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The most popular method for the remote sensing of wind speed and direction is based
on the measurement of normalized radar cross section (NRCS) of sea surface. NRCS
is measured using scatterometers usually operating at C or Ku frequency bands. Scat-
terometers designed for the measurement of NRCS of sea surface are operated either
in space or on-board aircrafts.

In this thesis, a transceiver (TX/RX) module is designed and realized for an airborne
wind vector scatterometer (AWVS). The TX/RX module is based on frequency-mod-
ulated continuous-wave (FM-CW) principle and it operates at C-band. In addition, two
open-ended waveguide antennas are designed for parabolic reflector feed antennas. The
design processes are governed by the use of existing hardware and software, such as an
aircraft-certified mechanical frame provided by Aalto University and a measurement
computer provided by the Finnish Geospatial Research Institute (FGI). The RX/TX
module and waveguide antennas are integrated to the other equipment and the resulting
scatterometer is tested. The scatterometer is designed for measuring the NRCS of sea
surface primarily at vertical and horizontal polarizations.

The manufactured scatterometer is tested at component and system levels. The sys-
tem level tests include measurements outdoors, where standard radar targets are used.
The tests show that the integrated scatterometer operates as expected. The range and
amplitude response of a target can be retrieved at the accuracy limited by the test set-
ups.
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Tuuliskatterometri on yleisimmin kéytetty kaukokartoitusmenetelmé tuulivektorin
mittaamiseksi. Tuuliskatterometrien toiminta perustuu meren pinnan normalisoidun
tutkapoikkipinta-alan mittaukseen, jota mitataan tyypillisesti C tai Ku taajuuskaistoilla.
Meren tutkapoikkipinta-ala riippuu tuulen merenpintaan synnyttdmistd aalloista.
Tuuliskatterometreja kiytetddn joko satelliiteissa tai lentokoneissa.

Téassd diplomitydssd suunnitellaan ja toteutetaan ldhetin- ja vastaanotinmoduuli
lentokonekdyttdiseen tuuliskatterometriin. Laite perustuu taajuusmoduloidun ja
jatkuva-aaltoisen (FM-CW) tutkan periaatteelle ja se toimii C-kaistalla. Tamain lisiksi
tdssd tyossd suunnitellaan kaksi parabolista heijastinta syottdvéad aaltoputkiantennia.
Suunnittelua ohjaa vahvasti vanhojen jo olemassaolevien laitteiden uusiokayttd. Naitd
laitteita ovat esimerkiksi Aalto-yliopiston tarjoama mekaaninen kotelo ja Suomen
paikkatietokeskuksen tarjoama mittaustietokone. Léhetin-vastaanotinmoduuli ja
aaltoputkiantennit integroidaan muihin laitteisiin skatterometriksi ja testataan.
Rakennettua skatterometria kéytetddn mittaamaan merenpinnan normalisoitua
tutkapoikkipinta-alaa pddasiassa pystysuoralla ja vaakasuoralla polarisaatiolla.

Valmiin skatterometrin toimintaa testataan niin komponentti- kuin systeemitasolla.
Systeemitason kokeisiin sisdltyy myds ulkomittauksia, joissa kéytetddn tyypillisid
tutkakohteita. Skatterometri toimii kokeiden perusteella odotetusti. Kohteen etéisyys-
ja voimakkuusvasteet voidaan mitata mittausympériston asettaman tarkkuuden
rajoissa.

Avainsanat: aaltoputkiantenni, FM-CW tutka, skatterometri, tuuli.
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1 Introduction

Wind scatterometers are radars that define wind speed and direction from the backscat-
tering of transmitted radio waves from the sea surface [1]. The measurement principle
requires several measurements of the same sea surface area at different azimuth angles
with respect to wind direction. In the end, the wind speed and direction are solved from
the measurement results using empirical model functions. Wind scatterometry is the most
popular method for the spaceborne remote sensing of wind over oceans [2].

Wind speed and direction is commonly measured for example at ground based weather
observation stations, using balloon radiosondes and with sea buoys. However, the detail
of these wind measurements is poor especially at lowly populated areas and oceans [2].
Spaceborne wind scatterometers provide a global and daily coverage of the ocean surface
winds [3]. Wind scatterometer data improve the accuracy of numerical weather analyses
and support the development of weather model physics [4]. In addition, the satellite wind
data is important in the detection and monitoring of storms over the oceans [4].

Satellite scatterometry started with Seasat-A satellite, which was launched in 1978 [4].
Starting from 1991 there has been one or more wind vector scatterometer instruments in
space nonstop, usually operating at either C or Ku frequency bands [3]. Even though the
measurement principle has a long and intensive history, it is still under constant study.
The wind speeds from the scatterometer measurements are still derived using empirical
models, and the theory of sea surface backscattering is under development [5]. In addi-
tion, the cross polarized measurement of sea surface backscattering is being studied es-
pecially at very high wind speeds [6]. Therefore, wind scatterometry is a modern and
progressing branch of science.

The aim of this thesis is to build an airborne wind vector scatterometer operating at C-
band. The project is commissioned by the European Space Agency (ESA), and it culmi-
nates in a measurement campaign conducted with the scatterometer over the Gulf of Fin-
land in fall 2015. The outputs of the scatterometer are used as a reference for technology
demonstration satellite 1 (TDS-1) that measures the sea surface winds at the same area
simultaneously. The scatterometer is built by utilizing existing hardware and software,
which require a completely new TX/RX module and two feed antennas for parabolic re-
flectors. This thesis presents the design and manufacturing of the TX/RX module and the
feed antennas. Furthermore, the designed radio frequency (RF) electronics are integrated
with the existing hardware and software and system and component level tests are per-
formed and presented.

The RF electronics are designed and built at Harp Technologies Ltd. Aalto University
and the Finnish Geospatial Research Institute (FGI) provide the existing hardware and
software that are used in the scatterometer. For example, Aalto University offers a me-
chanical frame including two reflector antennas requiring new feeds. The mechanical
frame can be attached easily on an airplane that is used in the measurement campaign.
The airplane is provided by Aalto University. FGI provides a data acquisition (DAQ)
computer with measurement software and a direct digital synthesizer (DDS) for signal
generation, which have already been used successfully in a radar application. In addition
to some critical hardware and software, also the type of the radar is fixed to an FM-CW
radar.

The tasks of the thesis can therefore be summarized as follows:

1. Two identical dual-polarized feed antennas are designed for the available para-
bolic reflectors and at C-band.



2. A C-band FM-CW radar TX/RX module for wind scatterometry is designed and
built. The module is designed so that it can be integrated with the available hard-
ware to form a functional airborne wind vector scatterometer.

3. The integrated scatterometer is tested in component and system levels so that cor-
rect functionality can be verified.

The thesis consists of three major parts. The first part discusses the basic theory of radars
and wind scatterometry (sections 2 and 3). Both subjects are covered in such a detail that
reliable design criterions can be derived for the RF electronics. The second part comprises
of the theory, design and realization of the radar hardware (sections 4 to 7). The third part
presents the component and system level measurements and discusses the quality and
uncertainty of the results (sections 8 and 9). Finally, a short preview on the results of the
wind speed measurement campaign is given.



2 Radar

The word radar is an abbreviation from radio detection and ranging, which explains its
operation principle effectively [7]. Radar is used to transmit radio waves to detect targets
and analyze their properties such as visibility, range and speed. Radar was invented in the
beginning of 20" century, proceeding to a rapid evolution towards military applications
during the World War II [8]. Today, radars are used in a variety of applications such as
land, air and sea traffic monitoring, meteorology and geology.

2.1 Radio waves

Radio waves are a specific part of the electromagnetic spectrum, ranging from 3 kHz to
300 GHz in frequency [9]. An electromagnetic wave comprises of electric and magnetic
fields that travel at the speed of light. The magnitude of the propagating power is propor-
tional to the product of the oscillating electric and magnetic fields, and the propagation
direction is perpendicular to the fields [9]. In free space, the power spreads over a spher-
ical surface and therefore decreases inversely proportionally to the square of the distance
traveled.

The polarization of electromagnetic radiation describes the direction of'its electric field
[9]. The electric field can be divided in two sinusoidally varying orthogonal components.
If the electric field components oscillate in the same phase, the resultant linearly polarized
electric field oscillates in only one direction. If the phase difference is not equal, the di-
rection of the electric field changes in time and it is called elliptically polarized. Further-
more, elliptically polarized electric field may rotate clockwise or counter clockwise,
which is referred to as handedness of polarization. Vertical (V) and horizontal (H) polar-
izations are special cases of linearly polarized electromagnetic radiation that oscillate
only in the vertical or horizontal planes, respectively.

The speed of light c is directly proportional to wavelength A and frequency f of elec-
tromagnetic radiation as shown by

c = Af, (1)

where ¢ equals to 299 792 458 m/s in the free space [10]. However, the speed of light
depends on medium material and in some cases on geometry of the medium material. In
addition, the electrical properties of the material may depend on frequency [10]. The
speed of light in a material ¢, and at a certain frequency can be calculated as

Cc

m = 20y )

where n(f) is the refractive index of the material [10].

The electromagnetic energy produced in electronic components and travelling in trans-
mission lines is converted to radio waves in antennas. Antennas have different sizes and
operation principles. Antenna properties define the polarization of a radar as well as how
the transmitted power is distributed in the environment.

2.2 Operation principles

Radars are classified based on different properties such as operation environment, opera-
tion frequency and polarization, waveforms used or antenna number [11]. Different op-
eration environments include ground, air, sea and space. A radar that transmits and re-
ceives only codirectional polarizations (co-polarizations) such as HH or VV is called non-
polarimetric. In contrary, a polarimetric radar is capable to perform also cross directional
polarization (cross polarization) measurements, such as VH and HV. Monostatic radars



transmit and receive radio waves using only a single antenna, or similar antennas close to
each other. Bistatic radars transmit and receive radio waves with separate displaced an-
tennas, which may differ in properties. The following concentrates more on the different
waveforms.

The simplest of all radars is the unmodulated continuous-wave (CW) radar. It transmits
a constant frequency radio wave and receives the reflected wave continuously. The oper-
ation principle of a CW radar allows only angular and velocity information to be extracted
from the return signal [11]. Antenna pointing direction gives the angular information. The
radial velocity can be derived using Doppler shift between the transmitted and received
signals. Because the transmitted signal does not change in time, the time difference be-
tween the transmitted and received radiation cannot be defined. Therefore, an unmodu-
lated CW radar does not provide any range information [11].

A CW radar can be modified so that it is capable to also provide range information.
The continuous signal waveform is modulated at a certain pulse repetition frequency
(PRF), which leads to a traceable difference between the transmitted and received signals.
The modulation schemes include phase, amplitude and frequency modulation [12]. Each
of the modulation schemes can be thought to create a time stamp on the transmitted wave-
form. The two-way propagation time of the transmitted and received waveform can be
derived using the time information coded in the signal. The range R is proportional to the
speed of light ¢ and the signal propagation time At, as given by

R = > C. 3)

Pulsed radar is a special case of a radar utilizing amplitude modulation. The amplitude
of the CW signal is modulated either completely on or off to generate short radio wave
pulses [12]. The operation of a pulsed radar is illustrated in Figure 1. The radar transmits
short pulses (red) of CW radio waves that may reflect from (blue) or pass through (green)
the target. The distance to the target can be calculated using the two-way propagation
time of the pulse and the speed of light. The transmitted pulses may also be modulated
for example in frequency to improve the radar performance [11].

Figure 1. Operation principle of a pulsed radar.

The transmitted signal of a CW radar may be modulated in frequency, which leads to
a frequency difference between the transmitted and received signals. This difference is
related to the propagation time of the transmitted signal, and can be used to estimate the
distance the signal has traveled before detection [11]. Continuous wave radar that uses
frequency modulation for range estimation is called a frequency modulated continuous
wave radar. In this thesis, a TX/RX module is designed for an FM-CW radar, and the
radar type is therefore discussed in more detail in the following sections.



2.3 Signal properties

All the information of a radar target is derived from the received echo signal. Object
properties such as visibility, range and radial velocity can be calculated from the received
signal strength, signal time delay and frequency shift. The operation principle and speci-
fications of a radar define the limits for the measurement accuracy of the aforementioned
parameters.

The received power of a monostatic radar that is reflected from a small target is de-
scribed by the radar equation

P.G22?
= — a0,
" (4m)3R*
which relates the received power P. to transmitted power P;, antenna gain Gy4, signal

wavelength A, and radar cross section (RCS) o [7]. The value of RCS depends on the
surface properties of the target, such as shape and material, and it can be estimated as [§]

(4)

o = projected area of the target x reflectivity x directivity. (5)

Therefore a sphere that reflects all the incoming radiation (reflectivity is one) isotropically
(directivity is one) in the surrounding environment has an RCS equal to its cross section.
On the other hand, the RCS of an object is equal to the cross sectional area of a sphere
that reflects a similar amount of power towards the receiving antenna. In practice, RCS
has often a strong angular dependency [8]. The radar cross section of a radar target de-
pends on its electrical size, which is the size of the target in wavelengths [8]. Radars
therefore usually operate in microwave frequencies, where the wavelength is in the cen-
timeter range and (5) usually holds.

The pulse repetition frequency f,- can be used to define the maximum distance that a
radar can measure reliably. When measuring far distances, the propagation delay to an
object may grow so long that two pulses are sent before a return echo is received. There-
fore, a return from a distant target may be mistaken as an echo from a target much closer
to the radar. The maximum range R,,,, that a radar can measure without ambiguity can
be defined using (3) and the PRF as follows [11]

R _ c
max — z_fr (6)

Furthermore, the maximum range can be divided into resolution cells. Range resolution
describes how close to each other two separate targets can be so that they are still distin-
guishable as separate targets by the radar. Usually the theoretical range resolution can be
derived directly using the operating frequency bandwidth and the speed of light [7], [11].

Relative radial velocity v, between a detector and a signal source causes a change in
the detected frequency. This phenomenon is called Doppler effect, and it can be used to
measure the speed of a radar target [11]. If the relative velocity is considerably smaller
than the speed of light, the frequency shift f;, can be approximated as [8]

2v,
fo = Tr (7
The detected frequency increases or decreases depending whether the range between the
radar and the target is decreasing or increasing, respectively.

In practice, the maximum measurable range depends also on the RCS of the target,
attenuation due to for example environment, and radar hardware properties. Increasing
transmitted power and averaging over multiple radar measurements are used to enhance
detection probability. It can be shown that the probability of detection is proportional to



the average transmitted power, rather than to the peak transmitted power [8], [11]. Pulsed
radars transmit pulses often with high peak power, but due to long pulse repetition interval
the average power remains relatively low. In contrary, CW radars transmit radio waves
at low power levels continuously, and therefore the average transmitted power and peak
power are equal.

2.4 Frequency-modulated continuous-wave radar

The airborne wind vector scatterometer is based on FM-CW operation. The radar type
was fixed for the project, and therefore the other radar types are not discussed further.
This section focuses solely on FM-CW radar theory. In addition, the calibration and un-
certainty of radar measurement are discussed.

2.4.1 Operation principle

The operation of a triangularly modulated FM-CW radar is depicted in Figure 2 [8]. An
FM-CW radar transmits a linearly frequency-modulated continuous-wave signal, which
is compared to the received signal. The backscattered echo signal is delayed by time,
which corresponds to a frequency deviation between the transmitted and received signals.
The frequency difference is usually called beat frequency f;, [12]. If the bandwidth B and
triangular modulation frequency f,,, are known, the range to the target can be calculated

by
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Figure 2. The measurement principle of a triangularly modulated FM-CW radar.

The modulation time T;,, defines the frequency resolution of an FM-CW radar. The
beat signal is measured over a fraction of an up or a down sweep. Therefore, the lowest
measurable beat frequency must fit in the period of a frequency sweep. In the case of a
triangularly modulated sweep the frequency resolution & f;, can be defined as

2
fp = 7= =2fm. )



The range resolution is related to the frequency resolution because the beat frequency
frequency is proportional to the target range. Inserting the previous result to (8) leads to
a range resolution R of [12]

6fb C

5R = 4Bfmc :E. (10)

The equation shows that the theoretical range resolution of an FM-CW radar depends
only on the modulation bandwidth. Therefore, a wider modulation band results to an im-
proved range resolution. For example, an FM-CW radar operating at a 50 MHz bandwidth
has a theoretical range resolution of 3 m, and doubling the bandwidth to 100 MHz halves
the resolution to 1.5 m.

2.4.2 Spectrum

As shown in Figure 2, the signal from a single target has a constant beat frequency that
repeats approximately at the modulation rate. Therefore, in addition to the transmitted
and received signals, also the beat signal is modulated in frequency. Besides the carrier
frequency, the spectrum of a frequency modulated signal contains an infinite number of
sidebands that repeat at the modulation interval [11]. The magnitudes of the sidebands
depend for example on the modulation bandwidth and frequency, and may increase the
magnitude of the sidebands even higher than the carrier signal [11]. In the literature, the
beat frequency spectrum of an FM-CW radar is usually presented as a single high peak
surrounded by a few sidebands at the modulation frequency interval [1].

Figure 3 and Figure 4 present two beat frequency spectrums of a triangularly modu-
lated FM-CW signal that were simulated using MATLAB®. Figure 3 shows the results of
a simulation with the following parameters

2R
fb=BmeT=30MHZ*500HZ*2u5=3OkHz. (1T)

In this case, the modulation rate is small when compared to the beat frequency. The spread
in spectrum is barely visible. Figure 4 shows the results of a simulation with the modula-
tion rate and propagation delay changed as follows

2R
o =BmeT= 30 MHz * 10 kHz * 0.1 us = 30 kHz. (12)

When the modulation rate and beat frequency are in the same scale, the sidebands become
clearly visible. They occur at half the frequency modulation rate, and based on the simu-
lations their amplitude depends significantly on the bandwidth and propagation delay.
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Figure 3. A Simulation of the beat signal spectrum of an FM-CW radar at a 500 Hz
modulation rate.
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Figure 4. A Simulation of the beat signal spectrum of an FM-CW radar at a 10 kHz
modulation rate.

2.4.3 Physical structure

A simple physical structure of FM-CW radar type is presented in Figure 5. Either a shared
or a separate antenna for transmission and reception can be used. The transmitter consists
of a frequency chirp generator, a power coupler and an antenna. One portion of the mod-
ulated signal is transmitted, reflected from the target and received. Another part of the
modulated signal is taken directly to the receiver, and compared to the transmitted signal
using a mixer. The resulting difference frequency is then amplified and detected using a
spectrum analyzer. The frequency difference of the transmitted and received signals is
related to the path length, and the amplitude is related to the radar cross section of the
target.
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Figure 5. A simplified block diagram of an FM-CW radar [12].

The continuous operation of any CW radar gives rise to a significant drawback, which
is shown in Figure 5 as a dashed arrow. Because the receiver cannot be turned off while
transmitting, as in pulsed radars, the power travelling directly between the antennas is
also received. The leaking power may be tens of decibels higher than the echo signal and
saturate or even damage components in the receiver [ 12]. This drawback may be reduced
by isolating the transmission and reception antennas properly.

2.5 Calibration and uncertainty

Calibration process aims to establish a known relation between a measurement and its
measurement uncertainties. [ 13] The relation can be used to correct subsequent measure-
ment results. A radar can be calibrated by tower measurements, in situ —measurements,
and active measurements. The calibration schemes differ mainly in rate and accuracy. For
example, low calibration rate leads to higher uncertainty due to a possible drift in the
system.

