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RESUMO

Título: Front end RF do receptor de um terminal móvel de comunicação via satélite em
banda Ku e soluções IoT
Autor: Guilherme Felix De Andrade
Orientador: Prof. Dr. Sébastien R.M.J. Rondineau
Programa de Pós-Graduação em Engenharia Elétrica
Brasília, 30 de dezembro de 2022

Os sistemas de comunicação via satélite precisam recuperar o sinal transmitido, processá-
lo adequadamente e adicionar o mínimo possível de ruído ao sistema, pois o sinal é bastante
atenuado pelo espaço livre e pela chuva. Este trabalho apresenta o desenvolvimento, simu-
lações sistêmicas e medições do receptor heteródino de rádio frequência para um terminal
móvel de comunicação via satélite operando na banda Ku, juntamente com um sistema ba-
seado na comunicação LoRa para dispositivos e adição de funcionalidades IoT ao produto.
Além disso, é apresentado o projeto e procedimentos de design de filtros passivos, mixer e
LNA utilizando o software Advanced Design System. Este trabalho apresenta uma compila-
ção de subitens de três projetos cujo o foco é comunicação satélite e LoRa, desenvolvido ao
longo do mestrado.

Palavras-chave: Front End RF, Receptor, Comunicação Satélite, IoT.



ABSTRACT

Title: Ku Band RF Front End receiver of a mobile terminal for satellite communication and
IoT solutions
Author: Guilherme Felix De Andrade
Supervisor: Prof. Dr. Sébastien R.M.J. Rondineau
Graduate Program in Telecommunications and Communications Network Engineering
Brasília, December 30th, 2022

Satellite communication systems must recover the transmitted signal, process it correctly,
and add as little noise as possible, as free space and rain significantly attenuate the signal.
This work presents the heterodyne radio frequency receiver development, systemic simu-
lations, and measurements for a mobile satellite communication terminal operating in the
Ku band, along with a system based on the LoRa communication for devices and adding
IoT functionality to the product. In addition, the passive filters, mixer, and LNA was pro-
jected and designed using Advanced Design System software. The work is part of a larger
project, which deals with the design of the complete mobile terminal. This work presents a
compilation of sub-items from three projects focused on satellite communication and LoRa,
developed throughout the master’s degree.

Keywords: Front End RF, Receiver, Satellite Communication, IoT.
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INTRODUCTION

1.1 PREFACE

Satellite communications take radio waves (usually microwave frequencies between 1 GHz

and 300 GHz) sent by satellites in Earth's orbit to transmit the data. Satellites are used in mo-

bile communication, television, radio, and GPS, among others (RODDY, 2006).

Vehicle tracking services are in constant development. To present high quality and reach

regions with no GPS signal, companies use the satellite communication technology for ve-

hicle tracking, keeping ahead of the market competition.

The RF front end (RFFE) consists of all circuity needed to interface between antennas

and the digital section in a mobile terminal system. The digital block contains the processor

that sends and receives data, which then needs to interface with the RF source and support

circuity in the signal chain. The RFFE transceiver contains several components that work

together to ensure signal integrity throughout the bandwidth, including preparing a signal for

transmission and demodulating a signal received on the Rx side (LEENAERTS D.; TANG,

2001).

Figure 1.1 describes a transceiver general block diagram. This project is part of a com-

plex communication system in vehicle tracking systems based on satellite communication

operating in the Ku band with electronic pointing from antenna arrays, Rotman lenses, and

mobile terminals.

This project focuses on the RFFE receiver chain in the Ku band composed of selected

commercial components and individual LNA and mixer designs for future low-cost products.

Figure 1.1 – Diagram of the overall full duplex system of the project showing the IF
transceiver, RF transceiver, and the radiating system with its subsystems. Source: Own
elaboration.
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This work focuses on applied engineering, showing the stages of the product develop-

ment cycle for the two projects mentioned below. The project's main focus was measure-

ment results obtained to gather the maximum information and develop an optimized entire

solution.

Due to the pandemic scenario during the project, the funding company decided to stop

the project for economic reasons. As a result, developing the transceiver reception chain in

the intermediate frequency for the satellite communication project was not possible.

Another communication project emerged with the Clamper company, which focuses on

monitoring surge protection devices that incorporate LoRa communication, sensing, and

monitoring systems, with an idea for IoT (Internet-of-Things) applications in low-voltage

lightning arrester protection devices.

LoRa's project focused on the receiver and transmission chain, guided by the STM ap-

plication note (STMICROELECTRONICS, 2020). In the receiver, it is necessary to perform

impedance matching and �ltering for the connection to the antenna. Beyond the impedance

matching, the transmitter must �lter the signal due to harmonics generated at the microcon-

troller transceiver output.

Basic peripheral circuits were developed in the LoRa communication project, such as

DC power supplies, voltage, current, and temperature sensors, that will not be shown in this

project to avoid de�ect from the focus on radio frequency.

Companies with vehicle tracking products are constantly searching and developing to

meet market demand so that the satellite communication project can be incorporated into

the LoRa for communication between devices. Therefore, changing the IF frequency from

3 GHz to 915 MHz and adding a switch to select satellite communication or the LoRa antenna

directly.

1.2 JUSTIFICATION

The company funding the satellite communication project decided to develop its own

technology system antenna with accurate pointing and reduce product costs. Changing the

antenna pointing and parameters, a new mobile terminal was designed to meet signal demod-

ulation's power, noise, and phase speci�cations.

The company Clamper aims to keep up with innovating technology in actual devices by

adding functionality to its product to deliver to customers a product containing LoRa commu-

nication. Monitoring surge protection devices and sensing current, voltage, and temperature

with an idea for IoT applications in low-voltage lightning arrester protection devices 280 V.
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1.3 OBJECTIVE

1.3.1 General Objective

To present the RFFE receiver studies, strategies, architectures, simulations, and measure-

ments to be integrated into the mobile transceiver via satellite operating in the Ku band.

To present the LoRa communication system studies, strategies, architectures, simula-

tions, and measurements to be integrated into the Clamper products.

1.3.2 Speci�c Objectives

• To design and characterize RFFE receiver;

• To design and characterize LNA;

• To design and characterize Mixer;

• To design and characterize Filters;

• To design and characterize RF LoRa circuit.

1.4 DISSERTATION STRUCTURE

This work is organized in 5 chapters, as follows

• Chapter 1 - Introduction - Presents the research theme, the justi�cations, the general

and speci�c objectives, and dissertation structure.

• Chapter 2 - Fundamental concepts - Exposes the knowledge needed to understand the

project, such as explanations of the general project, transceivers, LNA, mixers, �lters,

and LoRa.

• Chapter 3 - Methodology - It describes the methods used to obtain the results, such as

calculations, simulations, and optimizations.

• Chapter 4 - Results and Discussion - Presents the measurement results of RFFE re-

ceiver, LNA, mixer, passive components, and LoRa project.

• Chapter 5 - Conclusion - Concludes the work with a general outline and presents the

suggestion of future works.
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FUNDAMENTAL CONCEPTS

It is necessary to understand the proposed system of which
the RFFE receiver is part beyond the knowledge of the RFEE
receiver itself.

2.1 SATELLITE COMMUNICATION SYSTEM

An arti�cial Earth satellite in orbit, known as a communications satellite, receives a com-

munications signal from a transmitting ground station, ampli�es it, and may even process it

before sending it back to the Earth for reception by one or more receiving ground stations.

The satellite is neither the point of origin nor the destination for communications data. In-

stead, the satellite is an active transmission relay, a role relay tower in terrestrial microwave

communications (IPPOLITO; JR, 2017).

