MGF4953A. It is possible to see that at the
central frequency and at the bandwidth chosen for this transistor, the NF is lower than
1 dB. The respective gain is above 13 dB, although its plots shows a peak of 16 dB
between the fy and f; of the bandwidth. The representation of the simulations for the
NF and for the gain of transistor MGF4941AL is depicted at figure 3.28. It is possible
to see that the values for the NF are slightly better but now the central frequency of
interest is half the one for the previous transistor.

A stability test was also performed, reminding equation 2.49, the value of mu should
be higher than 1 so that the amplifier can be considered stable. At figure 3.29a it is
possible to observe that the amplifier assembled with transistor MGF4941AL can be
considered to be stable. As for the amplifier assembled with transistor MGF4953A
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Figure 3.30: Results for the noise figure and gain of MGF4953A.

there are some frequencies at which the values of u are slightly beneath the limit.

3.3.3 Non-linear model simulations

By working with two transistors of the same company (Mitsubishi Electrics) it
was easier to obtain their non-linear models. The difference between these models and
the study with the S-parameters file is that the non-linear models covers some aspects
that the S-parameter does not. The design that was implemented is the same the only
difference resides on the substitution of the S-parameter file of the transistor for the
correspondent model. The dimensions of the components were also adjusted with the
tunning tool of ADS.

3.3.4 Results

The results obtained for each transistor focus once again on the NF, gain and
stability. Figure 3.30 depicts the plots for the results of transistor MGF4953A. It is
possible to see that the value for the NF is much better but the gain has been slightly
reduced (this is due to the compromise that the designer must take between both these
parameters of a LNA). Figure 3.31 shows the plots of the results from the simulation
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Figure 3.32: Results for the stability.

for transistor MGF4941AL. Once again it is possible to see the decrease of the value
for the NF and also a decrease for the value of the gain.

By performing a p stability test, it was possible to obtain the plots of these results
that are illustrated at figure 3.32. The results for the stability test are much better
than the ones obtained previously (figure 3.29).

3.3.5 Conclusion

The simulation with ADS was an extension of what was obtained with the MATLAB
simulations. With the use of this program it was possible to obtain the values for each
component that will be used on the final circuit. At table 3.4 it is possible to see the
dimensions that will be used later when performing the layout. The table is divided
in to two parts, one part for the dimensioning of the LNA that will use the transistor
MGF4953A at 10 GHz and the other part is with the LNA that will be implemented
with transistor MGF4941AL at 5 GHz. The component TL5 and TL6 are the quarter
wavelength lines that compose the RF choke circuit. Their width is different (as it has
been previously mentioned) and has the value of 0.2 mm. The other components have
the width of 1.51 mm (measure relative to the substrate). The components that are
missing on the table are the radial stubs dimensions. To characterize these elements,
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Dimension (mm)
Component | Designation | MGF4953A | MGF4941AL

TL1 MLIN 2.38 0.72
TL2 MLIN 0.99 1.55
TL3 MLOC 1.30 1.14
TL4 MLIN 5.46 2.18
TL5 MLIN 5.5 11
TL6 MLIN 5.5 11
TL7 MLIN 3.34 3.55
TL8 MLOC 1.27 2.03
TL9 MLIN 1.27 1.14
TL10 MLIN 1.62 1.41

Table 3.4: Dimensioning of the circuits.

one must provide its radius and angle. For transistor MGF4953A their values are 3.26
mm and 90°respectively and for transistor MGF4941AL the radius is of 6.14 mm and
the angle is also 90°.

3.4 Concluding remarks

The results obtained with both simulators were helpful on the choice of which
transistors available on the market can have a reliable performance when implemented
in to a LNA. The MATLAB simulation was useful to understand what types of matching
networks can be utilized and which can ones should be avoided. It was also helpful to
visualize a first glimpse of the NF and gain that the tested transistors can introduce
on the LNA. The ADS simulation was crucial to visualize important aspects of the
implementation of a LNA that were not covered with the (MATLAB simulation. It was
also possible to make two types of simulations, one with the S-parameter file (similar
to MATLAB simulation ) and another one with the non-linear model of transistors. The
results were promising and with the help of these powerful tools of simulation it was
possible to advance for the next step of this project, that is the design of the layout
and final construction of both LNA.
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Chapter 4

Results

4.1 Summary

This chapter presents the achieved experimental results. There is a brief introduc-
tion to the layout, equipment and precautions that were taken into consideration.

4.2 Circuit layout

After the simulations performed in MATLAB and in ADS the next step was to design
the layout of the circuit with the help of an other useful tool. While performing
this layout the designer must respect the dimensions of the components that compose
the final circuit. Figure 4.1 depicts the layout for the transistor MGF4941AL and
figure 4.2 represents the layout for transistor MGF4953A. Tt is possible to see some
differences between these two layouts. The first noticeable one is the length of the line
that connects the radial stub to the main path of the circuit. This line has a quarter
wavelength, so having in mind that the circuits are optimized for different frequencies
and reminding equation 2.26 it is logical to assume that their lengths should also be
different. The second noticeable difference is the size of the radial stub. For both
cases its angle is of 90°, but the one depicted at figure 4.1 is much larger than the
one used for transistor MGF4953A. This is due, once again, to the central frequency
and the optimization of this component to perform an efficient RF choke. There are
also differences regarding the connectors of the transistors and the dimensioning of the
input and output MN. The gaps that are shown in both figures are for the connection
of the capacitors and for the transistors. There are also two blocks at the lower part
of both layouts at each left and right side. The two blocks on the left side correspond
to the input voltage supply for the gate and the ground. The two blocks on the right
side correspond to the input voltage supply to the drain and the ground.