The different parameters in (4) may be divided in three groups. The first group consists
of transmitted power, wavelength and the gains of the system. The second group is formed
of the parameters relating to the measurement geometry, such as the measurement alti-
tude, antenna incidence angle, and system beamwidth. The last parameter is the actual
measured parameter, i.e., received power. Equation (4) can be solved for radar cross sec-
tion and the parameters of the equation divided in the aforementioned groups. This yields

3
o= %R‘LPW = Ch,
GrP.G;A? I

where Gy is the gain of the receiver, P;r is the measured intermediate frequency (IF)
power, C includes the system related parameters and I relates to the antenna illumination
geometry [14]. In this case, the I equals to the inverse of range to the power of four.
Parameter C is unknown, and radar calibration aims to define this coefficient and its un-
certainty.

Tower calibration is conducted by measuring reflected power from a known target at
a known distance in a controlled environment. The link budget of the measurement can
be calculated theoretically and used as a calibration point for the radar. The calibration
constant C is solved from the radar equation as follows

_ m? o
© GRrP.G2A2 T R4Pj
The equation shows that all the system related parameters can be defined using only the

known radar cross section of the calibration target, the distance to the calibration target
and the received IF power.

(13)

C (14)
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The system parameters included in C may change after the calibration procedure due
to temperature variations. Active calibration measurements are implemented in a radar
system so that for example the system gain may be monitored. One type of an active
calibration scheme was incorporated in HUTSCAT airborne FM-CW scatterometer [ 14].
The active calibration system consisted of a long cable that was connected from the end
of the transmitter to the start of the receiver [14]. Measuring the power coming through
the calibration line allowed the monitoring of relative changes in transmitted power or
receiver gain [14]. As shown by (8), the IF of an FM-CW radar is directly proportional to
the modulation frequency, modulation bandwidth and distance. Therefore, the aforemen-
tioned parameters have to be scaled so that the resulting signal is at the preferred IF when
measuring a short distance such as a cable.

The radar may be calibrated in situ by measuring a calibration target multiple times
during normal operation. In this case, the measurement conditions are not as controlled
as in tower calibrations. For example the distance to the target, the position of the target
in the radar footprint and weather conditions may cause additional uncertainty. Due to the
various uncertainties, this calibration method may require significant effort [15].

During calibration, the radar cross sections of the radar targets have to be known ac-
curately. The uncertainty in the calibration target shows directly in the uncertainty of the
actual measurement. A trihedral corner reflector and a Luneburg lens are two common
radar test targets used also in calibration [14].

Figure 6 shows a sketch of a corner reflector. It is a corner formed by three orthogo-
nally aligned metallic triangles, which form a triangular aperture with a side length of [
[1]. Electromagnetic radiation arriving at the aperture will reflect from the sides of the
corner and travel back to the incoming direction at the same polarization [16]. The aper-
ture size is related to the maximum radar cross section of the reflector by

4 l*
Omax = 1212

(15)

The maximum RCS is along the symmetry axis of the reflector, and decreases as the
incidence angle of the incoming radiation deviates from the symmetry axis. The half-
power beamwidth is roughly 30° [16]. The RCS of a corner reflector is sensitive to the
accuracy of geometry. Even small changes in the angles of the corner may decrease the
maximum RCS of a corner reflector by more than one decibel [16].

Figure 6. A trihedral corner reflector.

Luneburg lens is a ball whose dielectric constant varies radially. The structure of the
lens refracts incoming electromagnetic radiation so that it concentrates on a metal coating
on the other side of the lens. The radiation reflects from the metal surface, and travels
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back to the incoming direction [1]. The operational principle of Luneburg lens makes it
less directional than a corner reflector, and therefore easier to align correctly during radar
calibration. The -3 dB beamwidth of a Luneburg lens depends on the size of the metal
capping on its surface and varies typically in between 90° to 180° [1].
The maximum RCS of a Luneburg lens can be calculated by
43t

Omax = nT' (16)

where 7 is an efficiency factor, 7 is the radius of the lens and 4 is the wavelength of the
incoming radiation [1]. As the RCS of a corner reflector, the radar cross section of a
Luneburg lens is proportional to its size and incoming wavelength. The efficiency factor
takes into account the losses introduced by the material of the lens and structural nonide-
alities.

Equation (13) contains two uncertain parameters. Even though calibration parameter
C is measured in a controlled environment, the distance and the radar cross section of the
target are not know exactly. In addition, the illumination geometry can only be defined to
some accuracy. The different uncertainties can be reduced to the uncertainty of measured
NRCS using combined standard uncertainty.

The estimation of uncertainty in measurement is described thoroughly in the “Guide
to the expression of uncertainty in measurement” by international bureau of points and
measures [17]. The document states that if a measurement result is described by a function
y = f(x;, x5, ..., xy) and the uncertainties of the individual parameters are u(x;), the un-
certainty of the measurement result u(y), is calculated as follows

w2(y) = i (%) Wi (x). (a7)

i=1
The partial derivative is an estimation of the sensitivity of the measurement result to the
individual parameters. The equation assumes that the parameters of the function f () are

uncorrelated and that the u(x;) are reliable. [17].

3 Wind scatterometer

The goal of this thesis is to develop an FM-CW radar for the measurement of the scatter-
ing properties of sea surface. The scattering properties are related to wind speed and di-
rection. In this section, the remote measurement of wind speed and direction using radio
waves is explained. The principles are studied in such a detail that the radar design spec-
ifications can be derived.

3.1 Background

A scatterometer is a radar developed to measure the radar scattering coefficient quantita-
tively [18]. It sends radio wave power to a surface and measures the backscattered power,
which then can be related to the surface scattering properties. The applications of the
instrument include vegetation, soil moisture and sea ice studies [19]. One of the most
important applications of a scatterometer is wind measurement. Scatterometers have been
used to measure the wind over ocean surface for decades, and the measurement principle
is based on the relationship between ocean surface wind and roughness [18].

Wind has both magnitude and direction. Its magnitude is given in for example me-
ters per second and direction in deviation from wind blowing from north (north wind) in
degrees. Constant wind conditions, where the direction and speed do not change in aver-
age, generate waves on the ocean surface by the means of friction. The size and direction
of the waves depend on the wind speed and direction, and can be used to estimate the
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wind conditions over the ocean [1]. Waves can be roughly divided into three classes,
which differ by size and lifespan. Capillary waves are less than 1 cm in wavelength, ca-
pillary-gravity waves are in between 1 cm to 1 m in wavelength, and gravity waves are
in the length of 1 m and more [1].

The most important mechanisms that affect the reflection of electromagnetic radi-
ation from the ocean surface are diffraction and scattering. Therefore, for wind scatterom-
eters, capillary waves are the most critical since their size is in the typical radar wave-
length scale [4]. In addition, the short lifespan of the capillary waves let them represent
local wind conditions well, in contrary to gravity waves which can propagate very long
distances [1]. Therefore, the reflectivity measurements of the ocean surface in microwave
frequencies can be related to the local wind speed and direction via the capillary and
capillary-gravity waves on the water.

The wind data produced by satellite scatterometers are especially valuable in re-
gions where other observations are not available. The data are used for example to help
the detection of severe weather conditions such as tropical storms and weather fronts [4].
In addition, space borne scatterometers improve the operation of meteorological wind
models [4 Atlas]. Table 1 summarizes the spacecrafts that have been used to measure
wind speed over the ocean with scatterometers. Traditionally, European Space Agency
has operated at C frequency band and National Aeronautics and Space Administration
(NASA) at Ku band. The table shows that satellite wind scatterometry started as early as
in the 70’s. Also some wind scatterometer satellites are planned to be launched in the
future.

Table 1. A summary of the past, present and future satellites used to measure wind speed
and direction over the ocean with scatterometers [3], [4], [19], [20], [21].

Spacecraft Operation period Operation frequency band
Seasat 1978 Ku
ERS-1 1991 - 1996 C
ERS-2 1995 - 2011 C
ADEOS-1 1996 - 1997 Ku
QuikSCAT 1999 - 2009 Ku
ADEOS-2 2002 - 2003 Ku
Metop-A 2006 - 2015 C
Oceansat-2 2009 - 2015 Ku
CFOSAT 2015-2018 Ku
Feng-Yun-3 2018 - 2026 C & Ku
Meteor-3M 2020 - 2025 Ku
Metop-SG B 2022 - 2043 C

The development of space borne wind scatterometers has been accompanied by
scatterometers inserted on board aircrafts. For example Carswell [22] and Harunobu [23]
have performed and documented comprehensive aircraft campaigns. During the cam-
paigns wind scatterometer operation was studied for example at different antenna inci-
dence angles, operation frequencies and wind conditions.

3.2 Scatterometer equation

In scatterometry the illuminated target is a large area rather than a small object, and it can
be thought to consist of numerous small reflectors. In addition, the size of the radar foot-
print on for example sea surface depends on the measurement distance. Therefore, o value
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is given as normalized radar cross section (NRCS) ¢, which is simply RCS relative to
the size of the studied area [22]. NRCS averages the radiometric surface properties of the
small reflectors in the area, i.e. reflectivity and directivity in (5).

For a large illuminated area the radar equation is written as follows

b _AZaOPtf G2
T (4m)d J, R

where the variation of antenna gain and measurement range are taken into account. The
NRCS is assumed to be constant in the integration area A;. This equation can be solved
for the NRCS either by limiting the integration area A; by the antenna beamwidth or by
using the range resolution of the radar [24]. Either way, the calculation will result into an
approximated equation that contains the illumination integral

GZ
= | 2a4. (19)

The antenna patterns and measurement geometry have to be known to calculate this inte-
gral and to solve the radar equation for NRCS.

For a beamwidth-limited case, where the integration area is equal to the illuminated
area, the illumination integral and radar equation may be estimated as follows. If the illu-
minated area is defined by a narrow antenna beam, the variation in range may be consid-
ered insignificant [24]. The illumination integral can then be calculated by weighting the
integration area by the antenna pattern. Using this information, the radar equation can be
rewritten as

dA, (18)

P.GEA? 0

Pr = (47_[)—3R4AaO' , (20)
where 4, 1s the weighted radar footprint resulting from the antenna gain and G, is the
maximum gain of the antennas [24].

One way to approximate the radar footprint A, is to use the half-power beamwidth of
the antennas [1], [24]. The half-power approximation of the footprint yields

a TR20'% 45
¢ 4cos(6y)’
where 65 ;5 is the 3 dB beamwidth of the radar footprint (assumed to be symmetrical in

the azimuth and elevation planes), and 6 is the incidence angle of illumination [25]. The
radar equation becomes

21)

P,G22* mb'}
) = tYo 3dB 0_0’ (22)
(4m)3R? 4cos(6y)
and when expressed with vertical distance h to the surface the final form of the equation
yields

B P,G22%10'% 45c0s(6,)
o (4m)34h?
In the thesis, this equation is taken to be sufficiently accurate for system design purposes.

a?. (23)



14

Figure 7. The measurement geometry of an airborne scatterometer.

As described before, the sea surface NRCS can be calculated by simply using the an-
tenna pattern and an external distance measurement procedure. In this case, the scatterom-
eter does not necessarily need any range resolution if the received power is assumed to
be scattering only from the area defined by the measurement geometry. However, a radar
capable of range resolution may be used to filter out the received power by distance. This
measurement process is range-resolution-limited [24].

As illustrated in Figure 7, the radar antennas are pointing at the sea surface with a
certain incidence angle. The incidence angle, flight altitude and the antenna pattern of the
system defines the illuminated area on the surface. The area is usually elliptic, and there-
fore consists of many different ranges. In an FM-CW radar, this results in the received
power spreading over beat frequencies corresponding to the different distances in the ra-
dar footprint. An example of the spectrum is presented in Figure 8 with a sketch of equir-
ange lines in an elliptical radar footprint. The received power from specific ranges can be
defined by integrating the signal in frequency domain over the frequencies equivalent to
the ranges of interest. For example, the power reflected from a portion of the radar foot-
print may be calculated by integrating over the beat frequencies that match the ranges in
the area.

- <« Radar footprint —»

Amplitude

I

Beat frequency

Figure 8. A view on the IF spectrum of an FM-CW wind scatterometer.

3.3 Wind vector measurement

Even though wind scatterometers have a long history in wind speed measurements, the
physical relationship between sea surface roughness and reflectivity is not yet completely
understood. NRCS measurement data and the actual wind speed are matched using em-
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pirical models, which are derived from previous scatterometer measurements and corre-
sponding in-situ measurements using for example weather buoys [1]. The models are
called geophysical model functions (GMFs), and they have been developed for different
operating frequencies during individual airborne measurement campaigns or weather sat-
ellite missions [18], [23], [26]. Wind vector is most often defined using VV polarization
measurements and usually also HH is measured [27]. Cross polarization measurements
may be used for example to support wind-vector retrieval during very high wind speeds
[6].

Figure 9 presents normalized radar cross sections of sea surface for VV measurement
in different wind speed conditions. The plots are calculated using geophysical model
function CMODS, which is intended to be used with C-band frequencies and VV meas-
urement results [26]. The NRCSs are presented with respect to radar pointing angle rel-
ative to the wind direction. At 0° and at 180° the scatterometer is pointing in upwind and
downwind, respectively. As seen in Figure 9, NRCS varies sinusoidally with respect to
azimuth angle, and increases with increasing wind speeds. Figure 10 presents sea surface
NRCS at different antenna incidence angles. The magnitude of the NRCS depends
strongly on the antenna incidence angle, and the dynamic range of the magnitude varia-
tion decreases with decreasing incidence angle. Therefore, the measurement geometry
affects considerably on the wind vector retrieval process.

Because sea surface NRCS has a strong measurement direction dependency, a sin-
gle measurement is not enough to separate one wind speed from the other. For example,
using Figure 9, an NRCS of -22 dBm? may indicate wind speeds of 8 m/s or 4 m/s if
measured in cross wind or upwind, respectively. The ambiguity may be resolved by meas-
uring the sea surface NRCS in different azimuth angles. The angle may be changed by
for example rotating the antennas, using several antennas simultaneously in different an-
gles or moving the whole scatterometer system.

Sea surface NRCS HH measurement has a similar dynamic behavior as VV measure-
ment. However, HH NRCS magnitude is 1 — 6 dB lower than a corresponding VV NRCS
magnitude [27], [28]. The difference between the two co-polarized measurements in-
creases with increasing antenna incidence angle [23], [28], [29]. The research on cross
polarized sea surface NRCS has increased in the recent years. The cross polarized NRCS
1s 10 — 20 dB below the corresponding VV NRCS and relatively independent of antenna
incidence and azimuth angles [6], [30]. For example, C-band cross polarization GMF (C-
2P0O) depends only on the wind speed, showing no angular dependency. However, some
studies suggest an angular behavior similar to co-polarized measurements [28], [31]. Sim-
ultaneous measurement of different polarizations increases diversity of results and may
decrease uncertainty [1]. HV and VH measurements may also be useful in extreme wind
measurements, for example during tropical storms [6].
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Figure 9. The NRCS of the sea surface measured at a 50 degree incidence angle and
vertical polarization, calculated theoretically for different wind speeds using the CMODS

function.
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Figure 10. The NRCS of the sea surface measured at 8§ m/s wind speed and vertical po-
larization, calculated theoretically for different incidence angles using the CMODS func-

tion.
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4 System requirements

This section presents the grounds for the scatterometer system design. In addition to the
fundamental requirements set by the measurand and geometry, the design is critically
limited by the objective to use several pieces of existing hardware. For example, the me-
chanics, power consumption and antenna properties are restricted by the recycled equip-
ment.

4.1 Sea surface NRCS

As mentioned, the normalized radar cross section of sea surface depends on the prevalent
wind conditions. It varies in between -30 ... -10 dBm? for vertical polarization and 50°
incidence angle (as dictated by the existing antenna installation, see section 4.3) in wind
speeds of 3 ... 20 m/s. This estimation is based on the CMODS5 geophysical model func-
tion. The NRCS of horizontal polarization is 5 dB below the vertical polarization. There-
fore, the expected NRCS lies in between -35 ... -10 dBm?. The measurement campaign
will be organized in late fall at medium wind conditions. Therefore, it is assumed that the
lower NRCS values will not be met during the campaign.

Aalto University Department of Radio Science and Engineering is responsible of the
measurement result analyzation, and they have defined the measurement uncertainty lim-
its as follows. Target uncertainty for the wind speed measurement is 2 m/s. This uncer-
tainty is a combination of the calibration error (trueness), and random error that is as-
sumed to have a Gaussian distribution (precision). Trueness can be defined as the agree-
ment between the arithmetic mean of many test results and the true reference value [32].
Precision is the agreement between individual tests results [32]. The uncertainty compo-
nents are illustrated in Figure 11.
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Figure 11. An illustration of the uncertainty parameters in the wind measurement.

According to analysis by Aalto University, to achieve the 2 m/s uncertainty in wind
speed measurement the calibration trueness has to be less than 1 dB and precision less
than 2 dB. These values are calculated using certain flight speeds and sampling times in
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15 m/s wind speed conditions. Especially the effect of instrument calibration on uncer-
tainty increases with increasing wind speeds. This can be seen in Figure 9, which shows
how the NRCS saturates in high wind speeds. In other words, the required calibration
trueness depends on the expected maximum wind speeds.

According to the system requirements, the NRCS is measured at vertical and horizon-
tal co-polarizations. Therefore, the scatterometer has to be capable to transmit and receive
horizontal and vertical polarizations. In addition, the system will be designed such that it
is easily upgradable to cross polarization measurements. Table 2 summarizes the require-
ments set by the measured quantity.

Table 2. The dynamic range of the sea surface NRCS and the measurement accuracy
requirements.

Parameter Value
Minimum o° -35 dBm?
Maximum o° -10 dBm?
Trueness <1dB
Precision <2dB
Polarization HH/VV

4.2 Finnish communications regulatory authority directives

The Finnish Communication Regulatory Authority (FICORA) administrates the use of
radio frequency spectrum in Finland. The purpose of the organization is to ensure an ef-
fective and undisturbed use of radio frequency devices, and it regulates for example the
operation frequency bands and output powers of different applications [33].

To obtain a license for operation, FICORA was contacted in the beginning of the
wind vector scatterometer specification evaluation process. From two possible frequency
bands (C and X), the organization guided the scatterometer to operate at C band. The
exact allowed operation frequency was set to 5670 — 5725 MHz. Furthermore, the output
power and flight altitude were limited to +20 dBm and 1500 meters maximum, respec-
tively. Table 3 presents a summary of the FICORA directives.

Table 3. The radar operation directives set by FICORA.

Parameter Value
Allowed operation frequency 5670 — 5725 MHz
Maximum output power + 20 dBm
Maximum antenna gain 28 dBi

Maximum flight altitude 1500 m
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4.3 HUTRAD mechanical frame and Skyvan aircraft

The scatterometer is integrated in a mechanical HUTRAD (Helsinki University of Tech-
nology radiometer) frame that has been on board Skyvan aircraft and used for several
decades. The frame includes integrated reflector antennas, temperature stabilization and
monitoring, and a power supply with multiple output voltages [34]. In addition, the frame
provides three firm racks for custom electronics.

HUTRAD frame has two identical axisymmetric parabolic reflectors 60 cm in diam-
eter, which are used as the transmitting and receiving antennas for the scatterometer. The
center fed reflectors include mounting structures for feed horns, and waveguide feeds
operating at 6.8 and 10.65 GHz [34]. No technical documentation was found on the re-
flectors, and details such as the focal point had to be measured and estimated. The meas-
ured F/D ratio of the reflectors is 0.4, which is a common value for the parameter.

The frame is temperature stabilized using Peltier elements, heat sinks and fans, and
the stabilization is controlled and logged by a computer. In each of the three racks, four
PT100 temperature sensors may be monitored, of which one is used as a reference for the
stabilization. The old Peltier elements were replaced by Aalto University and the cooling
power of the new elements was tested. It was estimated that the new elements are capable
of dissipating at least 15 watts of heat while maintaining zero temperature difference be-
tween the frame and the ambient air.

