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Resumo

RoMoVi € um robd cooperativo e autdbnomo que estd a ser desenvolvido para as vinhas de
encosta do rio Douro, com o objetivo de monitorar e executar operagdes logisticas. No entanto,
devido ao declive dos vales e da vegetacdo densa, uma cobertura precisa com as tecnologias atuais
torna-se uma tarefa dificil. A cobertura insuficiente de satélites nega qualquer possibilidade de
confiar em um sitema de GPS e a maioria das solu¢des comerciais ndo oferece cobertura suficiente.

Durante a transi¢do da televisdo analdgica para a televisdo digital varias bandas de frequén-
cia na regido de sub-GHz ficaram sem comunicag@o. Perto destas bandas de frequéncia existem
também algumas bandas ISM disponiveis. Estas bandas de frequéncia, onde as restri¢des de co-
municacdo sdo baixas, podem ser usadas para estabelecer comunicagdo entre 0 RoMoVi e uma
estacdo base, que usa como ponto de referéncia para navegar pelas vinhas.

Este documento apresenta um sistema de comunicacio analogica sem fios, que devido a sua
comunicagdo de banda larga, permite estabelecer comunica¢do em todos os Tv white spaces
disponiveis na regido sub-GHz. Como comunicagdo de banda de base, esta solugdo serd supor-
tada por uma modulagdo OFDM. Este sistema de comunicagdo permitira explorar o espectro livre
na regido sub-GHz e combinéd-lo com uma modulagdo OFDM que permite eficiéncia espectral
enquanto reduz o "multipath propagation”.
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Abstract

RoMoVi is a cooperative and autonomous robot that is being deployed in the vineyards of
Douro river, with the objective of monitoring and executing logistics operations. However, due to
the characteristics of the slope valley and dense vegetation, accurate coverage trough GPS with
current technologies becomes a difficult task. Insufficient satellite coverage denies any possibility
of relying on GPS, and most commercial solutions do not provide sufficient coverage.

The transition from analogue television to digital television left several frequency bands in
sub-GHz region without communication. Close to these frequency bands there are also some ISM
bands available. These frequency bands, where communication constraints are lower, can be used
to establish communication between RoMoVi and a base station, which it uses as a reference point
for navigating the vineyards.

This document presents a RF Front-end wireless communication system, which due to its
wideband communication allows establish communication in all the freed Tv white spaces avail-
able in the sub-GHz region. As baseband communication, this solution it will be supported by an
OFDM modulation. Which will allow to explore the freed spectrum in the sub-GHz region and
combine it with an OFDM modulation, allowing spectral efficiency while mitigating multipath
propagation.
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Chapter 1

Introduction

1.1 Context

Autonomous robots were created in the middle 20th century. The first ones had as main
application the industrial sector, where they replaced the traditional workers in the production lines
performing the heavy and repetitive tasks. But soon, it was realized that they could be applied in

other areas like space exploration, agriculture, military, safe and rescue.

With increasing computational capacity and lower hardware acquisition costs, they are becom-
ing increasingly independent and able to perform complex and meticulous tasks. However, some
physical limitations continue to prevent greater autonomy in the real world due to the different
scenarios in which they need to operate. One of the biggest challenges is to operate in harsh sce-
narios, where efficient and effective wireless communication is required, allowing them to be in
permanent communication with a base station and other robots. This is particularly important in

areas such as agriculture, where it takes several robots to cover vast areas.

The convergence of multiple technologies such as wireless communication, real-time analyt-
ics, machine learning, commodity sensors, and embedded systems, where machines and devices
exchange information in real time creating intelligent networks, it becomes clear the need to trans-
mit large amounts of data in real time. However, with the proliferation of small gadgets that
communicate wirelessly and much of the radio spectrum attributed to television, telephone and

military communications, it is a challenge to communicate over on the overcrowded RF spectrum.

To mitigate this problem, signal processing techniques developed during the 1980s and 1990s
have been implemented, such as orthogonal frequency division multiplexing (OFDM), which al-
lows high data rates combined with a significant reduction in the bandwidth. In some fields these
solutions are already implemented, such as telecommunications and television companies, through
integrated circuits. However, these highly customized solutions do not allow the application in
other fields.



2 Introduction

1.2 Motivation

Nowadays global navigation satellite system (GNSS) is the predominant systems for naviga-
tion in outdoor scenarios. However, to determine the correct position it is necessary coverage from
three global positioning system (GPS) satellites (four or more for a greater precision). Occasion-
ally in the agriculture and forest patrol, the soil has a high slopes creating shadowing, making it
difficult meet this requirement.

This dissertation appears integrated in project RoMoVi, a cooperative and autonomous robot
deployed along the slopes of the Douro River that aims to help in the harvesting and monitoring
the vineyards. This robot uses GPS as navigation system in the Douro River vineyards. However,
due to the great slope of the soil, it is not achieved a full coverage of GPS satellites, remaining
for several periods without navigation system. Thus, to solve this navigation problem has been
developed an algorithm of terrestrial navigation, in which through constant communication with a
base station allows to determine the exact location of the robot across the vineyards.

During the transition from analogue to digital television, several frequency bands, called "Tv
white spaces", between 470 MHz and 790 MHz, became available. These channels where there
is no communication can be used to establish communication between the robot and the base
station. Communicating in this frequency bands is particularly beneficial because it allows the
communication to have a longer range, in the order of 10 km, and due to its wavelength, the
communication becomes less susceptible to attenuation.

In order to make communication possible, it is necessary to develop a radio frequency commu-
nication system capable of supporting an OFDM based navigation system, allowing the RoMoVi
to continue operating when GPS is not available. With this communication system it will be pos-
sible exchange large amounts of data between a base station and the RoMoVi, allowing not only

to assist in navigation, but to monitor in real time the vineyards.

1.3 Goals

The purpose of this dissertation is to design and develop a RF transmitter and receiver to es-
tablish wireless communication in sub-1 GHz, covering the Tv white spaces. The baseband com-
munication system has been developed using an OFDM technique, thus, the RF communication
must be able to receive and transmit data in quadrature and in-phase to baseband communication.

The development of this system must be through discrete components available in the electron-
ics market, so one of the main goals is to build a low-cost solution, since finishied the RoMoVi

project in 2020, will be proposed to be commercialized.



Chapter 2

State of the Art

This chapter will present the fundamental concepts necessary to develop this dissertation. An
overview of the key steps in the development of an OFDM system and its evolution over the years
will be studied. The various side effects and possible solutions to be considered during the design

and validation of an RF communication will also be studied.

2.1 Orthogonal frequency division multiplexing (OFDM)

The OFDM arises as evolution of Frequency Division Modulation (FDM) and in the years that
followed, significant improvements were achieved in order to mitigate inter-channel interference
(ICD) and intersymbol interference (ISI). This modulation explores the orthogonality between sub-
carriers, since 1966 Robert W. Chang demonstrated [1] that instead of transmitting in a single-
carrier as in FDM, the carrier was divided in N equal sub-carriers separated by Af, allowing the
transmission of symbols simultaneously.

The data transmission in each sub-carrier with QAM and PSK modulations lead to lower
baseband frequencies in each sub-carrier as higher the number of sub-carriers. This allows to
extend the duration of each symbol by N, which led to elimination of the multi-path propagation
delay Ty < Ts = 1/Af .

Since QAM symbols can be represented in the frequency domain by sinc(fT), with zeros
crossings in multiples of 1/7's, where T's is the duration of each symbol it allows OFDM achieve
orthogonality between sub-carriers, where each signal heavily overlapping its neighbours spaced
by multiples of Af = 1/T's as shown in figure 2.1. Mitigating the problem of ICI with superposi-
tion, allow bandwidth savings by 50% compared to FDM.
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Figure 2.1: Signal Spectrum [2]

To transmit all the sub-carriers, N oscillators are required, which makes this technique expen-
sive, therefore in 1971 Weinstein and Ebert [13] introduced discrete Fourier transform (DFT) to
perform baseband modulation and demodulation by passing the signal from the time domain to the
frequency domain. This suppresses the oscillator banks and coherent demodulators, thus reducing
the implementation complexity, allowing OFDM to become a low cost modulation.

In order to suppress even more ISI problem, in 1980 Peled and Ruiz[10] solved the problem
of orthogonality between consecutive symbols by introducing the cyclic prefix. Instead of adding
null guards to the beginning of each symbol OFDM as Weinstein and Ebert had proposed a few
years before, they added part of the end of each symbol to the beginning, allowing to maintain the

orthogonality between symbols.

2.1.1 OFDM Transmission

As mentioned above, the idea behind OFDM technique is to divide the total bandwidth B, into
N narrowband sub-channels at equidistant frequencies Af. Where each sub-channel is modulated
with a QAM symbol and spaced by multiples of Af. Since the QAM symbols are represented
by frequency domain sinc-functions, it allows the sub-channels to partially overlap with the others
and ensure orthogonality within the symbol duration 7's = 1 /Af. The k-th unmodulated subcarrier
of the OFDM signal is described by the following complex exponential function with a carrier
frequency kAf,K =0,....,N —1.

) 2Tt € [0, Ts]
&(t) = 2.1

0 Vit ¢ [0,Ts]
For OFDM systems, the symbol duration 7's must be much larger than the maximum multipath
delay 7(max). Therefore, the number of subcarriers is chosen in a way that the symbol duration

T's is sufficiently large compared to the maximum multi-path delay 7, of the radio channel.
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To limit ICI to a tolerable level, the subcarrier spacing Af must be such that the maximum

frequency of Doopler or fp,..x satisfies the condition.

470 < Ts <0.03 2.2)

Dmax

In order to avoid ISI between two adjacent OFDM symbols, the duration T's of each subacrrier
signal g, () is extended by a cyclic prefix with length T'g, which led a total OFDM symbol duration
T=Ts+Tg.

j2kA ft
o) = e/2TRAIt it € [~Tg, T 2.3
0 Vi ¢ [—Tg,Ts]

The cyclic prefix or guard interval is removed at the receiver, becoming an overhead for trans-

mission, but the zero ICI generally compensates the reduction of efficiency.
On the transmitter side, each subcarrier is modulated independently and individually by the
modulated symbol S, x, where n refers to the symbol number OFDM signal and k refers to the
number of the subcarrier in the OFDM symbol. Thus, OFDM symbol of period T is described by

(2.4) where it is formed by the superposition of the N subcarriers with the same period 7.

N—1

Sut) = Y Suagelt —nT) 2.4)
k=0

The transmitted signal generated by the n sequential OFDM symbols is described by (2.5).

o N—I

. 2(t —nT) + T — T

Sp(t) = Z Z Sn,keﬂnkAft<”_”T)rect< (t—n ;;_ G S> (2.5)
n=0 k=0

The expression (2.5) demonstrates that a rectangular pulse shaping is applied to each OFDM
symbol and to each subcarrier. Therefore, the k subcarriers will be represented by sinc-functions

and the signal spectrum can be represented by (2.6).