This layout was then sent to a manufacturer with the right substrate (RT5880 in
this case) to produce the test circuit. The construction of the circuit must take into
consideration the layers that this project must have. Tracks are made over the substrate
by following the instructions provided by the layout, this will be the top layer and also
the signal layer. Another required layer is the one for the ground. To conclude the
construction part, there is still missing the casing of the circuit made of brass. This is
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Figure 4.1: Layout for the MGF4941AL (f.=5 GHz).

CL_4953_10G

1mm: 0.38 mm

Figure 4.2: Layout for the MGF4953A (f.=10 GHz).
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Designation Description Range of use
HP8970A Noise meter 10 to 1600 MHz
PL320QMD | DC Power supply (2 channels) | up to 32 V and 2 A
E8361C PNA Network Analyser 10 MHz to 67 GHz
HP8593E Spectrum Analyser 9 kHz to 26.5 GHz
SMRA40 Signal Generator 10 MHz to 40 GHz

Table 4.1: Equipment used for experimental purposes.

necessary in order to guarantee an uniform ground plane and avoid some interferences
when making the measurements.

4.3 Equipment

Table 4.1 shows the equipment that was required on this part of the project along
with their specifications. The HP8970A was the device available for the measurement of
the NF, it is also possible to measure the gain with this equipment. The PL320QMD
is a dual channel power supply, this feature is necessary , since the circuit needs a
positive (Vp) and a negative (V) voltage supply. The E8361C is the one responsible
for providing a set of S-parameters for the circuit being studied. The HP8593E is
a spectrum analyser, this equipment is responsible for providing the measure of the
magnitude of the power’s spectrum of an input signal throughout the range of frequency
of this device (in this case 9 kHz to 26.5 GHz). The SMR40 is a signal generator that
was used as a local oscillator (more about this device will be described in a following
subsection). There were also some other special components that were used to help
with the use of the noise meter. Such as an attenuator, a mixer, a commercial LNA
and DC Blocks.

4.4 Stability test of the circuit

After the production of the PCB the next step was the circuit assemblage. Re-
minding the design depicted at figure 3.26, it is possible to see the components that
are missing. After the complete assemblage of the circuit, the next step was to use
the spectrum analyser to see the performance of the amplifiers. The first amplifier to
be tested was the one with transistor MGF4953A optimized for 10 GHz. The analysis
test showed that it was oscillating. The oscillation was at a frequency of approximately
18 GHz. Having the circuit already assembled, some solutions were advanced in order
to mitigate this problem. The first solution that was tried, was the introduction of a
shunt resistance on the drain, but this proved insufficient. The next solution was a lit-
tle bit unorthodox, a thin slice of copper was introduced on the signal path and tested
in different places with the objective of eliminating this oscillation. This procedure
proved to be efficient since it was possible to cancel the peak at 18 GHz.

But still there were some problems with the circuit, when trying to use the network
analyser to get the S-parameters, an error message was issued preventing this resource-
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Figure 4.3: Final circuit for MGF4953A with alterations.

ful test. This error message had to do with oscillations that were still occurring. So
the problem could be in other places. During the circuits’ simulations, it were used
capacitors with very low value for the DC blocks and with a very good behavior at RF.
Unfortunately, when making the order for the manufacturer, these sort of capacitors
were unavailable, thus compromising the design assumptions. The solution advanced
was to remove those capacitors and cover the gap left by them on the signal path.
After performing these procedures it was finally possible to obtain test results. The
final circuit with the changes is displayed at figure 4.3

For the amplifier with the transistor MGF4941AL, the same problems occurred. So
the same procedure that was performed for transistor MGF4953A took place. Figure
4.4 shows the final circuit of this amplifier with all the necessary modifications.

4.5 Measurement procedure

NF is the most important measure to make on a LNA (along with the gain). There
are some concepts that should be revisited and new ones that must be added to fully
understand the tests that were conducted in order to obtain the final results for this
project.

Recalling equation 2.16, it is possible to see that Voyr can be substituted by Poyr
if the units of the Boltzmann constant are changed from eV K~! to JK~! (table 1),
thus obtaining equation 4.1. G is representing the gain of the radiometer receiver (or
of the LNA as depicted at figure 2.9). This is the value of the noise power that will be
read at the output of the system.

Pour = kBTG (4.1)
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Figure 4.4: Final circuit for MGF4941AL with alterations.

4.5.1 Y Factor method

The Y factor method is known to be a useful technique on the measurement of the
NF. The concept is quite simple, using equation 4.1 and making some substitutions it
is possible to obtain the following expressions [27]:

If T=Ty+T, then P =k(T,,+T)BG (1.2)
If T=Ty+T, then Py=k(T,,+T5)BG (4.3)

The values of T7 and T5 are known in advance, so if one divides equation 4.2 by equation
4.3 the result is the following expression:

o Pl _Tsys+Tl

y — -1
PZ Tsys+T2

(4.4)

Since the ratio between the two values of the power is known (Y) the only value that
remains unknown is Ty,s. And with that the following expression is obtained:

TW—-YT,

Low ==y

(4.5)

Before adapting this theory to the practical case, one must first introduce another
concept, the Excess Noise Ratio (ENR). The Y factor method comprehends the han-
dling of a noise source that has a pre-calibrated ENR characterized by the following
expressions:

TON _ T OFF

ENR = 4.
R== (4.6)
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. | Noise meter
MNFa

MNoise source

Figure 4.5: Simple chain of elements for a calibration.