HUTRAD frame is designed such that it can be mounted in the aircraft of Aalto Uni-
versity. The frame is mounted in the rear cargo of Skyvan aircraft so that the antennas are
pointing backwards at 50° incidence angle when the aircraft is on ground [34]. In straight
flight the incidence angle is a few degrees lower. The angular change in sea surface NRCS
is measured so that the aircraft is flown in circles. The roll angle of the aircraft is expected
to be 15° during the measurements, which increases the antenna incidence angle to
roughly 52°.

Table 4 presents a summary of the critical properties of the frame. The power outputs
1 and 2 will be used to power the scatterometer electronics. Skyvan is presented in Figure
12 and the frame is shown attached to the rear cargo of the aircraft in Figure 13. As shown
in the figure, the parabolic reflectors are integrated on the top and bottom sides of the
frame.

Table 4. The mechanical and electrical properties of HUTRAD frame.

Parameter Value
Reflector diameter D 60 cm
Reflector focal point FP 24 cm

. on ground 50°
Antenna incidence angle in flight 52°
Temp. control power I5W
Number of temp. sensors 4
Power 1 + 15V, 1.5 A each
Power 2 +12V, 1.5 A each

Min./Max. flight altitude 300/3000 m




Figure 12: Skyvan aircraft at Malmi airport.

Figure 13: HUTRAD frame installed in the rear cargo of Skyvan aircratft.
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4.4 Direct digital synthesizer

The linear frequency modulation required for an FM-CW radar may be generated in mul-
tiple ways [12]. A DDS was reserved for this project, and no further study or comparison
with other frequency sweep generators was made. The device was procured by FGI, who
works as a collaborator in the project.

A DDS is a fully digital signal generator capable of agile frequency and phase changes
[35]. They are used in solutions requiring high frequency accuracy and fast tuning, such
as signal generators, radars and reference clock sources. The circuit consists of a reference
clock, a phase accumulator, a sine-wave lookup table, and a digital to analog converter
(DAC) [35]. A block diagram of the system is presented in Figure 14 below.

Phase
accumulator

Tuning word

Sine-wave
look-up table

Ref clock Analog output to

a low-pass filter

Figure 14. The bock diagram of a DDS [36].

The basic operation principle is as follows. The phase accumulator is increased at
each reference clock cycle by the amount defined by a programmed tuning word. The
phase accumulator value indicates a certain index at the sine-wave lookup table, which
the DAC then converts into an analog value. Therefore, by changing the increase in the
phase accumulator, different sine waves may be generated. Multiple spurious frequencies
are also produced by the digital to analog conversion, which are partly filtered out usually
by an integrated low-pass filter [36]. Despite the filtering, the output signal may contain
spurious frequencies [36].

The model of the DDS used is AD9914 by analog devices and its specifications are
listed in Table 5. Also a picture of the device is presented in Figure 15. The DDS is inte-
grated on an evaluation board, which can be controlled using a PC via USB. The output
frequency range is set by an external reference clock, which was also provided by FGI.
In this case, the output frequency range of the DDS is 0 — 1.25 GHz. The output frequency
in the linear frequency sweep may be changed in 9.6 ns time steps. The output power is
changeable from 0 mW to roughly 1 mW. Therefore, the device is very flexible and its
operation parameters may be changed according to the other components in the scat-
terometer.

Table 5. Technical specifications of the DDS [37].

Parameter Value

Model AD9914 (eval. board)
Output frequency range 0-1.25 GHz
Minimum time step 9.6 ns

-1.5 dBm, tunable in
12 bit precision

Phase noise at 100 kHz <-120 dBc/Hz

Phase noise at 10 kHz <-110 dBc/Hz

Maximum output power
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Figure 15. A picture of the DDS installed in a metal enclosure.

4.5 Data acquisition device

The beat frequency signal produced by the scatterometer has to be saved for post pro-
cessing. The signal is converted to digital form using a DAQ computer that is provided
by the FGI. The DAQ computer includes a National Instruments NI 6115 measurement
card [38].

The measurement card is controlled with the DAQ computer via LabView® system
design software. The control and measurement software was programmed at FGI. The
measurement card is a multichannel analog to digital converter, providing also digital to
analog conversion and input/output triggering. The specifications relevant to this appli-
cation are presented in Table 6.

The analog input voltage of the internal analog to digital converter (ADC) is
changeable, but the quantization error increases with higher input voltage ranges. It is
therefore reasonable to choose the input voltage range so that the noise contribution of
the ADC is less than the system noise level. To avoid clipping, the input voltage range
has to also be scaled so that it is in all cases above the maximum signal voltage. In addition
to input voltage, the ADC limits also the maximum input frequency. According to
Nyquist-Shannon sampling criterion the maximum input frequency is limited to one half
of the sampling rate, which in this case is 1.25 MHz [39].

Table 6. The technical specifications of the measurement card [38].

Parameter Value

Analog input channels 4

Analog input channel type floating/ground referenced
Simultaneously sampling channels 2

Analog input voltage range + 0.2 V to = 42 V (changeable)
Resolution 12 bits

Maximum continuous sampling rate 2.5 MHz

System noise 0.35 LSBims at £ 5 V input range
Input impedance 1 MQ in parallel with 100 pF

Optional low-pass filter cut-off frequency 500 kHz




23

4.6 System overview

The system comprises also of several other equipment blocks that affect the design pro-
cess but are not covered in this thesis. Such equipment are for example an inertial meas-
urement unit (IMU), GPS module, GPS antenna, and three control computers. The IMU
and GPS module are used to track the attitude of the Skyvan aircraft and to synchronize
the measurement to the location and time. The control computers are used to save the
corresponding data and to control the equipment. In addition, some calibration targets are
used during the system tests, presented in section 9.

Figure 16 presents an overview of the system so that the color indicates the source of
the equipment. Orange, blue, and green colors correspond to this thesis, Aalto University
and FGI, respectively. The outputs of this thesis comprise of a TX/RX module for an
airborne wind vector scatterometer and two identical feed antennas for parabolic reflec-
tors. The designed and built hardware is interfaced to the presented equipment and the
operation is tested at component and system levels.

Calibration targets

Aalto University GPS\ant/enna
FGI

Control
computer

mal ctrl.

DAQ
Computer

R Control
fl computer

A\ 4

Figure 16. A high level view on the whole system.
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4.7 Summary

The system requirements presented in the previous sections are summarized here. The
primary operation altitude of the scatterometer during the measurement campaign ranges
from 500 m to 1500 m. The angular ambiguity of the wind vector measurement is resolved
by flying the aircraft in consecutive circles. HUTRAD frame and the flight geometry fix
the antenna pointing angle to 52°, and sea surface NRCS is measured at VV and HH
polarizations. The magnitude of NRCS is in between -35 dBm? and -10 dBm?, and the
required trueness of the calibration and measurement precision are < 1 dB and < 2 dB,
respectively.

The reuse of hardware guides the system design as follows. The antennas are parabolic
reflectors that require completely new dual polarized feed antennas. A complete TX/RX
module will be designed so that it is easily upgradable for also cross polarization meas-
urements. The transmitter has to be compatible with the procured DDS, and the received
measurement data will be saved using the available DAQ computer. The electronics is
supplied from the HUTRAD frame power supplies. Therefore, a voltage regulation cir-
cuitry is designed at least for the DDS. In addition, the total power consumption of the
scatterometer should not exceed 15 W, which is the estimated cooling power of the tem-
perature control system. The electronics are fitted in one of the three racks of HUTRAD
frame.

The tasks and design requirements for the TX/RX module that is designed in this thesis
can be summarized as follows:

1. interfacing to

a. DDS
b. DAQ computer
c. IMU

d. HUTRAD frame
2. antenna design
a. the use of existing parabolic reflectors
b. mechanical mounting
3. the definition of RF specifications
a. antenna performance
b. NRCS requirements
c. FICORA regulations
4. TX module design
RX module design
6. testing
a. functional
b. performance
c. calibration.

9]
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5 Antenna theory

There are two ways to convey electromagnetic energy. The first way is to guide the energy
in mechanical transmission lines such as cables, wires, or metal pipes. The other way is
to use propagating waves in the free space. Antenna is the component in a system that is
designed to transmit or receives radiating waves [9]. It is in the interface of electronics
and the surrounding environment and transfers the energy in an electronics circuit to radio
waves. Due to this, an antenna can be characterized by its electrical properties and radi-
ating properties. Antenna is a reciprocal device, which means that it behaves similarly
when transmitting or receiving [40]. This section presents the theory that was used in the
design of the new feed antennas for the axisymmetric parabolic reflectors of HUTRAD
frame.

5.1 Impedance

Antenna impedance is used when examining the antenna as a part of an electrical circuit.
As any arbitrary impedance, it is divided into resistive and reactive components. The re-
sistive components comprise of ohmic losses R, and radiation resistance R,.. The reactive
component is the reactance of the antenna jX,, where j is the imaginary unit. Therefore,
antenna impedance Z, can be written as follows [40]

Zy =R, + R, +jX,. (24)

Ohmic losses of an antenna reduce its efficiency by dissipating a part of the input power
to heat. In contrary, radiation resistance can be thought to dissipate the input power to
radio waves. The reactive part is related to the energy stored in the non-radiating electro-
magnetic field of the antenna.

The maximum power transfer between two components occurs when the impedances
of the components are complex conjugates. In that case, the impedances are “matched”.
Any impedance mismatch between a source and load reflects power backwards and thus
reduces the radiated or received power. Matching level between a reference impedance
Zy and a load Z; is determined by the reflection coefficient p, which is given by [41]

_ZL—Zy
CZi+Zy
The equation shows that the reflection coefficient is very small when the complex conju-
gate impedances of the load and reference are close to each other. The reflection coeffi-

cient is usually given in decibels. The power loss in decibels due to imperfect matching
is given by insertion loss L;,, which is calculated as [41]

p (25)

1
Lins =10 IOg (1_—|p|2) (26)

In practice, the impedance of a component is matched only over a certain frequency
bandwidth and at a certain level. For example, an antenna could be matched over the
operation frequency band of system and at a maximum level of -10 dB.

5.2 Antenna gain

An isotropic antenna radiates radio waves equally in all directions [40]. However, all
practical antennas have anisotropic radiation properties, which leads to the radiated power
spreading unevenly in the surrounding environment. The directivity, gain and realized
gain of an antenna illustrate the angular variation of radiated power. Generally, their mag-
nitude is given in decibels relative to the maximum (dB) or to a lossless and perfectly
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matched isotropic antenna (dBi). Each of the variables can be given either only at the
direction of the maximum radiation, or as a function of radiation angle (radiation pattern).

Directivity, gain and realized gain differ on the reference point of input power. The
different reference points are illustrated in Figure 17. Directivity and gain are not affected
by the system where the antenna is connected to. Directivity is the ratio of the radiation
intensity in some direction to the average radiation intensity [40]. Therefore, it is inde-
pendent of any losses caused by the antenna. In contrary, gain includes all the losses
caused by the antenna, such as the ohmic losses. Directivity and gain are equal if the
antenna is lossless, and all the power going in the antenna is radiated [40].

Connection  Antenna Radiation

}D

[ [ [

Realized gain ~ Gain Directivity

Figure 17. The reference points for directivity, gain and realized gain.

Realized gain is used when the antenna is treated as a component connected to an
electronic system with a certain impedance. As discussed in the previous subsection, an
impedance mismatch between a system and an antenna causes a part of the power offered
to the antenna to reflect. The reflected power is lost directly from the radiated radio waves.
Due to reciprocity, this holds also for received power. The realized gain and gain are
equal if the antenna impedance is perfectly matched to the system.

The radiation patterns are illustrated graphically in one rotationally symmetric plane,
two orthogonal planes, or in three dimensions. A typical rotationally symmetric pattern
shape in one plane is shown in the right hand side of Figure 17, where the symmetry axis
is the symmetry axis of the antenna. The most of the radiation propagates along the axis
of symmetry in the main lobe of the radiation pattern. Some power is also radiated in the
direction of the smaller side lobes of the pattern. The radiating properties can also be
given for example as the maximum value of gain in the main lobe and the half power
beamwidth of the lobe.

5.3 Parabolic reflector

Reflector antennas are used when requiring high gains. They consist of a feed antenna
and one or more reflectors that focus the radiation from the feed antenna into a narrow
beam. Reflectors come in many shapes, of which the simplest is the axisymmetric para-
bolic reflector whose geometry is presented in Figure 18. The geometry of the reflector
can be defined using three parameters given in the figure: diameter D, focal point FP and
opening angle OA. The opening angle is calculated using the diameter and focal point as
follows

1
OA =4tan™ | ——— (27)

()
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and it is the angle in which the reflector aperture is seen when looking from the focal
point [42 Sharma].

Reflector

Radiation

Figure 18. The geometry of an axisymmetric parabolic reflector antenna.

The maximum gain G, of a reflector antenna is given by

41
Gy = sap?Aap, (28)

where €, is aperture efficiency and A, is the physical aperture area [40]. The aperture
efficiency can be divided further to radiation, illumination and achievement efficiencies
[40]. Radiation efficiency takes into account the ohmic losses of the reflector. Reflector
antenna design aims at optimizing the different efficiencies for a particular reflector and
feed combination. Aperture efficiency is typically close to 60 % [40].

[Nlumination efficiency is a tradeoff between how uniformly a reflector is illuminated
by its feed antenna and how well the fed radiation is captured by the reflector. If the
aperture is fed with a broad beam, its area is used very efficiently but a large part of the
beam extends over the reflector and power is lost. On the other hand, if it is fed using a
narrow beam, most of the radiation is captured by the reflector but the edges are not lit
efficiently and usable aperture area is lost. In theory, the best radiation pattern in terms of
illumination efficiency would be such that all the fed radiation would hit the surface of
the reflector everywhere in the same phase and intensity [40]. In practice, -11 dB edge
illumination level is used as a general rule for the feed antenna radiation pattern [40],
[42]. This means that the -11 dB beamwidth of a feed antenna should match the opening
angle of its parabolic reflector antenna. The resulting half power beamwidth HPBW of a
parabolic reflector can be calculated by [43]

A 180°
HPBW = 1.18— . (29)
D m

Achievement efficiency is decreased for example by objects in front of the aperture,
rough reflector surface and incorrect feed antenna placement [40]. In a center fed reflector
antenna, the feed and its support struts situate in the path of radiation. Therefore, they
shape the radiation properties of the reflector antenna by for example increasing side lobe
level and introducing losses. The origin of the feeding radiation should situate at the focal
point. A vertically or horizontally displaced feed decreases maximum gain and changes
its direction, and increases side lobe levels [43].
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5.4 Open-ended rectangular waveguide

The most common feed antenna type for parabolic reflectors is the waveguide antenna
[40]. Also the old feed antennas of the HUTRAD frame are rectangular waveguides that
are at one end terminated to a metal plate and at the other end are left open. The power
can be coupled to the feed using coaxial cables, and it radiates from the open end towards
the reflector. The feed antenna design requires understanding of antenna-to-system inter-
facing, waveguide theory and waveguide radiation theory.

5.4.1 Wave modes

The orientation, shape of propagating electric and magnetic fields and usable frequency
range of a transmission line depends on the geometry. For example, the electric and mag-
netic fields are usually transverse to the propagation direction in coaxial cables and micro
strip lines [9]. Hollow rectangular pipes can also be used to guide electromagnetic waves.
In contrary to dual conductor transmission lines, in hollow waveguides it is necessary for
a propagating electromagnetic wave to also have a field component in the propagating
direction. These wave modes are called transverse electric (TE) or transverse magnetic
(TM) for nonzero magnetic or electric field in the propagation direction, respectively [41].
Usually, rectangular waveguides are used with the lowest wave modes TE10 and TEo1 [9].

Figure 19 presents a cross sectional view on a rectangular waveguide, in which the
electric field directions are indicated as red or blue arrows for TE o and TEo; wave modes,
respectively. For these wave modes, the electric fields are linearly oriented either along
vertical or horizontal plane [44]. The usable frequency range of a certain wave mode in a
rectangular waveguide is limited strictly by its cross sectional dimensions. The lower cut-
off frequency limit f, for TEo can be calculated as

1
N
where a is the width of the guide, u is the permeability of the inside material and ¢ is the
permittivity of the material [44]. f. can be calculated for TEo: by changing the dimension
a accordingly. The equation shows that a rectangular waveguide has to be at least half of
a wavelength wide for a propagating wave. The upper frequency limit is set by the cutoff

frequency of the usually unwanted higher order wave modes [44]. Waveguides are usu-
ally operated at frequencies 1.2 — 1.9 times the lower cutoff frequency [9].

fe (30)
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Figure 19. A rectangular waveguide with a coaxial to waveguide transition. The back
end of the waveguide is closed, and the front end is open.
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5.4.2 Coaxial to waveguide transition

RF electronics components are often connected using coaxial cables or micro strip lines.
If waveguides are also used, the system requires interfacing between the different trans-
mission types. A coaxial cable can be interfaced to rectangular waveguide as shown in
Figure 19 [45]. The other end of the waveguide is terminated to solid metal. The outer
conductor of the coaxial cable is electrically connected to the waveguide, and the center
conductor extends to the hollow space. The aim of the transition is to have a low insertion
loss, and therefore it is optimized with respect to impedance matching.

The critical dimensions of the transition are the length of the center conductor probe
and its distance from the blind end of the waveguide [45]. The aforementioned dimen-
sions are related to the wavelength of the radiation in the waveguide, which differs from
that of the free space [45]. The dimensions depend also on each other, but if both dimen-
sions are set approximately to one quarter of a wavelength a good impedance matching
may be obtained [45]. However, the design of coaxial to waveguide transition seems to
be based on empirical experiments [46], [47].

5.4.3 Radiation

When an open-ended rectangular waveguide is used at the TE1o wave mode, it emits lin-
early polarized radiation to free space [40]. The radiation patterns can be calculated the-
oretically using approximate equations for two separate cases. In the first case, the rec-
tangular aperture is surrounded by infinite ground plane. This results to equations

mwa .
cos [7 sin 0]

Fy = cos @ — 2 (1)
1-— [Ta sin 9]
and
sin [a—b sin 9]
Fg=—F— (32)
. sin 0

where Fy and Fj are the radiation patterns in the planes shown in Figure 19 [40]. In the
second case the aperture i1s surrounded by free space only, which yields equations

_ 14 cosf €OS [%sin 9]

H 2 (33)

2 q_ [27“ sin 9]

and
. b .

1 4 cos @ Sin [% sin 9]

E = ) (34)
wh .
2 — sin 0

where Fy and Fy are the patterns in corresponding planes [40]. The resulting radiation
patterns are shown in Figure 20, calculated for a square waveguide with a 3.3 x 3.3 cm?
cross section and at 5.7 GHz frequency.
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Figure 20. Theoretically calculated radiation patterns of a square open-ended wave-
guide in free space (dashed line) and when surrounded by an infinite ground plane
(solid line). The wave mode in the waveguide is TEo.

The radiation patterns are not axisymmetric in either case. The main lobe is narrower
in E-plane than in H-plane when the waveguide is in free space, whereas in ground plane
the case is the opposite. The -11 dB beamwidth ranges from approximately 128° to inde-
terminate. The radiation pattern of a simple open-ended waveguide may be shaped for
example by introducing a choke structure around the open end, as presented in Figure 21
[42]. The structure can be used to symmetrize and decrease the beamwidth of the radiation
pattern [42].

>

NN

Figure 21. The geometry of a choke used to shape the radiation pattern of an open-
ended waveguide antenna.
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6 Antenna design and measurements

This section is focused mainly on the physical design choices and simulations of the feed
antenna. The reflector is analyzed from the feed’s point of view, and simulated as a part
of the whole antenna system. First, the starting point of the antenna design are discussed.
Second, the simulation and measurement set-ups are presented. In the last section, the
simulation and measurement results are shown, along with a short discussion.

