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Symbols and abbreviations

Symbols

A area

B magnetic flux density vector

B magnetic flux density

By magnetic flux density amplitude
C capacitance

C. coil capacitance

Cm matching capacitance

Cy turn-to-turn capacitance

Co junction capacitance with no bias
Co speed of light in vacuum

Dy demagnetization factor

D antenna directivity

E electric field

e Euler’s number

f frequency

frr  intermediate frequency

fro  local oscillator frequency

frr amplitude modulation radio frequency
fo resonance frequency

fo resonance frequency with secondary winding open
fs resonance frequency with secondary winding shorted
G gain

G, receiver gain

Grea realized gain

Gy transmitter gain

h septum-to-floor height

he antenna effective height

H magnetic field

Hy magnetic field amplitude

I primary circuit current

I secondary circuit current

j Imaginary unit

K coil coefficient

k coupling coefficient

L inductance

le coil length

Ly ferrite rod inductance

Ly ferrite rod length

Lys  free-space path loss

Ly primary winding inductance with secondary winding shorted
lw wire length

Ly primary winding inductance

Lo secondary winding inductance

vii
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Symbols

M mutual impedance

Me electron mass

N number of turns in a coil

n junction doping profile exponent
Ny primary winding number of turns
Ny secondary winding number of turns
Ne number density of electrons

P, antenna input power

Poss power loss

P. received power

P..a radiated power

P transmitted power

Q quality factor

q electric charge

R

r

resistance
distance
R4 antenna resistance
R:p core length-to-diameter ratio
R, capacitor loss resistance
Te coil radius
R coss  €XcCeSs resistance
Ry ferrite core loss resistance
T ferrite rod radius
R; inductor loss resistance
Rioss loss resistance
R, coil loss with proximity effect
R, radiation resistance
R, conductor surface resistance
R, wire resistance
Tw wire radius
Ry coil loss without proximity effect
S power density
S scattering matrix
t time
tand,, magnetic loss tangent
U voltage
Ueoil induced electromotive force in the coil

Uy junction voltage with no bias

Uy voltage in the primary winding
U, voltage in the secondary winding
W, average electric energy

Wi average magnetic energy

X

reactance
Xa antenna reactance
Za antenna impedance
Zo parallel capacitor impedance
Zr, coil impedance
Zy impedance of free space
A primary circuit impedance

Zy secondary circuit impedance



Symbols
I'  reflection coefficient
0 skin depth
Af bandwidth
¢,  relative permittivity
€p  vacuum permittivity
n,  radiation efficiency
n;  total efficiency
0 polar angle
A wavelength
fe  effective permeability
i relative permeability
lo  vacuum permeability
s pi
o conductivity
®  magnetic flux
0] azimuth angle
w  angular frequency
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Abbreviations

AM
BNC
COSPAR
COTS
CST
CST MWS
DC
DUT
EMF
ESA
GTEM
HF
HUTSAT
IC
ITU
ITU-R
LF
LW
MF
MW
NASA
PCB
QFN
RF
SLL
SNNR
SNR
SW
TEM
UHF
(A%

amplitude modulation

Bayonet Neill-Concelman

Committee on Space Research
commercial-off-the-shelf

Computer Simulation Technology
Computer Simulation Technology Microwave Studio
direct current

device under test

electromotive force

European Space Agency

gigahertz transverse electromagnetic

high frequency

Helsinki University of Technology Satellite
integrated circuit

International Telecommunications Union

International Telecommunications Union Radiocommunication Sector

low frequency

longwave

medium frequency

medium wave

National Aeronautics and Space Administration
printed circuit board

quad flat no-leads

radio frequency

side-lobe level
signal-plus-noise-to-noise-ratio
signal-to-noise ratio
shortwave

transverse electromagnetic
ultra high frequency
ultraviolet



1 Introduction

1.1 Space research in Finland

Finland became a member of the international Committee on Space Research
(COSPAR) in 1964. The first satellite with Finnish collaboration was the Soviet
Phobos-1 launched in 1988. Around the same time Finland also joined the European
Space Agency (ESA) as an associate member in 1987 and as a full member in 1995.
[1] Since then Finnish companies and universities have participated in many space
projects, both as a member of ESA and also bilaterally with other countries, such as
the Rosetta mission launched in 2004 [2].

The first attempt to develop a Finnish satellite was HUTSAT developed in the
former Helsinki University of Technology. The project was initiated in 1992 and
a flight model was to be built by 1997 [3]. The satellite was never finished but in
2010 Aalto University started a project with the goal to build Finland’s first satellite.
Named Aalto-1 the satellite is a nanosatellite and has been built as a student project
with contributions other institutions such as VTT Technical Research Centre of
Finland that provides the main payload [4]. The satellite has been delivered to the
launcher and the planned launch is during 2016. Aalto University is also working on
two other satellites: Aalto-2 and Suomi 100.