For different types of satellite communication services, such as �xed satellite service

(FSS), broadcasting satellite service (BSS), mobile satellite services, navigational satellite

services, and meteorological satellite services, there are allocation frequencies bandwidth

options that follow International Telecommunication Union (ITU) rules. At allocation fre-

quency band designations are presented in �gure 2.1, where the Ku band is found in the

frequencies from 12 GHz to 18 GHz (IPPOLITO, 2012).

Figure 2.1 – Frequency Band Designations. Source: (IPPOLITO, 2012)

.
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Satellites can be categorized by their altitude above the Earth's surface. There are LEO

(low Earth orbit), MEO (medium Earth orbit), and GEO (geostationary Earth orbit). The Star

One C1 satellite chosen for this project operates in the Ku band range, with the uplink in the

frequency range from 14.0 GHz to 14.5 GHz and the downlink from 11.7 GHz to 12.2 GHz,

using 36 MHz and 72 MHz bandwidth transponders, in both horizontal (H-pol) and vertical

polarization (V-pol) (EMBRATEL, 2017).

Satellite links are used to provide communications over vast distances. A ground station

relays a signal up to the satellite at a frequency known as the uplink frequency. The satellite

receives this signal and re-broadcasts it on a downlink frequency to another ground station.

If digital communications signaling is used, the signal may be regenerated before it is re-

transmitted to Earth (MINOLI, 2015).

Three network elements compose the satellite communication system for vehicle track-

ing, shown in �gure 2.2. First, the ground station controls vehicle tracking and monitoring

a mobile terminal connected to the vehicle, which has access to relevant information for

tracking, such as vehicle location and mobility, and the geostationary satellite, which allows

communication between the ground station and terminal mobile.

Figure 2.2 – Satellite communication system for vehicle tracking. Source: Own elaboration.

In satellite telecommunications terminology, uplink means the signal sent from Earth

to the satellite, and downlink means the signal from the satellite to Earth. The uplink and

downlink signals to and from a speci�c satellite must differ. The satellite constantly sends a

speci�c downlink frequency that identi�es it from other satellites. The transmit signal must

be strong enough to reach the Earth stations. A Ground station constantly sends a speci�c

uplink frequency that identi�es it from other stations (RODDY, 2006).
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The Ku-band is widely used in today's satellite communication. For example, users on

this band receive satellite TV, such as Sky and Claro. The Ku band is de�ned by the ITU

(International Telecommunication Union) by radio signals between 12 GHz and 18 GHz.In

the telecommunications system, there are subdivisions for the uplink (11,7-12,2 GHz), and

downlink (14,0-14,5 GHz) (IPPOLITO; JR, 2017).

Figure 2.3 shows the losses that must be determined and accounted for in any microwave

link design. The �gure compares typical downlink values for L, C, Ku, and Ka-bands. Cer-

tain losses are critical in all satellite systems, while others are of concern only in speci�c

cases.

Figure 2.3 – Comparison of Signi�cant Propagation and Fading Modes and Resulting Losses
That Affect Microwave Links over GEO Paths (Values Are Rough Order of Magnitude, in
Decibels). Source: (ELBERT, 2008).

2.1.1 Free Loss space

The free-space path between the transmitter and receiver may pass through a combination

of ground obstructions and atmospheric phenomena. In free space, the satellite is considered

a point source of power uniformly radiated in all directions (FREEMAN, 2007). The losses

reduce the strength of the received signal and can cause its level to vary over time, even to

the point where the signal fades away.

Free space losses in their linear form are explained in the Friis transmission equation 2.1,

where the ratio of received power to transmitted power depends on the wavelength� and the

distance between the antennas r. This equation is valid for the Fraunhöfer region, r>2D 2/� ,
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where D is the largest dimension of antennas (IPPOLITO, 2012).

Pr

Pt
=

�
�

4�r

! 2

Gr Gt (2.1)

Converting the Friss equation to the logarithmic scale, we get:

PRXdBm = PT XdBm + GT XdB + GRXdB � 20� log10

�
4�r
�

�
(2.2)

Figure 2.4 – Basic communications link. Source: (IPPOLITO; JR, 2017).

2.1.2 Rain atenuattion

In �gure 2.5, it is evident that the difference in the attenuation level in the Ku band for

lower frequency ranges is very high. Thus, satellite communication systems apply adaptive

coding and modulation to mitigate errors and link loss, performed in the transmission burst

coding, using source coding with low bit error rate (BER) and error correcting codes, which

reduce BER inserting redundancies in the receiver code (IPPOLITO; JR, 2017).
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Figure 2.5 – Speci�c Attenuation of rain for three drop size distributions. R is the rain rate in
mm/h, high signal attenuation in Ku-band when compared to the attenuation levels in lower
frequencies. Source: (IPPOLITO, 2012).

2.1.3 EIRP

Equivalent isotropic radiated power (EIRP) is the power that must be radiated by a hypo-

thetical isotropic antenna to achieve the same signal level in the antenna's maximum radia-

tion direction. It is de�ned as the transmitted power (P) times the antenna gain (G), shown

in the equation 2.3 (IPPOLITO; JR, 2017; MINOLI, 2015; RODDY, 2006).

EIRP = P � G (2.3)

2.2 LORA COMMUNICATION

The Internet of Things (IoT) has evolved into a typical application scenario with the

speedy growth of the smart city, smart home, environmental monitoring, and other applica-

tions (ZHANG et al., 2022).

The LoRa bene�t on the Internet of Things applications it is the lowest power needed and

long-distance connectivity. Moreover, the LoRa node device transmits radiofrequency waves

that carry data gathered from sensors. To achieve monitoring over a large geographical area,

it requires a low power wide-area network (LPWAN) for an application called LoRaWAN in

the IoT based LoRa connection (KARUNAMURTHY et al., 2021).
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The LoRaWAN is a protocol communication method for terrestrial IoT networks, a novel

frequencyshift chirp-spread-spectrum-modulation technique known as LoRa. The Semtech

company develop the LoRa technology. It has a proprietary Chirp Spread Spectrum (CSS)

modulation, which is more resilient than others to interference, jamming, and transmits in

unlicensed ISM bands (FERKO et al., 2022).

2.3 TRANSCEIVER

The transceiver is a device capable of receiving and transforming signals from antennas

into signals that can be converted digitally. The transmitter converts the baseband signal

to an intermediate frequency, later to the same used by the satellite to be delivered to the

antennas. It consists of a receiver circuit (RX) and a transmitter (TX). It is classi�ed as a full

duplex if it can transmit and receive simultaneously and half-duplex otherwise (ROGERS,

2003).

In the Receiver, the RFFE converts the radio frequency signal from 11.95 GHz to around

3 GHz for the intermediate frequencY (IF) transceiver to do the frequency conversion to the

baseband. In the transmitter, the �rst stage converts a baseband signal to an IF of 3 GHz. The

second stage raises this frequency with local oscillators and a mixer, passing through a �lter

in the band intended for transmission in the Ku band. Then the signal is boosted by a power

ampli�er and the information is delivered to the satellite.

2.4 RECEIVER

Receivers are fundamental in modern communication systems to recover the transmitted

RF signal, process it properly, select the desired frequency band, reject adjacent ones, and

translate the signal to IF, providing a minimum noise �gure enough and ampli�cation for

system operation.

A receiver should have a low noise �gure, low intermodulation distortion, high dynamic

range, satisfactory gain �atness across the band, low phase noise, suf�cient selectivity, and

suitable BER. This can be considered the most critical speci�cation for any architecture. The

preferred receiver design should be lower in cost for successful implementation (LATHI;

DING, 2012). Two available architecture types for designing the receiver are Homodyne

and Heterodyne receivers.
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2.4.1 Homodyne Receiver

It is also called “direct conversion” or “zero IF” architecture since the received signal is

directly down-converted to the baseband. In a homodyne receiver, the desired signal is �rst

selected by a �lter, ampli�ed by an LNA, and then frequency translated by a mixer to DC.