6.1 Parabolic reflectors

The parabolic reflectors of HUTRAD will be used as they are, and their dimensions will
guide the design of the feeds and scatterometer. Using the presented theory and simula-
tions, the gain and radiation pattern of the antennas may be estimated reliably. The gain
of the antenna can be calculated using (28) and an estimation for the aperture efficiency

2
A , (5.7%10° Hz " _
Ga = €gp ?Aap = 0.6 * 41“ * EVeTES * (30 cm)“ ~ 28.9 dBi. (35)
S
The gain definition does not include impedance matching losses, which will decrease the
gain of the antenna system.
Using (29), the half-power beamwidth at -11 dB edge illumination becomes

180° 3x10°=  180°

=118 57%*10°Hz*60cm w
In practice, the radiation pattern will be shaped also by the mechanics of the reflectors,
such as the struts and the feed in front of the aperture. The effect of the mechanics may
be studied in simulations.

The opening angle of the reflector guides the design of proper feed antennas. Using
(29) and the reflector dimensions listed in Table 4, the opening angle of the reflector can
be calculated as

~ 5.9°. (36)

A
HPBW = 1.18—
D

1 1
0A = 4tan_1 “FP\ = 4tan‘1 24 om\ ~ 128°. (37)
4 (F) 4 (60 cm)
The -11 dB beamwidth of the reflector antenna feeds should match this angle for the peak
aperture efficiency.

6.2 Waveguide feeds

Because the old feeds in the parabolic antennas of the HUTRAD frame operated at wrong
frequencies, new feeds had to be designed. The old feeds were used as a starting point.
The feeds had been used successfully in the past and the mechanical mounting structure
had to be copied to the new feeds.

Figure 22 presents one of the old open-ended waveguide feeds that is designed to
operate at 6.8 GHz. The circular structure matches to the feed mount of the reflectors, and
the attachment is ensured with three screws. The signal is coupled to the feed with two
orthogonally aligned coaxial connectors, whose center pins are extended into the rectan-
gular pipe. The square structure of the feed and the alignment of the coaxial adaptors
generates two orthogonal and linear polarizations (TEo; and TE10). The structure that con-
nects the square waveguide to the round mount forms a choke that suppresses the side
lobes of the feed and narrows the main lobe beamwidth.
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Figure 22. The old feed of HUTRAD frame.

The design of news feeds started from choosing the size of the square waveguide. The
material of the feeds is aluminum for its light weight, easy formability and corrosion re-
sistivity. For practical reasons, the waveguide dimensions were limited to standard alu-
minum pipe values such as 30 x 30 mm? and 35 x 35 mm? with 2 mm and 3 mm wall
thicknesses. Table 7 lists different square aluminum pipe alternatives and lower cutoff
frequencies calculated using (30).

Table 7. A list of standard sized square aluminum pipes and their lower cutoff frequen-
cies.

Outer dimensions [mm] Inner dimensions [mm]  f. [GHz]

45 x 45 43 x43 3.49
45 x 45 42 x 42 3.57
40 x 40 38 x 38 3.94
40 x 40 37x37 4.05
35x35 33x33 4.54
35x35 32x32 4.68
30x 30 28 x 28 5.35
30x 30 27x27 5.55

The cutoff frequency of the smallest pipe is very close to the operation frequency of
the radar, and it is anticipated that the feed would be difficult to design using this dimen-
sion. On the other hand, the size of the largest pipe approaches the size of the circular
mount, which might complicate the manufacturing of the feed. It was therefore reasonable
to leave out pipes smaller than 35 and larger than 40 mm. The operational frequency of
the radar is relatively narrow, and there is no reason to extend the bandwidth of the an-
tenna much broader. In contrary, the antenna is the last component in the transmitter and
the first in the receiver, and it is beneficial if it can be used to suppress out-of-band signals.
From the two remaining alternatives, the cut-off frequency of the 35 mm pipe is closer to
the operation frequency band, and if a 2 mm wall thickness is chosen there is still some
safety margin left. As mentioned in the previous chapter, waveguides are usually operated
at frequencies 1.2 — 1.9 times the lower cutoff frequency. Nevertheless, the feeds are
based on the 35 mm pipe with 2 mm wall thickness due to the reasons stated before.
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6.3 Simulation and measurement set-ups

The waveguide feeds and the whole antenna system were simulated using CST MICRO-
WAVE STUDIO®. The reflection coefficients of the waveguide feeds were measured and
simulated with 50 Q reference impedance. The radiation properties of the feeds and the
whole antenna system were not measured.

The starting point of the feed simulation process was as follows. The coaxial adaptor
and choke designs were copied from the old feeds, whose adapters are orthogonally
aligned and their center pins extend into the pipe. In the simulations, the coaxial probe
lengths were first set to quarter wavelength. The first adapter was attached in quarter
wavelength distance and the second adapter in one and a quarter wavelength distance
from the blind end of the pipe.

The target electrical parameters were an input return loss of -15 dB at the operation
frequency band and a symmetrical reflector edge illumination of -11 dB. To achieve the
design goals, the length of the waveguide, depth of the choke, coaxial adaptor positions
and monopole lengths were optimized. The design strategy was based on the fact that
after the feeds were manufactured the only tunable parameters are the lengths of the mon-
opoles. Therefore, the other dimensions were set so that the final tuning of the realized
feeds would be possible by just changing the lengths of the monopoles.

The measurement set-up is presented in Figure 23. The reflection coefficients were
measured using a vector network analyzer (VNA) that was connected to both polariza-
tions of the feed. The measurements were conducted in the company office, and no ane-
choic chamber was used to suppress reflections from the surrounding items. However,
the antenna was pointed out of the office window into a relatively free space. In this setup,
the reflection coefficient was unaffected by antenna pointing angle and it was concluded
that the conditions are suitable for antenna measurements.

)

Feed

Figure 23. The measurement set-up of the feed antennas.

Radiation patterns were simulated for the feed model and for the whole antenna sys-
tem, including mounting structures and correct antenna placement. The HUTRAD frame
or the airplane rear cargo were not included in the simulations. In practice, especially the
airplane cargo is expected to affect the antenna patterns. However, the complexity of the
simulation was considered high and the comparability of the simulation results to reality
was uncertain.

Two views of a simulation model and of a manufactured reflector feed are presented
in Figure 24. The dimensions and materials of the coaxial adapters in the simulation
model were copied from common adapter models. Technical drawings were drawn based
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on the simulated 3D model, including screw holes for the coaxial adapters. The drawings
are given in Appendix A. The manufacturing of the feeds was outsourced. The ports are
labeled so that port 1 is the SMA connector closer to the blind end of the feed and port 2
is the connector closer to the open end of the feed. Port 1 is vertically aligned and port 2
is horizontally aligned in the simulations and in the radar.

Port 1 (V)

Port 2 (H)

a) Side view of the CAD model.

b) Side view of a manufactured feed.

c¢) Front view of the CAD model. d) Front view of a manufactured feed.

Figure 24. Pictures of the CAD model and of a manufactured feed. Port orientations
and numbers are indicated by the red arrows.
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6.4 Simulation and measurement results

Figure 25 presents the simulation results for the reflection coefficients of port 2 when the
length of the monopole was swept from 12.0 mm to 10.0 mm. The simulations show that
in the best case the required matching is met over a bandwidth of 150 MHz, and the best
matching is very close to the center frequency of the allocated band. Also the sensitivity
of the matching with respect to the other parameters was tested. Based on the simulations,
the feed is sensitive to changes in for example the positions of the coaxial adapters but
small changes can be corrected by changing the lengths of the monopoles.

Figure 26 shows a corresponding monopole length sweep of a realized feed. One mon-
opole was filed by hand in small steps from 15.5 mm to 12.9 mm, and the reflection
coefficient was measured with a VNA. The measurements and simulations agree very
well when noted that the realized dimensions of the feeds may differ from the simulated
dimensions. This may for example cause the shift of the optimum and sharpest point of
operation by 80 MHz upwards. However, the matching at 13.5 mm monopole length ful-
fills the design criterion.

Figure 27 and Figure 28 show the final matching of all the ports. Simulations and
measurements resemble very well each other, and the impedance matching criterion is
met over the operation frequency band. The measurement ripple in Figure 27 may be due
to poor calibration of the VNA. The final lengths of the monopoles are in between 13.0 —
13.6 mm, each filed to an optimal length for the individual port by trial and error.

The final radiation pattern of the feed is presented in Figure 29. The feed was simulated
also without the choke to estimate its effect on the performance. The radiation pattern of
the feed without the choke is presented in Figure 30. It can be concluded that the choke
affects the radiation pattern significantly. The side lobe level is roughly 5 dB smaller
with the choke, and the maximum gain increases by almost 2 dB. The structure is there-
fore critical for the optimal operation of the antenna system. According to the simulations,
choke narrows the -11 dB beamwidth very close to the optimum edge illumination angle
of 128°. The realized radiation patterns were not measured.

The whole antenna system was also simulated including the reflector, feed and support
struts. Figure 31 shows a broad view of the simulated realized gains in the horizontal
plane. According to the simulations, the parabolic reflector antennas will operate as ex-
pected. The main beam is narrow and gain is very close to 29 dBi. Figure 32 shows a
comparison of realized gains in the main lobes for ports 1 and 2 and in horizontal and
vertical planes. The structure of the antenna system clearly affects the shape of the far-
field pattern. The realized peak gains of the different combinations differ by 0.2 dB max-
imum, and also the direction of the main lobe is slightly varying. The -3 dB beamwidth
varies from 5.8° to 6.5°. The simulated cross polarization in the main lobe is higher than
28 dB.

The small difference between the theoretical and realized gains of the antenna is due
to the impedance matching of the ports. Introducing the reflector in front of the feed wors-
ens the impedance matching. The simulated input reflection coefficient of the whole an-
tenna system is -12 dB at 5.7 GHz, which leads to roughly a 0.3 dB insertion loss. When
this is taken into account in (35), the theoretical realized gain becomes 28.6 dBi which is
close to the simulated values.
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Figure 25. Simulation results of the reflection coefficient of port 2 at different monopole
feed lengths.
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Figure 26. Measurement results of the input reflection coefficient of feed 1 port 2 at dif-
ferent monopole feed lengths.
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Figure 27. A comparison between the simulated and measured reflection coefficients of
port 1.
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Figure 28. A comparison between the simulated and measured reflection coefficients of
port 2.



38

10.00

5.00

0.00

-5.00

-10.00

Gain [dBi]

-15.00

-20.00

-25.00

-30.00
-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180

Angle [°]
Figure 29. The simulated gains of the feed antenna port 1 in horizontal and vertical
planes.
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Figure 30. The simulated gains of the feed antenna port 1 in horizontal and vertical
planes. The choke structure is excluded in this simulation.
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Figure 31. The simulated realized gains of the antenna system in horizontal plane.
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Figure 32. The simulated realized gains of the antenna system main lobe in vertical and
horizontal planes. -3 dB level is indicated by the black dotted horizontal line.
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7 Electronics theory

This section presents the electronics theory that was used when designing the RF elec-
tronics of the radar. Due to the broad subject and design strategy, the section does not
explain the design of RF components such as amplifiers or filters. In contrary, only the
theory behind the figures of merit of different component types is discussed. Noise anal-
ysis and operational amplifier design are discussed more deeply.

7.1 Signal amplification

In modern electronic devices, signals are most often amplified using semiconductor cir-
cuits. The circuits consist of one or more transistors that can be manufactured in various
technologies and materials. The basic operation principle of a transistor amplifier is such
that an output current drawn from an external power supply is modified by an input signal
[48]. The modification results to an output signal level that is higher than the input signal
level, and therefore provides signal amplification.

7.1.1 Transistor amplifier

Transistors are nonlinear components. The input-output transfer characteristic is expo-
nential, but can be approximated to be linear under specific operating conditions and us-
ing an external circuitry. The operation principle of a transistor amplifier is often illus-
trated as in Figure 33, where the blue line is the output signal level as the function of input
signal level. The graph can be divided into a fairly linear section and into two nonlinear
sections. The linear operation section is centered on the operating point of a transistor,
which is set by introducing a proper dc bias voltage to the input of a transistor [48]. The
nonlinearity increases significantly towards the operation limits of a transistor. The abso-
lute lower and upper limits of operation may be set by for example the external power
sources from which the amplification power is supplied [41].

Linear
operation
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limits

. /
(saturation)
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____________ > voltage
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Figure 33. The operation principle of a transistor amplifier [48].

When a small sinusoidal signal is applied to the biased input of a transistor, the output
yields a copy of the input signal that is amplified at a constant gain. The gain is determined
by the slope of the linear region. However, the nonlinearity of the amplification increases
with increasing input signal level and at some point the amplification cannot be thought
independent of the input signal level. Transistor is operated in small signal region, when
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the input signal level is low so that the amplifier can be approximated linear [48]. Tran-
sistor is operated in large signal region, if the input signal level introduces significant
nonlinearities or even causes the amplifier output to reach the output operation limits [48].
The figure of merit for the linear operation range of an amplifier is often given as 1 dB
gain compression. It is the input or output power when the gain of the amplifier has de-
creased 1 dB from the small signal gain [41]. Nonlinear operation will convert some of
the signal power to the harmonic frequencies, which is not usually desired [41].

As goes with any electronic component, the operation of transistor amplifiers is also
limited by frequency. Different transistor technologies allow operation up to 200 GHz
[9]. In addition to the transistor technology, circuit design and operation specifications
affect the frequency limitations [41]. For example the elements in the biasing circuitry
are frequency dependent. Therefore, also the operation frequency has to be considered
when designing or procuring a transistor amplifier.

Transistor amplifiers can be roughly divided into three classes, which may contain one
or more transistors: general purpose amplifiers, low-noise amplifiers (LNA), and power
amplifiers. General purpose amplifiers are amplifiers operated in small signal region with
no special requirements. LNAs are amplifiers usually situating in the beginning of a radio
receiver. They are operated in the small signal region. LNAs are designed to add only a
minimal amount of noise in the system and are sometimes required to have a significant
gain. Power amplifiers are sometimes used in the compression for the highest available
output power.

7.1.2 Operational amplifier

Operational amplifier (op amp) is a versatile integrated circuit consisting at least of sev-
eral transistors and resistors [48]. It is used in various applications, of which the most
common is signal amplification. In signal point-of-view op amp is a three terminal device
whose very high voltage gain can be modified by introducing a feed-back loop between
the output and inverting (-) or noninverting (+) input terminals. The two simplest varia-
tions of the negative feed-back configuration are presented in Figure 34.

+ oO———+
——O V- —O
l
P Vo p Vo
| IS |
— | — z 22
o 1
Vi Zy Z;
a) Inverting configuration. b) Non-inverting configuration.

Figure 34. The two basic closed-loop negative feedback op amp configurations [48].

In the negative feed-back configuration, the output of an op amp is fed back through
impedance Z, to the inverting input terminal. In addition, the inverting input is either
connected to ground potential or input signal line via impedance Z;. The resulting voltage
gain can be derived from two well-known rules [48]. The first rule is that ideally, no
current flows to the input terminals. The second rule is that the output will do anything to
null the voltage difference between the two input terminals. The rules yield equations

2=-2 (38)
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and

Vo Zy >
2 (=241 39
=z 3

for the inverting and non-inverting configurations, respectively [48]. The configurations
differ only in which terminal the input signal is applied. In the equations, V, is the output
voltage and V; is the input voltage.

Due to the complexity of the internal integrated circuit, op amps cannot be used at very
high frequencies. However, some modern op amp models can be utilized at frequencies
up to a few GHz [49]. Even though the maximum gain of an op amp is very high, it is
limited and decreases as a function of frequency. The higher the operation frequency of
an op amp is, the lower the maximum available gain [49]. Therefore, a high gain amplifier
design requires often a wide bandwidth op amp model.

7.2 Noise

Ideally, there is no lower limit for a detectable signal level. In reality the detectable signal
level is limited by the electromagnetic energy that is emitted by all materials. The elec-
tromagnetic energy, or noise, is caused by different phenomena [1]. Electric noise is a
random process that can be either externally generated or produced by the system itself
[41]. Noise is always present in an electronic system and therefore the fundamental limit
for a detectable signal level.

7.2.1 Thermal noise

The electrons in a component are in a constant random movement, which is excited by
temperature. The random movement generates a fluctuating voltage that spreads evenly
in the frequency domain. For a matched resistor, the noise power N over a bandwidth B
can be approximated as

N = kTB, (40)

where k is the Boltzmann’s constant and T is the temperature of the resistor in kelvin
[41]. Similarly, every component in an electronic system increases the total noise level of
the system.
The noise N, that a component adds to a system can be described by noise factor F,
which is given by
NO Na

=2 =142 41
N.G +Ni' (41)

F

where N, is the total noise power at the output of the device, N; is the input noise power
of a resistor at the system temperature and G is the gain of the component [41]. The noise
factor of an attenuator is equal to the amount of its attenuation [9]. Usually, noise factor
is given in decibels and then referred to as noise figure (NF). The noise of an arbitrary
component can also be given as the temperature of a resistor that would increase the total
noise of the system equivalently. Using noise factor, equivalent noise temperature T, can
be calculated as

T, = (F — 1)T,, (42)
where Ty is the temperature of the component, which is usually the standard room-tem-

perature of 290 K [9]. Equivalent noise temperature or noise figure are commonly used
as the figure of merit of a component.
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The total noise factor of cascaded components can be derived following the convention
in (41). The derivation yields the Friis formula
F,—1 F;—-1 Fy—1
F=r+ G, + G,G, o GGy .Gy
where F; and G, are the noise factor and gain of the first component in the cascade and
Fy and Gy are the noise factor and gain of the last component in the cascade. Friis formula
shows that the first components have the biggest influence on the system noise. Therefore,
an LNA is often used as the first component in a sensitive receiver. The main purpose of
a low-noise amplifier is to amplify the received signal without increasing the noise floor
of the system significantly. If the gain is high enough and the noise figure small, the
signal-to-noise ratio is not significantly affected by the subsequent components in the
receiver chain. The presented noise equations are all reduced to the input of the compo-
nent. The output noise power of a system or a component is calculated as follows

(43)

N, = N; + NF + G, (44)
where the variables are given in decibels.

7.2.2 Leakage between transmitter and receiver

In a radio system, the transmitted power couples also directly from the transmitter to the
receiver, either through separate antennas or isolating components. In a pulsed radar this
power leakage may not be a problem as the receiver can be turned off when transmitting.
In a continuous-wave radar the transmitter and receiver operate simultaneously, and the
leaking power may affect the operation of the radar. For example, the sensitive compo-
nents in the receiver may saturate or be destroyed if the coupled power is high enough.
Depending on the frequency, the leakage can be divided into two parts, carrier signal
leakage and its phase noise leakage.

Carrier signal leakage is not in the measurement beat frequency band in an FM-CW
radar, as its delay is short when compared to the measurement signal delay. However, it
may cause some of the receiver components to malfunction, and limits the dynamic range
of the system. The leakage power P, may be estimated in decibels by

P = Py — Iz, (45)

where I is the transmitter and receiver isolation.

Phase noise is caused by fluctuations in the frequency and amplitude of the transmitted
signal [50]. In practice, it can be seen as a spread in the spectrum of an ideally sinusoidal
signal, decreasing in amplitude with respect to distance in frequency to the carrier. In
contrary to carrier leakage, the phase noise of the carrier may spread to the measurement
beat frequency band of an FM-CW radar, and affect the noise level of the receiver [12].
It can be divided into two parts, frequency altering FM (frequency modulation) noise and
amplitude altering AM (amplitude modulation) noise. Phase noise is usually given in dec-
ibels relative to the carrier power.