Nanosatellites are satellites with a mass ranging from 1 kg to 10 kg. [5, p. 576]
Nanosatellite launch costs are significantly smaller compared to a traditional satellite
as their mass is smaller and because of the smaller size multiple nanosatellites can be
launched at the same time, even piggyback on a launch for a large satellite. Many
commercial-off-the-shelf (COTS) components can be used in space environment [5].
This in addition to easier and faster production make them a lucrative choice for
a larger pool of institutions and organization. In recent years they have become
a popular platform for satellite missions. Many universities have taken interest in
nanosatellites. [5]

CubeSat is a standardized nanosatellite format first proposed in 1998 [5]. All
satellites in Aalto University are based on this format. CubeSats consist of cubic
units whose outer dimensions are 10 x 10 x 10 cm [5]. Figure 1 depicts a nanosatellite
of 2 CubeSat units. It allows a more streamlined and quicker way to develop and
launch a satellite as it offers ready solutions and guidelines around which the mission
can be based on. As with nanosatellites in general this has allowed new organizations
into the space technology and science. Also from the launcher’s perspective it is
favorable that nanosatellites follow the same standard.

Suomi 100 satellite is part of the centennial of Finland’s independence carrying
the same name. It is a nanosatellite that will orbit the Earth on a polar orbit at
approximately 500 km altitude. Polar orbits are used by remote sensing satellites
and other satellites that want to have a coverage of the globe. The satellite has three
major purposes: scientific, educational and raising the national spirit. First and
foremost it is a scientific satellite that will make observations in Earth’s vicinity. The
scientific payload consists of a wide angle camera that will image Earth, specifically
Finland, and also natural phenomena such as auroras. In addition it has a radio



Figure 1: A concept image of a 2-unit CubeSat on orbit. Courtesy of Aalto University.

instrument operating on medium and high frequencies that measures both man-
made and natural radio emissions. The satellite is built in Finland so it is giving
opportunities for people to gain knowledge and skills in space technology. Suomi
100 satellite can be used as a demonstration of space technology and research and
their importance. Lastly the purpose of the satellite is to generate interest in space
activities among general public, maintain Finland’s position as a high technology
country and unite the people of Finland. [6]

1.2 Medium and high frequency environment

The International Telecommunications Union divided the radio spectrum into 12
different frequency bands [7]. In table 1 the relevant frequency bands for AM
broadcasting (bands 4 (LF); 5 (MF) and 6 (HF)) are listed. Longwave, medium
wave and shortwave are not in official usage but they are still used unofficially as a
legacy of early 21th century radio broadcasting. These days they refer to specific
AM broadcast frequencies [8]. One way to divide them is given in table 1.

The atmosphere exhibits wavelength areas where the atmosphere is mostly invisi-
ble to the electromagnetic radiation as shown in figure 2. These are called windows
such as the optical window and radio window. At the frequencies of the radio instru-
ment the most notable man-made emissions are AM broadcasts. These broadcasts
are on the edge of the radio window.

AM transmission utilizes the ionospheric properties to achieve very long transmis-
sion distances. Ionosphere consists of free electrons and positive ions in an electrically
neutral medium [9, p. 1]. The ionosphere causes refraction in electromagnetic waves
with lower frequencies refracting more than higher. The electron densities of the
ionosphere vary depending on location and time of the day and year. The F2 layer
of the ionosphere has the greatest concentration of electrons and is also the most
variable and difficult to predict [9, p. 39]. The lower bound in frequency at which



Table 1: ITU-R official designations for frequency bands [7] and commonly used
names.

|  Band name | Acronym | Frequency range |
Low frequency LF 30 - 300 kHz
Medium frequency MF 300 - 3000 kHz
High frequency HF 3 - 30 MHz
Longwave LW 148.5 - 283.5 kHz (ITU Region 1)
< 535 kHz (Longwave Club of America)
Medium wave MW 526.5 - 1606.5 kHz (Region 1)
535 kHz - 1705 kHz (Region 2)
Shortwave SW 1.605 - 30 MHz (Region 1)
1.705 - 30 MHz (Region 2)

U
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Figure 2: Atmospheric opacity showing visible light and radio windows. Courtesy of
NASA.

ordinary electromagnetic waves (O-wave) no longer penetrate the ionospheric F2
layer is denoted as foF'2 frequency [9]. The electron plasma frequency is

f= nee” ~ 9 kHz\/n.[em™3], (1)

TloMe

where n, is number density of electrons, e is the electric charge, and m, the electron
mass. The maximum electron density in the ionosphere is approximately 10° — 10°
cm ™3, which according to equation (1) corresponds to a frequency of 3 — 9 MHz. [10]
The radio instrument’s frequency range should extend to these frequencies to receive
signals from Earth.

The variable nature of the RF environment at the studied frequencies is an
interesting field of study for which measurements from an instrument on orbit could



provide to be useful. By measuring the electromagnetic radiation originating from
Earth it’s possible to obtain information about the ionosphere. On the frequencies
that reliably penetrate the ionosphere a global radio frequency interference map
could be produced.

The lower end of radio spectrum is not well studied with space radio instruments
as it has had limited interest compared to other frequency bands. Also the signal
wavelength is very large compared to the size of satellites. For example the wavelength
of 1 MHz signal is 300 meters. The more common antenna types such as dish and
dipole antennas are not feasible and another type of antenna must be used. A possible
solution is to use a loop antenna which are used also on Earth to receive signals at
these frequencies.