Direct conversion needs a more linear mixer to attain the same performance as heterodyne

(ABIDI, 1995).

2.4.2 Heterodyne Receiver

The heterodyne receiver performs frequency conversion in two (or more) stages, con-

verting the signal from an RF source with frequencyF 1 to an intermediate frequencyF IF ,

with an oscillator centered at frequencyF 2. Then the mixer translates the frequencyF IF to

a baseband frequencyF 4, with an oscillator centered at frequencyF 3 according to �gure 2.6

(LATHI; DING, 2012).

Figure 2.6 – Heterodyne receiver with 2 conversion stages diagram. Source: Own elabora-
tion.

In a heterodyne architecture, the bands symmetrically located above and below the local

oscilator (LO) frequency are down-converted to the same center frequency. If the receiver

band of interest isF 1 = F 2- F IF , then the image is around 2F 2-F 1 = F 2+ F IF . The most

common approach to suppress the image is putting an image reject �lter in the receiver.

Both images reject the �lter, and the IF �lter requires a highly selective transfer function

for conventional heterodyne architecture. Since the image reject �lter is placed off-chip, the

LNA needs to drive 50
 load for this architecture (RAZAVI, 2011).
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2.5 NOISE

In the presence of noise, signal detection it is more challenging. The receiver is collecting

background noise from the rest of the universe in addition to the desired signal. Thermal

energy is present in all matter above 0 K. This thermal energy moves atoms and electrons

around in a random way, leading to random currents in circuits, which are also noising. The

noise can also come from man-made sources such as microwave ovens, cell phones, pagers,

and radio antennas (ROGERS, 2003).

In communication systems, noise is the main factor that determines the functioning of

receiver operation since the signal has a low amplitude, usually in picowatts, due to the loss

of free space. In the presence of noise, signal detection is more challenging (IPPOLITO; JR,

2017).

There are several sources of noise, such as diffusion ones, shot noise caused by �uctu-

ations in electron emissions or gaps at junctions in semiconductor materials with different

dopings, �icker noise caused by defects in the crystalline structure of semiconductors, ther-

mal noise resulting from the random �uctuation of voltage or current in a material, due to

energy exchange with the surrounding environment (VASILESCU, 1999).

The main noise in radiofrequency systems is the thermal one caused by the movement

of electrons in the devices that make up the receiver, being they active, such as ampli�ers,

mixers, switches, synthesizers, as well as the passive ones, antenna, beamformer, diplexer,

�lters, and splitters (ROGERS, 2003).

2.5.1 Thermal Noise

Originated from the effect of energy absorption by a black body in the presence of heat,

impacting the vibration of the material molecules due to temperature. When raising At the

temperature of a material, electrons acquire kinetic energy and move randomly, generating

random voltage �uctuations at the component's terminals (POZAR, 2012).

From a resistor with a speci�c temperature in Kelvin [K], the electrons present in this

resistor have a random movement, having a part of their kinetic energy converted into heat.

With this, random �uctuations in the voltage at the resistor terminals are obtained over time,

calculated from the equation 2.4, where h is Plank's constant,k is Boltzmann's constant,B

is the bandwidth,f the center frequency, andR the resistance (POZAR, 2012).

V n =

s
4 hf B R

e
hf
k T � 1

(2.4)

As hf � kT for frequencies smaller than 100 GHz, use Taylor's series �rst term toe
hf
k T �
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� 1 ' hf
kT simplifying equation 2.4 into:

V n =
p

4 kT B R (2.5)

For a maximum power transfer using a load R, the noise power transferred to the load is

given by the equation 2.7, and the noise power spectral density is constant at all frequencies

(RAZAVI, 2011).

Pn =

 
V n

2R

! 2

R (2.6)

Pn = k T B (2.7)

2.5.2 Noise Figure

One way to quantify noise in telecommunications systems it is from the noise �gure.

Noise from the electronics is described by noise factor F, which is a measure of how much

the signal-to-noise ratio is degraded through the system (ROGERS, 2003).

S0 = G � Si (2.8)

whereS0 is the output signal power,Si is the input signal power, G is the power gainS0
Si

,

SNRi is the signal-to-noise ratio at input, andSNR0 is the signal-to-noise ratio at output.

Deriving the following equation for noise factor:

F =
SNRi

SNR0
=

Si
N i

S0
N 0

=
N 0

G � N i
(2.9)

For noise �gure calculation, the component is considered to be equivalent resistor, so the

noise power at the input isN in = k T0 B, the output noise power is the sum of input ampli�ca-

tion and internally generated noise, soN 0 = k G B(T0+Te) whereTe is the equivalent noise

temperature andT0 is the room temperature 290 K, then we get the equation 2.10 (POZAR,

2012).

F =
Sin k G B(T0 + Te)

k T0 B G S in
= 1 +

Te

T0
(2.10)

Te = ( F � 1) T0 (2.11)
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2.5.3 The Noise Figure of Components in Series

In receivers, several stages of components appear in order to have the ampli�cation, mix,

and �lter of the corresponding signal for it is proper modeling and detection. Each stage has

corresponding noise �gure, and the noise added by all stages is combined to calculate the

performance of the entire receiver chain (RAZAVI, 2011).

According to �gure 2.7, each subsystem has it gain (Gi ), noise �gure (NF i ), and noise

(N i ). The receive chain input noise power (N in ) it is calculated according to equation 2.7,

ampli�ed at the outputN out = kTBGi according to the elements present in the reception

chain, andSout = Sin (G1 G2 � � � Gi ) (ADAM, 1969). Therefore the overall system noise

�gure equation is obtained by equation 2.12 (LEUNG, 2011).

Figure 2.7 – K stages cascade in the receiver. Source: Leung (2011, p. 88).

NF = NF 1 +
NF 2 � 1

G1
+

NF 3 � 1
G1 G2

+ � � � +
NF k � 1

G1 G2 � � � Gk� 1
(2.12)

Another way to characterize the system instead of the noise �gure is with the receiver

noise temperature(TR), so we have the equation 2.13 according to Kraus (1988).

TR = T1 +
T2

G1
+

T3

G1 G2
+ � � � +

Tk

G1 G2 � � � Gk� 1
(2.13)

2.5.4 Antenna noise temperature

The noise temperature of an antenna is the physical temperature of a �ctitious resistor

that, when positioned in place of the antenna, generates the same noise power as the antenna,

both matched to the transmission line or receiver to which they are connected. The noise

appearing at the antenna terminals is formed by contributions from galactic, atmospheric,

and terrain noise and by ohmic losses in the antenna itself (KRAUS, 1988; XU; RAHMAT-

SAMII, 2011).

The antenna noise temperature (TA ) in Kelvin varies as a function of its pointing direc-

tion, brightness temperature
�
Ts(�; � )

�
and the directivity of the antenna

�
D n (�; � )

�
accord-

ing to the equation 2.14 (KRAUS, 1988).

TA =
1

4�

Z

4� 

Ts(�; � ) D(�; � ) d
( �; � ) (2.14)
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Another useful �gure of merit for receive antennas is the G/T ratio, this parameter de-

�ned above is a valuable �gure of merit for a receive antenna because it characterizes the

total noise power delivered by the antenna to the input of a receiver, concerns the quality

or ef�ciency of the receiver, saying that for each Kelvin of noise temperature what is the

minimum amount in dB that is needed on the antenna to ensure a satellite communication

link works (IPPOLITO; JR, 2017; POZAR, 2012).

(G=T)[dB ] = 10 log 10
G
TA

[dB=K ] (2.15)

2.5.5 Sensibility

For a communication system, the receiver's sensibility it is essential for the operation.