The leaked amplitude modulation phase noise Ny, of the transmitter at input of the
receiver and at a certain offset frequency can be estimated in decibels using

NAM :Pt+AM_ITR' (46)

where AM is the amplitude modulation phase noise of the carrier in dBc/Hz and Iy is the
isolation between the transmitter and the receiver [12]. In an FM-CW radar, the leaked
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signal is a delayed copy of the reference signal. Therefore, the leakage signal and refer-
ence signal are correlated, which has to be compensated when estimating the frequency
modulation phase noise [12]. The correlation is taken into account using a frequency
modulation phase noise cancellation coefficient S, which is calculated at a certain beat
frequency f; by

S = 4sin (Z”fb”)z, (47)

where At is the time delay due to the leakage path [51]. Using the noise cancellation

coefficient, the FM phase noise Ng,, at the receiver at the same offset frequency can be
estimated in decibels by

NFM=Pt+FM_ITR_S' (48)
where FM is the amplitude modulation phase noise of the carrier in dBc/Hz [12].

7.2.3 Analog to digital conversion noise

An analog to digital converter samples the measured signal at a sampling frequency f;
and digitizes the measurements to binary numbers. The sampling process generates an
error in the final measurement because every ADC has a limited amount of discrete val-
ues, or bits, that it can use to represent a measured analog value. An analog value that is
less than the resolution of the ADC is not possible to be measured precisely. This error in
the analog to digital conversion is referred to as quantization noise, and it results into
noise in the measurement process. The quantization noise depends on the number of bits,
sampling speed and post processing of the signal.

In theory, quantization noise voltage in root-mean-square (rms) can be calculated us-
ing equation

Viss
Napc = E

where V;s5 1s the voltage resolution, i.e. the voltage that is equal to the least significant
bit (LSB) of the ADC [52]. This noise is distributed over the whole frequency band of
measurement [39], [52]. The signal is usually sampled so that the sampling frequency is
at least two times higher than the highest anticipated signal frequency. This procedure is
based on the Nyquist-Shannon sampling criterion. Therefore, the voltage noise spectral
density in the Nyquist band is [39]

(49)

VLSB 2
n =— |- (50)
ADC ,—12 fs

ADC output is commonly converted to frequency domain using fast Fourier transform
(FFT), which is a computationally efficient way to calculate the spectrum of a sampled
signal. The digitized measurement consisting of N amount of samples, equispaced in time
domain, converts to the same amount of similarly spaced samples in frequency domain
[53]. Therefore, the frequency spacing after FFT for N samples is [53]

s
foin = N (1)

The resulting noise in (50) for each frequency sample corresponds to the integrated ADC
noise in the frequency spacing f};, [39]. The theoretical noise floor (in volts rms) of the
Fourier transformed ADC output is therefore
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n _Vise [2foim (52)
Apc = = [T

7.3 Frequency conversion

Radio technology is based on producing and measuring sinusoidally varying electrical
signals. Therefore, the generation and shifting of such signals is a critical part in any RF
system. The signals are generated and frequencies shifted often using oscillators and mix-
ers. Oscillators convert direct current (dc) power to alternating current (ac) waveforms
whereas mixers convert signals to higher or lower frequencies [41]. The operation of both
devices is based on nonlinear components.

7.3.1 Oscillators

Oscillators are built from various components, and are often designed to produce a sinus-
oidal waveform. The components include transistors, diodes and quartz crystals. The dif-
ferent manufacturing technologies allow output frequencies up to 100 GHz [41].

An RF oscillator has five important parameters. The output power of an oscillator af-
fects for example the selection of the consecutive components in a system. Oscillator
phase noise decreases the spectral purity of produced signal and impairs noise level and
signal selectivity of a receiver [50]. In addition to the spreading of the base frequency
signal due to phase noise, an oscillator may also generate spurious signals at harmonic
frequencies [41]. The output frequency stability is affected by temperature, which causes
the base frequency shift from the nominal value [41]. In addition, some oscillator types
may allow either mechanical or electrical tunability of the frequency.

Radio frequencies are allocated nationally and internationally for different applications
so that a device may operate only at a specific frequency band [33]. Signals outside the
allowed operation band may cause harmful interference to other devices. The harmonic
frequencies of oscillator base signal are thus usually regarded as interference, and atten-
uated for example using filters.

The output frequency of some oscillators may be tuned in a certain bandwidth. The
output frequency of a voltage controlled oscillator (VCO) is proportional to a voltage
applied to one of its inputs [54]. Depending on the control voltage, VCOs may be used in
frequency modulation or as versatile constant frequency sources. Besides direct digital
synthesizers, also VCOs are used to produce the frequency modulation in FM-CW radars
[50].

7.3.2 Mixers

The exponential output-input voltage dependency of a nonlinear device can be approxi-
mated as a power series

V, = AV; + BV? + CV3, (53)

where A, B and C are constants [54]. As is the case with transistor amplifiers, only the
first term is significant when used at small signals and in the linear region. However, if
operated in nonlinear region and at higher signal levels the rest of the terms in (53) be-
come significant as well. In that case, the second and third power terms result in harmonic
frequencies of the input signals. If V; contains only one frequency, the output consist of
frequencies at multiples of that frequency [54]. If V; is a sum of two different frequencies,
the output contains also the sum and difference frequencies of the input signals and their
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harmonic multiples [54]. Therefore the input frequency of a signal can be increased or
decreased in a nonlinear device such as a diode, a transistor or a switch [41].

Mixers are used to convert a signal to a different frequency without losing for example
amplitude or phase information [54]. The desired output signal of a mixer is usually the
sum (up converted) or difference (down converted) frequency of the input signals. In a
transmitter, a low frequency data signal is up converted by mixing it with a high frequency
carrier signal (RF) from a local oscillator (LO). In a receiver, the high frequency data
signal is down converted to IF also using an LO.

Figure 35 presents the block symbol of a mixer and the basic operation principle of a
down converter. In the figure f; is a data signal, f, is an LO signal and f;,, is an interfering
signal at image frequency. As can be seen in Figure 35, signals at identical distances from
the local oscillator frequency are down converted to the same intermediate frequency. A
radio system operates in double sideband (DSB) if both symmetrical frequencies contain
the same information, and in single sideband (SSB) if only one of the frequencies contain
information [41].

f2 1 12— Al
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a) Block level signal flow. b) Down conversion process.

Figure 35. The block symbol and operation principle of a mixer [54].

Signal power is lost in the mixing process due to resistive losses, and a part of the
power is spread to the harmonics and unwanted difference frequencies. Conversion loss

L. is used as a figure of merit for the power loss in a mixer, and it can be written in
decibels as [41]

Available input power )

L, = 1010g< (54)

Available output power at desired frequency
Conversion loss applies for up and down conversion, and depends on the applied frequen-
cies. It can be approximated independent of input power for small signal levels. However,
as with the gain of transistor amplifiers, the loss depends for example on LO power level
(biasing) and input signal level (small signal/large signal operation). Mixers are specified
to operate optimally at a certain LO power level, such as 0 or 13 dBm. 1 dB compression
point is used also with mixers, and it is the input signal power level at which the conver-
sion loss increases by 1 dB.

Mixers attenuate the useful signal and add noise to the system. The noise figure of a
mixer depends also on whether it is operated in DSB or SSB modes, because noise is
converted along the useful signal. In a DSB system, signal and noise converts from both
sidebands, whereas in a SSB system the signal lies only at one sideband and noise con-
verts from both sidebands. Therefore, the noise figure of a mixer in SSB operation is two
times larger than in DSB operation [41].

Mixers have two input frequencies and one output frequency that is at the difference
or sum frequency of the input signals. The phase noise level of the output signal is a
combination of the uncorrelated input signals and the noise added by the mixer itself [55].
If a mixer is assumed to be noiseless, phase noise after conversion is the sum of the phase
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noises of the input signals [55]. Therefore, the local oscillator and signal phase noises
have an equal effect to the phase noise of the conversion result.

7.4 Signal division

RF signals are extracted, divided and combined commonly using two passive component
types, power dividers and directional couplers. Power dividers are used to either divide
power in one port to two output ports, or to combine power in two input ports to one
output port [41]. Directional couplers are four port devices that can divide and combine
power. In contrary to power dividers, directional couplers can distinguish the direction of
propagating power [9]. The block symbols of both components are presented in Figure
36.

A simple power divider can be built branching a transmission line in two [9]. However,
a simple branched power divider has a poor isolation between the input and output ports
and it can be shown theoretically that it is not possible to create a lossless three-port di-
vider whose all ports are matched [9]. However, introducing some resistive loads and
certain length waveguides allows good matching and isolation for all the ports of a power
divider [54]. The operation specifications of a power divider besides to operation fre-
quency include for example the number of output/input ports, division ratio and conduc-
tion losses.

L& 3 3 @ e 4
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a) Power divider. b) Directional coupler.

Figure 36. The block symbols of a three-port power divider and directional coupler [9].

An ideal directional coupler operates so that the power flowing to port 1 couples only
to ports 2 and 4 at a certain ratio C., and port 3 is perfectly isolated from port 1 [41]. The
operation is similar for every port so that port 4 is isolated from port 2, and the coupling
from port 4 to port 1 is equal to C,.. Coupling between ports 1 and 3 is defined as

Py
C. =10log (P_> (55)
3

where P; and P; are the powers flowing in ports 1 and 3, respectively. The directivity of
a coupler is defined as the ratio of power at port 4 to the power at port 3, when the signal
is fed to port 1 [9]. The higher the directivity, the less power goes to port 3 and the more
accurately the direction of power can be defined. Typical values for coupling and directiv-
ity are 3 — 30 dB and 30 — 40 dB, respectively [9]. Even though directional couplers are
theoretically lossless, in practice they dissipate power due to for example conduction
losses.

7.5 Filtering

Filters are used to separate signals by frequency. Ideally, all signals in the passband of a
filter are passed through unchanged, and signals in the stopband are fully attenuated. For
example the noise bandwidth in (40) and transmitted or received interfering signals can
be limited and attenuated using filters. Also other circuits that are designed to have certain
impedance properties in certain frequencies can be considered as filters, such as matching
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networks or amplifier tuning circuits [9]. There are numerous ways to design and realize
filters [41].

Common filter types are high- and low-pass filters and bandpass and bandstop filters.
Figure 37 shows an example of the amplitude response of a bandpass filter, where fre-
quency is normalized to the center frequency of the passband. In the amplitude response,
four different sections can be highlighted: pass-band, stop bands and transition regions.
For a bandpass filter, passband is often given as a center frequency and a bandwidth where
the attenuation has increased by some decibels relative to that at the center frequency. It
may also be given as a relative value where the passband width is normalized to the center
frequency. Similarly, stopbands are given as frequencies, where the attenuation is at a
specific minimum level. The attenuation at the different bands is not necessarily constant
[41]. The steepness of transition between the pass- and stopbands affects for example the
selectivity of a filter [48].
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Figure 37. An example of the amplitude response of a bandpass filter with respect to
normalized frequency.

The different responses can be achieved with various filter types, of which the most
common are Butterworth, Tshebyshev, elliptic and Bessel filters [56]. In addition, the
steepness of the transition region is affected by the complexity of a filter, described as the
order of filter [41]. Butterworth filters have a maximally flat amplitude response in the
pass and stop bands, but only a mild slope at the transition region [56]. Tshebyshev filters
have a steep transition between the bands, but as a consequence they have a constant
amplitude ripple in the passband [56]. Elliptic filters have the steepest transition region
but they have amplitude ripple both at the pass- and stopbands [56]. In addition to ampli-
tude response, filter affect also on the phase of a signal. Due to dispersion, different fre-
quencies propagate at different speeds in a filter. Bessel filters may be used when filter
dispersion has a detrimental effect in system performance. Bessel filters have a maximally
flat phase response, but the transition region is the mildest of the filter types. Nonlinear
phase response of a filter may have a significant effect on the performance of a wideband
FM-CM radar [12]. However, phase response is not critical for FM-CW radars with small
relative bandwidths [57].
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8 Electronics design and measurements

In this section, the electronics design of the AWVS radar and component level measure-
ments are presented. First, an overview of the system is given along with a discussion on
the design limitations and goals. Second, the frequency plan and dynamic range of the
system are presented. Third, the radar is designed according to the given specifications
and discussion. In the end, the measurement set-ups and component level measurements
are presented.

8.1 Transceiver module overview

The AWVS design is based on the simplified system presented in Figure 5. The transmit-
ter and receiver chains are modified to achieve the system requirements listed in section
4. The following gives an overview of the radar system and justifies the design choices.

Figure 38 presents a detailed block diagram of the radar with all the required function-
ality. The block diagram can be divided into transmission and reception chains on right
and left sides of the figure, respectively. In the middle of the chains, there is an active
calibration delay line that is planned to be used in internal calibration. The receiver con-
sists of two identical chains, which allow the simultaneous co- and cross polarization
measurements. The system is designed to be easily upgradeable for cross polarization
measurements, even though the cross polarized NRCS is not measured in this campaign.

The purpose of the transmission chain is to generate a linear frequency chirp with a 50
MHz bandwidth centering at 5697.5 MHz, and transmit it at 20 dBm power. The signal
flow in the transmission chain is as follows. The DDS generates a linear FM signal, which
is mixed with a local oscillator signal. The up converted result is filtered so that only the
useful signal is passed through. In the following amplifiers, the signal power is increased
in two stages to a level that matches the 20 dBm output power at the output of the trans-
mitter. The amplifiers may require isolators to suppress reflections and oscillations due
to poor impedance matching. The signal passes then through the directional couplers of
the down-conversion and active calibration samplers. In the end, the output is switched
between vertical and horizontal polarizations in succession and transmitted.

After the amplification in the transmitter, part of the transmitted signal is coupled to
the mixers in the receiver channels. Using a power divider, the coupled power is divided
in two equal identical signals that are compared to the received signals. The down con-
version mixers may require isolators to suppress reflections due to poor impedance
matching. The active calibration system consists of a long cable that generates a known
path delay and attenuation, and of directional couplers that sample the transmitted signal
and couple it to the receiver channels.

The receiver consists of two identical channels for vertical and horizontal polariza-
tions. The received signal is passed through a coupler to a low-noise amplifier. After the
LNA, the signal is compared to the transmitted signal resulting in a signal whose beat
frequency is directly proportional to the travelled two-way distance. Then, the beat signal
is filtered so that the following high gain IF amplifiers will not saturate due to out-of-
band spurious signals. The spurious signals may be for example the power coupling di-
rectly from the transmission antenna to the receiver, or electromagnetic interference from
the radar electronics. After the IF amplification, the signal is sampled and saved using the
DAQ.
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Figure 38. The block diagram of the airborne FM-CW wind scatterometer.
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The block diagram in Figure 38 does not include the interfaces to HUTRAD frame,
such as the temperature sensors and power supply connections. Also the switch control
signal coming from the DAQ computer is not included. The temperature sensors are con-
nected to components whose functionality are anticipated susceptible to temperature.
Each active component will require supply voltages that are supplied either directly from
the HUTRAD frame or using regulation. Therefore, the total power consumption of the
components has to comply with the values presented in Table 4.

The electronic design goals are set by the relatively short duration of the project. The
blocks are procured as modules with coaxial SMA connectors. This criterion helps to
avoid the laborious circuit design and prototyping of custom made blocks. In addition,
short delivery time and good availability is preferred over optimum performance. This
will save time in case of broken components or design flaws. IF amplifiers and voltage
regulation circuit are self-made blocks.

8.2 Instrument frequency plan

The modulation bandwidth (50 MHz), center frequency (5698 MHz) and measurement
geometries have been fixed, and so the modulation rate sets the beat frequency band. The
frequency modulation rate affects the scatterometer as follows. The beat frequency is pro-
portional to the modulation rate, modulation bandwidth and signal propagation delay, as
shown in (8). The maximum expected beat frequency defines the minimum ADC sam-
pling speed. Also the IF filters and amplifiers have to comply with the chosen beat fre-
quency bandwidth.

The main purpose of the IF filter is to attenuate out-of-band signals that could saturate
the high gain IF amplifiers. The interference may be on lower or higher frequencies with
respect to the measurement frequency band. In addition, the filter attenuates any high-
frequency interference that could alias to the measurement band due to sampling. The
DAQ includes an internal low-pass filter with a cut-off frequency of 500 kHz, which may
be used as an additional filter. The sampling rate is set at least twice the cut-off frequency
of the DAQ filter. Otherwise the noise in the pass band could possibly alias to the meas-
urement frequencies and raise the noise level or introduce spurious signals to the beat
frequency band.

The scatterometer will be operated in measurement mode and active calibration mode
that differ only in frequency modulation rates. In the measurement mode, the ramp rate
is set low to decrease the resulting beat frequency range. In the active calibration mode,
the modulation rate is increased so that the calibration delay will pass to the IF band. The
measurement altitude is 500 — 1500 m, and using the geometry in Figure 7 and (8) the
resulting frequency response in measurement mode may be estimated at different modu-
lation rates. The response in the calibration mode can be calculated using the same equa-
tion, but for a cable of a certain length and material. Usually Teflon is used as the dielec-
tric material of coaxial cables, which decreases the speed of light in vacuum by 31 %
[58].

The only interference at the receiver that can be expected is the power leaking directly
from the transmitter antenna to the receiver antenna. In addition, the rear cabin of the
aircraft may introduce some minor reflections. The propagation delays of the interfer-
ences are a combination of the delays in the antenna cables and free space. The antenna
cables will be two meters in length, and the distance between the antennas is approxi-
mately one meter.

The modulation rates were chosen as 115 Hz and 10 kHz for measurement and cali-
bration modes, respectively. The rates are based on the available IF filters and realizable
delay line lengths, which are discussed in detail in the following sections. Figure 39 pre-
sents a view on the beat frequencies of the scatterometer at different flight altitudes and
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using the aforementioned modulation rates. The beat frequencies exclude Doppler shift,
which can be calculated using (7) as
50>
fp =2————=1+19kHz,
300000~
( 5.7 GHz )

where the radial velocity is the maximum flight speed of the aircraft. In reality, radial
velocity is decreased by the antenna incidence angle, and the result is therefore the abso-
lute maximum Doppler shift.

The frequency response at the lowest flight altitude centers roughly at 30 kHz and has
a 3 kHz bandwidth in the systems -3 dB beamwidth. At the actual measurement altitude
of 1500 m, the beat signal covers a spectrum of 88 — 97 kHz. The transmitter-receiver
leakage shows as a peak in the sub kHz range in the measurement mode. In the calibration
mode, the leakage frequency rises significantly due to higher modulation rate. The delay
line response depends on the length of the line.

(56)
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Figure 39. The intermediate frequencies in calibration and measurement modes and high
and low flight altitudes. The frequency modulation rates are 115 Hz and 10 kHz for meas-
urement and calibration modes, respectively.

8.3 Dynamic range

The dynamic range is defined as the difference between the minimum and maximum
measurable signal levels [41]. The dynamic range is limited by noise and ADC input
voltage scale. Using (23) and the values presented in Table 3 and Table 4, the maximum
and minimum received signal levels become -66 dBm and -110 dBm. In the intermediate
frequency spectrum, the received power is spread over the frequencies corresponding to
the different ranges in the footprint of the radar, as shown in Figure 8. Using the flight
geometry in Figure 7 and (8), the expected IF bandwidth can be calculated for 115 Hz
modulation frequency

B 2h 2h
By = Jm — = ~ 10 kHz. (57)
¢ \cos (00 + 32d3) cos (90 - 3—‘13)

2

Furthermore, if it is assumed that the signal is spread evenly in the IF band, the power
spectral density of the return signal at 1500 m flight altitude is -150 dBm/Hz.

The noise floor of the data acquisition device can be calculated using (50) and the
specifications in Table 6 as follows
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In this calculation, the system noise of the ADC has been approximated by decreasing it
from the bit number of the ADC. The thermal noise spectral density in room temperature
is -174 dBm/Hz [9]. The calculated approximate maximum and minimum received power
levels can be used to estimate the sufficiency of the transmit power, and the required noise
figure and gain of the receiver.