ENRyp = 10log;o(ENR) (4.7)

TN stands for the noise temperature of the noise source when its state is ON.

TsOFF stands for the noise temperature of the noise source when its sate is OFF.

Ty stands for the standard room temperature which is equivalent to 290 K.
TsOFF is the physical temperature of the noise source and Ts%Y is computed by the
noise source with the help of expression 4.7.

TSON — 10ENRdB/1OTO + TSOFF (48)

There are also some precautions when making the measurements with the noise
meter in order to avoid the introduction of error. One must avoid to expose the noise
meter to fluorescent lights, nearby instruments and computers, cellular telephones and
other types of communication devices while making the tests [39].

4.5.2 Calibration

Before making any type of measure with the noise meter it is important to calibrate
the equipment. Before entering in to the details of this procedure, one must first
understand the implementation of the Y factor method since it is a crucial tool for this
part.

Figure 4.5 shows the noise source and the noise meter connected to each other.
What this device does is setting the state of the noise source ON and OFF periodically
and with this makes various measures of Yy to obtain a mean value of it that is more
reliable to use. Expression 4.9 serves as reference for the calculation of this value and
equation 4.10 completes it.

Vo — Py TSN + Twwr (4.9)
NM = = .
Py @ T + T
TSON _ YNMTSOFF
Ty = 4.10
= = (1.10)
Pn P is the value of the noise power generated by the noise meter when the noise

source is ON

PayaPFT is the value of the noise power generated by the noise meter when the
noise source is OFF

Tnas is the equivalent noise temperature of the noise meter

After obtaining all the previous values, the noise meter stores them and assigns for
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DuTt .
R MNoise meter
MNoise source MNFput »-
G MFyp

Figure 4.6: Simple chain of elements for a calibration.

the NF and gain the value of 0 dB that are then displayed for the user. These values
are of high importance for the next step.

Figure 4.6 displays the introduction of the Device Under Test (DUT) on the chain of
elements that was displayed at figure 4.5. The process used previously is then repeated
and equations 4.11 and 4.12 serve as support for the calculations.

v, _ Pourann®Y TsON + Tourinu (4.11)
DUT+NM = = :
Ppursnu®™t TsO"F + Tpurenm
Ts — YpurinuTsO""
Tpursnm = s (4.12)

YDUT—i—NM —1

PDUTHVMON is the value of the noise power generated by the DUT and noise meter
when the noise source is ON.

PDUT+NMOFF is the value of the noise power generated by the DUT and noise meter
when the noise source is OFF.

Toursna is the value of the equivalent noise temperature generated by the DUT
and noise meter.

After obtaining all of the mentioned values it is now possible to calculate the value
of the gain of the DUT. Expression 4.13 is used by most noise meter instrument devices
for the calculation of the gain.

Ppurinu® = Pourenu®"
PN]\/[ON . PNMOFF

Finally, it is now possible to calculate the value of the noise temperature of the
DUT with the help of the Friis’ law (equation 2.46) and the final result is computed
with expression 4.14:

Gpur = (4.13)

TNM

(4.14)

TDUT = TDUT+N]\/I - G
DUT

The noise meter makes the calculation of the NF with the use of expressions 2.14 and
2.13. This last value is then displayed for the user to see.

Figure 4.9 is the final set-up of the circuit that was used for the measurements. The
calibration for this case must take into consideration all of the elements that are before
and after the DUT. This procedure is necessary to prevent the wrongful measure of
the gain and NF of the DUT by establishing a calibration plane. So as a resume, the
procedure that the noise meter carries on to make the measurements is the following:

e Calculation of the values for PNMON, PNMOFF, Y and Thas.

e Calibration of the noise meter by setting its NF and gain to 0 dB.
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dB(S(2.2))

dB(S(2.1))
dB(S(1,1))

90 92 94 8f 98 100 102 104 0B 108 110
freq, GHz

Figure 4.7: S-parameter file obtained for the LNA assembled with transistor
MGF4953A.

e Introduction of all the components except the DUT in order to perform another
calibration.

e Introduction of the DUT and obtainment of PDUT+NMON, PDUT+N]V[OFF, YDUTJFN]W
and Tpyrsnw-

e Calculation of Gpyr, Tpyr and finally the NF of the DUT that are both displayed
on the noise meter.

4.6 Experimental results

With the help of the PNA Network Analyser it is possible to obtain the S-parameter
files for the LNAs being tested. Those files where used on ADS in order to obtain the
plots that are displayed in figures 4.7 and 4.8.

The NF and gain measurements was performed with the aid of a noise meter
(HP8970A). Figure 4.9 represents the test circuit that was used for that purpose. For a
better understanding of figure 4.9, a brief explanation is required. The DC blocks that
appear are RF components that are connected to the SMA connector of the amplifier,
their objective is to replace the capacitors that were previously removed due to issues
with the stability. The pre-amplifier that appear in this figure is an expensive com-
mercial LNA. Its goal is to increase the gain of the signal that is being read without
introducing a high level of noise into the system. It is normally used when the noise
meter has a high value of NF or when the DUT being analyzed has a low gain. The
attenuator serves to weaken some of the possible mismatches that may occur on the
test circuit and reduce reflections. The mixer is used to make a down conversion of
the frequency. As it is possible to see at table 4.1, this noise meter has an operation
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Figure 4.8: S-parameter file obtained for the LNA assembled with transistor
MGF4941AL.
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Figure 4.9: Set-up used on the noise meter.
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DOWNCONVERSION
ﬂF = |ﬂo - fRF‘

DC Frequency
Radio Frequency % Intermediate Frequency
(fer) © ° (fie)
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Figure 4.10: Down conversion [§].