The sensibility S is de�ned as the required signal level that will allow the system to work

most effectively for a given application (HERNANDEZ, 2014).

S = MDS + SNR (2.16)

MDS = � 174dBm + 10 log10(B ) + NF (2.17)

The minimum detectable signal (MDS) is the lowest signal level detected by a radio

receiver. It can be processed by the analog and digital signal chain, demodulated by a receiver

to provide useful information at the exit. B is the equivalent bandwidth, and NF is the system

noise �gure. Receivers require a proper signal with power above MDS to retrieve information

with quality (HERNANDEZ, 2014).

2.6 SCATTERING MATRIX

The relationship between the incident and re�ected voltage waves at the gates of the

circuit employs for the characterization of linear microwave circuits. These relationships,

called scattering parameters, are grouped in a matrix (POZAR, 2012).

The equation 2.18 de�nes the scattering matrix with anN ports network, whereV +
N is the

amplitude of the incident voltage wave on theN port andV �
N is the amplitude of the voltage

waveform re�ected at theN gate.
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Sij =
V �

i

V +
j

�
�
�
�
�
V +

k = 0 for k 6= j

(2.19)

The scattering parameter is determined by inserting an incident wave into portj and

measuring the outgoing wave into porti. The incident wave on all ports must be null, except

on port j. Thus,Sii is the re�ection listener on porti andSij is the transmission listener

between porti andj. jSii j2 is the power loss to re�ection at the gatei andjSij j2 is the power

gain between the gatesi andj (POZAR, 2012).

2.7 LOW NOISE AMPLIFIER

In receivers, the low noise ampli�er is usually the �rst component an active part of the

RFEE, the most critical subsystem in the reception chain for inserting noise into the system

(JHA; GUPTA, 2012; SULAEMAN et al., 2016).

One of the main purposes of low noise ampli�ers in the reception system it is to provide

a high enough gain at the low power level in signal reception at the RFEE and introduce the

minimum possible noise power to the signal. Therefore, the total noise �gure in the system

will guarantee a low signal-to-noise ratio (SNR), according to equation 2.12 (LIU et al.,

2013).

With the improvements and innovations in solid-state technology, most RF and mi-

crowave ampli�ers today utilize transistor devices such as Si BJTs, GaAs or SiGe HBTs,

Si MOSFETs, GaAs MESFETs, or GaAs or GaN HEMTs (POZAR, 2012).

Figure 2.8 shows a generic single-stage ampli�er con�guration with a transistor between

input and output matching networks. The matching networks are used on both sides of the

transistor to transform the input and output impedanceZ 0 to the source and load impedances

Z S andZ L (SULAEMAN et al., 2016).
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Figure 2.8 – The general transistor ampli�er circuit. Source: (POZAR, 2012)).

From Equation 2.12, note that the LNA design considers not only the noise it inserts into

the system but also gains, which must be big enough to suppress the noise of the subsequent

ones.

The LNA has to be stable, considering that, as it is the �rst element of the reception

chain, the existence of feedback ampli�ers can be made to oscillate for a given combination

of source and load impedances, as the source impedance value can change due to external

conditions imposed on the antenna (RAZAVI, 2011).

An effective method for available LNA stability is through the condition of Rollet stabil-

ity, or factor of Stern's stability, de�ned by:

K =
1 � j S11j2 � j S22j2 + j� j2

2jS12jjS21j
� 1 (2.20)

The combination K > 1 and� < 1 guarantees, if simultaneously satis�ed, the uncon-

ditional stability of the LNA,� is the matrix determinant. It is worth mentioning that this

factor does not indicate a metric since its value depends on two distinct quantities, which can

alternatively be performed by the� -test, as described by (Edwards; Sinsky, 1992).

� =
1 � j S11j2

jS22 � � S�
11j + jS12S21j

� 1 (2.21)

2.8 THE QUADRATURE HYBRID

Quadrature hybrid couplers are microwave four ports circuit elements capable of split-

ting input wave power equally to two ports output (signal at each port 3 dB below that re-

ceived by the input), with a 90� phase difference and the fourth completely isolated (POZAR,

2012). Figure 2.9 describes the quadrature hybrid coupler topology,Z 0 is the characteristic

impedance, and� g is a guide wavelength.
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Figure 2.9 – Quadrature hybrid coupler, internal lines with� g/4 length and characteristic
impedances ofZ 0 or Z 0=

p
2 depending on the indicated path. Source: (POZAR, 2012)).

Given the matrix in Equation 2.22, note that ideally, there is no re�ection at the input port

(1), the path to the output port direct output (2) dephases the input signal by 90� because

� g/4 path traveled. The signal to the coupled output (3) has a phase shift of 180� by traveling

� g/2 path, and the signal at the port of the computer (4) is null due to the cancellation of the

signal that travels along the path 1 - 2 (with 90� phase shift) with the signal traveling 1 - 2 -

3 - 4 (with phase shift from 270� ) (POZAR, 2012).
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(2.22)

2.9 FREQUENCY CONVERSION

2.9.1 Diode conversion

The current in a diode is modeled by Equation 2.23, whereI s it is the saturation current,

V is the voltage across the diode terminals, and� = nkT , with � being the electron charge,

k the Boltzmann constant, and T the temperature in Kelvin.

I (V) = I s(e(�V ) � 1) (2.23)

Using the small-signal model and expanding equation 2.23 into a Taylor series (POZAR,

2012):
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I (V) = I 0 + v
dI
dV

�
�
�
�
�
V 0

+
1
2

v2 d2I
dV 2

�
�
�
�
�
V 0

+ � � � = I 0 +
1X

n=1

vn

n!
dn I
dV n

�
�
�
�
�
V 0

(2.24)

I (V 0) = I 0 is bias current (DC), the dynamic conductance (Gd) de�nes the Taylor series

�rst term or the junction resistance inverse
1

Rj

dI
dV

�
�
�
�
�
V 0

= Gd =
1

Rj
(2.25)

I (V) = I 0 + vGd +
v2

2
G0

d + � � � (2.26)

As it is a nonlinear system, the diode can be used for frequency conversion. According

to equation 2.32, for nonlinear systems in general, when two frequency signals! 1 and! 2

are inserted, generate signals at (LIU et al., 2013):

! 0 = j m! 1 + n! 2 j; (m; n) 2 Z (2.27)

2.9.2 FET conversion

Frequency multipliers with transistors are more ef�cient, offering greater bandwidth and

lower losses, and there is a possibility of conversion gain. The FET transconductance high

non-linearity is used for the conversion when polarized close to the pinch-off region. The lo-

cal oscillator changes the transistor between low and high transconductance states, according

to the equation 2.28 (POZAR, 2012).

g(t) = g0 + 2
1X

n=1

gn cos(n! 0t); (2.28)

g0 is the transconductance in the polarization region, in this case, the pinch-of region.

2.9.3 Mixer

The mixer is a three-port device that multiplies twice domain input signals to perform

frequency conversion. In an ideal mixer, the multiplication of the input signals results in

an output signal representing the input frequencies sum and difference. The amplitude is

proportional to the product of the RF and LO amplitudes and is veri�ed mathematically

through the trigonometric relationship of the equation 2.29 (STEER, 2010; LEE, 2004).
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A cos(w1 t):B cos(w2 t) =
AB
2

[cos(w1 � w2)t + cos(w1 + w2)t] (2.29)

The equations in section 2.9 show that in�nite components are generated at other fre-

quencies due to the nonlinearities in a real mixer implemented with a diode. This effect is

also observed in other families of mixers implemented with transistors, for example.

Radiofrequency and microwave mixers are usually designed with non-linear devices,

whether diodes or transistors. Such devices generate undesirable harmonics at various fre-

quencies (POZAR, 2012).