Gr(f) =T -sinc[nT (f —kAf)] (2.6)

On the receiver side, the modulated symbols S, ; can be recovered using a correlation tech-

nique, assuming the radio channel to be ideal;

1 (Ts . 1 k=1
T gi(t)g; (t)dt = 2.7
s /0 0 k& 75 l
1 « LT NG
Snk = sn(t)gr(t)dt = sn(t)e dr (2.8)
T I Jo Is Jo

Where g7 () is the conjugate complex of the subcarrier signal gi (7).
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The correlation process, can be found with more detail in (2.9)

sN—1
7 ) s0gi0a =5 [T Sunea(0sit0 -

y J0
N—-1

Ts
Z an/ gm gk dt anm6mk

m=

1
Corr = —
S

(2.9)

In practical applications with a high number of subcarriers, the OFDM transmit signal s, (¢) is
generated as a time-discrete signal in the digital baseband and then, the transmit signal is sampled
with the sampling interval Ar = 1 /B =1/NAf. Thus, the k-th sampled equivalent baseband OFDM

signal can be calculated as follows:

N-1 .
— Z Sn kejzﬂkaft
=0

N—1
S(iAt) =Y S, pe/™AA (2.10)
k=0

N—-1
Snyi=Y" Suxe’™ /N = IDFT{S,}
k=0

The expression (2.10) describes the inverse discrete Fourier transform (IDFT) applied to the

complex valued modulation symbols S, ; of all subcarrier signals inside a single OFDM symbol.

The receiver just performs a discrete Fourier transform to recover the data symbols from the

signal.

2.2 RF Communication

2.2.1 Effects of Nonlinearity

The nonlinearity of a system can be expressed as a Taylor series in terms of the input signal

voltage:

vozao—l—a]v,-—i-azviz—i-agv?—i-‘--. (2.11)

where the Taylor coefficients are defined as
ap = vy (DC out put) (2.12)

dvg

al—d lvi=o (linear out put) (2.13)
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d*vy

= ﬁ\vizo (squared out put) (2.14)
Vi

a

and higher order terms[8]. Therefore, different expressions can be obtained from the nonlinear
system depending on the dominance terms in the expansion. If a; is the only nonzero coefficient is
achieved the linearity and system will work as linear attenuator(a; <1) or as amplifier(a; >1). If
ay is the only nonzero coefficient the system will work as a mixer and other frequency conversion

functions. However, in many cases a series expansion containing many nonzero terms will occur.

2.2.2 Gain Compression
When a single sinusoid is applied to the input of a nonlinear system, such as an amplifier:

v; =V, coswgt (2.15)

Then, through (2.22) the output voltage will appear as

vo = ag+ aV,coswot + azvj cos? wot + a3V03 cos’ wot 4+ -+ (2.16)

1 3
= (ao + §a2Vo) + (611V0 + 1a3V03) coswot
1 2

1
+ EanO cos 2wyt + Za3VO3 cos3wpt + -+

From the above expansion, an voltage gain expression at frequency wg can be obtained:

(wo) 3 3
vo aVo+ za3V; B § )
v(WO) = Vo =a;+ 4a3V0 . 2.17)

retaining only terms through the third order.

The expression (2.17) shows that the voltage gain is defined by a; coefficient, that represents
the linear response, added with 3513\/02 /4 coefficient that is proportional to the square of the input
voltage amplitude. Since in many power amplifiers a3 is negative, due power supply voltage used
to bias the device, the gain voltage tends to decrease as a function of VO2. In RF circuits this effect
is called gain compression or saturation and can be quantified by the "1-dB compression point",

defined as the input signal level that causes the voltage gain drop by 1 dB.
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Theoretical
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/

Power input (dBm)

v

Figure 2.2: 1-dB compression point [5]

The figure 2.2 plots the input power versus output power, which represents the voltage gain.
The straight line with a slope of unity defines the linear region, then the output power begins to de-
crease, resulting in reduced gain. The flat gain becomes nonlinear and produces signal distortion,

harmonics, and potentially intermodulation products.

To quantify the linear operating region, it is defined the 1 dB compression point as the power

level for which the output power has decreased by 1 dB from the ideal characteristic.

2.2.3 Intermodulation Distortion

Intermodulation distortion is a nonlinear effect of two or more signals mixing within a de-
vice to produce undesirable higher-order products. If the signals are close together in terms of
frequency, some of the sum and difference frequencies called intermodulation products will fall

within the band of interest.

When a two-tone input voltage with two closely frequencies , w1 and w2:
v; = Vicoswit + V, coswot (2.18)
From expression (2.11) the output is:

vo =ag +aj (Vi coswit + Vo coswat ) + ax (Vi coswit + Vi cos wzt)2 (2.19)

+a3(Vi cosle—Vzcoswzt)3 4 (2.20)

Expanding the left side and discarding dc terms and harmonics, the following intermodulation
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products are obtained:

w=wy,wy: (av; + Zagv? + %agvlv%)coswlt + (a1 + 2&3\13 + %agvzv%) coswat 2.21)
= w1 £ wy : apvivacos(wy +wa)t +axvivacos(wy — wo)t
=2wiEws: %aw%vz cos(2wy +wy)f + %agv% cos(2wy —wy)t
=2wr+wy: %aw%vl cos(2wy +wy )t + %(131/%\/1 cos(2wy —w )t

Figure 2.3 plots the fundamental components and the intermodulation products. Of particular

interest are the intermodualtion products at 2w; —w, and 2w, — wy.

Power
A

) Intermodulation

Third-Order Distartion (IM3)
Distortion Product o
h A

/ W+ wz
ZW1+W2 W1+2W2
I 2w1 -wp T Ra 2W2 - Wi I I
Wz - Wi Wy wp 2W1 2W2 3W1 SWE
Frequency

Figure 2.3: Output spectrum of second and third-order intermodulation products, assuming wj <
wa. [7]

Since the first and second order products are spaced enough from fundamental components, it
can be easily filter out. However, if the difference between wy and w, is small, the components
at 2w; —wy and 2w, — w appear in the vicinity of w; and w;. These cannot be filter out, so they
ultimately become interfering signals to the main signals, causing distortion of the output signal.

This effect is called third-order intermodulation distortion.

2.2.4 Thrid Order-Intercept point

To characterize the third-order intermodulation, has been used the third-order intercept point
(IP5) to characterize signal corruption due to third order products that appear in the vicinity of the
fundamental tones. This parameter is measured by a two-tone test through expression (2.18), in
which V| =V, =V, ,where the higher-order nonlinear terms with the same order will increase
with the same power level.

Expression (2.21) shows that as the input voltage Vj, increases, the fundamentals products
increase in proportion to V;,, whereas the third-order products increase in proportion szz Since

power is proportional to the square of voltage, the output power of third-order products should



10 State of the Art

increases as the cube of input power. Thus, output power for the first- and third-order products

versus input power can be plotted on logarithmic scale, as shown in Figure 2.4.

—OIP3 PI~ |

Compression

Fundamental
signal power

Power oulput (dBm)

~—__Third-order
signal power

P3 ~

Power input (dBm)

Figure 2.4: Third-order interception. [5]

The third order intercept point is defined to be at the intersection of two lines. The horizontal
coordinate of this point is called the input IP3(IIP3), and the vertical coordinate is called the
output /P;(OIP;) [9]. Both the first- and third- order responses will exhibit compression at high

input powers, so the extension of their idealised responses are represented with dotted lines.

From the expansion of Taylor coefficients of expression 2.21, it can be expressed the output
power of /P;. Defining P, as the output power of the desired signal at frequency wy and assuming

Vi =V, =V,,. Then from expression 2.21:

1
Py = Ealvz (2.22)

If we define P, 2 as the output power of third-order product, at frequency 2w; — w2. Thus,

from expression 2.21:
9

=5 a3vs (2.23)

By definition, these two powers are equal at the third- order interception point. Setting the

input voltage at the interception point as V;p, then equating expression 2.22 and 2.23:

1 9
5@Vip = 3503Vip (2.24)
Solving for Vjp:
4 2
Vip= | 24 (2.25)
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Therefore, IP; is equal to P, at the interception point, so from expression 2.22 and 2.24:

P;=P,, = —alVp = VR (2.26)

2.2.5 Dynamic Range

Dynamic range can be defined as the operating range for which a component or system has
desirable characteristics. In power amplifiers, this means that power range is limited at the low
end by the noise and at high end by the compression point. Resulting in a linear zone where it
is desirable power amplifiers to operate, called dynamic range(DR;). For low-noise amplifiers
and mixers, the low end is limited by the noise and at high end is limited by intermodulation
distortion. This defines the operating range for which spurious responses are minimal, and is
called the spurious-free dynamic range(DRy).

Superios-free dynamic range is defined for maximum output signal power at which the power
of third-order intermodulation product is equal to the noise level. If P, represents the output
power of desired signal at frequency wl, and P,,_; represents the output power of third-order

intermodulation, thus the spurious-free dynamic range is expressed as:

P,

DRy= —"—| (2.27)

P2w1 —w2

where P, is equal to the noise level[8].
From expressions (2.22) and (2.26), P,,»_ can be written as function of /P; and P,;:
1 616 3
9 20639V _ (Ra)

P2W| —wy = ﬁagvm = La? = (P’;)Q (2.28)

9a%

Expression (2.28) shows that the third-order intermodulation power increases with the cube of
the input signal power. Thus, equating expressions 2.27 and 2.28 gives the spurious free dynamic

range in terms of /P; and Ny:

P
DRy =—""—

2w1 —W2

(1P
_(m -

Pzw'] - WZ :NO

Although the above expressions have been derived from the third-order intermodulation term,

2,,1 — wa, the same result applies to the 2,,, — w; term.

2.2.6 S-Parameters

S (scattering) parameters are used to characterize electrical networks using matched impedances.
Traditional low-frequency parameters such as resistance, capacitance, and gain can be frequency-
dependent, and thus may not fully describe the performance of eletronic circuits at the desired

frequency. [4]
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Z
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+ vy 8 A %z
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I

Figure 2.5: Two-port network with source and load impedances. [8]

Figure 2.5 shows a two-port network with scatering matrix[S], connected to source and load
impedances Zs and Z;. In general case, mismatches exist at source and load, so these mismatches

can be defined in terms of following reflection coefficients:

I's = reflection coefficient looking toward generator
I, = reflection coefficient looking from source to network
I',.: = reflection coefficient looking from load to network

I', =reflection coefficient looking towards load

In accordance with previous figure, the reflection coefficient looking toward the load is:

ZL— 2y
= 2.30
7R 230
While the reflection coefficient looking toward the source is:
Zs—Z
g (2.31)
Zs+ 7y

where Zj is the characteristic impedance reference for the S parameters of two port network.

Since the input impedance of two port network will be mismatched with a reflection coefficient
given by I';,. Which can be determined from the definition of S-parameters and the fact that
V;r =TIV, , thus:

Vi =SV +8V, =SuVt+Selly;, (2.32)

Vy =80V + 80V, =8V + SulLV, . (2.33)
Suppressing V, from expression (2.32) and computing V; /V;" gives:

Vi

i _ SSal't  Zin—2
v

1—=S»Iy  Zin+Zo

T, — i+ (2.34)

Similarly, the reflection coefficient looking from load to network can be computed following the

same approach:

vy S128T
[,y = 22— §y 4 21292108

21222ns 235
v, TP T =S (235)
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Solving for V| by voltage division,

Zin

Vi =V =VIi+V, =V (14T,). 2.36
1 SZs+Zm 1 + 1 1( + m) ( )
Thus, solving expression (2.34) for Z;, gives:
1+1,
Zin =12, 2.37
in 0 1— Fin ’ ( )

and with these result, Vl+ can be solved in terms of Vi,

Vg 14T
V=22 2.38
b 2 1-TsTy (2.38)
Therefore, the average power delivered to the input network is:
! Vs> |1 —Tf?