LNA NF (dB) | Gain (dB) | Vps (V) | Vas (V) | Ips (mA) | £, (GHz)
MGF4953A | 1.59 7.59 2.2 ~0.26 13 10
MGF4941AL | 1.24 12.28 2.3 -0.31 11 5

Table 4.2: Obtained results for both LNAs.

range up to 1.6 GHz, but the lowest central frequency that was used is of 5 GHz. To
overcome this problem it is necessary to use a RF mixer to perform a frequency down-
conversion. This method is best described in figure 4.10 The frequency of the local
oscillator is provided by a signal generator (SMR40). The method of down conversion
is specified by the following expression:

fir = |fro — frr| (4.15)

f1r stands for Intermediate frequency

fro stands for Local Oscillator frequency

frr stands for radio frequency
The frr should be as low as possible so that the interaction with the noise meter has
the best results. This has to do with the way that the instrument works, which implies
a sweep through a very small bandwidth in order to calculate an average value of the
NF.

After performing several bias tests in order to optimize both NF and gain, the
best results obtained are described at table 4.2. By observing figures 4.7 and 4.8 it is
possible to see that the values obtained for the gain with the PNA Network Analyser
are in agreement with the ones obtained with the noise meter.

4.7 Concluding Remarks

After concluding all the experimental tests there are some issues that are pertinent
to be discussed. The values for the S;; and Sys obtained from the network analyser
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TRANSISTOR

Q CONNECTION
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Figure 4.11: Impedance of the source.

show that the matching networks made for the amplifiers are not as perfect as one
would intend, and that could be the cause for an increase on the value of the NF on
both LNAs. The stability of both LNAs were of great challenge, and the introduction
of external copper lines may also be a cause for the increase of the NF and the decrease
of the gain on the LNA assembled with transistor MGF4953A. Another issue that
should be discussed are the ADS simulations with the non-linear models. The results
that outcome from these simulations showed a NF extremely low when compared to the
experimental results, what leaves some doubts regarding the parameters associated with
those models. As for the simulations with the S-parameters, they are more coherent.
While the stability showed no problems with the non linear models (what proved to
be wrong) the S-parameter simulation showed that there could be the possibility of
occurring oscillations. Recalling figures 3.29a and 3.29b it was possible to see that with
the p stability test, that both LNAs were on the limit of stability at some frequencies.
Even so, with some efforts, it was possible to obtain results on the experimental tests.

The most relevant issue that could be the cause for all the problems that occurred
with the stability is the absence on the simulations of an impedance between the
source of the transistor and the ground. From figure 3.26 it is possible to see that
the simulations did not have in consideration the connections from the source to the
ground that are possible to see at figure 4.11. The lack of an impedance that simulates
this connection, introduces errors on the matching of the input network, what then
leads to possible oscillations and an undesirable increase of the NF.

As a final remark one should make a comparison with the available on the
market and that are displayed at table 2.5. From this table it is possible to see that
the results concerning the [NF]are not as bad as the ones displayed here, while the gain
is considerably low when making the comparison.

65



CHAPTER 4. Results

66



Chapter 5

Conclusions

5.1 Summary

In this chapter the conclusions are contemplated, also there is a proposal of ideas
to a future work for someone that has interest in this challenging area. Some final
remarks are made to terminate this academic work.

5.2 Conclusions

This dissertation was an attempt to introduce a new approach to the design of
a LNA with cheaper transistors and new technologies (HEMT). The tasks that were
followed were basically the same ones used in the design of any amplifier at RF'. The dif-
ficulty was added with the need of designing a device with low noise level introduction,
a proper gain and stable in a range that accommodates very high frequencies.

The results although somewhat not as desired as intended, were reassuring that the
work was on the right track. Some faults and mistakes can be corrected and those were
the ones that affected the final results of the circuit that was designed.

The first step of this hard work was the familiarity with the theoretical concepts that
sustain the practical part. Research and investigation was made throughout papers and
books of the subject. An overview of the existing LNA on the market was conducted
to reassure a comparison with the ones developed.

The second step was the simulations of the future construction of the device. This
part was of great help to understand some of the issues that can interfere with the
final result. Both available softwares provided an interesting approach to the relevant
aspects of the design, such as the matching networks and the considerations that must
be taken to assure the maximum power transfer between the source and the load. The
software also provided images and graphics that constituted a powerful tool to correct
any inaccuracies that could damage the final work. Using the ADS it was possible to
tune the parameters of the components that constituted the design. The only problem
is that the values on simulation may not correspond to the ones that exist on the
market.

The third step was the construction of the device. This was made with the help of
technicians and professionals of the field. The LNA was manufactured and executed
with the necessary requirements.
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The fourth step was the testing of the device. This was the most delicate part
because of the responsibility and the caution that one must take for not damaging
neither the circuit or the equipment used for the tests. The operating point of the
active part of the circuit (transistor) was of big importance since the voltage and the
current admitted had an influence on the noise figure and on the gain. So a tune of
the feed and a compromised between both gain and noise figure took place to assure
the quality of the final response. Also there were some problems with the stability of
the circuit that were of great challenge to solve and that can be responsible for the
degradation of the final results.