The received minimum signal level is 24 dB higher than the thermal noise level. There-
fore, the signal is resolvable from the noise and the transmitted power is sufficient for the
scatterometer to operate even in low wind conditions. The noise margin of 24 dB also
indicates that the performance is not vulnerable to the noise that the receiver will generate.
For example, a 14 dB noise figure of the receiver results to a 10 dB signal-to-noise ratio.

The available dynamic range of the scatterometer is set by the ADC. The lower limit
of the dynamic range is equal to the ADC noise, and the upper limit is equal to the full
input voltage scale. To have the full advantage of the scatterometer, it is reasonable to set
the gain of the receiver so that the thermal noise level is higher than the ADC noise. This
can be used to set a rule for the gain and noise figure of the receiver using (44) as follows

If thermal noise is 10 dB higher than the ADC noise, the ADC contributes only 0.4 dB to
the total noise of the scatterometer. Therefore, a reasonable target for the F + G is 78 dB.
If the receiver is noiseless and its gain is set to 78 dB, the input power to ADC at the
maximum received signal level becomes 12 dBm. The full scale input power of the ADC
at 5 V range is 24 dBm. The safe margin of 12 dB is sufficient.

8.4 Transmitter

The components of the transmitter are presented individually in the following subsec-
tions. A summary of the components is presented in Table 8, along with the gains given
in the datasheets. The gains are the worst cases, in other words, the attenuations are the
maximum values and gains the minimum values given in the data sheets. Using these
values and the maximum output power of the DDS, the achievable output power of the
transmitter is estimated to be 21.1 dBm. Therefore, the target output power of 20 dBm is
achieved even in the worst case by decreasing the output power of the DDS correspond-

ingly.

Table 8. List of the components used in the radar transmitter

Component Manufacturer  Model Gain [dB]
DDS Analog devices  AD9914 -

VCO Mini-Circuits 7X95-5200C+ -

Up converter Mini-Circuits ZX05-73L+ -6

WBLB-T-BP-

RF-filter A-Info 5650-500-8C -1
Preliminary amplifier Mini-Circuits ZJL-6G+ 10

Power amplifier Mini-Circuits ZVA-183+ 26

Directional coupler 1 Zysen ZSDC-2080-10S -1
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(Power divider for LO)  Mini-Circuits 7X10-2-622+ -3.9

Directional coupler 2 Zysen ZSDC-2080-20S -0.4
. Analog Devices HMC53.6M88G
Switch / Hittite Evaluation PCB -2
105143
ZSGL5000-
Isolators Zysen 6000-22/10S -0.5 (2 pcs.)
Cable - - -2
TX total gain 22.6

8.4.1 Direct digital synthesizer

The DDS is used to generate a linear frequency sweep that is necessary for the operation of
an FM-CW radar. The bandwidth of the triangular frequency sweep is 50 MHz. The maxi-
mum measured output power of the DDS is -1.5 dBm to 50 Q. Due to the operation principles
of the DDS, the frequency sweep is divided into small discrete steps. The device is operated
so that the frequency step is minimal, which results into frequency steps of 55.2 Hz in the
measurement mode, and 4800 Hz in the active calibration mode. Even though the sweep is
not linear in practice, the discretization does not affect the measurement. This statement is
based on the theoretical frequency resolution limit that is determined by the modulation fre-
quency rate f,,, of 115 Hz or 10 kHz in measurement and calibration modes, respectively. The
DDS sends an indication signal when the sweep direction changes. The DAQ unit monitors
the indication signal so that the measurements and the state of the RF switch can be related
to the state of the DDS. The output power of the DDS can be changed to compensate the gain
of the transmitter.

8.4.2 Local oscillator

Local oscillator generates the carrier frequency that converts the linear frequency sweep (IF)
up to the operating band (RF). The oscillator signal must have a stable output frequency,
constant output power and low phase noise. In addition, the output power has to match the
specifications of the up conversion mixer. The chosen LO is a voltage controlled oscillator
7X95-5200C+ from Mini Circuits, and it is connected to a constant control voltage. The VCO
is sensitive to supply and control voltage noises, and especially the control voltage has to be
supplied from a low noise and stable source. In this system, the control voltage is a chemical
battery. Chemical batteries have superior noise performance [59], and since the VCO control
power is minimal, the voltage will not drop as in batteries with more load. The operating
voltage is 5 V. The output frequency is tunable between 4994 MHz ... 5385 MHz, which
corresponds to a control voltage range of 0 V ... 4.75 V. In the current set-up, the output
signal frequency is 5113 MHz at 1.5 V control voltage. The specified output power of the
VCO is 3.5 dBm.

8.4.3 Up converter

Up converter mixes the linear frequency sweep of the DDS with the signal from LO. The
center frequency of the up converted RF signal is 5697.5 MHz with a 50 MHz bandwidth.
The mixing process generates spurious frequencies at sum and multiple frequencies of the
DDS and LO signals and their harmonics. The up converter is a frequency mixer ZX05-73L-
S+ from Mini Circuits. It is designed to operate at +4 dBm LO power level, yielding a 6 dB
conversion loss.

8.4.4 Radio frequency filter

RF filter attenuates the spurious frequencies generated in the up conversion, and DDS and
LO signals leaking through the mixer. These out-of-band frequencies have to be suppressed,
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as FICORA has restricted the operation of the AWVS strictly on the specified frequency
band. In addition, the spurious signals could compress the gain of the following amplifiers at
the operation frequency band, if not attenuated. The RF filter is cavity band pass filter WBLB-
T-BP-5650-500-8C from A-info.

8.4.5 Amplifiers

The maximum transmission power specified by FICORA is +20 dBm. After the up conver-
sion and filtering, the transmitted signal level is amplified. The amplification is designed such
that the output power is large enough even when introducing the losses of the subsequent
components in the chain. The required gain and output power are achieved with two consec-
utive amplifiers, a preliminary amplifier and power amplifier. The target output power of the
amplifier combination is +24 dBm. The pre-amplifier is Mini Circuits ZJL-6G+, and its func-
tion is to provide additional gain to the transmitter. The power amplifier is a high gain and
medium output power amplifier Mini Circuits ZVA-183+. Based on the design, the amplifier
will be used at saturation to achieve the target output power.

8.4.6 Directional couplers

To obtain the final measurement in an FM-CW radar, the transmitted signal is compared to
the received signal using a mixer. Directional coupler samples a constant power level from
the transmitted signal to the receiver mixers. In addition to the mixing process, directional
couplers are utilized in the active calibration of AWVS. Before transmitting, a small amount
of power is coupled with directional couplers to the input of the receiver chain. The target
coupling for the frequency comparison is 10 dB, and for the calibration delay line 20 dB.

There are two types of directional couplers in the system. The first is Zysen ZSDC-2080-
10S, and it couples a sample of the transmitted signal to the receiver. The level of the coupled
power has to match the mixers’ LO level, and therefore the coupling is relatively low (10 dB).
The second type is Zysen ZSDC-2080-20S. It is connected in the end of the transmitter and
after the receiver antennas. These couplers sample the transmitted signal for the active cali-
bration. The calibration signal has to be attenuated with respect to transmitted signal, as it
travels through the high gain of the receiver. In addition, the insertion loss must be low, since
they are also connected to the beginning of the receiver and affect the noise figure signifi-
cantly. Therefore, the coupling of the second directional coupler type is 20 dB.

8.4.7 Power dividers

The receiver consists of two identical chains dedicated to vertical and horizontal polariza-
tions. After sampling the transmitted signal with directional couplers, it is divided into two
identical signals, one for each receiver polarization chains. The first power division is re-
quired in the receiver mixers, and the second in the active calibration. The two power dividers
are ZX10-2-622+ from Mini Circuits.

8.4.8 Switch

The output signal is transmitted at either V or H polarizations at a time. The polarization of
the output is controlled with a single pole, double throw —switch (SPDT switch). The RF
switch has one input, two outputs, and means for controlling the outputs using digital voltage
level. The RF switch should tolerate input powers of 24 dBm minimum, so that the output
power after the losses in the switch and antenna cable would be the specified 20 dBm. In
addition, the switch has to tolerate “hot switching”, i.e. changing state while the input power
is on.

The switch is based on the evaluation board of HMC536MS8G switch circuit from
Analog Devices. The state of the switch is controlled with two logical inputs so that a
logical high level voltage at either inputs turns the corresponding output on. However,
there is only one control signal available in the DAQ computer. An additional control
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circuit was designed using a logical inverter and that was added on the evaluation board
PCB. The operation of the control circuit is illustrated in Figure 40. The logical input A is
fed directly to the input of the switch, and via an inverter that negates the input to the
opposite value A. Therefore, only either one of the outputs is on, depending on the state
of the control signal. The switch is specified to tolerate hot switching and it has a 0.1 dB
compression point of 34 dBm. It is encased in Hammond 1590LLB aluminum casing.

A A

e s

Figure 40. A simplified view on the control logic of the transmitter switch.

8.4.9 Phase noise analysis

In the phase noise analysis of the scatterometer, only VCO and the DDS are considered.
In addition, the phase noise is assumed to degrade the performance through the transmitter
and receiver antenna leakage. All the other components in the transmitter and receiver are
assumed noiseless. For most of the components, this simplification does not cause signif-
icant errors [55]. In contrary, the phase noise change in the up conversion process is af-
fected by the added noise of the mixer [55]. However, no noise data was available for the
up converter and any noise estimations would have been uncertain.

The typical phase noises of the VCO and DDS are given in the datasheets as a function
of frequency. The datasheets do not distinguish between AM and FM noises, and it is
assumed that the phase noises of the components are dominated by the FM noise. AM
noise is assumed to be 30 dB below the FM phase noise level [12]. The passband of the
IF filters extend from 20 kHz to 140 kHz, and therefore the phase noise magnitude is
estimated at the lower and higher ends of the passband. The FM phase noise cancellation
coefficient is calculated using (47) so that the delay corresponds to a 6 meter length in

free space. The phase noises and FM noise cancellation coefficients are presented in Table
9.

Table 9. Phase noise analysis of the signal sources before and after mixing and at the
receiver when the FM phase noise correlation factor is taken into account.

Phase noise type DDS vVCO S Total
and frequency [dBc/Hz] [dBc/Hz] [dB] [dBc/Hz]
FM at 20 kHz -117 -111 52 -162
AM at 20 kHz -147 -141 - -140
Total at 20 kHz -117 -111 52 -140
FM at 140 kHz -136 -127 35 -161
AM at 140 kHz -166 -157 - -156

Total at 140 kHz -136 -127 35 -155

When the FM noise cancellation is taken into account, the total phase noises at 20 kHz
and 140 kHz are -140 dBc/Hz and -155 dBc/Hz, respectively. The transmitted power is
20 dBm maximum and the worst case antenna coupling is estimated to be 45 dB. In this
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case the phase noise floors at 20 kHz and 140 kHz can be calculated using (46) and (48),
yielding -165 dBm/Hz and -180 dBm/Hz, respectively. Therefore, the leaking phase noise
may be higher than the estimated thermal noise floor of -174 dBm/Hz. However, as the
antenna coupling level and realized phase noise of the system may vary, the results are
only suggestive. For example, the estimated coupling of the antennas is 60 dB. However,
the coupling level is very uncertain for example due to reflections from the aircraft cargo
structure. All in all, the analysis suggests that the phase noise cancellation due to correla-
tion has a significant effect on the total phase noise, as seen by the receiver.

d) RF filter.

e) Pre- and power amplifiers.

f) Coupler. g) Power divider. h) Polarization switch.

Figure 41. The main components of the transmitter.
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8.5 Receiver

The components in the receiver chain are presented in the following subsections. As men-
tioned, the receiver is divided in two identical chains. Summary of the components is pre-
sented in Table 10, along with the gains and noise figures given in the datasheets. The noise
figure and gain of the receiver chains can be estimated using the values presented in the table.
The noise figure of the receiver can be calculated using (43) as follows

Fp—1 Fina—1 Fy—1 Fipp — 1
F=FC+(D )_I_(LNA )+ M IFF
Gc v GcGln GinaGcGp  GinaGeGpGy (60)
IFA —
+ ~ 5.0dB,
GinaGcGpGyGr

where Fe, Fp, Fina, Fu, Firr, Fipa are the noise factors of the antenna cable, directional
coupler, LNA, mixer, IF filter and IF amplifier, respectively. G¢, Gp, Giya»> Gy, Gipr and
Gira are the gains of the antenna cable, directional coupler, LNA, mixer, IF filter and IF
amplifier, respectively. The total gain of the receiver and the sum of the noise figure and
gain become 72 dB and 77 dB, respectively, which is close to the target value of 78 dB.

Table 10. List of the components used in the radar receiver.

Component Supplier Model Gain [dB] Noise figure [dB]

Cable - -2 2

Coupler Zysen ZSDC-2080-20S -0.4 0.4

LNA Kuhne KULNA 5059 A 30 1.8
electronic

Mixer Mini-Circuits ZX05-83+ -6 9

KWE7890-20-

IF filter TTE filters 140K-50-720A -0.5 0.5

IF amplifier Custom - 50.9 18.5

ADC National NI6115 ; i
Instruments

Total - - 72 5.0

8.5.1 Low-noise amplifier

The LNAs in the receiver chains are Kuhne electronic KU LNA 5059 A. In addition to the
requirements for gain and noise figure, the compression point of the LNAs must be sufficient.
The estimated isolation between the transmitting and receiving antennas is 50 dB. At a 20
dBm transmit power, the power coupling directly from the transmitter to the receiver is -30
dBm, and after a gain of 30 dB the leakage level is at 3 dBm. Some LNAs have a low satura-
tion level, but the transmitter to receiver leakage will not saturate the chosen LNA type at the
estimated isolation level. The amplifiers operate on =12 V voltage supply.

8.5.2 Down converter

The receiver mixers produce the difference frequency of the transmitted and received signals,
which will be in the range of 25 ... 100 kHz. Similarly to the up converter, the LO power has
to be constant and at a specified level. In addition, the input signal should not saturate the
mixers, and it has to be limited if necessary. The receiver mixers are Mini Circuits ZX05-
83+, designed to operate at +7 dBm LO power level, yielding a 6 dB conversion loss. The
estimated worst case antenna to antenna leakage is amplified to 3 dBm in the preceding
LNAs, and the compression point of the mixer is +1 dBm typical. Therefore, the mixers may
saturate if the antenna to antenna coupling is too strong.
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8.5.3 Intermediate frequency filter

The IF filters are a critical part of the receiver. They are used especially to attenuate the signal
that leaks from the transmission antenna to the receiver antenna. The leakage signal may be
several decades stronger than the actual measurement signal, and it may for example saturate
the analog to digital converter (ADC). In addition, the filter removes aliasing signals due to
sampling. The estimated intermediate frequency of the leakage signal in the calibration mode
is 11 kHz, and the worst case coupling between the antennas is 45 dB. The leakage power at
the receiver may be estimated using (45). Without any attenuation, this would result to an
ADC input signal of 47 dBm. If in any occasion the ADC would be operated at the £0.2 V
full scale voltage, the absolute maximum input power of -4 dBm would be exceeded by 51
dB. Therefore, the target attenuation of the filter at frequencies smaller than 12 kHz should
be close to 60 dB.

The specifications of the procured IF filters are presented in Table 11. The filter is
custom designed TTE KWE7890-20/140K-50-720A elliptic band-pass filters. Elliptic fil-
ters have very sharp transitions from stopband to passband. The tradeoff in the good se-
lectivity is that the bands may have some ripple in the amplitude response. The extrapo-
lated attenuation at 12 kHz is 64 dB.

Table 11. The specifications of the IF bandpass filter.

Center -3 dBc Insertion -80 dBc Impedance
frequency passband loss at fc attenuation P
S0kHz 20— 140kHz <0s5dp . O~ 10kHz 50 Q

266 — 1400 kHz

8.5.4 Intermediate frequency amplifier design

The IF amplifiers amplify the signal for the maximum dynamic range of the ADC. To achieve
this, they are required to provide a large and uniform gain over the intermediate frequency
range. If the gain of the amplifiers changes over the operation band, it may have to be taken
into account in the post processing of measurements.

The IF amplifier was decided to be custom made, so that it would be possible to easily
change the gain or bandwidth of the IF stage in case of design flaws. Therefore, the main
design goal was upgradeability in addition to a proper gain and good noise performance.
The estimated total gain and noise figure of the receiver chains after the IF filter are 21.1
dB and 4.2 dB, respectively. If the noise figure is allowed to increase by 1.1 dB, the
maximum noise figure of the IF amplifier is 20 dB. Following the example in section
6.2.3, the gain of the IF amplifier has to be 50.6 dB so that the thermal noise floor would
be at the same level with the sampling noise of the ADC.

The circuit is based on two cascaded operational amplifiers in inverting and non-in-
verting configurations. The amplification is divided in two sections so that the speed re-
quirements of the amplifiers would not grow too high. Both amplifier stages are based on
the most common operational amplifier pin configuration in dual in-line (DIP) package, so
that they are easily replaceable using socket mounts. Since the operational amplifier is a volt-
age amplifier, it can be conveniently used to change the impedance level of the system. The
input of the circuit is matched to 50 Q impedance, and the output is designed to be connected
to a high impedance load. The input impedance of the ADC is 1 MQ.

The circuit schematic of the IF amplifier is presented in Figure 42, and the component
values are listed in Table 12. The circuit was designed with EAGLE layout editor and
simulated using LTSpice circuit simulation software. The gain of the circuit may be stud-
ied without the capacitors. The first amplifier circuit consist of IC1, R3 and RS, which
form an inverting amplifier. The gain of the first stage can be calculated using (38) as
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Z
G = 201og (—2) ~ 30.37 dB. 1)
Z
R7 and R8 form a voltage divider that attenuate the output voltage of the first stage by 6
dB. The second stage consists of IC2, R4 and R6 that form a non-inverting amplifier

whose gain can be calculated using (39)
Z
G = 20log (Z—Z + 1) ~ 27.23 dB. (62)
1

R9 and R10 form a voltage divider that attenuate the output by 0.83 dB when VOUT is
connected to a high impedance load. The gain of the whole amplifier circuit is therefore
50.8 dB. The input impedance of the circuit is set by R3 and the virtual ground in the
negative feedback terminal of IC1.

The purpose of the capacitors is as follows. Capacitors C7 — C18 filter the positive and
negative supply voltages. Capacitors C1, C19 and C6 are mainly intended for DC voltage
blocking so that the amplifier or the ADC would not be saturated in case of very low
frequency interference from external circuits or from operational amplifier offset volt-
ages. In addition, they are used as additional high pass filters. Capacitors C2 and C3 are
intended for amplifier stabilization and low-pass filtering. Components C4 and C5 are
used for noise compensation or voltage offset tuning in some operational amplifier mod-
els.

The critical specifications of the operational amplifiers are pin configuration, DIP-
packaging, speed, noise and operation voltages. The pin configuration is usually similar
from op amp to op amp with the exception of pin 5, which is sometimes used for different
purposes. The speed requirement of the op amp model can be estimated as follows using
gain-bandwidth product. The required gain of operational amplifier model is 30.4 dB
minimum at 140 kHz that is the higher -3dB cut-off frequency of the IF filter. The ampli-
fier is supplied from the +12 V voltage supply.

LT1028 and OP37 were chosen for testing of the many suitable op amp models. In the
end, OP37 was selected for the final circuit due to its flat noise floor. Even though LT1028
is one of the most low-noise amplifiers available, it has a high noise peak at 400 kHz. The
high frequency noise does not lie in the IF band but if in some circumstances the ADC sam-
pling speed was decreased, the noise could alias in the measurement frequency band. The
circuit was fabricated on FR-4 substrate and encased in Hammond 1590A aluminum casing
to suppress electromagnetic interferences. The signal is fed in and out via SMA connectors,
and the supply voltages with feed through capacitors. Figure 43 ) shows the amplifier during
test phase, with LT1028 and OP37 as the first and second operational amplifiers, respectively.
The simulated gain and noise figure of the amplifier are 50.85+ 0.15 dB and 18.5 dB, respec-
tively.
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Figure 42. The circuit schematic of the IF amplifier.