Py=— |V, (1 - |[y*) = 1— Tl 2.39
0= 5z PO I0nP) = G (= ITl) (239

In the same way, the average power delivered to the output network is:

vy I? 2

P=———(1- 2.40
L=, (1=[Ie[%) (2.40)

Computing for V,” from expression (2.33), replacing in (2.40), and using expression (2.38) gives:

_ VPP ISP =0 P) Vs [Sa P(1 - [Tu )]t Tl

P =
Y727y 1= Sl 870 |1 — Sl [2[1 =TT

(2.41)
The power gain can be given as:

P So12(1— |y |?
G=-t= ’21|§ L) - (2.42)
Pn (1= [Tin?)[1 =Sl

When input and output network are perfected matched, then I'y = 0 and I's = 0, where all
the power delivered to the input network is transferred to the output network. Thus, power gain
reduces to:

G =S| (2.43)

2.2.7 Stability

The design of power amplifier circuit always requires a trade-off between performance and sta-
bility. The goal is to design an amplifier that is stable over the entire operating range, covering
temperature, bias voltages, input power and load impedance, without sacrificing too much perfor-
mance because of stability improvement.[12]

The stability analyses arises as a necessity to avoid oscillation of the amplifier, this can happen
if at a given frequency the input or output port impedance of the amplifier circuit has a negative
real part, what will imply || > 1 or [Ty | > 1.

Thus, it was defined two types of stability: unconditional stability and conditional stability.
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Unconditional stability happens when |I7;,| < 1 and |T,,| < 1 for all passive source and load
impedances (i.e. |I's| < 1and |Tz| <1).
Conditional stability means that |T;,| < 1 and |T,,| < 1 for a certain range of passive source

and load impedances, also called potentially unstable.

2.2.7.1 Stability Test

Different tests are used to evaluate the stability of amplifier circuit. The stability circles allows
compute the conditional stability and plot on the Smith chart the region where amplifier is stable.
On the other hand, the Rollet factor and u factor allows compute the unconditional stability.

The K — A test, known as Rollet factor, can be calculated by the following expression

_ 1 ISuP — IS + (AP

K= > 1, (2.44)
2|811822|

together with the auxiliary condition

|Al = |S11822 — S12821] < 1, (2.45)

where both conditions must be satisfied. If both conditions are met, they are sufficient to ensure
unconditionally stability, otherwise stability circles must be plotted to determine the stable region.
The u factor is other method commonly used, where only one condition must be met to ensure

unconditionally stability of the amplifier.

1—[S1?

- ; > 1, (2.46)
B = 150 —AST, [+ [S12821]

Since u>1, unconditional stability will be guaranteed, where larger values will imply greater sta-
bility.

2.2.8 Noise Figure

Low noise amplifiers (LNAs) are one of the most critical elements used in modern wireless
communication systems, where a small noise figure is a common requirement.[3] The noise figure
(NF) allows to describe the noise performance and the sensitivity of receiving systems. An opti-
mization of the NF leads to a gain degradation, so it is necessary to make some sort of compromise
between the NF and the gain.

Several methods and formulas for analysing and compute the NF of the circuit have been pro-
posed. In the book "Microwave And RF Design of Design Wireless Systems" it was derived the

following expression that allows compute the NF of a two-port amplifier:

4Ry |Ts — Tope|?
Zy (1= Ts2)|1+Topl?’

F=Fm+ (2.47)

where:
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Ry = equivalent noise resistance.
I',,» = optimal source reflection coefficient to obtain the minimum noise figure.

Fnin = minimum noise figure, obtained when I',,,; = I's

2.2.9 Error Vector Magnitude (EVM)

EVM is defined by the vector subtraction of the reference signal from the corresponding mea-
sured signal at a specific point in a constellation. The reference signal, is a ideal signal with perfect
modulation and has an infinitesimal Bit Error Rate in a noiseless environment. Magnitude error
and phase error are defined as the magnitude and phase differences between the measured signal

and the reference signal. See Figure 2.6

Q

Magnitude Ermor( 1Q
error mag )

L

Error Vector
Measured signal

Phase Error{ 1Q error

\_,, Phasalza )

Figure 2.6: Signal Spectrum [6]

Different modulation systems have different amplitude levels. To calculate and compare the
EVM measurements effectively some normalization is typically carried out. Normalization is
derived in such a way that the mean square amplitude of all possible symbols in the constellation
of any modulation scheme is one. Thus, EVM is defined as the root-mean-square (RMS) value
of the difference between a collection of measured symbols and ideal symbols. These differences
are calculated over a given large number of symbols, and are generally shown as a percent of the

average power per symbols of the constellation.

EVM can be expressed mathematically as

1 vN 2
N =1 |Sn_Sn,O‘
EVMgys = 25" '

P REINT

(2.48)
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where S, is the normalized nth symbol in the stream of measured symbols, So, is the ideal
normalized constellation point of the nth symbol and N is the number of unique symbols in the
constellation. The expression in (2.48) cannot be replaced by their unnormalized value since the
normalization constant for the measured constellation and the ideal constellation are not the same.

The normalization scaling factor for ideal symbols is given by

1 T
Al=\ /5 =15 (2.49)
V& VR

where Pv is the total power of the measured constellation of T symbols. For RMS voltage levels
of inphase and quadrature components, V; and Vp and for T >> N, it can be shown that P, can be
expressed as

Po=Y [(Vie)? + (Vo )* (W), (2.50)

1=

t=1

The normalization factor for ideal case can be directly measured from N unique ideal constella-

tion points and is given by

N
|[Ao| = ; (2.51)
Y1 [(Vioa)? + (Voon)?]
Hence (2.48) can be further extended using normalization factors in (2.49) and (2.51) as
1 v7T 2 2
=Y 1|l —1Ios|”+ |0 —
EVMgys = T Zt_l ’ t O,t’ ’Qt QO,I‘ ’ (2‘52)

%ZtT:I [Io.1|* + Q0. ?

where I, = (Vj;)|A| is the normalized in-phase voltage for measured symbols and Ip; = (Vio,)|Ao|
is the normalized in-phase voltage for ideal symbols in the constellation, Q; = (Vy)|A| is the
normalized quadrature voltage for measured symbols and Qo; = (Vo,)|Ao| is the normalized
quadrature voltage for ideal symbols in the constellation [11].

Note that the EVM increases as a function of input power level at the high end due to intermod-
ulation distortion. At the lower power levels, the increase in EVM is attributed to a reduction in
SNR.



Chapter 3

Development

In this chapter the various solutions chosen to develop the RF transmitter and the RF receiver
will be presented. Some design concerns have been taken into account to make RF communication

as wideband as possible.

3.1 Design overview

The RF communication proposed and developed in this dissertation comprise the integration of
several discrete components available in the electronics market. All of these components have as

main feature, to operate on a wide range of frequencies below 1 GHz.

Figure 3.1 shows an overview of the purposed solution and the elements that compose each

stage of communication.

RF Transmitter
ADRF6?55 HI\1C?41ST89E ANT 868-CW- QW
Baseband .—.
90° P
0° 2
Baseband L
Q
,,,,,,,,,,, ADRFE850 SK\_K_E_»_?_j_Egg 396LF ANT-868-CW- QW
LPF STy v
Baseband
|
Baseband
Q

RF Receiver

Figure 3.1: Block diagram RF
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To develop up-conversion stage, it was used ADRF6755 from Analog Devices. This solution
comprises a highly integrated quadrature modulator, frequency synthesizer, and programmable at-
tenuator. Thus, it was possible to reduce the complexity and cost of development of such solution.

To the down-conversion stage, it was used a similar solution as used for the up-conversion stage.
ADRF6850 from Analog Devices embrace a quadrature demodulator, frequency synthesizer, low
pass filter, and variable gain amplifier.

As mentioned above, both solutions allow to fulfill all requirements and to build a low cost
solution, which made them preferred over the remaining available in the electronics market.

The LNA was composed by the integrated circuit SKY67159-396LF from Skyworks. With a
frequency range between 0.2 GHz and 3.8 GHz, it can cover all the desired frequency bands to
establish communication bellow 1 GHz. With a power consumption of 148.5 mW and with an av-
erage noise figure of 1.2 dB, it makes this solution suitable to meet all the necessary requirements.

The power amplifier (PA) was developed with the integrated circuit HMC741ST89E from the
Analog Devices. This solution has a frequency operation between 0.05 GHz and 3GHz, with an
average power consumption of 480 mW .

To establish a wireless communication between the transmitter and the receiver it was used the
antennas ANT-868-CW-QW-SMA from Linx Technologies. With a frequency range between 750
MHz and 950 MHz, only cover some of the desired frequency bands bellow 1 GHz.

3.2 Modulator

The quadrature modulator, ADRF6755, comprises an integrated fractional-N PLL and VCO
with an operating frequency range from 100 MHz to 2400 MHz. Since the ADRF6755 is con-
trolled by a bus interface, SPI, it allows to perform several tasks, just changing registers data. One
of the most important settings is the ability to change the frequency of the local oscillator in less
than 200u seconds, just by updating a new instruction through SPI. This is one of the most impor-
tant features of this solution, since communication between the RoMoVi and the base station will
be done at non-reserved frequencies, other communications may occur at the same frequency.

Through SPI is possible to perform several tasks by programming and re-programming the data
registers during normal operation without interrupt communication, if not required acquisition of
a new transmission frequency.

With concerns to acquisition and resolution of PLL, ADRF6755 allows to configure a integer
number of 12-bit and a fractional number with a 25-bit fixed modulus, allowing a frequency reso-
lution of less than 1 Hz.

When everything is fully operational, the modulator has a power consumption of 1.9W, how-
ever, some functions are not required during a normal operation, such as differential outputs, that
provide a replica of the internal local oscillator frequency. Since ADR6755 allows a power am-
plification of output RF signal between 0 and 47dB, it is possible to substantially reduce power
consumption when such signal amplification is not required. RF output can be disabled when no

data is transmitted, decreasing even more the power consumption. This is a better approach when
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there is no communication for short intervals since disabling the entire device leads the PLL to
lose lock.

Another interesting feature of ADRF6755 is the capability to drive baseband inputs with a max-
imum bandwidth of 600 MHz, although the OFDM baseband communication only requires a
6MHz bandwidth. To preserve a better signal integrity and maximum noise rejection, baseband

inputs in-phase and quadrature are driven differential.

Disable

RF Output RF output

Differential In-Phase
Baseband Inputs

e

ADRF6755 Q j

5

Fourth-order

loop filter LDO 3.3V T
Differential Quadrature Reference Output
Baseband Inputs Oscillator 50MHz Reference Oscilator

Figure 3.2: Layout modulador

From figure 3.2 can be seen the final PCB layout design to ADRF6850, where the main compo-
nents of the modulator are highlighted. Although it is a very integrated solution, it required several

external components, which increased the complexity of PCB design.

3.2.1 Design checking
3.2.1.1 Differential Baseband inputs

The ADRF6755 allows a maximum baseband bandwidth of 600MHz. However such bandwidth
makes the impedance seen by the baseband inputs vary with the increase of the frequency. Thus,
each baseband input was terminated with 50 ohm resistors, allowing the input impedance to remain

flat across the baseband.

Differential local
oscillator frequency
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3.2.1.2 Reference oscillator

As a PLL clock reference, was used an SMD clock oscillator with a frequency of 80 MHz, with
an average power consumption of 9.9mW. Some design concerns were taken, allowing to disable

this reference through a digital port when it is not necessary.

3.2.1.3 Fourth-order loop filter

Analog Devices provides an ADIsimPLL software that assists in loop filter design, taking into
account aspects such as loop bandwidth, output frequency and phase margin. After some designs
in ADLsimPLL, it was realised that the loop filter has very closed to the one developed for the

evaluation board and the constraints regarding how fast PLL acquire new lock are not critical.