The mixers can be classi�ed as active when the signal at the output gives a gain con-

cerning the input signal or passive when translation occurs frequency without any gain being

added to the signal.

In upconverter mixers, the input is the IF signal, and the output is the RF signal, whereas,

in the downconverter, the input is the RF signal, and the output is the IF signal.

Figure 2.10 – (A) Upconverter mixer, (B) Downconverter mixer. Source: (POZAR, 2012)).

The signal coming from the LO is periodic and generally has a �xed amplitude. The

output of the mixer is sensitive to any modulation, whether desirable or not, of one of its

inputs. Such undesirable modulations can be any non-linear interaction that happens with

the input signal and any other signal (RAZAVI, 2011).

2.9.3.1 Balanced Mixer

Balanced mixers consists of two single-ended mixers combined with a hybrid junction

are preferred in the RFEE transceiver operating in Ku Band downconverters to their superior

suppression of spurious mixing products, zero dc power consumption, and good port-to-port

isolation (ZHANG et al., 2018).
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Figure 2.11 – (Balanced mixer circuits. (a) Using a 90� hybrid. (b) Using a 180� hybrid.
Source: (POZAR, 2012)).

The LO and RF ports are isolated by the hybrid coupler. The IF output port should

provide a low-impedance ground return for the RF and LO frequencies. To provide this

return, the mixer module places a lowpass �lter at the IF output (ZHAO; ZHANG; ZHAN,

2010).

2.10 INTERMODULATION

In a system with two input frequencies (! 1 and! 2), for example, the superimposed sig-

nals will be generated according to equation 2.30. Then signals in equation 2.30 are called “n

order intermodulation products” orIP n (POZAR, 2012; GUTTA; FATTORINI; PARKER,

2006).

v0 =
1X

n=0

an (cos(w1t) + cos(w2t))n (2.30)

The non-ideality of the mixer causes the intermodulation effect when two signals with

different frequencies are applied to the non-linear system input, which presents a transfer

function approximately to a Taylor series shown in equation 2.31. Its output displays com-

ponents that are not harmonics but the intermodulation effect that generates superimposed
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signals according to the equation 2.30 (RAZAVI, 2011; TERROVITIS; MEYER, 2000).

y(t) = a0 + a1x(t) + a2 x2(t) + a3 x3(t) + � � � + an xn (t) + � � � (2.31)

It is possible to apply trigonometric identity properties to obtain the frequencies at which

the resulting signals will be generated (POZAR, 2012; LIU et al., 2013):

vo = a0 + a1V0(cos(! 1t) + cos(! 2t))+

+ a2V 2
0

�
1
2

[1 + cos(2! 1t) +
1
2

[1 + cos(2! 2t) + cos[(! 1 � ! 2)t] + cos[(! 1 + ! 2)t] + :::
�

(2.32)

2.11 SYNTHESIZER

The local oscillator is implemented by a voltage-controlled oscillator (VCO), whose out-

put frequency varies according to the input voltage level. However, such circuits have accu-

racy that meets the needs of a modulator for communication systems, as their characteristics

can vary with temperature and wear over time (RAZAVI, 2011).

The VCO has an output frequency controlled by the input voltage. It uses a low input

frequency generated by a crystal oscillator as a reference and a feedback loop that maintains

control voltage applied to the VCO so that its output precisely follows the reference fre-

quency (RAZAVI, 2011; GOLDBERG, 2001). Figure 2.12 describes a typical phase-locked

loop diagram.

Figure 2.12 – Basic phase-locked loop, the VCO is controlled by the feedback system, which
works by comparing the y(t) output frequency to a lower and more accurate reference fre-
quency at x(t). Source: (RAZAVI, 2011)).

2.12 FILTERS

Filters are two-port components that contain the transfer function de�ned by the general

equation 2.33. All telecommunications systems containing transmitters and receivers employ
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�lters, constituted by the association of reactive elements (inductors and capacitors), which

can be discrete components, transmission line sections, or resonant elements. They aim

to reject signals at undesirable frequencies for selecting speci�c frequency bands (HONG;

LANCASTER, 2004).

Heterodyne receiver mixers generate one copy of the signal centered onf 1 + f 2 and the

other onf 1 � f 2, which pollutes the receiver band unnecessarily and affects the low noise

ampli�er dynamic range. So, it is necessary to use a �lter to select only the band of interest

and suppress spurious signals coming from nonlinearities (WANG et al., 2017).

In the equation 2.33� andF n are, respectively, the ripple and the characteristic function,

with omega being the frequency variable (HONG; LANCASTER, 2004).

jS12(j 
) j2 =
1

1 + � 2 F n
2(
)

(2.33)

The most common �lters in communications systems are low-pass �lters that pass low

frequencies and reject high frequencies, high-pass �lters that allow high frequencies to pass

and reject low frequencies, band-pass �lters that select a speci�c range of frequencies and

reject all others, and band-stop �lters that reject a speci�c frequency range and let the other

frequencies pass (LATHI; DING, 2012).

2.12.1 Band-pass �lter

Band-pass �lter design consists of the low-pass �lter generic sections normalized ele-

ments according to �gure 2.13 and then transforms to band-pass with equations 2.34,2.35,

2.36, and 2.37.

For microwave frequencies, including Ku-band, coupled resonators have been vastly

used as bandpass �lters in microstrip technology. The most prevalent forms are the end-

coupled half-wavelength resonator, hairpin line, interdigital, and square Open-Loop Res-

onator (SOLR) (KHAN et al., 2015).

Figure 2.13 – Generic Multi-Session Low-Pass Filter with Normalized Elements. Source:
(HONG; LANCASTER, 2004).
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The equations 2.34 and 2.35 represent the inductances and capacitances transformations

from low-pass to band-pass.FBW is the fractional width of the �lter
�

f 2 � f 1
f 0

�
, 
 0 the

impedance scaling factor,wc the cutoff frequency,g the characteristic impedance and
 c

the central frequency variable (HONG; LANCASTER, 2004).

L s =

 

 c

FBW w0

!


 0 g (2.34)

Cs =

 
FBW
w0 
 c

!
1


 0 g
(2.35)

The equations 2.36 and 2.37 represent the inductances and capacitances transformations

from low-pass to band-pass.

Cp =

 

 c

FBW w0

!
g

 0

(2.36)

Lp =

 
FBW
w0 
 c

!

 0

g
(2.37)

2.12.1.1 Coupled Open-Loop Resonators Filter

The Coupled Open-Loop Resonators (COLR) �lters are high-selectivity bandpass �lters.

They are intermediaries between Chebyshev and elliptical function �lters (HONG; LAN-

CASTER, 2004).

In speci�c resonant frequencies, a resonator is a device that can store a signi�cant amount

of electromagnetic energy while wasting only a small portion of the stored energy. Generally,

a circuit's resonance happens when the amount of stored electric and magnetic energy equals

(CHIANG; HSIEH; CHUNG, 2006; SANTANA; BARBOSA; RONDINEAU, 2020).

The association of two or more resonators close enough to fringing �elds makes them

get coupled. The coupling coef�cient value quanti�es the coupling effect, which is the ratio

between the coupled to stored energy in the resonator. The resonators number determines the

�lter order, and the total loop length must be�= 2 (HONG, 2000; SANTANA; BARBOSA;

RONDINEAU, 2020).

Figure 2.14 describes the four-pole �lter con�guration that uses electric, magnetic, and

mixed couplings in its structure.
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Figure 2.14 – Geometry of a basic four-pole order coupled open-loop resonator �lter indicat-
ing the types of couplings in the structure. Source: (SANTANA; BARBOSA; RONDINEAU,
2020).