5.3 Future work

Having in mind the results that were obtained, there are some aspects of this work
that could be improved:

e The simulation created on MATLAB can be enhanced. This does not contemplate
issues like the bias operating point of the transistor used neither other aspects
that were latter introduced on the ADS simulation. Also other sets of matching
networks can be added to improve the search.

e The transistors chosen for this work can also be updated, others are now available
on the market that could add a better performance to the design of the LNA. And
it would be a better approach to use transistors from different manufacturers.

e The use of the S-parameter files proved to be more accurate than the non-linear
models, so a better approach would be to make a study concerning the non linear
models and how they are obtained by the manufacturers.

e An interesting work would also be the construction of a radiometer receiver with
all its components.

e It would also be interesting to conduct cryogenic tests in order to evaluate the
performance of the LNA, considering that those are the environment conditions
on the SKA project.
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Appendix A
MATLAB code

MATLAB functions

The following pages have the code that was created on MATLAB that supports the
simulations that were presented on chapter 3. At table A.1 there is a presentation and
a brief description of the functions that were developed for this work.

Function Description

main_ MN _final Main function that supports all the others. Declaration
of variables and code for the plots.

matching network Assembles the parameters of the MN for each set of [y
and Iy (and I3 if it is the case).

MN input_search Calculates the NF for each MN and determines which
one has the best performance.

MN output_search Calculates the Gain for each MN and determines which
one has the best performance.

Stability _check Calculates the p stability test

Table A.1: Functions developed and their description

The first function is the main_ MN_final.m, that is the main function that inter
ligates all the others that follow.

main_MN final

clear all

close all

clc

tic

global freqg ZL Zs Z0 Unm_Amp aux Noise_Figure Gain Gainl pathname Noise_Figurel Best_]

Zs=50; $source impedance
20=50; $reference impedance
ZL=50; %$load impedance

)
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aux=0.le-3:1e-3:7.1le-3; %auxiliar variable that defines the length size of 11 and 17
fc=0; $flag for the fc input procedure
BW=10; %$flag for the bw input procedure

%% loop that provides a correct value for the fc
while (fc<=0 || isempty (fc))

strl=('Input central frequency: ")
fc=input (strl);
if (fc<=0)
disp ('Incorrect value for central frequency!')
end
if (isempty (fc))
disp('no input value')
fc=0;
end

o
o\

%% loop that provides a correct value for the BW
while (BW<=10 || isempty (BW))

str2=('Input bandwidth: ")

BW=input (str2);

if (BW<=10)
disp('Incorrect value for bandwidth')
end
if (isempty (BW))
disp('no input value')
BW=10;
end

o
o

%% user input choice for using or not short circuited stubs
str3=('Would you like to use short circuited stubs? y/n ") ;
reply=input (str3, 's"');

if reply=='y'
num_matching networks=8;
else
num_matching_networks=4;
end

o\°
o\

Noise_Figure=zeros (length (aux), length (aux),num_matching_networks);

%$auxiliar variable that stores the different values for Noise Figure
Noise_Figurel=zeros (length (aux), length (aux), length (aux),num_matching_networks);
Gain=zeros (length (aux), length (aux) ,num_matching_networks);

%$auxiliar variable that stores the different values for Gain

Gainl=zeros (length (aux), length (aux), length (aux),num_matching_networks) ;
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Best_NF=cell (num_matching_networks,1);
Best_Gain=cell (num_matching networks,1l);

o
o

%% menu that provides a choice for the available transistors

choice=menu2 (' Available transistors: ', "MGF4941AL"', '"MGF4953A"', '"NE3511502"', "FHC40LG

switch choice

case 1

s2pfile="mgf494lal.s2p"';

pathname='C:/Users/Calucas/Desktop/LNA/matlab_final/teste’';
case 2

s2pfile="mgf4953a.s2p"';

pathname="'C:/Users/calucas/Desktop/LNA/matlab_final/teste';
case 3

s2pfile="NE3511S02v2_2_18_2_10.s2p';

pathname='C: /Users/calucas/Desktop/LNA/matlab_final/teste';
case 4

s2pfile="FHC40LG.s2p"';

pathname='C: /Users/calucas/Desktop/LNA/matlab_final/teste';
case 5

s2pfile="ATF-36077.s2p";

pathname='C: /Users/calucas/Desktop/LNA/matlab_final/teste';

o\°
o\

%% analyze parameters

Npts=41;

fLower=fc—- (BW/2);

fHigher=fc+ (BW/2) ;
freg=linspace (fLower, fHigher, Npts) ;

o\
o\

%% auxiliar variables for the stability (using mu factor)
fregl=linspace (100e6,50e9,100);
aux_mu=zeros (length (freql),1l);

%% analyzis of the unmatched amplifier using the s2p file of the transistor
Unm_Amp=read (rfckt.amplifier, s2pfile);
analyze (Unm_Amp, freq, 2L, Zs, Z0) ;

o\
o\

%$call of the function that provides the best INPUT matching network
[inMN, mIN, 11IN,12IN, 13IN]=MN_input_searchl (num_matching_networks) ;

%$call of the function that provides the best OUTPUT matching netwotk

[outMN, mOUT, 110UT, 120UT, 130UT]= MN_output_searchl (num_matching_networks);