CP VTUNE
- L]
lm ch R2 io" o J_o:;
2

1.9nF 160 ohm 160 ohm EE0pF
I 47nF ISGIJpF

R1
150 chm

Figure 3.3: Fourth-order loop filter

The figure 3.3 shows the fourth-order loop filter, the same provided in the datasheet, as main

features, a loop bandwidth with 100 kHz and a phase margin with 55°.

3.2.14 LDO3.3V

To provide a 3.3V supply voltage to 80MHz reference oscillator was used a RT9193 LDO that
allow drop 5V supply voltage to 3.3V.

3.2.1.5 Serial Peripheral Interface

ADRF6755 supports two different bus interfaces, SPI and I°C. To control all data registers it
was used an SPI interface, since allows to reduce the complexity due to each dedicated line. With

this interface it is possible to program ADRF6755 at a maximum frequency of 20 MHz.

3.2.1.6 Local oscillator configuration

Local oscillator consists of a PLL and three VCOs, allowing to define a frequency range between
100 MHz and 2400 MHz. Through the expression (3.2), it is possible to compute the integer and

fractional value to configure the local oscillator at desired frequency.

LO = fppp x (INT + (FRAC /2%)) J2RFPIV (3.1)
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The VCOs can be configured through the divider, RFDIV, of Table 6 on the datasheet, it is

possible to choose the correct value according to the local oscillator frequency.

The PLL consists of a fractional-N frequency synthesizer with a 25-bit fixed modulus, where
through five registers it is possible to programme the fractional number, FRAC, and through two

other registers programme the INT value with 12-bit.

3.2.2 Voltage Common Mode

SMIQ Vector Signal Generator from Rhodes & Schwartz will be used to test up-converter and
down-converter stages. However, signal generator provides single-ended signals in-phase and
quadrature. Thus, it was necessary to develop a PCB with two CX2041NLT Baluns, that could

covert single-ended into differential signals.

Each in-phase and quadrature input signal of ADRF6755 must be dc-biased to approximately
500 mV. With baluns it is possible to provide a common voltage to each differential input of

ADRF6755, since the signal generator is unable to add a offset dc voltage to the baseband signals.

F Single-Ended

U.uu

Balun CX2041NLT

-

Differential Ended J

Figure 3.4: Layout voltage common mode

From figure 3.3 can be seen PCB layout that will do the interconnection between signal genera-

tor and up-converter stage, with the differential basebands driven with a dc voltage of 500 mV.
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3.3 Demodulator

The quadrature demodulator ADRF6850 is a high integrated solution that allows a direct con-
version to baseband signal. With a range between 0.1 GHz and 1 GHz, similar solution provided
in up-converter stage, despite with some extra features that allow being a more complete solution
and when configured in parallel with up converter, allows a synchronous communication.

From figure 3.5, it can be seen the final PCB layout and the main features that comprise the
down-converter stage. As main feature, has the possibility of adding an internal or external dc
voltage to the in-phase and quadrature differential baseband signals. Thus, it was decided that
an internal reference dc voltage should be more appropriate to reduce the complexity of tests,

however if it is necessary to set an external dc voltage, then resistor R20 must be removed

RF Quiput oA Gain Input
Differential In-Phase ADRF6350

Baseband Inputs T 5 Differential local
'j Q oscillator frequency

_V_\J—

—I_/"L

_V_\J_

| —

[—"L L—

— B K o

— 1 I—

Differential Quadrature _ Reference
Baseband Inputs T Oscillator 13.5MHz
QOutput
Baseband Reference Oscilator
Common-Mode Voltage Differential
Fourth-order Monitor Outputs
loop filter

Figure 3.5: Layout demodulator

Through input VGAIN it is possible to drive a voltage between OV and 1.5V, allowing an am-
plification of the in-phase and quadrature baseband outputs between 0dB and 60 dB.
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To filter interferences, are provided four re-programmable filters with cutoff frequencies be-
tween 30 MHz and 50 MHz.

3.3.1 Design checking
3.3.1.1 Differential Baseband outputs

As mentioned in section 3.2.1.1, impedance seen by baseband signals changes across the band-
width. Thus, each differential baseband signal was terminated with a series 50 ohm resistor,
allowing the impedance seen for the output basebands to remain constant across the 250 MHz
bandwidth.

3.3.1.2 Reference oscillator

ADRF6850 allows a input reference clock between 10 MHz and 165 MHz. As recommendation
from manufactur was used a 13.5 MHz SMD Crystal oscillator with 3.3V voltage supply.

3.3.1.3 Fourth-order loop filter

ADIsimPLL software from Analog Devices was used to assist in loop filter design, however the
datasheet provides the design of a loop filter with a 50 kHz loop bandwidth. Therefore, to avoid

possible mistakes, it was decided to use the loop filter design provided in datasheet.

CP VTUNE
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Figure 3.6: Fourth-order loop filter

From figure 3.6 it can be seen the components that compose the loop filter with a bandwidth of
50 kHz and a phase margin of 55°. Although a lower loop bandwidth increase the time to PLL
acquire new lock. With this loop filter the PLL needs approximately 260y seconds to acquire the
lock.

3.3.1.4 Serial Peripheral Interface

ADRF6850 allows to control data registers through an SPI interface or an I>C interface, but
since it was used an SPI interface in the modulator, it becomes simpler to control data registers
through the same interface. Therefore, in a future integration with baseband communication, both

demodulator and modulator can be controlled through the same SPI interface.
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3.3.1.5 Local oscillator configuration

The local oscillator, LO, is composed of a PLL and three VCOs, also as in ADRF6755, with
a frequency range between 100 MHz and 1000 MHz. Through expression (3.2), it is possible to
compute the integer and the fractional numbers to set the desired frequency of the local oscillator.

Through the divider, RFID, it is possible to choose the right VCO according with Table 6 pro-
vided in datasheet.

The fractional number, FRAC, with 25-bit fixed module is controlled by the first five registers
and the integer number, INT, with 12-bit is controlled by registers 0x06 and 0x07, allows to con-
figure the correct values. Thus, given the reference input frequency value, fprp, at input of PLL it

is possible to set the desired local oscillator frequency.

3.4 Low Noise Amplifier

As mentioned in section 3.1, to design the low noise amplifier stage it was used the integrated
circuit SKY67159-396LF, with the lowest power consumption of all RF communication.

To achieve the maximum efficiency in the desired frequency bands, it was necessary to develop
a circuit with a matching network. Many possible architectures are suggested, however, a circuit
with a matching network was provided on the manufacturer datasheet, allowing to cover all the

frequencies of interest below 1 GHz. Figure 3.7 shows the components that compose this stage.
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Figure 3.7: Schematic of low noise amplifier

Although the manufacturer provided the necessary circuit to operate at the desired frequencies,
it was necessary to use the Agilent ADS from Keysight Technologies, a software strongly oriented

to development of RF, microwave, and high speed digital applications, to take into account various
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side effects during design and development, such as the different length and width of the signal

lines.

Another interesting feature about Agilent ADS, is the possibility of using component libraries
that contain their physical characteristics, so during a S-parameter simulation, it was possible to

analyse the contribution of all elements.

With the desired performance during the schematic simulation, the PCB layout was designed,
where a simulation was performed with all the components that compose the LNA. Through the
ADS, it was possible to perform an electromagnetic simulation (EM simulation), where it was
achieved a wide-band performance, covering all the frequencies of interest below 1 GHz (Figure
3.8).
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Figure 3.8: S11 and S22 of LNA

As shown in figure 3.8 the parameter S11 is bellow -16 dB between 0.3 GHz and 1.2 GHz,
which means that less than 3% of the input signal is reflected to the source. A similar analysis
can be done for the output signal, where S22 is below -14 dB between 0.3 GHz and 1 GHz, which
means that 96% of the output signal is delivered to the load.

The design of an LNA stage always requires a trade-off between the lowest noise figure and the
maximum gain, however, during the development it was realized that the manufacturer does not
provide enough data to analyze the noise figure, so it was not possible to calculate the noise figure
during the design. Since is being used the same circuit provided in the manufacturer datasheet,
where it is described a noise figure lower than 1.3 dB across all the frequencies, it was decided to
proceed with the development of the LNA stage. However, as will be seen in section 4.4.1, the

laboratory tests showed a noise figure very close to that described in the manufacturer datasheet.
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Figure 3.9: S21 of LNA

Figure 3.9 plots the S21 parameter, representing the gain, where an average gain of 19 dB was
reached between 0.2 GHz and 1.2 GHz. After comparing with the gain plotted in the manufacturer
datasheet, it can be concluded that, the different components and the different PCB substrate used

did not decrease the LNA performance.

3.4.1 Stability

Design an amplifier always raises concerns about stability, that if it is not ensured, the amplifier
can oscillate at a certain frequency, leading to instability.

As mentioned in section 2.2.7, several methods have been employed to test the stability, however
one of the methods commonly used is the p factor, which allows the expression (2.46) to ensure

unconditional stability if u>1.
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Figure 3.10: Stability factor of LNA

With the extracted S-parameters, i can be easily computed through Matlab , however, ADS

provides a function that directly compute the stability across all the frequencies. From figure 3.10
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can be seen the u factor, where is above 1 at all frequencies, then it can be concluded that the LNA
is unconditionally stable, not raising stability concerns.
3.5 Power Amplifier

To design the PA, the same steps were followed as during the design of the LNA, however, some

constraints were more relaxed, since it was not necessary to take into account the noise figure.

GND J,:

I
HMC741STS9E S GND
Il K
%"—RFIN RFOUT [ S
480pF 480pF
_T_ GND  GND j_
GND GND

Figure 3.11: Schematic power amplifier

Figure 3.11 shows the schematic used to develop the PA, the same schematic suggested by the
manufacturer. It is clear the absence of a matching network, because the IC that composes the PA
is internally wideband matched, which made the development procedure much simpler.

Regarding the PA simulation, were followed the same steps as in the LNA simulation. In the
schematic simulation, it was performed a simulation using the two-port measurement, where only
was measured the S-parameters of the components, leaving out the side effects introduced by the
PCB traces. This step was fundamental, because it allowed to guarantee the desired performance
of the circuit suggested by the manufacturer.

During the layout simulation it was performed an accurate simulation as in the LNA simulation,
through the EM simulation. This allowed not only measuring the effects of the traces, but also
measuring the contribution of the vias that connect the top ground plane with the bottom ground
plane.

The figure 3.12 shows the S11 and S22 parameters after performed the EM simulation. It be-
comes clear that the desired performance has been achieved since the PA can operate at all desired
frequencies below 1 GHz with return losses below -10 dB.

With a more detailed analysis, it can be seen that the S11 is less than -11 dB between 0.2 GHz
and 1GHz, which means that less 8% of the input signal is reflected back to the source. The S22,



28 Development

remains below -15 dB in the same frequency bands, with more than 94% of the output power
signal delivered to the load.
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Figure 3.12: S11 and S22 PA

The gain, parameter S21 represented in figure 3.13, remains above 20 dB between 0.2 GHz and
1 GHz, with a maximum of 21 dB at 0.2 GHz.
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Figure 3.13: Stability factor PA
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Figure 3.14: S21 PA

As done in the LNA stage, it was used the p factor to calculate the stability factor of the PA
. The figure 3.14 shows the u factor between 0.2 GHz to 1.2 GHz, where it is above one at all

frequencies.
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Chapter 4

Testing & Debugging

This chapter guides through all measurements and results extracted from the solutions developed
in previous chapter.