2.12.1.2 Parallel-Coupled Filter

Bandpass �lters with high bandwidths can be developed from cascaded sections of lines

parallel coupled to each other. The calculations for their implementation are those of equa-

tions 2.38, 2.39, and 2.40. For example, �gure 2.15 shows the topology (POZAR, 2012).

In the equations 2.38, 2.39 and 2.40gn are the prototype low-pass �lter elements,J i;j are

the elements immittances,� is the fractional �lter bandwidth
�

f 2 � f 1
f 0

�
andZ 0 is the input

characteristic impedance (HONG; LANCASTER, 2004).

Figure 2.15 – Parallel coupled microstrip �lter. Source : (POZAR, 2012)).

Z 0 J 1 =

s
� �
2g1

(2.38)

Z 0 J n =
� �

2
p

gn� 1 gn
(2.39)
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Z 0 J N +1 =

s
� �

2gN gN +1
(2.40)

From equations 2.38, 2.39, and 2.40, it is possible to determine the even and odd impedance

modes according to equations 2.41 and 2.42 and obtain the track's width and the spacing be-

tween them.

(Z 0 par ) j;j +1 =
1

Y 0

"

1 +
J j;j +1

Y 0
+

�
J j;j +1

Y 0

� 2
#

(2.41)

(Z 0 impar ) j;j +1 =
1

Y 0

"

1 �
J j;j +1

Y 0
+

�
J j;j +1

Y 0

� 2
#

(2.42)
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METHODS

To describe the methods used to obtain the results, such as
calculations, simulations, and optimizations.

3.1 PROJECT

The project's methodology was map in the �owchart of �gure 3.1, where the subsystems

were simulated at the block level in an ideal architecture, and the general speci�cations

required for the system's operation were established.

With the parameters already de�ned in the general system, each subsystem was designed,

simulated, and optimized from this methodology. Finally, the printed circuit board project

was sent for manufacturing and carried out the necessary tests for validation.

The simulations setup in ADS software is a frequency in the range of 9.7 GHz to 16.2 GHz,

with 120 cells per wavelength mesh in the microstrip lines, where the wavelength is at the

highest frequency and with edge mesh enabled.

The subsystems were all designed with a characteristic impedance of 50
 , so impedance

matching between commercial components mixer, synthesizer, and LNA chosen for the

project is not required.

The Ku-band receiver operating frequency was determined with a central frequency of

11.95 GHz with a bandwidth of 500 MHz, according to Star One C1 satellite operating range

(EMBRATEL, 2017). The Ku band is contained in the SHF frequency band, classi�ed by

ANATEL (2018a).
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Figure 3.1 – Project �owchart. Source: Own elaboration.
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3.2 RECEIVER ARCHITECTURE

A receiver that can operate in the receiver band from 11.7 GHz to 12.2 GHz with 24 MHz

channels accessible of the transponder and be able to switch between the channels in the

entire band of 500 MHz was projected to attend Ku-band reception requirements.

The indirect conversion architecture (heterodyne architecture) was chosen in two stages,

converting the RF signal from 11.95 GHz to around 3 GHz for the IF transceiver to do the

frequency conversion to the baseband. Then, in the IF synthesizer, channel selection will be

made with a control planned to generate the oscillation frequencies needed to translate the

signal to the desired channel.

3.3 RECEIVER POWER

The wavelength� for the Ku-band descent frequency is 2.5105 cm calculated by the

equation 3.1, where c is the speed of light in a vacuum3 � 108 ,m/s andf is the center

operating frequency of 11.95 GHz

� =
c
f

(3.1)

Free space losses 205.2 dB for the Ku band in the downlink of the system were calcu-

lated from equation 2.2 withR equal to 36,382 Km, center frequency of 11.95 GHz and� of

2.5105 cm.

The rain attenuation for the worst scenario is 18 dB, taking into account consideration

that in 1 year, there is a possibility of 0.01 % of rainfall with a maximum rate of 90 mm/h,

according to the recommendation (ITU-R, 2017).

According to Embratel (2017), the typical satelliteStar One C1EIRP is 46 dBW, 1 dB/K

typical G/T, and 4 dB output backoff, all of these around the Mercosur region, the HUB

output estimation is 5.9 dB. So with this, we have a 40.1 dBW downlink EIRP, discounting

the HUB output backoff in the typical satellite EIRP.

In Ippolito e Jr (2017) and Roddy (2006), it is demonstrated how to calculate the receiver

signal power according to the equation 3.2. With the downlink EIRP parameters extracted

from theStar One C1satellite, the calculated free space losses, the estimated gain 27 dB

of the antenna array, and 3 dB of polarization loss due to the fact since the mobile terminal

antenna is circularly polarized, and the satellite is linearly polarized, reception power of

-141.1 dBW was obtained, or -111.1 dBm according to 3.4.
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P r [dBW ] = EIRP d + Gr � L fs (3.2)

P r = � 141; 1 [dBW ] (3.3)

P [dBm ] = P [dBW ] + 30 (3.4)

3.4 RFFE TRANSCEIVER

The transceiver board followed the steps of simulation and optimization of circuits and

transitions, schematic design with its associated symbols, the footprint of the component's

commercials following datasheet recommendations, and complete board layout.

The resistor and inductor components are all SMD 0402 packaging, the LNA's and Syn-

thesizer are QFN encapsulation, and the TDFN encapsulation mixer.

The substrate chosen for the project is AD250C from Rogers Corporation, having the

low dielectric constant (� r = 2.5). Obtaining microstrip tracks wider and having more design

freedom in terms of characteristic impedances of the lines, moving away from the minimum

width that the manufacturer can produce. In addition, the tracks become less sensitive to

variations in width.

This substrate is a polymer, having high �exural strength since the transceiver will be a

product subjected to mechanical vibrations in the movement of vehicles.

The loss tangent for this substrate is low (tan � = 0:0014), causing the material to have

a lower loss. The chosen substrate thickness was 0.508 mm and 0.5 oz thick copper.

To manufacture the RFFE transceiver PCB, Lauquen was selected because they work

with the IPC-6018 standard, which is suitable for manufacturing high-frequency boards.

Table 3.1 describes the capabilities, and table 3.2 de�nes the layer stack.

Table 3.1 – Lauquen printed circuit manufacturing capability.

Parameter Value

Minimum spacing between tracks 4 mil (102� m)

Minimum track width 4 mil (102� m)

hole diameter 6 mil (0.15 mm)

The RF fornt end receiver development depends on the Lauquen technical capabilities.
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The limitations that most affect the design are the width and isolation of tracks, table 3.1.

Circuit design cannot be outside of these Lauquen manufacturing limits.

The Top Layer, which is the �rst copper layer, was used to make the tracks RF signal.

The second copper layer is exclusively GND, making the tracks of the �rst layer microstrip.

Table 3.2 – RFFE Transceiver Layer Stack.

Layer Name Material Thickness Dielectric Constant

1 Top Overlay Silk screen

2 Top Solder Solder Resist 0,01 mm

3 Top Layer Copper 0.5 oz/ft2

4 Dieletric 1 AD250C 0.508 mm 2.5

7 Bottom Layer Cooper 0.5 oz/ft2

8 Bottom solder Solder Resist 0,01 mm

9 Bottom Overlay Silk screen

For the connection to GND, a series of shielded vias were placed inside the ground planes

of the plate at a 1.5 mm spacing (space <� g

8 @f = 15 GHz), is this group of roads inserted in

the edges of the land plane, closer to the track. Already inside the rest of the ground plane,

groups of vias stitching were evenly inserted spaced 2.5 mm inside the ground planes, this

track group being used to �ll in the spaces that may resonate if they are not terminated with

GND.

In the top layer, the empty spaces were �lled with a ground plane (GND) spaced 3 mm

apart from the RF signal tracks to avoid coupling. The 250� m through vias diameter connect

the top layer ground plane to the board GND layer. Therefore, the pathways were evenly

arranged at the ends and inside the ground plane of the top layer.