Table 12. List of the components used in the IF amplifier circuit.

R9

Component Type Value
IC1, IC2 Operational OP37
amplifier
R3, R4 Resistor 50 Q
RS Resistor 1650 Q
R6 Resistor 1100 Q
R7,R8 Resistor 2200 Q
R9 Resistor 100 Q
R10 Resistor 1000 Q
Cl1, Cé6 Ceramic capacitor 1 uF
C2,C3 Ceramic capacitor not in use
C4, C5 Resistor/capacitor not in use
C7-C10 Tantalum capacitor 0.1 pF
Cl1-Cl4 Tantalum capacitor 1 pF
C15-CI8 Tantalum capacitor 10 pF
C19 Ceramic capacitor 0.1 uF
C20 Ceramic capacitor not in use
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a) Coupler.

a) LNA.

d) IF filter.

e) IF amplifier.

Figure 43. The main components of the receiver chains.
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8.6 Calibration line

As shown in Figure 38, the calibration line consists of three directional couplers, a long
cable, an attenuator and a power divider. The main purpose of the line is to introduce a suffi-
cient propagation delay and to attenuate the transmitted signal to an appropriate level. The
cable has to fit under the mechanical rack and it should therefore be flexible and thin. Due to
the aforementioned requirements RG-316/U cable type was chosen. The components of
the calibration line are presented in Table 13.

Table 13. The components in the calibration delay line.

Component Supplier Model Attenuation [dB]
Directional coupler 1  Zysen ZSDC-2080-20S 20

Delay line Huber + Suhner RG-316/U 27.6

Attenuator Mini-Circuits VAT-30+ 30

Power divider Mini-Circuits ZX10-2-622+ 3.9

Directional coupler2_, ., ZSDC-2080-20S 20

Directional coupler 3

Total - - 101.5

RG-316/U is thin single shielded coaxial cable that is designed to operate at lower than
3 GHz. [58] It was predicted that the shielding effectiveness would decrease and attenu-
ation would increase due to operation at nearly twice the specified maximum frequency
of the cable type. High cable attenuation is an advantage in this application and the effect
of shielding is difficult to predict, and so the operation outside the specifications was
considered trouble-free. The small size and flexibility are clear advantages of RG-316/U
over more effectively shielded or efficient counterparts.

The length of the cable determines the propagation delay and thus the intermediate
frequency in the calibration mode. The absolute IF limit is the lower -3dB cut-off fre-
quency of the IF filter (20 kHz). According to the RG-316/U datasheet, the velocity of
signal propagation in the cable is 69 % of the speed of light in free space [58]. The mini-
mum length [. of the cable at 10 kHz modulation frequency can be calculated using (8)
as

l 0.69c = IF

" Bfa
However, there is no reason for such a strict sizing as the cable size is not a limiting factor
and therefore a three meter safety margin was introduced. The expected group delay of

an 11.5 m cable is 55.6 ns, resulting to an intermediate frequency of 27.8 kHz. The real-
ized cable is presented in Figure 44.

~ 8.3 m. (63)
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Figure 44. The coaxial 11.5 meters long calibration delay line.

The attenuation of the 11.5 m long cable can be calculated using the following equation
given in the datasheet

f f
= o f— 0972 —— |1 ~ 27. 64
L=|07727 |75+ 00972 =5 |lc ~ 27.6 dB, (64)

where [ is the length of the cable. The total attenuation of the calibration delay line has
to compensate for the path loss in the actual measurement. The target attenuation is 100
dB, consisting of the attenuation of all the components in the delay line. In addition, as
the directional couplers situate in very critical parts of the transmitter and receiver, their
effect to the system has to be minimal. The insertion loss of the couplers translate directly
to the noise figure of the receiver, because they are connected in front of the LNA. In
addition, the insertion loss decreases the output power of the transmitter. Therefore, a
high coupling factor is an advantage because it reduces the insertion loss in the main line
of a coupler. In the end, the attenuation was formed using 20 dB directional couplers, a
30 dB attenuator and the attenuation of the cable.

8.7 Power supply circuit

The power supply is not commonly considered as RF electronics. However, due to the
laborious design and construction of the circuit it is described here briefly. The voltages
and currents required by the active components of the scatterometer are presented in Ta-
ble 14. Also the total required power is calculated in the table. These voltages are either
supplied directly or regulated from the available HUTRAD frame supplies. The +15 V
supply is reserved solely for the DDS, which is a digital component that requires relatively
high currents and may also generate harmful interference in the supply line. All the other
active components are supplied from the £12 V voltages.
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Table 14. The power requirements of the active components.

Component Voltage [V] Max current [mA]
33 640

DDS 1.8 300

VCO 5 35

Preliminary amplifier 12 50

Power amplifier 12 400

Switch 5 Negligible

LNA (2 pcs.) 12 130

IF amplifier (2 pcs.) _112 3 7

Total power 11.7W

Interference and power dissipation to heat were the two main challenges in the design
process. The interference requirement is defined so that the scatterometer operation
should not be disrupted by the noise from the power supply circuit or from the RF com-
ponents. Roughly all the power that is supplied to the electronics will convert to heat, and
the cooling power of HUTRAD frame was verified to be 15 W minimum. Therefore,
using the total required power, the target efficiency of the power supply circuit can be
calculated as 78 %.

DDS, VCO and transmitter switch operate at voltages that differ from the readily avail-
able levels. DDS requires low voltages and high currents, and the power consumptions of
the VCO and switch are insignificant when compared to that. The efficiency 7 of a linear
regulator can be approximated by equation

n=- (65)

where V;, and V; are the input and output voltages, respectively [60]. Therefore, the voltage
drop in a linear regulator is converted directly to heat. If supplied from the 15 V line using
only a linear regulator, a large portion of the power would be turned to heat in the regu-
lators and the cooling capacity of HUTRAD frame would be challenged. Therefore, the
regulation is divided into two stages. In the first stage, the 15 V is regulated to 5 V using
a highly efficient switching-type dc/dc converter. In the second stage, the dc/dc converter
output is regulated to 3.3 V and 1.8 V using linear regulators. The operating voltages of
the VCO and switch are regulated directly from the +12 V supply. This is due to the low
current consumption of the components, which compensates the low efficiency of the
regulation. The circuit schematic of the power supply circuit is presented in Figure 45 and
the component values are listed in Table 15.

The circuit was designed following the application and implementation guidelines pre-
sented in datasheets [61], [62]. IC1 — IC4 are low-dropout linear regulators whose output
voltage level is set by resistors R1 — R8 [61]. IC5 and IC6 are switching type dc/dc con-
verters that regulate the input voltage to 5 V with a higher than 84 % efficiency [62]. The
operation principle of switching type converter generates noise at the operation frequency
of the converter and its harmonics. The output of the dc/dc converters is filtered using
appropriate capacitors and inductors.
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Figure 45. The circuit schematic of the power division and regulation circuit.

Table 15. The components of the power division and regulation circuit.

Component Type Value

IC1 - IC4 Linear regulator LM1086-ADJ
1C5, 1C6 dc/dc converter TSR 1-2450
R1 Resistor 264 Q

R4 Resistor 178 Q

R5, R7 Resistor 133 Q

R3, R6, R8 Resistor 402 Q

Cl1, C2,C4,C5 Tantalum capacitor 4.7 uF
C7,Cs8, Cl11, )

C21, C23, C25 Tantalum capacitor 10 pF

C10, C13, .

Cl4. C15. C20 Tantalum capacitor 22 uF

C12, Cl6, .

Cl17.C22 Tantalum capacitor 0.1 uF

C9, C24,C26  Tantalum capacitor 1 pF

L1 Inductor 8.2 uH
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The total heat generation of the scatterometer may be estimated by summing the oper-
ating powers of the RF components and the power dissipated to heat in the voltage regu-
lators and dc/dc converters. Using the knowledge of the linear regulator and the dc/dc
converter efficiency, the total power consumption of the DDS and its regulation circuitry
can be calculated as 5.6 W. The combined power consumption of the VCO and switch
and their corresponding regulators IC3 and IC4 can be calculated in the same way as 0.42
W. When summing the calculated values to the powers of the unregulated components,
the total power consumption of the scatterometer becomes 14.9 W. The efficiency of the
power supply circuit is therefore 78 %, which matches the target efficiency. The power
consumption of the individual components was a critical specification criterion in the
design of the scatterometer.

The manufactured power supply circuit is presented in Figure 46. The circuit is built
on a breadboard so that the DDS voltages are processed on the upper side and the other
voltages on the lower side. The protective earth (PE) and current return grounds (GND)
are connected in the same point at the middle of the breadboard, which is also in direct
contact to the metal structure of the scatterometer. The components are connected to the
circuit with twisted pair cables. Approximately 1 W of electrical power is dissipated to
heat in each of the 3.3 V and 1.8 V linear regulators. To prevent the regulators from
overheating, they are cooled with heat sinks that are connected to the regulators using
screws and thermal grease.

15Vin

+12Vin ___—">
GND in
PE in

+12 Vout ——p

Figure 46. The manufactured power division and regulation circuit.
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8.8 Mechanical structure

The physical architecture of the TX/RX module is governed by HUTRAD frame, which
has standard sized racks. AWVS electronics are fitted in one of these thermally stabilized
racks, which is designed and manufactured at Aalto University. The size of the rack is 22
x 34 x 10 cm (length x width x height). The front panel is thermally insulated and includes
seven connectors for the HUTRAD computer and DAQ unit. Excluding the power supply
circuit, each of the logical parts of the system are in separate metal casings with SMA-f
connectors for signal inputs and outputs.

Figure 47 presents a design model of the assembled mechanics and electronics. The
red components are parts of the TX/RX module and the blue components illustrate the
front panel connectors and the space reserved for the voltage supply electronics. The rack
is operated on wheels that match rails in HUTRAD frame. The operation mechanics is
not visible in the pictures.

The transmission electronics are situated on the left hand side of the compartment,
looking from the front panel direction. The DDS is in a metal enclosure (dark grey in
Figure 47), and the rest of the transmission system is connected to the cover plate of the
DDS enclosure. The receiver electronics is on the right hand side, looking from the front
panel direction. The receiver is divided into two levels so that the polarization chains are
on different planes. The blue block on the second receiver level is the space reserved for
the power electronics.

Figure 48 presents the constructed scatterometer. The components are connected to the
metal bases using steel screws, where necessary. The signals are fed through the system
using SMA-cables or SMA male-to-male adapters, and the supply voltages with shielded
cables or twisted pairs. The antennas situate on the side facing the front panel, and they
require four long (< 2.0 m) SMA-cables, one for each polarization in transmission and
reception. Some loose cable has is reserved for opening and closing the rack. The active
calibration delay cable is wound in coil and attached under the bottom plate of the rack.
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a) Top view.

b) Front view.

Figure 47. A CAD model of the scatterometer. The red components are parts of the
TX/RX module, the blue components in the front panel illustrate the connectors, and the
blue block is the space reserved for the power electronics. The large dark grey metallic
box is the case of the DDS system. The calibration cable is located below the metallic
bottom plate. During the system tests, the polarization switch was replaced to a different
model due to a malfunction.



70

b) Front view.

Figure 48. Two pictures of the assembled scatterometer. The CAD model excluded the
VCO control voltage batteries (2 x AA) and the cabling, including the calibration cable.
The control voltage batteries of the VCO situate in the top left corner of a).
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8.9 Component level tests

All the individual components in the transmitter and receiver were measured using ap-
propriate measurement set-ups. In the following sections, the set-ups and results of the
component level measurements are presented.

8.9.1 Measurement set-ups

The TX/RX component level measurement equipment consisted of a VNA, a signal gen-
erator (SG), an oscilloscope (OSC) and a spectrum analyzer. The VNA was used to meas-
ure the properties of the radio frequency components, such as gain or attenuation. The
attenuation and gain of the IF filter and IF amplifier were measured with the oscilloscope
and the signal generator. The spectrum analyzer was used to study the output frequency
spectrum of the components. The phase noise of the DDS and VCO could not be meas-
ured reliably using the available devices.

The general set-up for the VNA measurements is presented in Figure 49. The output
power of the device under test (DUT) was attenuated when necessary to protect the VNA.
In directional coupler and power divider measurements, the disconnected port was termi-
nated with a 50 Q load. The gain compression of the power amplifier was measured so
that the output power of the VNA was increased in one dB steps and the transmission
coefficient of the amplifier was logged. Since the output power of the VNA was not cal-
ibrated, the gain compression measurement is not accurate. However, only a crude esti-
mation of the compression is enough in this application.

w0
2

1

DUTH L

Figure 49. The measurement set-up for the VNA.

The operation frequency range of the available VNA extends down to 70 kHz. It is
therefore not low enough for the measurements of the IF components. The spectrum an-
alyzer could have been used for this purpose, but its amplitude measurement accuracy is
uncertain. The IF components were measured with the set-up presented in Figure 50. In
each measurement, the output signal of the signal generator was first measured without
the DUT at different frequencies of the IF band. Then the DUT was added to the meas-
urement set-up, and the signal was measured again. In the end, the relative change in the
signal level was calculated.

) )

DUT L
SG OSC

Figure 50. The set-up for the [F component measurements.
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8.9.2 Results

The measured gains and attenuations of the components are presented in Figure 51. All
the components operate as expected. The conversion losses of the mixers could not be
measured in the laboratory, and they are estimated from the total gains of the transmitter
and receiver channels. The total gain measurements are presented in the system test sec-
tion 9.

The total attenuations of the calibration delay line section are -102.15 dB and -102.45
dB for the vertical and horizontal receiver channels, respectively. This is close to the tar-
get attenuation of 101.5 dB. The group delay of the cable was measured with the VNA,
yielding 57 ns, which is very close to the theoretical value of 55.6 ns.

The gain compression of the power amplifier is presented in Figure 52. The -1 dB
output compression point of the amplifier is 25 dBm, which matches the typical value
given in the datasheet. The scatterometer may therefore be operated at the +20 dBm out-
put power so that the power amplifier operates in only a slight compression. The gains of
the IF amplifiers are constant in the IF bandwidth.

The attenuation of the RF filter is presented in Figure 53. The attenuation is higher
than 80 dB from 0 to 5 GHz and from 6.3 GHz to the highest measurement frequency of
12 GHz. Figure 54 presents the amplitude response of one IF filter. The attenuation varies
slightly at the both ends of the passband. However, the measured attenuation of the filters
is constant at the expected beat frequency range of 25 kHz to 100 kHz.

The output frequencies of the VCO and DDS are as follows. The VCO is controlled
using two 1.5 V AA batteries in series, which results to an output frequency of 5247.5
MHz. The VCO output frequency is susceptible to temperature. However, the frequency
variation due to temperature is insignificant when compared to the propagation time of
the transmitted signal. The DDS is set to produce a linear frequency sweep from 425 MHz
to 475 MHz, which the mixer then converts up to the targeted operation frequency band
of 5672.5 - 5722.5 MHz.
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Figure 51. A block diagram of the scatterometer with the measured transmission coef-
ficients (output powers of the DDS and LO) marked next to the corresponding compo-

nent. The values are in dB.
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Figure 52. The measured gain compression of the power amplifier.

10
20
30
40
50
60
70
80
90
100

Attenuation [dB]

42 44 46 48 5 52 54 56 58 6 62 64 66 68 7
Frequency [GHZ]

Figure 53. The measured attenuation of the RF filter.
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Figure 54. The attenuation of one IF filter. The amplitude responses of the filters are
nearly equal.
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9 System level tests

This section presents the system level tests that were used to verify the correct operation
of the radar. The results of the system level tests are also used in the calibration of the
radar. The tests are especially critical due to the lack of antenna pattern measurements. In
the end, the calibration of the radar is discussed along with an uncertainty analysis. The
uncertainty of calibration is directly related to the uncertainty of the measured wind speed,
for which Aalto University requires the levels presented in Table 2.

9.1 Measurement set-ups

The system level tests were conducted in two different environments. First, the output
power, output spectrum, receiver gains, active calibration mode operation and tempera-
ture sensitivity of the radar were measured in the laboratory, without the antennas. Then,
the radar was taken outdoors so that the antennas could also be included in the measure-
ments. The measurement set-ups are described in the following.

9.1.1 Laboratory set-up

The absolute output power of the transmitter was measured directly from the output of
the last isolators using a power meter (PM). Therefore, the antenna cables were excluded
in the measurements. The relative variation of the transmitted power was measured using
a spectrum analyzer. A spectrum analyzer was also used to measure the generated out-of-
band interferences of the transmitter. The set-ups of the output power and spectrum meas-
urements are presented in Figure 55. An attenuator was used when necessary.

[ AWVS}L D

PM/SA
Figure 55. The set-up for the transmitted power and frequency spectrum measurements.

The total gain of the receiver was measured as follows. A known input signal was fed
to the receiver channels using a signal generator, and the output beat frequency signal
was measured using an oscilloscope. The oscilloscope was used instead of a power meter
due to significant out-of-band interferences.
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Figure 56. The set-up for the total gain measurement of the receiver.

The operation of the calibration delay line was tested in the laboratory without the
antennas, because the scatterometer was surrounded by objects at small distances in the
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field tests. The backscattering from the nearby ground and objects disrupted the calibra-
tion delay line measurement. The outputs of the transmitter and inputs of the receiver
were terminated with matched loads, and the calibration signal was monitored using the
DAQ computer. The system was in room temperature.

The temperature sensitivity was tested in the laboratory so that the HUTRAD frame
was set to stabilize at different temperatures. A signal was fed from the H output of the
transmitter to the calibration delay line input of the receiver with a cable. The cable con-
sisted of the calibration cable, two antenna cables and an attenuator and it situated outside
the HUTRAD frame. The resulting beat signal was monitored at different constant tem-
peratures and during changing temperatures. The temperature was cycled at 5 °C steps
from 10 °C to 35 °C and back to 10 °C.

9.1.2 Field set-up

The field tests were conducted in two different locations. In both locations, the radar was
aligned to point to a long and open grass field. The field ends in a dense forest growing
on a rising hill, and it is sided by scarce trees and a few buildings. The output signal was
attenuated in the transmitter using attenuators, and the frequency modulation rate was
increased to 1200 Hz to shift the IF response to the measurement frequency band. A
Luneburg lens and a trihedral corner reflector were used as radar targets. The measure-
ment set-ups are presented in Figure 57.

{

T,
b

a) On ground. | | Ona rooto.

Figure 57. The measurement set-ups. In a) the radar target is barely visible in front of the
tree line, indicated by the white arrow. In b) the black ball is the Luneburg lens, and the
scatterometer is indicated by the arrow.

The range accuracy of the scatterometer was tested in the first test set-up, which is
presented in Figure 57 a). The antennas were oriented to point horizontally along the field,
and radar targets were placed in different distances. The distances from the scatterometer
to the targets were measured using a tape. In this measurement setup, the antennas illu-
minated a wide area which could not be controlled reliably. In addition, the antenna point-
ing angle was uncertain. Therefore, this measurement set-up could not be used to study
the accuracy of the amplitude response.

In the second measurement set-up presented in Figure 57 b) the scatterometer was
raised to the roof top of a building for amplitude response verification. The scatterometer
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was oriented so that the antennas pointed on the grass field. Therefore, the illuminated
area could be thought free of interfering objects such as trees or buildings. The maximum
of the footprint was defined by first estimating the illuminated area and then iterating the
position of the Luneburg lens in the area. In the end, the corner reflector was placed in
the maximum of the footprint, and the received signal power at the corresponding beat
frequency was measured. The Luneburg lens could not be used in the amplitude accuracy
tests due to the unknown efficiency factor n, found in (16).