To control data registers of the demodulator and the modulator, it was used an Arduino Uno,
with an SPI library that allows to define the bit rate and the ports to communicate. Thus, with
Arduino acting as master, it was developed a C code that allowed programming and update data

registers of the modulator and the demodulator during a normal operation.
4.1 Modulator

Figure 4.1 shows the PCB modulator with the required components to perform a normal opera-
tion. During the soldering stage, it was noticed that some errors were made during the design, so it
was decided to just assemble the required components to ensure that the modulator was operating

according as expected.

Figure 4.1: PCB modulador

As mentioned in a section 3.1.2, to provide a complete test of the modulator, it was used a signal
generator SMIQ 03B from Rhodes & Schwartz. With a range frequency between 300 kHz and 3.3
GHz, it allows to define several digital modulations with a maximum 18M symbols per second.
Thus, as main requirement from baseband communication, it is a 6 MHz bandwidth with a 16
QAM modulation.

31
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To evaluate RF output signal it was used ZVL3 Vector Network Analyser from Rhodes &
Schwartz, with a dynamic range between 9kHz and 3GHz and a maximum 27 dBm RF input
signal, enabling a complete analysis of the radio frequency spectrum across the desired transmis-
sion frequency, which allowed to inspect the occupied bandwidth and the interferences present in

the RF spectrum.

4.1.1 Local Oscillator

With everything fully biased, data registers were programmed in order to operate at 800 MHz
frequency. Therefore, through the expression 3.2 provided in section 3.1.1.7, it was possible to

setup PLL and VCO registers and analyse local oscillator at 800 MHz frequency.

Figure 4.2 provides a replica of the internal local oscillator with approximately 6 dB attenuation
and a bandwidth of 1 kHz. The modulator allows three more levels of attenuation to LOMON

differential outputs, since another purpose is bias other devices to operate at same frequency.

RBW 300 Hz
Att 30 dB VBW 1 kHz M1[1] -5.00 dBm
Ref 7.00 dBm SWT 110ms 800.001675000 MHz

CF 800.0017 MHz Span 10.0 kHz

Figure 4.2: Local oscillator at S00MHz

Although the expression provided in the datasheet allows to compute the right values to setup the
registers of the PLL and the VCO. It can be seen in figure 4.2 that the local oscillator has a deviation
of 2.01 kHz above the desired frequency. Analysing the local oscillator at other frequencies, (see
appendix A), it can be concluded this offset is not constant across the frequency band, arising the

need to inspect the frequency of local oscillator.
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RBW 300 Hz
Att 30dB VBW 1 kHz
Ref 7.00 dBm SWT 35ms

CF 800.0 MHz Span 3.0 kHz

Figure 4.3: Local oscillator at 800 MHz with 0 Hz offset

Thus, through the 25-bit fractional number, it was possible to compensate this deviation, achiev-
ing a resolution with less than 1 Hz. Figure 4.3 shows local oscillator with 0 Hz offset at 800 MHz
frequency, after inspecting the LOMON outputs.

4.1.2 Full Spectrum

Corrected the frequency offset of the local oscillator, the baseband inputs in-phase and quadra-
ture were fed with a 16QAM signal with 6 M symbols. The full spectrum of RF signal can be seen
in figure 4.4, with two different attenuation levels, where the carrier is centered at 800 MHz and

the adjacent harmonics appear centered at 1.6 GHz and 2.4 GHz frequencies.
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Figure 4.4: Full spectrum of RF output signal
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Inspecting the RF signal with 11 dB attenuation, it can be concluded that brings a significant
improvement to the RF spectrum, enhancing the second harmonic at 1.6 GHz with an attenuation
of 24.8 dB.

Carrier signal is surrounded with interferences at well-defined frequencies, although not critical
at this stage, when the signal is driven through the power amplifier, interferences will be amplified
together with carrier, corrupting the desired signal at reception.

As mentioned in section 2.2.3, intermodulation distortion is a nonlinear effect of two or more
signals mixing within a device that produce undesirable higher-order products, where the lower-
order terms occur more close the fundamental and harmonics signals. Although it is impossible to
know the order of intermodulation products, it is possible to claim that they are the main reason for
such nonlinearities, since they occur at well defined frequencies in both sides of the fundamental
and harmonics signals.

Above 1 GHz, these nonlinearities are irrelevant, since the communication system itself will
filter out those side effects introduced by the modulator. However, the same cannot be stated for

the intermodulation products that appear near the fundamental signal and above.
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Figure 4.5: Carrier and intermodulation products

From figure 4.5 it can be seen with more detail the IM products with different attenuation levels
that surround the carrier at 800 MHz. As mentioned earlier, due to non-linearities present in power
amplifiers, these will produce intermodualtion products at the same frequencies as modulator pro-
duced. At the output of power amplifier in the RF Transmitter, the third order intermodulation
products will be amplified with a ratio 6:2 in relation with the main signal.

Analysing the RF signal with different attenuation levels, it can be stated that an attenuation of
20 dB is capable to reduce the intermodulation products to the noise level near the fundamental
signal. This means that modulator can amplify the fundamental signal in 27 dBm without the
interference of intremodulation products.

Comparing the signal with a 10 dB attenuation with the signal without attenuation, it is possible

to conclude that the signal with O dB attenuation already reached the P1dB.
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At 600 MHz, the same side effects are present in the RF spectrum. Figure 4.6 shows the in-
termoduation products around the fundamental signal. It is clear that the only way to avoid the
interference from intermodulation products is to limit the amplification of the fundamental signal

to an upper limit.
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Figure 4.6: Carrier at 600 MHz with IM products

4.1.3 RF Output

The baseband communication is using the OFDM modulation scheme due to its ability to handle
frequency selective channel fading and its resilience to timing errors. However, one of the main
drawbacks of OFDM is that it has a high peak-to-average power ratio (PAPR). This high PAPR is
due to the fact that, for a large number of sub-carriers, the OFDM signal approximates a random
complex Gaussian process. Consequently, the amplitude of the signal has a Rayleigh distribution.
For a large (“infinite”’) number of sub-carriers, N, the signal has a nonzero probability of being
above any given threshold. For a finite N, each OFDM symbol has a maximum PAPR of N. When
the OFDM signal is passed through a non-linear power amplifier , its peaks are clipped, which

causes in-band and out-of-band distortion.[3]

From figure 4.7 it can be seen the RF output signal with a 6 MHz bandwidth, where it is affected
by out-of-band distortion.

This side effect of the modulation scheme can not solved here, however through an attenuation
in the fundamental signal can be prevented to be amplified by the intermodulation products in the
next stages. The intermodualtions products also are present in the side bands of the fundamental
signal, so through an 10 dB attenuation can be seen significant improvements in the spectrum.
With an 10 dB attenuation, the modulator amplifies the fundamental signal with 37 dB, remaining
55 dB above the noise reference, 75dB.
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With an attenuation between 15 dB and 20 dB, it can be achieved a better performance with
regard to out-of-band distortion, bringing them to the same level of the noise reference. Although,

it is obvious that will decrease the relation SNR.
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Figure 4.7: Carrier at 800 MHz

Figure 4.8 shows the RF output signal at 600 MHz with the same modulation scheme and the
bandwidth used at 800 MHz. Comparing both, it is clear that the out-of-band distortion is not
frequency dependent.
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Figure 4.8: Carrier at 600 MHz

Although out-of-band distortions can be avoided at this point, due to the non-linearities present
in the power amplifier, the fundamental signal will be affected at the output of the power amplifier.
A possible solution to address this problem could be through techniques such as iterative clip-

ping and filtering for PAPR reduction. Several researchs have been conducted, proving that it is
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possible to reduce out-of-band distortions without a degradation of signal-noise ratio, however, it

will increase the complexity of baseband communication.

4.2 Demodulator

Assembled all components, the final board can be seen in figure 4.9. Although very similar
to the modulator, this stage is more complete allowing to setup an external or internal voltage
common mode.

To provide a full test of the Demodulator was used the signal generator SIMQ 03B, previously
used to provide the baseband signals to modulator. Signal generator allows to set up in parallel
an RF signal with several digital modulations in a frequency range between 300 kHz and 3.3 GHz
and the baseband signals in-phase and quadrature that compose the RF signal, thus it was possible
to check the correct operation of Demodulator by comparing the output baseband signals of the
signal generator.

To evaluate both baseband signals was used the oscilloscope TDS 2022B of the Tektronixwith
with a 200 MHz range frequency.

Figure 4.9: PCB demodulator

The demodulator was tested with an RF signal at a 800 MHz frequency and 6 M symbols per
second. Three different modulations were used, in subsection 4.2.2 it can be seen the output
basebands signals of the demodulator with a QPSK modulation. In the appendix B the remaining
results can be seen with BPSK and 16QAM modulations.

4.2.1 Local Oscillator

After setup all the necessary registers through SPI to a 800 MHz frequency oscillation, it was
possible to observe from figure 4.9 the internal replica of local oscillator, despite provided the

correct values through SPI, it can be seen that local oscillator has a deviation of 5.08 kHz.
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Analysing local oscillator frequency at several different frequencies was possible to conclude
that local oscillator has a offset between 2.6 kHz and 5.4 kHz, despite this offset decrease with the

frequency is not a linear function of frequency.

RBW 300 Hz
Att 30 dB VBW 1 kHz M1[1]
Ref 7.00 dBm SWT 110ms

CF 799.9949 MHz

Figure 4.10: Local oscillator at 600 MHz with 5.08 kHz offset

After inspect the internal local oscillator through differentials outputs LOMON, the offset can
be compensated through the 25-bit fractional number. From figure 4.11 it can be seen a new replica

of internal local oscillator with an offset of 1.8 Hz.

Although offset is easy to compensate, it adds a considerable payload to the communication,
since it is necessary to keep information about the offset at desired frequency, which leads to a
great loss of flexibility. Another option could be, the microcontroller that manages communication
inspect the frequency of the local oscillator, however this increases the complexity, since it is

necessary to add a device that converts the analogue signal of the local oscillator to digital.

RBW 300 Hz
Att 30 dB VBW 1 kHz M1[1] -4.16 dBm
Ref 7.00 dBm 800.000001800 MHz

CF 800.0 MHz

Figure 4.11: Local oscillator at 800 MHz with balanced offset by 25-bit fractional number
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4.2.2 Baseband output

As mentioned above, to test the demodulator it was provided an RF signal at a frequency of 800
MHz, with a QPSK modulation and 6 M symbols per second. The basebands signals that compose
the RF signal are generated arbitrarily by signal generator, thus the only way to ensure the correct

operation of the demodulator was by comparing both signals.

From figure 4.12 it can be seen the in-phase baseband signal overlapped with the in-phase base-
band signal of the signal generator, despite a small temporal offset it is clear that the baseband

signal provided by demodulator is the desired signal.

——Baseband SMIQ 03B
—— Baseband Demodulator

Amplitude( Voltage)
o
T

Time %1078

Figure 4.12: In-phase baseband signal with QPSK

Figure 4.13 shows the quadrature baseband signal of the signal generator overlapped with the
quadrature baseband of the demodulator and comparing both signals becomes clear that it was
achieved the desired signal. Due to the limitations of the laboratory equipment, it was only pos-
sible to test a baseband signal at each time, however comparing the temporal offset with in-phase

baseband, it can be concluded that it is approximately the same.
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Figure 4.13: Quadrature baseband signal with QPSK

4.3 Loopback test

To perform a complete test of the modulator and the demodulator they were connected in loop,
where the signal generator provides the baseband signals. The modulator converts the baseband
signals into an RF signal at a frequency of 800 MHz and connected by a cable providing the sig-
nal to the RF input of the demodulator. The demodulator with a local oscillator at a 800 MHz
frequency, converts the RF signal to a baseband signals in-phase and quadrature. Through a test
probe it was possible inspect and compare the baseband signals of the signal generator and base-

band signals of the demodulator.