Figures 3.2,3.3, and 3.4 show the top and bottom layer layouts.
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Figure 3.2 – RFFE transceiver Layout. Source: Own elaboration.

Figure 3.3 – RFFE transceiver Top Layer. Source: Own elaboration.
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Figure 3.4 – RFFE transceiver Bottom Layer. Source: Own elaboration.

3.5 RF SYNTHESIZER

The RF synthesizer objective is to output the local oscillator frequency of 8.95 GHz into

the mixer LO input for downconversion.

The chosen synthesizer was the ADF5355 fromAnalog Deviceswith the option of choos-

ing a frequency from 6.8 GHz to 13.6 GHz controlled through a serial bus, is made using the

SDP-S board from Analog Devices. In addition, the manufacturer provides the PLL software

so the user can control the board and send the appropriate settings to the synthesizer.

3.6 RF MIXER

The RF mixer objective is to downconverter the Ku-Band signal (14-14.5 GHz) to inter-

mediare frequency, in this project 3 GHz.

The mixer chosen was MACOM's MAMX-011021 because it is the most linear among

those selected, as the mixer is the most critical element for the system's linearity in inter-

modulation products. This mixer has an 8 dB loss in Ku Band.
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An alternative mixer was project to RFFE transceiver board lower the cost, spurious

mixing products suppression, and better port-to-port isolation improvement using a 3 dB

hibrid and a diode in balanced mixer topology.

Three commercial diodes were selected to test the mixer performance, MA4E2054D,

BAT1504WK, and SMS7621. The Hybrid was designed and optimized using the ADS

Method of Moments (MoM), and the substrate is the same one in the RFFE transceiver,

AD250C from Rogers Corporation.

Figure 3.5 – Balanced mixer board layout. Source: Own elaboration.

3.7 LNA

A low noise ampli�er is the receiver's most crucial component because it contributes

most of the noise �gure in the reception chain. LNA ampli�es a very low-power signal

without signi�cantly degrading its signal-to-noise ratio.

LNA chosen was QORVO's QPA2609 for having the lowest noise �gure, high gain,

working in the speci�ed frequency range, and having return loss below 12 dB among those
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commercially researched.

An alternative LNA composed of GaAs FET transistors was designed to optimize and

lower product costs. The transistor selected was CE3512K2 because the performance of up to

13.7 dB of gain and a minimum noise �gure of 0.3 dB speci�ed by its datasheet (ANDRADE;

BARBOSA; RONDINEAU, 2020).

The �rst stage has been optimized to have a low noise �gure using the noise �gure circles

and input matching, reaching 0.3 dB noise �gure but decreasing the gain to 10 dB. In the

second stage, the gain was improved with the matching between the stages and the output

matching, reaching 14 dB.

The two stages were projected to respect the K-stability factor and� -factor according to

equations 2.20 and 2.21. A group of vias shielding was inserted in PCB inside the ground

planes of the plate for the connection to GND with 1.5 mm spacing (spacing <� g

8 @ f =

= 12 GHz),

The substrate chosen for the LNA project is the RO4350B from Rogers with a thickness

of 0.508 mm (� r =3.48,tan � = 0.0037 @ 10 GHz), due to higher availability and price in the

market compared to RFFE transceiver substrate.

Figure 3.6 – LNA board layout. Source: Own elaboration.

3.8 PASSIVE COMPONENTS

A printed circuit board named PACBoard was manufactured to characterize the pas-

sive circuits designed and possible optimization in the RFFE transceiver. The substrate is

AD250C from Rogers Corporation, having the dielectric constant (� r = 2.5) and ENIG �n-

ish.
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The PACboard has the parallel coupled topology �lter designed in this document. The

Coupled Open-Loop Resonators Filter topology was designed by colleagues and character-

ized in this document with the TRL calibration method utilizing the probe station and vector

network analyzer.

Figure 3.7 – PACBoard top layer layout. Source: Own elaboration.

The mixer generates copies of the input signal centered onf 1 + f 2 andf 1 - f 2, as shown

in equation 2.29. Therefore, a bandpass �lter is needed between the LNA and the mixer to

attenuate the image frequency and not degrade the SNR.

This bandpass �lter was designed with an 11.95 GHz center frequency, 500 MHz band-

width, and a parallel coupling topology of order 8. Figure 3.8 shows the �lter layout.
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Figure 3.8 – Order 8 Parallel Couple �lter with input and output stub for impedance match-
ing. Source: Own elaboration.

The �lter width is 48.37 mm and 7.27 mm in height. The �lter's �rst and last transmission

line has characteristic impedance lines access 50 Ohms for a center frequency of 11.95 GHz

and two stubs for impedance matching. The parallel coupled �lter sessions, according to

�gure 2.15 of subsection 2.12.1.2 shows their dimensions thicknesses (W), widths (L), and

spacing (S) in table 3.3.

Table 3.3 – Order 8 Parallel Couple �lter dimensions

Section W [um] L [um] S [um]

1 328 4950 167
2 394 4900 111
3 400 4950 200
4 436 5600 103
5 496 3000 103
6 570 4000 104
7 340 3200 105
8 462 4530 103

3.9 POWER PRINTED CIRCUIT BOARD

It was necessary to design a new PCB to power the RF transceiver board with switched

power supplies, containing the power supply for the low-noise ampli�ers, power ampli�ers,

mixers, and synthesizers. The power PCB interconnection with the RF PCB will be done

using �at cables.

The board has the layer con�guration described in table 3.4. The FR-4 was chosen be-

cause it is a project with direct currents only and the substrate is cheaper and widely available

on the market.

The initial design of the switching power supplies was modi�ed to power the components

using a 12 V battery source, requiring 3.5 V sources for the LNA's drain voltages, - 1.5 V for

the LNA's V g voltages, 0.5 V for the mixerV g, and the synthesizer 3.3 V.
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Table 3.4 – PCB Layers.

Layers Name Material Thickness Dielectric constant

1 Top Overlay Silk screen
2 Top Solder Solder Resist0,01 mm
3 Top Layer Copper 1 oz/ft2

4 Dieletric 1 FR-4 1,6 mm 4,4
5 Bottom Layer Cooper 1 oz/ft2

6 Bottom solder Solder Resist0,01 mm
7 Bottom Overlay Silk screen

For this objective, a load map was made where all the typical and maximum currents of

the components are placed to know the total current for the switching power supply project,

shown in �gures A.1 and B.1.

The Step-Down Converters with part numbers TPS56120x, LM2841X, and TPS5450

generate voltages for four switched sources 7.5 V, 6 V, 5 V, and 3.3 V.

The LDO's LM2664M6/NOPB were used to achieve components and inverters voltages

for the LNA gate, as they are negative. The project utilize LMV321 ampli�ers to operate

as buffers and divide the -3 V voltage at the input. 1 K
 trimmer was used, which initially

rotated to the maximum divides the output voltage to -1.5 V, making it possible to correctly

adjust the voltage to carry out the polarization sequence of the low noise ampli�ers, manually

rotating them.

An adjustable 3.3 V to 2 V source output regulator AP2210K-ADJ was utilized for the

mixer gate voltage. Then the op-amp LMV321 function is to buffer and voltage divider.

Finally, the trimmer has a regulating mixer bias voltage function.

The linear regulator ADM7150ACPZ-3.3 was chosen to synthesizer power supplies with

the 6 V Buck source to reach the required 5 and 3.3 voltages.

The board was manufactured in China with the capabilities described in the table 3.5.

Table 3.5 – Power printed circuit board fabrication capabilities.