%% construction and analyzis of the matched amplifier
Matched_Amp = rfckt.cascade('ckts', {inMN, Unm_Amp, outMN });
analyze (Matched_Amp, freql, 2L, Zs, Z0) ;
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%% extraction of the s parameters matrix for the calculation of the stability
[sp, ~]=extract (Matched_Amp, 'S_parameters');

for i=1l:length (freql)
aux_mu(i)= s_p(sp(:,:,1));
end
;;tched_Amp = rfckt.cascade('ckts', {inMN, Unm_Amp, outMN });

analyze (Matched_Amp, freq, 2L, Zs, Z0) ;

%% plots of the results

figure;

plot (Matched_Amp, 'NE'")

hold all

plot (Unm_Amp, "NFE ")

hold off

legend ('NF - Matched', 'NF - Unmatched', 'Location', '"East');
str2=sprintf ('Best Noise Figure obtained '");

title(str2)

figfile = 'Best_NF';

saveas (gcf, [pathname, filesep, figfilel, 'png');
saveas (gcf, [pathname, filesep, figfile], 'fig');

figure;

plot (Matched_Amp, 'Gt'")

hold all

plot (Unm_Amp, 'Gt ")

hold off

legend ('Gt - Matched', 'Gt - Unmatched', 'Location', 'East');
str2=sprintf ('Best Gain obtained '");

title(str2)
figfile = 'Best_Gain';

saveas (gcf, [pathname, filesep, figfile], "'png');
saveas (gcf, [pathname, filesep, figfile], 'fig');

aux_plot=ones (length(freql),l);
figure

plot (fregl/1le9, aux_mu)

hold all

plot (freqgl/le9, aux_plot, 'r'")
hold off

xlabel ('freg (GHz) ")
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legend ('mu\_factor', 'frontier=1"', 'Location', 'East"');
grid on
title('Stability check with the mu test (should be >1)")

figfile = 'Stability';

saveas (gcf, [pathname, filesep, figfilel, 'png');
saveas (gcf, [pathname, filesep, figfile], 'fig');

o
o\

%% display of the best MN for the input
figure ('Name', 'Best model for the input matching network')

switch mIN

case 1

imshow ('malhal.png')
case 2

imshow ('malhaZ.png')
case 3

imshow ('malha3.png')
case 4

imshow ('malha4.png')
case 5

imshow ('malha5.png')
case 6

imshow ('malha6.png')
case 7

imshow ('malha7.png')
case 8

imshow ('malha8.png')
end
figfile = 'Best_inMN';

saveas (gcf, [pathname, filesep, figfile], 'png');
saveas (gcf, [pathname, filesep, figfile], 'fig');

o\
o\

%% display of the best MN for the output
figure ('Name', 'Best model for the output matching network: ")
switch mOUT

case 1

imshow ('malhal.png')
case 2

imshow ('malha2.png')
case 3

imshow ('malha3.png')
case 4

imshow ('malha4d.png')
case 5

imshow ('malha5.png')
case 6

imshow ('malha6.png')
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case 7

imshow ('malha7.png')
case 8

imshow ('malha8.png')

end
figfile = 'Best_outMN';

saveas (gcf, [pathname, filesep, figfilel, 'png');
saveas (gcf, [pathname, filesep, figfile], 'fig'");

o\
o\

% write of a text file with the length, NF and Gain results for each MN

clc

format shortEng

textfile="text data.txt';

fileID = fopen([pathname,filesep,textfile], 'w');

fprintf (filelID, '\tValues were taken for fc= %2.2G Hz and BW= %2.2G Hz\n\tTRANSISTOR -> 2
fprintf (filelID, "MN \t\t 11in \t\t\t 12in \t\t\t 13in \t\t\tllout \t\t\tl2out \t\t\t

for ia=l:num_matching_networks

fprintf (filelID, '% \t %4.2d \t %4.2d \t %5.2d \t %4.2d
\t %4.2d \t %5.2d \t %4.2d \t %$4.2d\n' ,ia,11IN(ia),12IN(ia),13IN(ia),11C

end

o\

o o

% % time taken for the simulation
hours=floor (toc/3600);
minutes=floor (rem(toc,3600)/60);
seconds=rem(rem(toc, 3600), 60);

fprintf (filelID, '\n\nThe time taken for this simulation was of %d hour(s) %d minute(s) ar

%% user option to start over the simulation with different parameters
str5=('would you like to start over? y/n ")

replyl=input (str5, 's');
if replyl=='y'

main_MN_ finall
else

return;
end

The following scripts are a reproduction of the functions that search for the best
input and output matching networks:

MN _input search.m
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MN_input_search.m -> search for the best input matching network

Usage: [bnf, bmi,best_11,best_12] = MN_input_search (MN_num )

MN_num -> number of matching networks in usage

bnf -> matching network with the best noise figure
bmi -> best matching network's number

%best_11 —-> best length for 11

%best_12 -> best length for 12

$best_13 -> best length for 13

o0 o0 o0 o° o° o° o° o° o° o

o

function [bnf, bmi,best_11,best_12,best_13] =MN_input_searchl (MN_num )

global aux Noise_Figure Noise_Figurel Zs Z0 ZL Unm _Amp freq pathname Best_NF
%auxiliar variable used on the Noise_figure calculation

mini_aux=2;

best_ll=zeros (MN_num, 1) ;

best_12=zeros (MN_num, 1) ;
best_13=zeros (MN_num, 1) ; %$only used on MN={3,4,7,8}