Similarly the natural RF environment on the orbit can be measured. Natural
phenomena that are active at low frequencies include for example lightning [11].
The onboard camera instrument will try to image these and theoretically the low
frequency emissions from them could be measured as well.

1.3 Research purpose and goals

The purpose of this thesis is to evaluate how a ferrite rod antenna can be implemented
in a nanosatellite to use it as a receiving antenna. The satellite will have three
antennas onboard to cover a wider frequency range from below 1 MHz up to 6 MHz.
Antennas are designed to have a maximal sensitivity and output voltage on their
frequency bands.

Due to the size constraints the antennas must be positioned close to each other and
the satellite itself and any other instruments it might contain. The signal attenuation
and distortion of the frequency response need to be minimized by choosing optimal
positions for the antennas.

1.4 Main questions and problems

Nowadays computer simulations have become widely used due to the increased
computation speed even with personal computers. This thesis explores how the
antenna structures can be simulated with results that are in accordance with both
theory and actual measurements.

The main concern for the antenna is how the satellite and its systems and other
instruments will affect the performance. Metallic structures nearby the antenna can
cause attenuation and change the resonance frequency. This will set constraints on
where the antennas can be placed.

1.5 Outlining the scope of research and major concepts

The thesis will focus on the radio front-end, which consists of the ferrite rod antenna
and the accompanying circuitry that connects it to the radio receiver. The radio
will be built using a commercial integrated circuit by Silicon Laboratories [12]. The



radio circuit needs to be integrated on a printed circuit board which itself needs to
be integrated with the satellite.

The main focus is to apply theory into creating realistic simulation models and
use them to study how the antennas behave. Supporting measurements with a
prototype antenna are done to confirm how accurately the simulations reflect reality.
The main test equipment used in measurements was a GTEM cell that can be used
as an alternative for many measurements done in an anchoic chamber [13].

By confirming that the simulations are working correctly they can be reused
in the future by including any new information regarding the satellite or the radio
instrument. These include physical changes in the satellite design and changes in
the scientific goals such as addition of new frequencies.



2 Background

An antenna is a device that receives or transmits electromagnetic radiation. Antennas
can be divided into four main categories: electrically small antennas, resonant
antennas, broadband antennas and aperture antennas [14]. No antenna type is
automatically better than the other but the most suitable antenna is determined by
the requirements for the specific application. Typical needs for an antenna are for
example high gain, narrowband or wideband operation or its physical size.

The fundamental properties and theory of small antennas were well known almost
70 years ago [15] [16]. The ferrite rod antenna is a type of a small magnetic loop
antenna. In its simplest form a loop antenna is a single loop of wire to which an
external magnetic field induces a voltage according to Faraday’s law. In ferrite rod
antennas the wire is wound around the ferrite core to form a coil. Both the multi-turn
coil and the increased relative permeability inside the coil increase the voltage that
can be induced in the antenna from an incident electromagnetic field. [14]

Ferrite rod antennas are used at high frequencies and below as receiving antennas.
As the frequency decreases and wavelength increases many common antenna types
become impractical in normal usage. For example a half-wave dipole for 1 MHz
would have to be 150 meters in length. Ferrite rod antennas are electrically small.
Defining properties for an electrically small antenna are low directivity, low input
resistance, high input reactance and low radiation efficiency [14, p. 20]. Ferrite rod
antennas are not suitable as a transmitting antenna. The power required to radiate
any meaningful level of radiation would create enough heat to damage or destroy the
antenna [14, p. 60]. Ferrite rod antennas can be used as receivers where this is not a
problem.

2.1 Equivalent circuit and antenna impedance

The operation of the antenna can be analyzed by using an equivalent circuit. The
ferrite rod antenna consists of a coil which can be modeled as an inductor that has
various resistances in series due to the antenna losses. Together with a parallel
capacitance the antenna forms a parallel RLC circuit as shown in figure 3. The RLC

resonance frequency
1
- - 2
Jo 2w/ LC 2)

can be tuned by adjusting the capacitance of the capacitor. The impedance seen
from the antenna terminals is the antenna impedance:

Za=Rs+7X4y (3)

The antenna impedance needs to be matched to a input impedance of the rest of the
circuit. Typically this impedance is 50 €.

2.2 Inductance

Loop antennas are inherently inductive where the energy is stored in the magnetic
field. The loop resists changes in the current and this is described with an inductance.
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Figure 3: RLC circuit showing the coil inductance (L), resistances (R) including
radiation resistance and ohmic losses and parallel capacitance (C).

The inductance of a single-layer air core coil can be approximated [17] [18] as

_ 3.133ugN?r,

4
0.9+ 1./r.’ (4)

where N is the number of coil turns, r. the coil radius and [. the coil length. For the
ferrite core coil the above formula is not valid. The increased relative permeability
of the ferrite material is taken into account and the inductance becomes [19]

A
Lf = MOM@N2E7 (5)

where the area A = 777“]20 is the ferrite rod cross section with a radius r; and [y is
the length of the rod. The effective permeability u. shouldn’t be confused with the
relative permeability pu,., which is the material property of the ferrite core. The
effective permeability is dependent on multiple factors: the relative permeability,
length and diameter of the rod and the size and position of the coil. The analytical
derivation of the relationship between the two permeabilities is cumbersome. An
approximation from measurement results for the effective permeability is

ir
e = 9 6
be = T4 Dy (m, — 1) )

where the demagnetization factor is
Dy =037TR 4, (7)

where the core length-to-diameter ratio R is between 2 and 20 [20]. This approxima-
tion does not take into account the finite length of the rod. The value of effective
permeability approaches 0.7 p. as the rod becomes fully wound [14].