Parameter Value

Minimum space between tracks 6 mil (0.15 mm)
Minimum track width 6 mil (0.15 mm)
Diameter of holes 12 mil (0.3 mm)
Diameter of islands 24 mil (0.6 mm)
Maximum dimensions 100x100 mm

The tests were carried out with a 12 V voltage source, DC electronic load, multimeters,

and digital oscilloscope. Appendices C and D show the test plans and their results, containing

output voltage measurements, ripple, spike, and harmonic analysis.
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3.10 LORA PROJECT

The Lora project implements the reading and treatment of four analog inputs for reading

surge voltage, temperature, leakage current, and surge current and permanent regime over

50/60 Hz, 127/220 V electrical power networks in surge protection devices (DPS).

The choice of STM32WL55 is due to the microcontroller being an open platform sup-

porting LoRa and speci�ed considering the reliability, acquisition availability, and product

life cycle.

The STM32WL55 microcontroller is a sub-GHz transceiver designed for high-ef�ciency

long-range wireless applications, including the LoRa, so it is possible to transmit and receiver

signal in 915 MHz.

Figure 3.9 – LoRa communication project diagram. Source: Own elaboration.

3.10.1 Receiver

The LNA differential in single-ended needs a circuit with Balun for input transformation

and the connection with the antenna. The impedance matching of the LNA with 50 Ohms is

Zopt = 60 + j100
 for the package UFQFPN48 @915 MHz.

It is possible to have a more stable phase difference of 180� when utilizing the balun

circuit compared to the circuit shown in the STM document (STMICROELECTRONICS,

2020). In contrast, according to the selected Balun datasheet, there is an additional 1.2 dB of

loss.
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Figure 3.10 – Matching network and BALUN characteristics to be implemented with lumped
components on PCB. Source: Reproduced from (STMICROELECTRONICS, 2020).

3.10.2 Transmitter

For a transmitter it is necessary to �lter the signal due to the harmonics generated by it and

project the impedance matching. Figure 3.11 shows the circuit according to the application

note.

Figure 3.11 – Description of each part of the typical Tx application network. Source: Repro-
duced from (STMICROELECTRONICS, 2020).

Impedance Matching was designed for the package UFQFPN48, 22 dBm @915 MHz,

VDDMCU = 3.3 V. Zopt= 10.71 + j1.85, 113.86 mA 21.5 dBm. Filter Band stop designed for

915 MHz and low pass �lter for 1.2 GHz, all selected components are SMD 0603 available

on the market.

3.11 HOMOLOGATION

In order to obtain approval and be certi�ed, the transceiver product is designed to meet

pre-established standards. Therefore, this product is part of the Category II telecommunica-
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tion products classi�cation (ANATEL, 2000). This classi�cation �ts the standards from the

International Electrotechnical Commission to be followed listed below (ANATEL, 2018b).

• IEC 61000-4-2 (Testing and measurement techniques – Electrostatic discharge immu-

nity test);

• IEC 61000-4-3 (Radiated, radio-frequency, electromagnetic �eld immunity test);

• IEC 61000-4-4 (Electrical fast transient/burst immunity test);

• IEC 61000-4-6 (Immunity to conducted disturbances, induced by radio-frequency �elds).
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RESULTS AND DISCUSSION

The RF front-end receiver presentation includes LNA, mixer,
�lters, and RF LoRa measurement results.

4.1 RF FRONT END RECEIVER

The transceiver was designed so that it was possible to test each block individually with

SMA connectors. As it is a project with more people involved, the printed circuit board

contains the RFFE receiver and transmitter.

The complete Rx path was measured to evaluate the behavior of the RF system up to the

IF �lter output. The test simulates receiving a signal at the 11.95 GHz center frequency of

Ku-band reception and converts it to an intermediate system frequency (3 GHz), �ltering and

amplifying the signal.

Agilent E8251A signal generator was con�gured in continuous wave (CW) operation

mode, frequency 11.95 GHz, -111 dBm output power and connected at diplexer, the syn-

thesizer generated frequency 8.95 GHz, 0 dBm output power. The spectrum analyzer was

con�gured central frequency to 3 GHz, 10 MHz span, 1 MHz bandwidth and measured at IF

�lter output, according to table 5.1.

Table 4.1 – Power Measurement in Spectrum Analyser in the receiver system varying the
input power.

Pin [dBm] Pout [dBm] Gain [dB]

-41.0 -13.9 27.1

-51.0 -22.2 28.8

-61.0 -31.7 29.3

-81.0 -41.7 39.3

-91.0 -51.5 39.5

-111.1 -71.0 40.1
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Figure 4.1 – RFFE transceiver PCB manufacturer by Lauquen, the red marking shows the
receiver circuit design in this project. Source: Own elaboration.

4.2 SYNTHESIZER

The ADF5355 synthesizer component is controlled via a serial bus by an auxiliary board

(SDP-S). The spectrum analyzer con�gures 8.95 GHz center frequency, 5 MHz span, 100 KHz

bandwidth, and reference level at 0 dBm. In addition, the ADI software con�gures to disable

the RFoutA output and enable the RFoutB output, 50 MHz in reference frequency and the

VCO out 4475 MHz, this being half of the operating frequency to avoid spurious.
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Figure 4.2 – Synthesizer measurement from the spectrum analyzer. Center frequency
8.95 GHz and power -2 dBm. Source: Reproduced from (ANDRADE; BARBOSA;
RONDINEAU, 2020).

4.3 LNA

In the prototype, it was chosen the commercial component QPA2609 to transceiver in-

tegration. LNA composed of GaAs FET transistors was designed to optimize and lower

product costs.

EM simulation was done in the Keysight Advanced Design System (ADS) with Momen-

tum simulation tools. First, a DC analysis was done and the optimum NF and gain perfor-

mance were achieved with Vd =2 V, and the drain current 10 mA (ANDRADE; BARBOSA;

RONDINEAU, 2020).

The stability analyses simulated in ADS show that transistors are stable over the fre-

quency bandwidth 11.7-12.2 GHz as seen in the �gure 4.3. K-stability factor and� -factor are

respected according to the equations 2.20 and 2.21 (ANDRADE; BARBOSA; RONDINEAU,

2020).
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Figure 4.3 – LNA stability simulation in ADS. The simulation results show that LNA is sta-
ble in all bandwidth. Source: Reproduced from (ANDRADE; BARBOSA; RONDINEAU,
2020).

Only in the �rst version with a single stage ampli�er was it possible to test and obtain

results because, in the version with two stages, the current of the transistors rose too much

due to the LNA oscillation. However, a metallic cover was added around the LNA to add a

resonant cavity effect, unsuccessfully

Figure 4.4 – LNA printed circuit board. Source: Reproduced from (ANDRADE; BAR-
BOSA; RONDINEAU, 2020).
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Figure 4.5 – LNA prototype scattering parameters simulated and measured results. Source:
Reproduced from (ANDRADE; BARBOSA; RONDINEAU, 2020).

4.4 MIXER

The measurement was made with a spectrum analyzer, and two signal generators applied

the LO and RF input signals. At the LO input, 2 dBm was already applied considering the

cable loss, and at the RF input -15 dBm. Therefore, all losses due to the cables used were

considered in measuring the gain conversion.

The three measured diodes presented the following conversion gain results:
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Figure 4.6 – Conversion gain mixer measurement along the frequency. Source: Own elabo-
ration.

Figure 4.7 – Mixer measurement. Source: Own elaboration.

46



4.5 POWER PRINTED CIRCUIT BOARD

The manufactured power board has 94.72 mm X 96.85 mm dimensions. Figures 4.8 and

4.9 show the top and bottom views. Table 4.2 shows their results, and the test plans are in

appendices C and D.

Figure 4.8 – Power printed circuit board top layer view. Source: Own elaboration.
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