The noise figures of the receiver channels were measured using a known noise source
and stabilizing the system temperature to a constant temperature. The system was tilted
so that antennas pointed towards the sky in the measurement set-up presented in Figure
57 a). The received noise power was then measured using the DAQ computer. The noise
temperature of clear sky Ty is close to 10 K at 5.7 GHz [1]. Using the aforementioned
parameters, (40) and (41), and the measured total gains of the receiver chains, the noise
factor can be calculated as

N, N, — kT4,G
F—Ni+1— KToG + 1. (66)
During the noise figure measurement, the system was stabilized at 315 K temperature
using the temperature control system of HUTRAD frame. In addition, the frequency mod-
ulation rate was set to 115 Hz that corresponds to the modulation rate during the actual
measurements.

9.2 Measurements results

In this section, the results of the system level laboratory and field tests are presented. The
results are divided into six sections, and are used to verify the correct operation and in the
calibration of the radar.

9.2.1 Transmitted power

The measured output power of the transmitter is presented in Table 16. In the measure-
ment, the output power of the DDS was set so that after the antenna cables and the inser-
tion loss of the antenna, the radiated power was slightly less than 20 dBm. The output
power of the scatterometer radar is therefore sufficient. The output power ripple in the
whole operation bandwidth is + 0.15 dBm.

Table 16. A comparison between the target and measured output powers, measured from
the output of the last isolators of the transmitter. The antenna cables are therefore ex-
cluded.

Target TX unit Measured TX unit
Channel
output power output power
\Y 22 dBm 21.86 £0.15 dBm
H 22 dBm 21.724+0.15 dBm

9.2.2 Receiver gain and noise figure

Table 17 lists the results of the receiver gain and noise figure measurements. The noise
figure was calculated using (66) and the average IF band (20 ... 140 kHz) noise power
obtained from the spectrums presented in Figure 58. Based on the results, the system
operates as expected, even though the noise figures of the V and H polarizations are
higher than the target values.
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Table 17. The measured gains and noise figures of the receiver channels.

Target Measured Target Measured
gain [dB] gain [dB] noise figure [dB] noise figure [dB]
\4 72 72.85 5.0 6.9
H 72 72.85 5.0 7.4

The difference in the noise floor level may be due to the transmitted power coupling
to the receiver antenna or due to the different noise temperature of the sky. In addition,
the noise specifications of the components may differ from the values given in their
datasheets and they were not measured individually. However, the measured noise level
is still sufficiently low. The IF spectrum presented in Figure 58 is free of any visible
interference. In addition, the directly coupled carrier signal is not visible in the lower stop
band, and is therefore sufficiently attenuated.
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Figure 58. Measured power spectrums of the horizontal and vertical channels when the

integrated system and antennas were pointed towards a clear sky, away from the sun.
The FFT resolution bandwidth has been compensated in the figure.

9.2.3 Active calibration mode

Figure 59 and Figure 60 present the measured beat signal spectrums of V and H channels
during the calibration delay line measurement. The measured spectrums resemble those
simulated in section 2.4.2. The beat frequency is 24.4 kHz in both channels, and the side-
bands occur at modulation frequency intervals.

Figure 61 and Figure 62 present the measured calibration signals in time domain. In
the figures, the visible turning points of the triangular frequency modulation occur
roughly at 0, 0.1, 0.2, 0.3 and 0.4 ms, which correspond to the 10 kHz modulation rate.
The spectrum differs between the channels, which may be due to for example small dif-
ferences in the delay lengths.
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Figure 59. The measured beat signal spectrum of H channel.
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Figure 60. The measured beat signal spectrum of V channel.
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Figure 61. The H channel beat signal in time domain.
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Figure 62. The V channel beat signal in time domain.
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Table 18 lists the calculated and measured beat frequencies and signal powers of the
active calibration measurement. The beat frequency was calculated using the known
length and material properties of the cable, and the resulting delay was verified in the
component level tests. The expected beat signal power was calculated using the measured
output power of the transmitter and the component level measurement results.

The measured beat frequency is 3.4 kHz lower than expected, which corresponds to
roughly a 1.4 m long cable. The calculated and measured powers are 3.5 and 5.1 dB lower
than expected for V and H channels, respectively. The differences in the beat signal fre-
quency and power are difficult to explain. The frequency difference may be caused by
the components. Also the digital and therefore discrete frequency modulation of the DDS
may introduce some non-idealities that could cause the difference in amplitude and fre-
quency.

Table 18. The measured and calculated frequencies and magnitudes of the beat signal in
the active calibration mode.

Calculated Measured Calculated Measured
frequency [kHz] frequency [kHz] power [dBm] power [dBm]
\% 27.8 24.4 -3.2 -6.7
H 27.8 24.4 -3.7 -8.8

9.2.4 Target distance measurement

Table 19 presents the results of the target distance measurement. The Luneburg lens was
measured at distances of 50, 70, 90, 110, 130 and 150 meters, excluding the lengths of
the antenna cables (2 x 2 m). The delay of the cables has been taken into account in the
final results. The results are also presented in Figure 63 as large red dots, along with a
line that represents an ideal measurement result.

The theoretical range resolution of the radar is three meters, which in practice depends
on the duration of the ADC sampling. During the range accuracy tests, the sampling time
of the ADC was set close to the modulation sweep duration so that the range resolution
can be estimated to be close to the theoretical value. Therefore, the maximum error in the
radar distance due to interfering objects is 3 meters.

Table 19. The results of the range accuracy test performed on ground.

Ref. distance [m] Radar distance [m] Difference [m]

53 53 0
73 70 -3
93 92 -1
113 110 -3
133 132 -1
153 149 -4

The maximum difference between the different distances is 4 meters. The reference
distance seems to be longer than the corresponding radar measurement, which suggests a
constant offset either in the reference measurement and/or in the radar measurement.
However, as seen in Figure 63, the measurement agree well with theory. The distance to
an object can therefore be measured reliably with the radar.
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Figure 63. A comparison between the distances to the calibration target measured with
the radar and using a measuring tape. The black dotted line is the ideal line.
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Figure 64. An example of the measured power with respect to distance during the target
distance measurement test. The attenuators or the FFT resolution cell have not been
taken into account in the amplitude.
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9.2.5 Temperature drift

The results of the temperature stability test are presented in Figure 65. All the laboratory
measurements were conducted at 23 °C, and therefore the results are presented relative to
the temperature. The measurements are indicated as square or triangular points, and lines
are fitted in the points using the method of least squares.
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Figure 65. The relative change in the total gains of the receiver chains due to tempera-
ture.

The gains of the TX/RX module are affected by temperature. The drift of the total
gains is = 0.5 dB and + 1 dB for VV and HH measurements in the whole temperature
range. The total temperature drifts in the expected operation temperature range of 20 to
25°Care £0.1 dB and £ 0.2 dB for VV and HH measurements, respectively.

Based on the temperature stability measurements, the temperature does not affect the
performance of the TX/RX significantly when the system is operated close to 23 °C.
However, the drift in gains due to temperature has to be taken into account if the stabili-
zation temperature deviates significantly from 23 °C.

9.2.6 Radar target amplitude response

A trihedral corner reflector was used as the measured target in the amplitude response
verification of the radar. The radar cross section of the corner reflector was calculated
using (15), and the range R to the target was defined using the radar. The measurement
results are presented in Table 20. The results are compared to the powers calculated using
(4), and reducing them to the IF using the measured gains of the receiver. The TX/RX
module was stabilized at 35 °C, which has been taken into account in the results using the
results presented in Figure 65. The temperature corrections are -0.64 dB and -0.93 dB for
V and H channels, respectively.

Table 20. The results of the radar amplitude response test performed on roof top. The
temperature drift has been taken into account in the calculations.

TXP TXL R ¢ RXG Ga Meas.IF Calc. IF A

[dBm] [dB] [m] [m’] [dB] [dB] P[dBm] P[dBm] [dB]
VvV 19.85 248 40.5 67.5 7285 28.65 19.3 20.8 -0.7
H 19.75 253 405 675 7285 28.65 19.3 19.9 0.2
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The differences between the calculated and measured received powers are -0.7 dB and
0.2 dB for the V and H channels, respectively. There are several possible reasons for the
difference. First, the RCS of the corner reflector may deviate from the theoretical value.
Second, the ground may have caused additional reflections which may also depend on the
polarization. Third, despite of the high effort, either the antennas or the corner reflector
may have been oriented incorrectly. Fourth, as can be seen also in the simulation results
in Figure 32, the antenna patterns differ slightly between V and H polarizations, which
was also noticed during the measurements. Therefore, if the target is not exactly at the
beam center, there may be a difference between the V and H polarizations.

Despite the difference between the measured and calculated IF powers, the results
show that there are no significant errors in the antenna design. Also the antenna pointing
angle is correct at the accuracy that could be achieved in the environment.

9.3 Measurement accuracy

The requirements for measurement accuracy were discussed in section 4.1. In the section,
the measurement accuracy was shown to consist of two components. The first component
is the trueness of the measurement, which in this case is thought to be the calibration
uncertainty. The maximum allowed calibration uncertainty is 1 dB, and can be defined
using the system level tests conducted in laboratory and on field. In this section, two
different alternatives for the definition of the calibration uncertainty are discussed. The
second component relating to the measurement accuracy is the measurement precision,
which is thought to be related only to the internal noise generated by the radar. Therefore,
also sources and effects of radar-generated noise are discussed in this section. The maxi-
mum allowed error due to internal noise level is 2 dB.

9.3.1 Calibration uncertainty

The calibration of the radar is directly proportional to the quality of its measurement re-
sults. In addition, the measurement accuracy is derived from the calibration process. Ei-
ther laboratory measurements or field tests are used in the absolute calibration. The active
calibration mode will be used only in the detection of drift in gain or malfunction due to
for example temperature changes or mechanical faults.

Equation (10) comprises the parameters relating to the uncertainty of tower calibration.
The maximum RCS of a trihedral corner reflector can be calculated theoretically from the
dimensions. Even small errors in the geometry of the reflector may decrease the maxi-
mum RCS more than one dB. In addition, there are the various uncertainties that are dis-
cussed in section 2.5. The calibration constant C can be calculated as follows

o

C=——
R4P;p

(67)

where the uncertain parameters are highlighted in red. The combined standard uncertainty
of the tower calibration can be calculated using (17) as follows

2

1 \2 4o
- 2 4 (29 ) 2 (68)
e (R4P,F) ”“+( R5P,p> Ur

where u., u, and ugare the standard uncertainties related to the calibration constant, cor-
ner reflector RCS and range between target and radar, respectively.

Table 21 lists some uncertainties of the target range and RCS and the resulting total
uncertainty of the tower calibration trueness calculated using (68). The total uncertainty
is directly proportional to the uncertainty of the RCS, which dominates also when the
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range uncertainty is less than one meter. The estimated achievable uncertainties for the
target range and radar cross section are 0.5 m and 1 dB, which yield a total calibration
uncertainty of 1 dB. The uncertainty in C transforms directly to the uncertainty of NRCS
measurement, as shown by (13).

Table 21. Some uncertainties of the target range and RCS and the resulting total uncer-
tainty of the tower calibration.

ug [m]  u, [dB] uc [dB]

0 0.5 0.5
0.5 0 0.2
0.5 0.5 0.5
2.5 0 1.0
0.5 1 1.0

The calibration coefficient resulting from laboratory calibration can be solved from
(18) yielding

PGy GEA* [ g3 P.Gy GEA?
= —dA-C= —,

P (4m)3 A,R4 P (4m)3
where g, is the antenna gain normalized with respect to the peak gain and Gy, is the gain
of the receiver. The components contributing to the measurement uncertainty are high-
lighted in red. The combined standard uncertainty can be calculated using (17) as

0

o

(69)

AZ

e = Pp (4m)3

((GrGD2, + (PG, + (PGr26) ™, (70)

where up,, g, and ug, are the standard uncertainties of transmitted power, receiver gain
and the maximum gain of the antennas, respectively.

Table 22 lists uncertainties of transmitted power, receiver gain and the maximum gain
of the antennas and the resulting total uncertainty of the laboratory calibration. In the
calculations, transmitted power of 20 dBm, receiver gain of 72.85, and antenna gain of
28.65 were used. The NRCS is especially sensitive to deviations in the antenna gain.

Table 22. Some uncertainties of transmitted power, receiver gain and the maximum gain
of the antennas and the resulting total uncertainty of the laboratory calibration.

up, [dB] ug, [dB] wug, [dB] uc [dB]

0.5 0 0 0.5
0 0.5 0 0.5
0 0 0.5 0.9

0.5 0.5 0 0.7

0.5 0.5 0.5 1.1

0.2 0.4 0.4 0.8

The uncertainty of the power measurement is assumed to be resulting not from the
power meter, but from the measurement set-up that consisted of a cable and an attenuator,
whose total attenuation was carefully measured using a VNA. The estimated uncertainty
of the total attenuation is 0.2 dB. The receiver gain measurement consisted of a known
input signal, a cable and an attenuator. The input signal was measured using a power
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meter and the total attenuation of the cable and attenuator using a VNA. The resulting
uncertainty of the receiver gain measurement is estimated to be 0.4 dB. The antenna gain
uncertainty estimation of 0.4 dB is based on the simulation results and roof-top test expe-

riences. Using these values, the standard uncertainty of laboratory calibration is estimated
to be 0.8 dB.

9.3.2 Measurement uncertainty due to noise and temperature drift

The internal noise causes individual measurements to deviate around the average of their
mean value. The internal noise is assumed to be the result of thermal noise. Based on the
system level tests, the thermal noise level is more than ten decibels below the smallest
expected signal level. Therefore, the thermal noise will not cause any significant decrease
in the measurement precision.

Based on the system level temperature sensitivity tests, the radar is also independent
of any significant drift due to temperature changes. In addition, the system is temperature
stabilized. In the end, any internal temperature drift can be compensated using the active
calibration mode or the presented temperature dependency measurement.
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10 Summary and discussion

In this thesis, an airborne wind vector scatterometer was designed and built. Radar and
wind scatterometry theory was studied to understand the requirements related to the meas-
urement procedure. The design was also influenced strongly by the use of readily availa-
ble equipment. Therefore, the available equipment was also reviewed. The design speci-
fications were derived from the limitations set by the measurement procedure and recy-
cled equipment, and also from the requirements set by ESA and FICORA. The scatterom-
eter was then designed based on the specifications and its operation was studied during
component and system level tests.

Wind scatterometer defines wind speed and direction from the normalized radar cross
section of sea surface. The relation between transmitted and received powers was esti-
mated using an approximated and modified form of the radar equation. The normalized
radar cross section of sea surface during different measurement geometries and weather
conditions was calculated. The NRCS calculations were based on the CMODS5 geophys-
ical model function that is commonly used in the interpretation of wind scatterometer
measurements at C-band frequencies.

The available equipment consisted of HUTRAD frame and a DAQ computer with ap-
propriate software for the control of the radar and processing of the measurement data.
HUTRAD frame comprises of standard sized mechanical racks, a temperature control
system, power supplies and two identical parabolic reflectors. Besides the software, the
DAQ computer included a digital to analog converter and means for controlling the state
of the scatterometer transmission.

The majority of the scatterometer electronics was realized using commercial blocks,
such as filters and amplifiers. In addition, some completely new components and blocks
were designed. The parabolic reflectors of HUTRAD frame required two new feed an-
tennas that were designed in this thesis. In addition, two IF amplifiers were designed and
built for the receivers of the scatterometer. Even though HUTRAD frame provides some
supply voltages, an additional power supply block was built for components requiring
incompatible voltages.

The operation of the individual components was verified during component level tests.
The whole system was also tested in laboratory and field tests. The transmitted power,
gains of the receiver chains, and the operation of active calibration mode were measured
in laboratory. During the field tests, the scatterometer was brought outside at an open area
and a corner reflector and a Luneburg lens were used as targets. The range and amplitude
responses of the targets were measured at two different set-ups. In addition, the noise
figures of the receiver were measured outdoors.

Finally, two different absolute calibration procedures were presented and evaluated
using the results of the component and system level tests. The effect of the estimated
uncertainties of the measurements to the calibration accuracy was analyzed. The results
were compared to the uncertainty requirements set by Aalto University, and it was con-
cluded that the accuracy of the scatterometer can be defined at the required level.

Based on the component and system level tests, the overall operation of the scatterom-
eter is as expected. It can be used to measure the NRCS of sea surface during low and
high wind speed conditions. However, the system level tests are somewhat in contraven-
tion with the calibration uncertainty analysis. For example, the amplitude response during
calibration mode measurement and calibration target measurement differ from the ex-
pected values. In addition, the noise figure measurement of the receiver is not very accu-
rate due to the measurement principle. However, during the design process it was justified
that the system performance is not very sensitive to thermal noise. Therefore, the meas-
urement accuracy of the noise figure measurement was deemed sufficient.
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The main purpose of the field tests was to verify the correct operation of the antennas,
because the radiation properties of the feed antennas nor the whole antenna system were
not measured. This decision is based on two reasons. The first reason is the good corre-
lation between the simulated and measured impedance properties of the feed antennas.
Based on the results, it was judged that the simulations are very accurate and that they
can be used as a reliable reference for the radiation properties. Furthermore, the whole
antenna system is in the end mounted in the rear cabin of Skyvan aircraft. The cabin is
very small and its doors are close to the antennas of HUTRAD frame, which is predicted
to affect the shape of the radiation patterns. If the antennas would have been measured
more accurately in laboratory conditions, the final radiation pattern would have still been
uncertain due to the mounting environment. Therefore, only the maximum gain of the
antennas and the direction of the radiation were studied.

There are some future development possibilities in the scatterometer. The first is the
gain of the receiver, which is dependent of the input voltage scale of the ADC. The ADC
quantization noise increases with increasing input voltage scale. In case of design flaws,
the receiver was designed to operate at the + 5 V voltage range of the ADC so that the
noise level could be decreased by decreasing the range. This decision led to a significant
increase in the gain of the receiver, which was realized in the IF amplifiers. Based on the
system level tests, the ADC noise is not a critical problem and therefore the input voltage
scale and the gain of the receiver could be decreased significantly. The second develop-
ment possibility is the active calibration mode. Based on the results it seems that the sys-
tem is operated outside reasonable conditions in the calibration mode. Even though the
theoretical simulations show that the idea is feasible, the practical measurements suggest
that the procedure is vulnerable to non-idealities.
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11 Preview on the measurement campaign

The measurement campaign was conducted in late fall 2015. Even though the campaign
is not included in this thesis, some preliminary results are presented in Figure 66. The
results of the wind vector measurement seem to be in good agreement with the in situ
wind speeds provided by automatic weather stations and weather buoys. The approximate
wind speeds measured by the weather stations were 6 m/s and 11 m/s during the first and
second flight, respectively.

The NRCS varies sinusoidally as the airplane circles above the sea surface. The cross-
wind measurement is visible as minimums and headwind and tailwind measurements as
maximums of NRCS. In addition, the NRCS in tailwind direction is lower than in head-
wind direction, which is visible in the variation of the maximum NRCS. As expected,
NRCS is lower at HH polarization than at VV polarization. The measurement results in
Figure 66 are calculated assuming a constant incidence angle and altitude. In reality this
is not the case, and will be taken into account in the final interpretation of the results.

Overall, the scatterometer operated well during the campaign. However, some practi-
cal problems were noted. The aircraft environment hindered the operation of the scat-
terometer. For example, the active calibration mode was unusable possibly due to reflec-
tions from the cabin walls. Also some radio frequency interference was noted possibly
due to the radio communication of the aircraft pilots.
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Figure 66. The preliminary measurement results of sea surface NRCS during circular
flight maneuvers and the NRCS values at similar wind conditions and measurement
geometries calculated using CMODS model function. The approximate reference wind
speeds were provided by automatic weather stations as 6 m/s and 11 m/s, respectively.
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Appendix A. Blueprints of the feed antenna
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Figure A.1. A side view of the feed antenna.
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Figure A.3. A front view of the feed antenna