2.3 Capacitances

Most of the capacitance in the circuit is due to the parallel capacitor. The coil itself
has a small capacitance between individual turns [18]:

221 €06,

27y

Ot - (8)

where d,, is the distance or gap between individual wires and e, relative permittivity
of the medium which in a tightly wound coil is the coating on the metal wire. The
total capacitance between all turns is

C, = . 9)

2.4 Resistances

The resistances in the antenna are divided into ohmic losses and the radiation
resistance. Ohmic losses in the antenna are caused by losses in the wire itself and
losses in the ferrite core. Increased losses lead to the antenna being less sensitive at
the resonant frequency. The half-power bandwidth also becomes wider.

2.4.1 Skin effect loss

The skin effect is caused by eddy currents in the conductor. A current flowing
in a conductor creates a magnetic field around it. Magnetic field induces circular
eddy currents that oppose the change in the magnetic field. This leads to the eddy
currents being in the opposite direction of the original current flow in the center
of the conductor. Near the surface or skin of the conductor the eddy currents flow
in the original current direction. Most of the current now flows near the conductor
surface thus the effective conducting area is reduced. [21] The skin depth of a good
conductor (depth where the current is 1/e of the surface current) is given [22, p. 20]
by

2
d=|— (10)
who
The surface resistance of a conductor is [14]
Wil
Ry = /== 11
50 (11)

For a wire with length /,, and radius r,, the wire resistance is [14]

ly o

w = 12
2mry, V 20 (12)

For a coil with a radius r. this becomes [14]
R, = Nl¢ [<H (13)

Tw ¥V 20



2.4.2 Proximity effect loss

The proximity effect loss is similarly to the skin effect caused by eddy currents. The
magnetic field created by a conductor induces eddy currents in nearby conductors.
[21] The magnitude of promixity effect loss is difficult to determine and analytical
solutions for proximity effect calculation are complicated but generally the effect is
more prominent with larger and more tightly wound coils. It is also dependent on
the conductor radius itself. Skin effect and promixity effect can be added together in
the wire resistance equation as
re [wp (R,

o 2 () .
where the ratio R,/ Ry is a factor of how much the total wire resistance is increased
due to the proximity effect [23]. By knowing the easily calculated skin effect resistance,
the proximity effect can be determined with other means such as simulations and
measurements. One method to calculate proximity effect losses is given in [18].

2.4.3 Ferrite core loss

Ferrite core is a lossy material that absorbs power from the magnetic field lowing
through the coil. The magnitude of the ferrite loss depends on the material of the
rod and the dimensions of both the wire coil and the rod. The equation for the ferrite
loss is [18]
5 A

Ry = wpope tan 6, N E, (15)
where tan d,, is the magnetic loss tangent or the ratio of imaginary and real compo-
nents of permeability. Ferrite core losses end up being the main contributing factor
to the total ohmic losses in many practical ferrite rod antennas.

2.4.4 Radiation resistance

Radiation resistance is the portion of power in the antenna that is not converted into
heat as an ohmic loss. Ferrite rod antenna’s radiation resistance is [14]

ueNA)Q’ (16)

R, = 31200 < =

where A is the wavelength. The factors that determine the radiation resistance also
affect the ferrite losses given by equation (15). By choosing a ferrite material with
low losses the net effect is positive regarding antenna’s receiving performance.

2.4.5 Capacitor losses

Real capacitors have non-idealities from the packaging of the component. These
include parasitic capacitance and inductance and series resistance. [24] Typically
the quality factor of a capacitor is very high so the resistive losses tend to be very
small and negligible [24]. In voltage controlled varactor diodes the series junction
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and contact resistance is typically only a few ohms [22, p. 537], which is very small
compared to ferrite core and coil losses in equations (15) and (14).

2.5 Quality factor

Quality factor of a resonator, Q, indicates its bandwidth relative to the center
frequency [22]:

f
= 17
o= a7)
Alternatively it can be defined as a ratio of average stored energy and energy loss:
W, + We
=w— 18
“ ‘PZOSS , ( )

where W,,, and W, are the average magnetic and electric energy stored in the circuit
and Py is the power loss [22, p. 274]. At resonance W, and W, are equal. As the
ferrite rod antenna is not a pure parallel resonator mainly due to the series resistance
of the inductor, the quality factor is derived from the total quality factor of the
individual quality factors of the inductor and the parallel capacitor:

wlL
i = 19
a- (19
Q.= — (20)
" WCR,
The resulting quality factor is [22]
1 1 1
it 1 21
o-ata 1)
wlL
Q WQLCRC + Rz ( )
which at resonance becomes
Q=2 (23)
- R.+R;

Typically capacitors have a much higher quality factor with a small resistance R¢o
compared to the coil resistances. The quality factor of the system is determined by
the quality factor of the coil.