%$auxiliar variable for the plots

[111,112,113]=meshgrid(aux, aux, aux) ; $MN={3,4,7,8}
[11,12]=meshgrid (aux, aux) ; $MN={1,2,5,6}

for m=1:MN_num

mini=2;
minil=2;

for il=l:1length (aux)
for i2=1:1length (aux)
if((m==3) || (m==4) || (m==7) || (m==8))
for i3=1l:length (aux)

INMN=matching_network (il, i2,1i3,m);

Matched_Amp = rfckt.cascade('ckts', {INMN,Unm_Amp}) ;
analyze (Matched_Amp, freq, 2L, Zs, Z20) ;
aux2=Matched_Amp.AnalyzedResult.NF;
Noise_Figurel(il,i2,1i3,m)=max (aux2);

if (Noise_Figurel(il,i2,1i3,m)<minil)

minil=Noise_Figurel(il,i2,1i3,m);
best_il=il;
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best_i2=1i2;
best_i3=1i3;
end

end
else

INMN=matching_network (il,i2,1,m);
Matched_Amp = rfckt.cascade('ckts', {INMN,Unm_Amp}) ;
analyze (Matched_Amp, freq, 2L, Zs, 20) ;
aux2=Matched_Amp.AnalyzedResult .NF;
Noise_Figure(il,i2,m)=max (aux2) ;
if (Noise_Figure(il,i2,m)<mini)
mini=Noise_Figure(il,i2,m);
best_il=il;
best_i2=i2;

end

end
end

end

if((m==3) || (m==4) || (m==7) || (m==8))

Best_INMN=matching network (best_il,best_1i2,best_1i3,m);
Best_Matched_Amp=rfckt.cascade('ckts', {Best_INMN,Unm_ Amp}) ;

analyze (Best_Matched_Amp, freq, 2L, Zs, Z0) ;
Best_NF{m}=Best_Matched_Amp.AnalyzedResult .NF;

auxl=mean (Best_NF{m});

if (auxl<mini_aux)
mini_aux=auxl;
bnf=Best_INMN;

bmi=m;
end
best_11 (m)=aux (best_il);
best_12 (m)=aux (best_1i2);

best_13 (m)=aux (best_1i3);

figure () ;

slice(111,112,113,Noise_Figurel(:,:, :,m),aux,aux,aux);

colormap Jet

colorbar ('SouthOutside")

shading interp

caxis ([0,2])

strl=sprintf ('Noise Figure depending on the lengths of 11, 12 and 13 for mode %c

title(strl)
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figfile = sprintf ('NFMN_%d',m);
saveas (gcf, [pathname, filesep, figfile], 'png');
saveas (gcf, [pathname, filesep, figfile], "fig');

figure();

plot (Best_Matched_Amp, "'NE ')

hold all

plot (Unm_Amp, "NE'")

hold off

legend ('NF - Matched', 'NF - Unmatched', 'Location', '"East');
str2=sprintf ('Best Noise Figure obtained with mode %d',m);
title(str2)

figfile = sprintf ('NF_%d',m);

saveas (gcf, [pathname, filesep, figfile], "png');
saveas (gcf, [pathname, filesep, figfile], 'fig'");

else

Best_INMN=matching_network (best_il,best_i2,1,m);
Best_Matched_Amp=rfckt.cascade('ckts', {Best_INMN,Unm_Amp}) ;
analyze (Best_Matched_Amp, freq, 2L, Zs, Z0) ;
Best_NF{m}=Best_Matched_Amp.AnalyzedResult.NF;
auxl=mean (Best_NF{m}) ;
if (auxl<mini_aux)

mini_aux=auxl;

bnf=Best_INMN;

bmi=m;
end

best_11 (m)=aux (best_1i1);
best_12 (m)=aux (best_i2);

figure ()

pl=subplot (211);

pcolor(l1l,12,Noise_Figure(:, :,m))

colormap Jet

colorbar ('SouthOutside")

shading interp

caxis ([0,2])

strl=sprintf ('Noise Figure depending on the lengths of 11 and 12 for mode %d'

title(strl)
set (get (pl, 'XLabel'), 'String', "1l (m)");
set (get (pl, 'YLabel'), 'String', '12 (m)");

subplot (212);
plot (Best_Matched_Amp, "NE'")
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hold all

plot (Unm_Amp, "NE'")

hold off

legend ('NF - Matched', 'NF - Unmatched', 'Location', 'East');
str2=sprintf ('Best Noise Figure obtained with mode %d',m);
title(str2)

figfile = sprintf ('NF_%d',m);

saveas (gcf, [pathname, filesep, figfile], 'png');
saveas (gcf, [pathname, filesep, figfile], 'fig'");

end

end

end

MN _output search.m

SMN_output_search.m -> search for the best output matching network
%Usage: [bg, bm,best_11,best_12] = MN_output_search (MN_num )
e e INPUT VARIABLES———————————————

SMN_num —-> number of matching networks in usage

I OUTPUT VARIABLES-—————————————

%$bg —-> matching network with the best gain

%bm —-> best matching network number

o

%best_11 -> best length for 11

%best_12 —-> best length for 12

function [bg,bm,best_11,best_12,best_13] = MN_output_searchl (MN_num)
global aux Zs Z0 ZL Unm_Amp Gain Gainl freq pathname Best_Gain