Figure 4.14 shows the complete setup necessary to conduct the test, despite it was not mentioned
in previous sections to program the ADRF6850 and the ADRF6755 registers through SPI, it was
necessary to develop in a breadboard a voltage divider that allowed to covert the 5 V Arduino
digital outputs to 2.5 V.
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Figure 4.14: Loopback test at a 800 MHz frequency

Through the signal generator were conducted three test, although with different modulations,
all were defined with 6 M symbols per second that allowed to reach a bandwidth of 6 MHz. Since
the intention of the baseband communication is to use a 16 QAM modulation, in this section will
be represented the results with this modulation, however the remaining results with a BPSK and

QPSK modulation are present in the appendix C.

Signal generator does not allow to control the power level of the baseband signals, thus it was
defined a 45 dB attenuation in the modulator and a 40 dB amplification in the demodulator, which
allowed to compare the baseband signals of the demodulator and signal generator with the same

power level.

To avoid interferences in the desired signal due to nonlinearities of the devices, it was setup a

low pass filter with a cutoff frequency of 30 MHz, the lowest filter provided by demodulator.

From figure 4.15 it can be seen the in-phase baseband signal of the demodulator overlapped
with the in-phase baseband signal of the signal generator. Since the output basebands signals of
signal generator are connected through cables to the board that convert single-ended in differential
signals, it was necessary through a probe test connected to the oscilloscope to extract the baseband

signal from one of the exposed paths in the board.
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—— Baseband Demodulator
—— Baseband SMIQ 03B

Amplitude( Voltage)

Figure 4.15: In-phase baseband signal with 16 QAM

Figure 4.16 shows both quadrature baseband signals of the signal generator and of the demod-
ulator. Although both signals are what was expected, it can be seen that they are being affected
by noise. One of the possible reasons for this effect is the 40 dB amplification imposed by the
demodulator, which is amplifying the noise with main signal. However, comparing with the previ-
ous test, where demodulator was tested isolated with a 16 QAM modulation, were obtained better
results despite the 24 dB amplification.
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Figure 4.16: Quadrature baseband signal with 16 QAM

A probable reason for a degradation of baseband signals in-phase and quadrature may be due the
noise introduced by modulator, which is being amplified by the demodulator. Therefore, should
be achieved a relationship between the attenuation of the modulator and the amplification of the

demodulator that reduces the noise introduced in the communication due to the nonlinearities.
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However, this must be done with baseband communication, which defines an adequate noise level

that enables communication with a certain noise.

4.4 Test LNA

To evaluate the correct behaviour of the LNA stage, it was performed a S-parameter test trough
the ZVL3 Vector Network Analyser, where the outcome of this test overlaps with the expected

results obtained in the section 3.4.

The figure 4.17 shows the parameter S11 simulated overlapping with the parameter S11 mea-
sured, it is clear the deviation between the two signals, during the design and simulation, the solder
mask, which acts as a coating on the PCB, was not taken into account during the design. This side

effect may be the main reason for such deviation in parameters S11 and S22.
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Figure 4.17: S11 LNA

The results bellow 0.3 GHz can not be considered since the minimum operating frequency is 0.3

GHz, however it is necessary to ensure that they are below 0 dB, in order to guarantee stability.

The analyse of parameter S11 allow conclude that the greatest deviation, appears exactly at the
minimum operating frequency, but can be taken as a positive side effect, since it increased the
efficiency by 15 dB.

On the other side, at 1.05 GHz, a negative deviation decreased the efficiency around 12.5 dB.
Although this offset, the parameter S11 is less than -20 dB between 0.3 GHz and 1 GHz, which
means more than 99% of the input signal is delivered to the source.

The figure 4.18 shows the parameter S22, where the maximum deviation occurs at 0.3 GHz,

with a difference of 15 dBm. Despite this deviation, it was achieved an efficiency in the output
signal above 90%, once the parameter S22 is less than -10 dBm between 0.3 GHz and 1 GHz.
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Figure 4.18: S22 LNA

The expression 2.43 establish a relation between the gain and the S-parameters, it is clear the

deviation in the S11 and S22 will affect the expected gain.

The figure 4.19 shows the gain measured versus the simulated, where the expected gain de-

creased around 1 dB in all frequencies bands, although being more affect at frequencies above 1

GHz.
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Figure 4.19: S21 LNA
4.4.1 Noise Figure

The noise figure is one of the most important features when developing a LNA, since it defines

the achievable signal sensitivity on the receiver side.

As mention in a previous section, the manufacturer achieved a noise figure between 1 dB and

1.2 dB at frequencies between 0.7 GHz and 2.7 GHz. However, this value was never calculated

during design due to absence of information in the LNA IC datasheet, as well as the rest of the

components that are part of this stage. Therefore, it was extremely important to calculate the noise

figure introduced by all components at frequencies below 1GHz.
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To compute the noise figure it was used a N9030A PXA Signal Analyzer, from Keysight, with
a frequency range between 3 Hz to 50 GHz and the 346A noise source, from Keysight, with a
frequency range between 10 MHz and 18 GHz. In this test, it was necessary to use different
equipments, since the ZVL3 Vector Network Analyser was not compliant with the noise source.

From figure 4.20 it can be seen the performed test, where on the right side is the schematic test
and the left side is the equipment used to perform the noise figure test. Before perform the test, the
system had to be calibrated to take into account all noise sources induced by all elements present
in the measurement system.

As is obvious by the name, the noise source is a device that introduces noise in the Device Under
Test (DUT), with predefined noise values, Excess Noise Ratio (ENR), and must be supplied to the
signal generator before the calibration.

When the signal generator is loaded with ENR values, the noise source was connected to the
signal analyser without the DUT, or in this case without the LNA stage. Thus, the signal generator
was calibrated with noise induced by the noise source, as well as throughout the system itself,

allowing a more accurate test.

Signal Analyzer

N

0o oo
) ]

Noise
Source

LNA

NI030A PXA
Signal Analyzer 346A Noise Source

Figure 4.20: Noise figure test

With the whole calibrated system, the LNA is introduced, as shown in Figure 4.20, and the noise
test is started. Since the signal generator incorporates the necessary software to calculate the noise
figure through the Y-factor technique, it was not necessary to do extra calculations to obtain the
noise figure.

Figure 4.21 represents the noise figure graph between 0.2 GHz and 1.2 GHz. The noise figure
has a maximum of 2.5 dB at the minimum operating frequency, 0.2 GHz, and a minimum of 1.15

dB at 1 GHz. It not only allowed to conclude that the noise figure increased slightly compared to
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the results obtained by the manufacturer, but to ensure that it remains at acceptable levels between
0.2 GHz and 0.7 GHz.
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Figure 4.21: Noise figure LNA

Another important aspect to mention in this result is the peak between 0.8 GHz and 1 GHz,
where it reaches the maximum around 1.4 dB at 0.93 GHz. It is difficult to explain this event,
since the noise figure decreases steadily until reaching a minimum at 1GHz. However, the noise
figure graph provided by the manufacturer, Appendix D, has the same peak around 0.9 GHz,
although not as pronounced, being only a variation less than 0.1 dB.

Therefore, although the noise figure increased slight, when comparing with the 1 dB noise figure
achieved by the manufacture, it can be concluded that the noise value increased by less than 0.5
dB if the frequency bands between 0.2 GHz and 0.4 GHz were excluded.

4.4.2 Third-Order Intermodulation Distortion (IM3)

Third order distortion products are typically introduced in an RF system by components such
as mixers and amplifiers. A simple way to specify third order distortion products is with a two-
tone intermodulation test. This test generates two tones of the same power level closely spaced in
frequency.

The schematic test to measure the IM3 is shown in figure 4.22, where each signal generator
produce a tone that is coupled by the power combiner to fed the DUT input. The output produced
by the DUT will be measured and displayed in the signal analyser with the two-tone signal plus all
intermodualtion products generated by the DUT. This outcome can be represented mathematically
by the expression 2.19.

Figure 4.23 shows the setup test used to measure the intermodualtion products generated by the
LNA. Where were used the N90O30A PXA Signal Analyzer, the SMJ100A Vector Signal Generator
from Rohde Schwarz and the Signal Generator €8257d from Agilent Technologies. The signals
coming from the signal generators were coupled with an RF power combiner with -6 dB attenua-

tion and fed the LNA input, where the LNA output signal was measured in the Signal Analyser.
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Figure 4.23: IM3 setup test

To perform this test it was generated the two-tones at 865 MHz and at 866 MHz, where the 1
MHz space between the two-tone allows expect the IM3 products occur at 864 MHz and at 866
MHz, as described by the expression 2.21 .
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The cables, as well as the power combiner, introduce attenuation into the power signals, al-
though they do not affect the relationship between the two-tones and the intermodulation products,
it is important to achieve maximum accuracy during the test. Thus, before each IM3 test, it was
measured the attenuation between the signal generators and the RF power combiner output by
connecting the power combiner throughout a cable to the signal analyser.

Figure 4.24 shows the IM3 test results with several power levels, where was used a 5 dBm
interval between -20 dBm and -5 dBm. Through this test, it was taken into account an attenuation
around 6.4 dBm. So, when the two tones were generated with a power signal of 5 dBm, the LNA

input was fed with a signal power level of -1.36 dBm.

-1.36 dBm
—— 64dBm

20 - -1151dBm

- -1650 dBm

132?? i -2151dBm

' -2652dBm
08
41t
91 F
20

-40

-80

=100

-120

Frequency (GHz)

Figure 4.24: IM3 test

If we consider -70 dBm, the reference noise level, for all the power signals, the LNA is free
of intermodulation products when the LNA input is fed with power signals less than -21.51 dBm.
This means that the two lowest power signals, -26.52 dBm and -21.51 dBm, are free of IM3
products, despite the -21.51 dBm power signal has a small amplification at IM3 frequencies when
it is analyzed separately. Thus, it was achieved an amplification of 17.4 dBm, in relation to the

input signal, when the power signal is below -21.51 dBm.

When provided an input signal with a power level of -16.50 dBm, IM3 products appear 10 dBm

above the reference noise level. The difference with the input power signal -21.51 dBm, -5 dBm
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below, is 14.12 dBm, which means that IM3 products are being amplified at a rate three times
more than the first-order products , two-tone signals, on a logarithmic scale.

With an increase of 5 dB in the input power signal to -11.51 dBm, the output signal increased by
5 dB, compared to the previous signal, however the IM3 products appear amplified at 16.7 dBm,
when compared with the input power signal of -16.50 dBm. Looking at Figure 4.24, it is clear the
3:1 relationship between the amplification of the IM3 products and the two-tone signals.

At -1.36 dBm input signal, the output signals were amplified in 3 dBm compared with the -6.4
dBm input power signal, which means that it was reached the compression point, P1dB, despite
IM3 continue to increase with a ratio of almost three times. The IM3 will stop increasing when
reach the P1dB too, however, the signals of interest will be unrecognisable.

At this point, it makes sense introduce the third order intercept (TOI or IP3). This theoretical
specification is the output power at which the distortion products will be equal in amplitude to the
two-tone signal of interest.