2.6 Induced voltage from an electromagnetic field

The incident electromagnetic field that induces the voltage in the coil can be modeled
as a voltage source in series with the coil as shown in figure 4.

The antenna is a loop antenna so it is sensitive to the magnetic field. The
electromotive force induced the coil is due to a changing magnetic flux according to

Faraday’s law:

dd
coil — _N77 24
Ucoit g (24)
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Figure 4: Equivalent antenna circuit for an external field inducing voltage in the coil.
The capacitance between coil turns is not shown.

where the magnetic flux is defined as the total flux density over a surface, as

o = / /S BdS. (25)

If we consider a sinusoidal magnetic field
B = Bysinwt = o Hy sin wt (26)
that is parallel to the coil axis, the induced EMF in the coil is
Uecoit = — i prow Hy AN cos wt (27)

The induced voltage is proportional to the frequency f. When the coil is part of a
resonance circuit the induced voltage is

Z C Ucoil

U :Ucoi = )
! 'ZL+Zo  jw[Ru+ Rp+ R]JC —w?LC +1

(28)

where Z¢ is the impedance of the parallel capacitance and Zj, is the impedance of
the coil. At the resonance frequency the above equation simplifies to Uy = Uy Q.
The quality factor, which is dominated by the coil ohmic losses, not only affects the
bandwidth but also the voltage induced in the resonance circuit.

2.7 Pick-up coil

The impedance in the antenna’s main RLC circuit is not well matched to 50 €. The
induced voltage is highly reflected if connected directly to a 50 €2 input. One way to
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improve the matching is to use a secondary coil or a so called pick-up coil next to the
main coil. The pick-up coil will act as an impedance transformer. The impedance
transformer transforms the main coil impedance and voltage into the secondary coil

according to the equation [25]
N _U_ (74 o)
Ny U4 Zy

When the pick-up works as intended the output voltage from the decreased secondary
coil voltage is still higher than the original main coil output voltage due to the
improved matching.

When inductors are coupled a current change in one inductor induces a voltage in
the second inductor. The mutual inductance between the inductors is defined as [25]

M = k\/L,Lo, (30)

where k is the coupling coefficient. The equivalent circuit of two coupled inductors is
a T-circuit shown in figure 5.

Ly-M Lo-M

Figure 5: Equivalent circuit of two coupled inductors.

The voltage over the two coils can be expressed with the mutual inductance as
the following:

U1 == jw (Llfl + MIQ) (31)
U2 = jw (Mljl -+ LQIQ) s (32)

The coupling coefficient of the two coils can be measured by changing the secondary
coil from open circuit to shorted and observing the change in the resonant frequency.
When the second coil is shorted the voltage in the secondary coil becomes zero and
the current will be

MI

I, = 33
=1 (33
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By inserting this into the voltage equation of the primary coil in equation (32):

M?T
U1 = jw <L1[1 — 1) (34)
Loy
. M?
= Jw <L1 I, ) I (35)
= JwlLsl, (36)

where Lg is the apparent/measured inductance over the primary coil when the
secondary coil is shorted. Now the mutual inductance squared can be written as

M2 = Ly (Ll - Ls) (37)

Using this the coupling coefficient becomes

2
= M oL _ 1—<f">, (38)

VL, L, fi

where f, and f; are the resonance frequencies related to the inductances L; and L
according to equation (2) with the secondary coil open and shorted, respectively.

The impedance at the antenna output is Zs. A portion of the pick-up voltage U,
is reflected at the antenna output according to equation [22]

Zy — Zo
= — 39
21+ Zsy ( )
where the load impedance is 50 2. The output voltage of the antenna is
Upt = (1 = T)Us. (40)

2.8 Antenna effective height

Effective height of an antenna is one way to measure antenna’s operation. It is
defined as the ratio of induced voltage at the output port, Uy, and incident (electric)

field E, as
Uout . 1 Uout

E n HoCo H
This kind of measure takes into account the quality factor of the RLC circuit, the
impedance and voltage transformation from the pick-up coil and the reflection at the
output port. The induced voltage in the coil might be higher for a certain antenna
but due to the aforementioned reasons the real measurable parameter which is the
output voltage might be in fact lower. The effective height makes comparison of
different antennas simple.

he =

(41)



14

2.9 Antenna polarization

Ferrite rod antenna is so called linearly polarized antenna. A linearly polarized
antenna is capable of receiving both linear and elliptical polarization including
circular polarization. In worst case scenario the incident electromagnetic radiation
has a polarization perpendicular to the antenna’s polarization and theoretically
nothing is received. A wave at 45 degree angle of polarization half of the incident
power is lost.

2.10 Antenna directivity and efficiency

Antenna directivity (denoted with D) means how much more power is directed in the
main direction of the antenna compared to an isotropical radiator. An isotropical
radiator/antenna is a theoretical concept that cannot be realized but is useful in
antenna theory nevertheless. All incident power is radiated from the isotropical
antenna in a uniform fashion.