%auxiliar variable used on the calculation of the gain

best_ll=zeros (MN_num,1);
best_l2=zeros (MN_num, 1) ;
best_13=zeros (MN_num, 1) ; $only used on MN={3,4,7,8}

%$auxiliar variable for the plots

[111,112,113]=meshgrid(aux, aux, aux) ; SMN={3,4,7,8}
[11,12]=meshgrid(aux, aux); $MN={1,2,5,6}

maxi_aux=1;
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for m=1:MN_num

maxi=1;
maxil=1;
for il=1l:length (aux)

for i2=1:1length (aux)
if((m==3) || (m==4) || (m==7) || (m==8))
for i3=1l:1length (aux)

OUTMN=matching_network (il,i2,i3,m);
Matched_Amp = rfckt.cascade('ckts', {Unm_Amp, OUTMN}) ;
analyze (Matched_Amp, freq, 2L, Zs, 20) ;

[data,~,~] = calculate (Matched_Amp, 'Gt', 'dB");

Gainl (il,12,13,m)=min((data{l} (:)));

if (Gainl (i1,12,i3,m)>maxil)
maxil=Gainl (il,1i2,1i3,m);
best_il=il;
best_i2=i2;
best_i3=13;
end
end

else
OUTMN=matching_network (il,i2, 1, m);
Matched_Amp = rfckt.cascade('ckts', {Unm_Amp, OUTMN}) ;
analyze (Matched_Amp, freq, 2L, Zs, Z0) ;

% [sp, ~]=extract (Matched_Amp, 'S_parameters');
[data,~,~] = calculate (Matched_Amp, 'Gt','dB");
Gain(il,i2,m)=min ((data{l} (:)));

if (Gain(il,i2,m)>maxi)
maxi=Gain(il, i2,m);
best_il=il;
best_i2=i2;

end
end

end

end

Best_OUTMN=matching_network (best_il,best_i2,best_i3,m);
Best_Matched_Amp=rfckt.cascade('ckts', {Unm_Amp, Best_OUTMN}) ;
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analyze (Best_Matched_ Amp, freq, Z2L, Zs, Z0) ;
[data,~,~] = calculate(Best_Matched_Amp, 'Gt', 'dB");
Best_Gain{m}=(data{l} (:));

auxl=mean (Best_Gain{m}) ;

if (auxl>maxi_aux)
maxi_aux=auxl;
bg=Best_OUTMN;
bm=m;

end

best_11 (m)=aux (best_il);
best_12 (m)=aux (best_1i2);
best_13 (m)=aux (best_1i3);

figure ()

slice(111,112,113,Gainl(:,:, :,m),aux, aux, aux) ;

colormap Jet

colorbar ('SouthOutside")

caxis ([8,15])

strl=sprintf ('Gain depending on the lengths of 11 and 12 for mode %d',m);
title(strl)

figfile = sprintf ('Gainl_%d',m);

saveas (gcf, [pathname, filesep, figfile], 'png');
saveas (gcf, [pathname, filesep, figfile], "fig');

figure ()

plot (Matched_Amp, 'Gt'")

hold all

plot (Unm_Amp, 'Gt ")

hold off

legend ('Gt - Matched', 'Gt - Unmatched', 'Location', "East');
str2=sprintf ('Best Gain obtained with mode %d ',m);
title(str2)

figfile = sprintf ('Gain2_%d',m);

saveas (gcf, [pathname, filesep, figfile], 'png');
saveas (gcf, [pathname, filesep, figfile], "fig');

else

Best_OUTMN=matching_network (best_il,best_i2,1,m);
Best_Matched_Amp=rfckt.cascade('ckts', {Unm_Amp, Best_OUTMN}) ;

analyze (Best_Matched_Amp, freq, 2L, Zs, Z0) ;
[data,~,~] = calculate(Best_Matched_Amp, 'Gt', 'dB");
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Best_Gain{m}=(data{l} (:));
aux9=mean (Best_Gain{m}) ;

if (aux9>maxi_aux)
maxi_aux=aux9;
bg=Best_OUTMN;
bm=m;

end

best_11 (m)=aux (best_il);
best_12 (m)=aux (best_1i2);
figure ()

pl=subplot (211);
pcolor(11,12,Gain(:, :,m))

colormap Jet

colorbar ('SouthOutside'")

shading interp

caxis ([8,15])

strl=sprintf ('Gain depending on the lengths of 11 and 12 for mode %d',m);
title(strl)

set (get (pl, 'XLabel'), 'String', "1l (m)");

set (get (pl, 'YLabel'), 'String', '12 (m)"');

subplot (212) ;

plot (Best_Matched_Amp, 'Gt")

hold all

plot (Unm_Amp, 'Gt ")

hold off

legend ('Gain - Matched', 'Gain - Unmatched',6 'Location', 'East');

str2=sprintf ('Best Gain obtained with mode %d',m);
title(str2)

[

figfile = sprintf('Gain3_%d',m);

saveas (gcf, [pathname, filesep, figfile], 'png');
saveas (gcf, [pathname, filesep, figfile], 'fig'");

end

end

end
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This function makes the calculation of the p stability test.

3_{p.nz

% s_p.m — stability parameter of a two-port

; Usage: [mu] = s_p(S)

; S = 2x2 scattering matrix of two-port

% necessary and sufficient conditions for stability:

% mu > 1

function [mu] = s_p(S)

D = det(S);

mu = (1 - abs(S(1,1))"2) / (abs(S(2,2) - Dxconj(S(1,1)))
end
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