Through the data extracted from the IM3 measurements, it was possible estimate the funda-
mental signal power line and the third-order signal power line, both represented in figure 4.25 by
dotted lines. Therefore it was possible calculate the IP3, the 23.48 dBm output power signal when
the LNA input is supplied with a 6.93 dBm power signal.
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Figure 4.25: 1P3

The solid lines that represent the fundamental signal power and the third-order signal power,
were interpolated through the values extracted during the IM3 measurement. Looking at the high-
est input power signal provided, 2.6 dBm, it is clear that both signals are no longer in the linear
region, which means that the IP3 never will be reached.

When the LNA input is supplied with a two-tone signal power of 2.6 dBm, the fundamental
signal power is 5.88 dBm bellow the expected value of the linear region, while the power of the
third order signal is 6,613 dBm below the value expected. If the input power continues to increase,

eventually the LNA output power will be completely flat.
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As mention in previous sections, it is intended to use a bandwidth of 6 MHz, so seems imperative
to analyse the spectrum of frequencies that will be used by the communication.

When using an OFDM modulation that uses a multi-channel scheme, several intermodualtion
products can occur inside the frequencies bands of interest.

From figure 4.26 it can be seen the 10 MHz spectrum of frequencies that surrounds fundamental
frequencies, F1 and F2, between 860 MHz and 870 MHz. As described by expression 2.19, when
the two-tone signal is amplified by the LNA, an infinite number of intermodulation products are
generated, despite we are more interested in the IM3 since they are the intermodulation products

that occur more closely to the signal of interest.
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Figure 4.26: Noise Figure LNA

Of all intermodulation components produced during the amplification, we are only interested
in those which can fall in the frequecies bands of interest. In table 4.1 were calculated the first
six intermodulation products, where it can be easly understood that the even products occur fairly
spaced from the fundamental frequencies.

Associating the table 4.1 with the figure 4.26 it is possible see the frequencies at which inter-
modulation products occur, as well the relation between the input power signal and the power
of each intermodulation product was generated. Where lower order intermodulation products are

generated at higher power levels
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Ist F1 F2 865 MHz 866 MHz
2nd  FI+F2 F2-F1 1731 MHz 1 MHz
3rd  2F1-F2 2F2-F1 864 MHz 867 MHz
4th  2F1+2F2 2F2-2F1 3462 MHz 2 MHz
5th  3F1-2F2 3F2-2F1 863 MHz 868 MHz
6th  3F1+3F2 3F2-3F1 5193 MHz 3 MHz
Etc.

Table 4.1: IM Products

The even intermodualation product that occur more close the fundamental signals, are the sec-
ond order intermodualtion products, which in this test appear at 1731 MHz, F1+F2, and at 1 MHz,
F2-F1, which mean that can be easily filtered out.

The same do not happen with the odd intermodualtion products that appear closely to the fun-
damental frequencies. If were used the frequencies bands beteween 862.5MHz and 868.5 MHz,
where the two-tone are centered, the bandwidth signal will be affected by the IM3 products and
the fifth order intermodualtion products.

It is clear that the desired signal will not be affected only by IM3, but also by the other odd
products as well. So, to avoid the signal degradation during the LNA amplification, the input
power signal may be limited to an upper limit of -21.51 dBm, thus it can be guaranteed that the
IM3 products introduced by LNA are negligible.

LNA and PA do not allow power control, the only way to control the input power signal is

through the 47 dB power control embedded into the modulator.

4.5 Test PA

To evaluate the PA performance, similar tests were performed to the previous section, although
in some tests it was used different laboratory equipment.

As in the LNA test section, the first measurement was the two-port S-parameter, through the
E8363B PNA Network Analyzer, with a frequency range between 10 MHz and 40 GHz.

Figure 4.27 shows the measured parameter S11 in contrast to the simulated parameter S11, the
same as in section 3.5. Signals have a minimum deviation of 2.5 dB at 0.3 GHz and a maximum
deviation of 15 dB at 1.2 GHz.

Small deviations between the simulated and the measured are always expected, since we are
dealing with non-ideal elements, although this deviation, can be considered as a positive side
effect, since it reduced the losses of the input signal in all frequency bands represented in figure
4.30.

With parameter S11 below -16 dB, it means that more than 97.49% of the input signal is deliv-
ered to the load.
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Figure 4.27: S11 PA

Regarding with the results of parameter S22, represented in figure 4.28, it can be seen that the
parameter S22 measured is above in all frequency bands of what was simulated. Where the largest
deviation appears between 0.56 and 0.58 GHz with 5 dB , and between 0.86 GHz and 0.88 GHz
with a deviation of 4.6 dB.
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Figure 4.28: S22 PA

Despite this deviation, which causes a power loss of the output signal, the measured parameter
S22 remains below -15 dB over the entire measured frequency spectrum, which ensures that more

than 96% of the output signal is delivered to the output.
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Figure 4.29 shows the simulated and measured parameter S21, which represents the PA gain.
Despite the deviations found in S11 and S22 that could affect the gain, the measured parameter
S21 is very close to the one simulated, with a maximum deviation of 1.2 dB and a minimum gain
of 18.8dB at 1.2GHz.

At 0.3 GHz, the deviation between two signals is approximately zero and is reached a maximum

gain, as expected, of 21dB.
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Figure 4.29: S21 PA

4.5.1 IM3

To perform the IM3 test, it was intended to use the same schematic test used during the IM3 LNA
test, although during the tests a large difference in the power levels between the intermodulation
products was found, when inspected in signal analyzer. The possible reason for this at the time,

could be the fact that the RF combiner used was not isolated and allowed such differences.

With this drawback, it was taken the opportunity to use a different setup test. Figure 4.32
shows the schematic setup used, where only one signal generator is used, instead of two as in the
IM3 LNA test. This setup test allows achieve a greater accuracy with respect to the fundamental
signals, since the two fundamental signals are generated from the same signal generator, so the

non-linearities of the signal generator affect the two fundamental signals in the same way.
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Figure 4.30: IM3 Schematic Test PA

Figure 4.31 shows the setup used to measure IM3 as well as the efficiency of the PA. Where,

after performing the IM3 tests, the necessary components were added to carry out the efficiency
measurements.

NI030A PXA |
Signal Analyzer

FieldFox RF
VA NOS23A

SMJ100A Vector ~
Signal Generator PA and RF
power combiner

34410A Digital
Multimeter

Figure 4.31: IM3 and Power Efficiency Setup

Signal generator is unable to produce two signals with distinct frequencies, so it was necessary
generate two baseband signals in Matlab, separated by 2 MHz, and upload to the signal generator.
The two baseband signals were internally mixed by the signal generator with the carrier at 865
MHz, which allowed to produce a two-tone signal at 864 MHz and 865 MHz.
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With the two-tone signal supplied to the PA input, the respective amplified output signal can be
seen in Figure 4.32. The spectrum signal analized, with 10 MHz, allow to inspect not only the
3-order products but 5-order products at 860 MHz and 870 MHz. The five signals plotted with a 4
dB step, between -11.64 dB and 4.36 dB allow to understand that the IM3 products increse with a

higher ratio than the fundamental signals.
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Figure 4.32: IM3 spectrum PA

The intemodulation products were thoroughly studied and analyzed in the previous sections,
in particular during the analysis of the IM3 LNA, however the different setup used with all the
advantages, introduced a carrier leakage, at 865 MHz, due to the mixing of the carrier with the
baseband signal. When the two-tone signal with the carrier leakage is supplied at the PA input,
this produce spurious components at 865 +m 2 (m > 1) MHz, where the most notorious occur at
863 MHz and at 867 MHz.

Despite these spurious produced by the signal generator due to their mixing inaccuracies, they
occurred outside the frequencies of the two-tone signals and the IM3 signals, which did not affect

the accuracy of the test.
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Figure 4.33: IM3 PA

Through the several power signals supplied at the PA input, it was possible plot the IM3 curve
and the line representing the two-tone signals. Figure 4.33 shows the IM3 and the two-tone signal,
as well as the expected lines, which represent the expected linear performance of the fundamental
signals and the third-order products. Due to the lack of a linear growth of the third-order signals,
the expected line was extrapolated from the points of the curve having the highest power since

they have a 3: 1 relation to the expected line representing the fundamental signals.

With the expected lines, it was possible extract the IP3, when the input power signal is 9.0931
dBm and the output power signal is 33.19 dBm

The IP3 never will be reached, as mention previously during the LNA analysis, since the P1dB

is reached before.
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Figure 4.34: IM3 with all tones

Due to the deviations found, that motivate a different setup to measure the IM3, and to the

non-linear curve representing IM3, it becomes imperative to analyze each of the tones separately.

Figure 4.34 shows the two IM3 tones superimposed on the expected line and the two fundamen-
tal signals superimposed with the expected line. Regarding the two-tone signals, the deviation is
approximately zero, however IM3 tones show a small deviation below -15 dBm power input and

another deviation approximately at -5 dbm power input.

4.5.2 PA Efficiency

As mentioned earlier, the two setups, IM3 and Efficiency tests were combined. Figure 4.35

shows the schematic setup developed to measure the PA efficiency.

To perform the efficiency test it was necessary to disconnect the PA from the signal analyser
and introduce an directional coupler ( RF power combiner), which allowed to measure the output
power signal, through the FieldFox RF VNA N9923A, with power metering capabilities.

Also was necessary connect the 34410A digital multimeter to the supply power, in order to

measure the current consumption.

Although signal analyzer was not entirely necessary during this test, it helped to inspect whether
signal output was the expected.
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Figure 4.35: Schematic Power effeciency

45.2.1 P1dB

To perform the P1dB test, the PA input was supplied with one tone signal through the SMJ100A
signal generator at 865 MHz. The PA output power signal was measured on the FieldFox RF VNA
N9923A and inspected in N9O30A PXA, both can measure the output power, although the first can
achieve greater accuracy.

From figure 4.36 it can be seen the curve that represent the actual output power response over

the various power signals supplied to the PA.

Through the data points extracted, which represent the actual response, it was computed the

line, red dashed line, that represent the expected response of the PA.
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Figure 4.36: P1dB PA

Overlapping both, the expected response with the actual response, it was possible to find the
P1dB at -1.758 dBm power input with the actual response, at 18.24 dBm output power.

4.5.2.2 Efficiency and Gain

The Power Added Efficiency (PAE) and drain efficiency are shown in figure 4.37. Both are
superimposed until they reach at -1.758 dBm input power, where they begin to deflect smoothly.
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Figure 4.37: Power efficiency and gain

The maximum PAE of 23.87% and the maximum drain efficiency of 23.19% are reached at 3.39

dBm input power. However, at this point, P1dB as already been crossed, what means the PA is

saturated.
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During the S-parameter analyzes, it was analysed the parameter S21, which represents the gain

versus frequency. With the several power levels supplied to the PA, it was possible analyse the

gain versus input power.
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Figure 4.38: GainVsP;,

Figure 4.38 shows a maximum gain of 20.6 dBm at -3.61 dBm power input and a minimum gain
of 15.4 dBm at 3.39 dBm.
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Figure 4.39 shows the difference between the two-tone signal and IM3 versus input power,

where the minimum difference of 23.47 dBm is reached at -2.647 dBm input power.



4.5 Test PA 61

As done with other devices in the previous sections, it was applied an 16 QAM signal with 6 M

symbols, which represents a bandwidth of 6 MHz.

Figure 4.40 shows the output signal centered at 865 MHz, with three different input powers.
The out-of-band distortions are clear at the two highest input powers, where the rate of growth is
greater than the in-band signal.
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Figure 4.40: IM3 PA

4.5.3 Error Vector Magnitude (EVM)

When a digitally modulated signal is generated it is no perfect and it has some differences
regarding the reference signal that should be generated. These measures are generally quantified
by calculating the difference of the amplified signal to the reference signal, quantified as the EVM.
The transmission and reception chain will add their non-linear distortions to this signal, which will
further increase the EVM.