The radiation efficiency of an antenna is defined as the portion of power that
is not absorbed in the antenna structure as ohmic losses. This is characterized by
the radiation resistance, R,, and the ohmic loss resistance, R, with which the
radiation efficiency, 7, is

o Rr o Prad _ Prad
B Rr + Rloss B R B P'rad + Boss’

M (42)
where P,,4 is the radiated power, P;, is the power accepted by the antenna and
Py,ss is the power loss in the antenna. The antenna has losses due to the impedance
mismatch between the antenna output and feed input. The mismatch causes power
reflection. The total efficiency of the antenna is defined as [26]

m=(1—[P)n,, (43)

where I" was defined in equation (39). These are used to define antenna gain, G, and
realized gain, G4, respectively:

G=mn.D (44)
Greal = ntD (45)

2.11 Radiation pattern

Radiation pattern of an antenna gives the directional information how the radiated
power of the antenna is distributed or how effectively it receives radiation from certain
directions. Antennas can have a highly directive radiation pattern with a narrow
main-lobe. In addition to the main-lobe an antenna often has multiple undesirable
side-lobes that are defined by their direction and power relative to the main-lobe
(side-lobe level, SLL).

Ferrite rod antenna has an omnidirectional radiation pattern similar to a small
loop antenna as illustrated in figure 6. The radiation pattern is also the same as for
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a small dipole antenna. The nulls in the radiation pattern are located in the coil
axis (marked as the z-axis in the figure 6). An often used parameter for radiation
pattern is its half-power beamwidth (HP) which means the angle from which the
received power is at least half of the maximum. For small loop antennas this angle is

90 degrees.
(D @
J |

Figure 6: Radiation pattern of small loop antennas in spherical coordinates [14,
p. 37]. The sin 6 pattern (left figure) is omnidirectional for all azimuthal angles ¢
(middle figure) resulting in a torus shaped pattern in three dimensions (right figure).

The omnidirectional radiation pattern means that the antenna is able to receive
signals from multiple directions. This is useful when signal sources and their directions
are unknown or difficult to predict. The directional information is mostly lost but
ray tracing, analyzing the Poynting vector path associated with the electromagnetic
wave, can be used to estimate the signal origin.

2.12 AM modulation

Amplitude modulation utilizes a radio frequency carrier signal that is modulated with
a signal containing the information such as speech or music. The output signal is
generated using heterodyne technique where the carrier signal is generated in a local
oscillator and combined with the information signal in a mixer. [25] Figure 7 shows
the main blocks of a superheterodyne receiver. The radio frequency signal from the
antenna, fgp, is amplified in an RF amplifier. The amplified signal is mixed down to
intermediate frequencies, frr, by using a local oscillator operating at frequency fro.
The intermediate frequency is then filtered in a band-pass filter, amplified again and
finally demodulated.

A transmitted output signal consists of the carrier signal at the center frequency
and the information signal as two sidebands around the center frequency. The total
bandwidth taken by a typical AM broadcast is approximately 10 kHz. The actual
signal level is also dependent on the modulation index.
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Figure 7: Block diagram of a superheterodyne receiver. [22, p. 673]

2.13 Radiowave propagation

Generally speaking, radiowaves emitted from a transmitter are propagated to all
directions in a spherical manner. At distance r the power density of the wave, S, is
[14, p. 109]

1
= PGi— 4
5 =Rt 4r?’ (46)

where P, is the transmitted power and G, gain towards a specific direction. The power
density can be used to express the electric and magnetic field with the impedance of
free space (Zg ~ 376.73 Q) as

E? S
—_— = —. (47)
S  H?

The relationship between transmitter output power and receiver input power is the
Friis transmission equation [14, p. 109]:

E
ZOZE:

P A\’
T GGy | — | , 48
P, ¢ (47rr> (48)
where the free-space path loss is
4\ 2
=) (49)

As the free-space path loss is proportional to the square of the propagation distance
the power of the wave attenuates 20 dB as the distance increases tenfold.

In reality the radiowave behavior in medium and high frequencies is depends
on the ionospheric conditions. The waves can fully refract and bounce between
the ionosphere and Earth before penetrating the ionosphere thus increasing the
propagation distance and losses. Due to Earth’s magnetic field and the ionospheric
plasma the wave separates into two different modes: the ordinary mode (the O
mode) and the extraordinary mode (the X mode). They can have drastically different
propagation paths and the receiver of a signal might actually only receive one of the
modes which has less power than the original wave would have had. [27]
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2.13.1 Ray tracing

Ray tracing is a technique where the path of the wave is obtained by following the
direction of the Poynting vector. The method can be used to determine the origin of
the signal source for complex non-direct signal paths and with no knowledge of the
direction of the received signal. The received signal from the antenna will have a
certain frequency, bandwidth, modulation, signal strength and the timestamp when
the signal was received. These can be compared to radio broadcasting catalogs listing
all radio broadcasts and their transmitter locations on Earth.

Ionospheric models can be used to construct a ray tracing program that calculates
the path of radio waves. From a certain location on Earth the rays will propagation
in a spherical fashion until the ionosphere starts to affect the rays. Depending
on multiple factors such as frequency, ray direction, direction of the background
magnetic field, and the ionospheric properties the rays will take different paths. Some
ray paths might eventually penetrate the ionosphere. If such ray intersects with the
satellite it might be the origin of the received signal.

With enough computer power and smart algorithms a matching ray from a suitable
candidate station to the satellite can be found. A faster and less intensive method is
to use the satellite as the origin of the rays and observe in which locations on Earth
they are traced. Although the propagation path through ionosphere is not exactly
reversible in many cases it is approximately good enough to locate the general area
of the ray’s origin in the frequency region of 1 — 6 MHz analyzed on this work (see
e.g. [28] for discussions about the reversibility in the Earth’s ionosphere).

2.14 Environment in space and during the launch

Launch is a very critical part of the mission in terms of failure rate. The launch
rocket itself can fail or the satellite or parts of it might start to vibrate destructively
during the launch. During the launch the satellite and the antenna will experience
high levels of vibration originating from both structural vibration and noise field,
high acceleration during ascent and mechanical shock [5, p. 12]. In the design of
the final radio instrument featuring ferrite rod antennas these need to be taken into
account to minimize the risk of instrumentation failure.

The vacuum of space and other phenomena on the orbit differ from the typical
antenna and radio use. In satellite all components and instruments have to be made
of low-outgassing materials. Materials that have a high outgassing rate in vacuum
pose a problem to many systems in the satellite, for example, the outgassed molecules
might obstruct camera instruments or solar panels. [5, p. 583]

The antenna itself is made a ceramic nickel-zinc ferrite. The coil wire is made
of copper. The wire has a thin layer of insulating material which can be made of
polymer film. The insulating material specifically should be chosen to have low
outgassing rate. The removal of the coating will create a direct connection between
adjacent windings in the coil severely affecting the operation of the antenna and
ultimately causing it to fail.

In addition to sublimitation the coating can suffer material damage from exposure
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to UV radiation which can modify the chemical bonding structure of the material
[5, p. 42] with the same effect as outgassing. In general the antenna and the radio
should be protected from outside energetic radiation. The most critical components
to antenna’s operation are semiconductor tuning capacitors.

External heat input to the satellite consists of three sources: the Sun, Earth’s
albedo and Earth’s infrared radiation [5]. The amount of heat input varies for different
orbit altitudes and during the day-night cycle. Suomi 100 satellite temperature
variation can be said to be from -50 °C to 50 °C. Inside the satellite the temperature
stays relatively constant. The temperature variations will cause thermal expansion
in the antenna and its materials and also change the relative permeability of the
ferrite.

Interference from the satellite systems needs to be taken into account. All electric
circuitry produces noise that the antenna or the radio circuitry might pick up. The
local interference originating from electrical devices has a strong electric near-field
and a weak magnetic field. Antenna should be shielded from the inner parts of the
satellite in a way that it does not affect the performance.

2.14.1 Antenna calibration while deployed

When deployed the antenna’s operation is affected by multiple factors. These include
the temperature variations in space. Ferrite permeability is a function of temperature
meaning that the resonance frequency is temperature dependent. The satellite will
feature multiple temperature sensors. These can be used to estimate the temperature
of the ferrite rod. The effects of the temperature variation on the antenna can be
weakened by manufacturing a cover from non-conductive material so that the antenna
is not directly exposed to the outside. The temperature dependence of the ferrite
material is known [19] and can be taken into account in the radio control software.

Known signals such as emissions from EISCAT can be used to determine what is
the actual resonance frequency of the antenna. The antenna and the radio receiver
are tuned to the same frequency but antenna might actually resonate at a slightly
different frequency. By having a known source and frequency this offset is found and
the antenna and data can be calibrated.
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3 Research material and methods

3.1 Ferrites

Ferrite materials come in a wide range of properties suitable for variety of different
applications. Ferrites are ceramic compounds and they are divided into soft and hard
ferrites based on their coercivity. Soft ferrites with low coercivity are used in ferrite
rod antennas. They are commonly made of either manganese-zinc or nickel-zinc
combined with iron oxides. Two main factors when choosing the material are low
losses and stability over the frequency range of the antenna. Fair-Rite is a company
that manufactures many different types of ferrite cores [19]. Four ferrite materials
that Fair-Rite manufactures as rods and are suitable for low frequency inductive
applications are listed in table 2. Loss factor is a unitless ratio tan d,, /.

Table 2: Fair-Rite ferrite materials for low frequency antennas.

] Material \ Frequency range \ i \ Loss factor ‘
33 (MnZn) < 3.0 MHz 600 | 25 x 10° at 0.2 MHz
61 (NiZn) 0.2 — 5 MHz 125 30 x 10% at 1 MHz
67 (NiZn) > (0.5 MHz 40 | 150 x 10% at 50 MHz
78 (MnZn) < 200 kHz 2300 | 4.5 x 10% at 0.1 MHz

Overall the best performance is given by material numer 61 (NiZn), which
combines low losses and a frequency range matching the requirements. It is suitable
for inductive applications even up to 25 MHz [19, p. 9]. Rods made of this material
are also sold by other companies such as Amidon [29].