One of the main contributors to the EVM degradation is the non-linear PA in the transmitter.

Figure 4.41 shows the setup used to measure the EVM, where the signal generator is connected
to the PA input and the signal analyzer is connected to the PA output. It was also necessary to
connect the signal analyzer with the signal generator in order to share the same clock reference,
10 MHz. Which allowed both to follow the same internal clock.

Through a ethernet cable connected between a computer and the signal analyser, it was possible
extract the data measured.
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Figure 4.41: Schematic EVM PA

On the computer was running the 89600 VSA software, with a comprehensive set of tools for
demodulation and vector signal analysis. These tools enable to explore virtually every facet of a

signal and perform all the required calculations regarding with the EVM.

NI0304 PXA BA SMJ100A Vector
Signal Analyzer Signal Generator

Figure 4.42: Laboratory setup EVM

Figure 4.42 shows the laboratory setup, where before perform any test, was measured the EVM
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floor of the setup with the SMJ100A Vector Signal Generator connected directly to the N9030A
PXA Signal Analyzer, without the PA.

All EVM results presented in this section were calculated using the 89600 VSA software, where
it was used a normalization RMS. Both, the reference signal and the measured signal passed
through a Root Raised Cosine filter with a roll-off a =0.35.

During measurement of the EVM setup, it was used a symbol rate of 10 M symbols which
resulted in a noise floor of 0.7%. This test showed an EVM of 0.54% and an EVM peak of 1.55%,

which means that a lower EVM can not be reached with respect to the EVM PA measurements.

Pin = —6dBm
EVM RMS 0,54%
EVM Peak 1,55%

Table 4.2: EVM setup

The first EVM measurement was performed with a 16QAM signal, a symbol rate of 10 M
symbols, a power input of -6 dBm with a a PAPR of 5,38 . This showed an EVM of 3.8% and an
EVM peak of 12% .

P;, = —6dBm | P;, = —2dBm | P;, = 6dBm
EVM RMS 3.8 % 3.18 % 9.3%
EVM Peak 12 % 9 % 26%
Table 4.3: EVM results with PA

In this second measurement, the same input signal was used, but with a power input equal to
6 dBm. The EVM increased up to 9.3% and EVM peak to 26%, which is according with the
expected, since the increase of the input power make the EVM increase too.

During the third and last EVM measurement, it was used a 16QAM signal, with a symbol rate
of 2 M symbols, a power input of -2 dBm and a PAPR of 3.4 dB. The EVM measured is 3.18 %
and the EVM peak is 9% , as expected, since lower symbol rates and lower power inputs lead to
lower EVM values in relation to higher power inputs and higher symbol rates.

The EVM measurement performed with a input power of 6 dBm means that P1dB has already
been crossed at -1.758 dBm. The PA is in a non-liear zone which explains such EVM degradation

regarding with the remaining results.
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4.6 Wired Test

With all components tested and performing the expected behaviour, it was performed wired

tests, where all the components of the communication system were connected by cable.

Figure 4.43 shows the setup test developed to perform this test, where the only equipment that
had never been used previously was the DSOX2022A Oscilloscope with a range between 0 MHz
and 200 MHz.

To avoid exceeding the maximum power input limits, it was introduced an attenuator of 10 dB
between the PA and LNA, and another 20 dB attenuator between the LNA and the demodulator.

To perform this test, it was generated in the Signal Generator a 16QAM baseband signal with 6
M symbols. As a carrier frequency, the local oscilator of the modulator and demodulator has been

programmed to operate at 865 MHz.

SiJ100A
\ector Signal
Generattor

Single-ended to
differential

Modulator

PA LNA Demodulator Arduino UNOC

Figure 4.43: Wired loopback test setup

During this test several power levels were tested through the power control provided by the mod-
ulator and demodulator. The first test was performed with a 40 dB amplification of the modulator
and a 40 dB amplification of the demodulator. Figure 4.44 shows the quadrature baseband signal
generated by the SMJ100A VSG and the same signal after passing through all the communication

chain.
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Figure 4.44: Wired loopback test without amplification
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Both signals are very similar where the reference signal has a higher amplitude than the demod-

ulated signal, which has passed through an amplification chain. The attenuators and cables present

between the components cancelled the amplification imposed by the communication system.

Figure 4.45 shows the same signals used in the previous test, both with a maximum of 47 dB pro-

vided by the modulator and 60 dB provided by the demodulator. Despite the attenuation induced

by the attenuators, the communication system has already crossed P1dB, where the baseband is

saturated due to amplification in a non-linear zone.
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Figure 4.45: Wired loopback test saturated

During the last test it was used an 7 dB amplification by the modulator and an 60 dB amplifi-

cation by the demodulator. Figure 4.46 shows both banseband signals, where due the attenuation

induced by the attenuators, the amplitude of the demodulated signal is bellow the reference base-

band signal.

Despite the low amplification imposed by the modulator, which increases the difficulty of de-

tecting the correct signal, it can be seen that the demodulated is the same as the baseband signal.
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Figure 4.46: Wired loopback test attenuated

During this test some EVM calculations could have been made to understand how much the
communication system degrades the communication, however as can be seen in figure 4.43, the
oscilloscope has only two channels, which limited the acquisition of the baseband signals in-phase

and quadrature at the same time.



Chapter 5

Conclusion and future work

5.1 Concluions

The purpose of this dissertation was to develop an RF transmitter and receiver capable of sup-
porting an OFDM based navigation system. One of the biggest challenges was finding and devel-
oping solutions capable of operating in all frequency bands below 1 GHz.

The solutions developed and tested in the previous chapters allowed to conclude that the pur-
posed solution in this dissertation was accomplished, where the RF transmitter and receiver can
operate in all the frequency bands between 0.2 GHz and 1 GHz, if not taken into account the
limited bandwidth of Antennas.

The frequency operation of each component was one of the main reasons that made them prefer-
able to the rest in the electronics market. Other reasons were low energy consumption and low

cost, which could be an obstacle in future integration.

Some stages of the baseband communication system have not yet been developed, such as the
acquisition board that will connect the baseband communication with the RF transmitter and re-
ceiver. This limitation made the complexity of the tests of this solution increase severely, although,
through the advanced laboratory equipment, it was possible to perform a complete test of each

component that was developed in this dissertation.

When the baseband communication is completed, it will be possible to extract information on
how much the communication system increase the BER through de-embedding techniques. Met-

rics as BER, commonly used, will allow to understand if it meets the need of the final project.

Despite the tests with the board that will provide the baseband communication was not per-
formed, all components of the transmitter and receiver were fully tested with special focus on
LNA and PA. Through the IM3 and EVM tests was possible to understand how much communi-

cation can be degraded when these devices are in non-linear zone.

Looking at the results of the solution developed, if not operated in non-linear zone, this solution

is a candidate to provide the RF communication.
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5.2 Future work

All the components that compose the transmitter and the receiver must be integrated into a
single PCB. Through this new version, some errors made during the design of the modulator and
demodulator can be corrected.

Antennas must be developed as they are the main obstacle to achieve a wide band communica-
tion.

Tests with the baseband board must be conducted to be able to inspect the performance of the
entire communication system. Such tests will allow to compute the BER and EVM of the transmit-
ter and receiver. To make the tests more realistic, it should be done in Douro vineyards, where it

would be possible to inspect the actual frequency bands available to establish the communication.



Appendix A

Modulator

RBW 300 Hz
Att 30 dB VBW 1 kHz M1[1] -8.20 dBm

Ref 7.00 dBm SWT 110ms 400.000917100 MHz

CF 400. 0008991 MHZ

Figure A.1: Local oscillator at 400 MHz with 0.9171 kHz offset
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70 Modulator

RBW 300 Hz
Att 30dB VBW 1 kHz -6.11 dBm
Ref 7.00 dBm SWT 110ms 500.001138000 MHz

e LT T U
D17 L

CF 500.0011 MHz

Figure A.2: Local oscillator at 500 MHz with 1.1138 kHz offset

RBW 300 Hz
Att 30 dB VBW 1 kHz -5.20 dBm
Ref 7.00 dBm SWT 110ms 600.001118000 MHz

-l-l '

CF 600.0011 MHZ

Figure A.3: Local oscillator at 500 MHz with 1.118 kHz offset
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RBW 300 Hz
Att 30 dB VBW 1 kHz M1[1] -3.70 dBm
Ref 7.00 dBm SWT 110ns 700.001577000 MHz

CF 700.0016 MHz Span 10.0 kHz

Figure A.4: Local oscillator at 700 MHz with 1.577 kHz offset
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Appendix B

Demodulator

RBW 300 Hz
Att 30 dB VBW 1 kHz M1[1] -8.53 dBm
Ref 7.00 dBm SWT 110ms 399.997390000 MHz

CF 399. 9974 MHZ

Figure B.1: Local oscillator at 400 MHz with 2.61 kHz offset
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RBW 300 Hz
Att 30dB VBW 1 kHz -7.00 dBm
Ref 7.00 dBm SWT 110ms 499.996577000 MHz

| mm..h.
VocANTH VU R
JodB I Y Y A
CF 499.9966 MHz Span 10.0 kHz

EIIIIIIIII

Figure B.2: Local oscillator at 500 MHz with 3.423 kHz offset

RBW 300 Hz
Att 30dB VBW 1 kHz M1[1] -5.66 dBm
Ref 7.00 dBm SWT 110nms 599.995904100 MHz

N

EAEIRE
o Vs I RN
| i A At

I A LA N A
CF 599.9959041 MHz Span 10.0 kHz

Figure B.3: Local oscillator at 600 MHz with 4.0959 kHz offset
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Demodulator

RBW 300 Hz
Att 30dB VBW 1 kHz M1[1] -4.54 dBm
Ref 7.00 dBm SWT 110ms 699.995209800 MHz

N
A
NN

. A 1
[ A BT

LEAE LA Y

CF 699.9952048 MHz Span 9.99 kHz

Figure B.4: Local oscillator at 700 MHz with 4.7952 kHz offset

RBW 300 Hz
Att 30dB VBW 1 kHz M1[1] -6.06 dBm
Ref 7.00 dBm SWT 35ns 600.000002000 MHz

CF 600.0 MHz

Figure B.5: Local oscillator at 600 MHz with balanced offset by 25-bit fractional number
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Amplitude( Voltage)

Amplitude( Voltage)

Demodulator

——Baseband SMIQ 038
——Baseband Demodulator

Figure B.6: Baseband signal channel in-phase BPSK

——Baseband SMIQ 03B
——Baseband Demodulator

Figure B.7: Baseband signal channel in-phase 16 QAM
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10 —
——Baseband SMIQ 038
——Baseband Demodulator

Amplitude( Vol tage)

Figure B.8: Baseband signal channel quadrature 16 QAM
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Appendix C

Loopback test

|
. | Vﬂ. t“h,ﬂ‘ "L M\\ ﬁ\ ’\ ﬂ\
e

Figure C.1: Baseband signal channel in-phase BPSK

KKKKK

Figure C.2: Baseband signal channel in-phase QPSK
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Amplitude(Voltage)

Loopback test

——Baseband Demodulator
—Baseband SMIQ 038

Figure C.3: Baseband signal channel quadrature QPSK



Appendix D

LLNA test

Moise Figure {dB)
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Figure D.1: Noise figure datasheet manufacturer
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