3.1.1 Modified inductance formula

Fair-Rite catalog has charts from which to calculate the inductance [19]. Initial
testing with different coils showed that these give a more accurate inductance than
equation (5). Based on these charts an equation to fit the data can be formed. The
better approximation for the effective permeability of material number 61 (u, = 125)
can be written as

i1 27’wN 0.1291
fte = 2.625RV131 [ 8.141 — 7.096 7 : (50)

which also takes into account the size of the coil (2r,,N) relative to the core length ().
Figure 8 shows how the modified inductance formula gives a good correspondence to
the data provided by Fair-Rite up to length-to-diameter ratios R;p of 10.

3.2 Variable capacitors

Variable capacitors also known as varactors can be used as a tunable capacictance in
an RLC circuit. A reversed-biased p-n junction has a voltage-dependent capacitance.
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Figure 8: Calculated effective permeability. Black crosses are permeability val-
ues determined from Fair-Rite charts of which the blue line (equation (50)) is an
approximation. Red line is calculated with equation (6).

Higher bias voltage widens the depletion zone in the junction leading to a lower
capacitance. The capacitance profile of a reversed-biased p-n junction follows the
equation [22, p. 537]
Co
ClU)=———F—-
= arom)

The junction doping profile exponent n is 0.47 for many varactors but can be as high
as 1.5 or 2.0 [22]. The resonance frequency in equation (2) depends on the capacitance
as C7%°. The frequency tuning of the antenna becomes linearly dependent on voltage
if varactors with a doping profile n = 2.0 are used. A higher exponent leads to a
larger capacitance range.

Varactors manufactured by Skyworks in SMV1247-SMV1255 series [30] have
properties that make them suitable for antenna tuning capacitors. They have a high
capacitance ratio meaning single varactor can be used to tune to a wide range of
frequencies. They also have a low tuning voltage which is ideal for the nanosatellite.
The operating temperature range covers the temperature variations expected on
orbit.

The widest capacitance range in the acquired varactors is achieved with SMV1253.
With a varying voltage from 0 V to 3 V the capacitance in specifications vary from
69.32 pF to 7.77 pF. The middle point in capacitance range is 38.545 pF. [30]

(51)
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3.2.1 Varactor layout

Varactors are placed in a configuration shown in figure 9 in parallel with the main
antenna coil. A single varactor is sufficient to provide the tuning capacitance for the
coil. The issue is that a strong enough induced voltage in the coil will also bias the
varactor and detune the antenna. Also the DC voltage has a direct connection to
the ground through the coil. This is solved by first putting another varactor in series
with the first one in opposite direction. This will provide frequency stability as the
total capacitance stays relatively constant.

The two varactors are now in series which means that their total capacitance is
only half of one varactor. Two additional varactors are required in parallel to the
other two to bring the total capacitance back to the same as it was with only one
varactor.

3.3 Antenna schematic with the radio IC

The antenna is planned to be used with a commercial radio IC (Si4743 by Silicon
Laboratories [12]), which is surface-mounted device with both MW and SW support.
It comes in a 24-pin 4 x 4 mm QFN package. Figure 9 illustrates the radio IC and
the pin configuration for antenna considerations. The antenna output is connected to
the AMI-pin. Apart from the voltage and ground pins most of the pins are connected
to the satellite’s main computer (i.MX).

The receiver sensitivity is a voltage level at which the radio is able to distinguish
and receive the signal. It is defined for a specific signal-to-noise ratio (SNR) or
signal-plus-noise-to-noise ratio (SNNR). Si4743 AM receiver sensitivity is typically
25 dBuV (17.8 V) defined for SNNR 26 dB. The maximum voltage rating for RF
input level peak value at AMI-pin is 0.4 V. The radio input is matched to 50 €2 to
which the antenna output should be matched as good as possible.

3.4 Expected field strength

AM broadcasts are some of the strongest man-made signals in MF and HF that are
also identifiable by their narrow bandwidth. Transmitter powers vary from below 1
kW for small local stations up to over 1 MW. A simple calculation for field strength
levels on orbit can be made using equations (46) and (47). This assumes that the
only loss comes from the spherical propagation of the waves. The satellite will orbit
at an altitude of approximately 500 km. The direct of line sight between a point on
Earth and the satellite varies from 500 km (satellite at zenith, 90 degree elevation)
to approximately 2600 km (satellite at horizon, 0 degree elevation). The transmitter
radiation pattern can be assumed isotropical so the gain is 0 dB. Table 3 lists the
electric field strengths for various distances and transmitter powers.

Studies have been conducted on the field strengths of electromagnetic radiation
in the general environment [31]. It should be assumed that only the stations with
stronger transmit powers are detectable. Commercial ray tracing software such as
Proplab-Pro [32] can be used to calculate possible signal paths and strengths.
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Figure 9: Designed antenna connections to the radio IC used in this work.

Table 3: Electric field strength for various transmit powers and distances.

P, [kW] E [mV /m]
r =500 km | r = 1000 km | r = 1500 km | r = 2600 km
1 0.35 0.17 0.11 0.07
10 1.1 0.55 0.37 0.21
100 35 1.7 1.2 0.67
1000 11.0 5.5 3.7 2.1

In addition to strong AM broadcasts ionospheric heaters designed to to specifically
study the ionosphere can be used. The EISCAT ionospheric heating facility is located
in Tromsg, Norway. It has transmitters that are tunable in the frequency range of
3.85 — 8 MHz. The effective radiated power varies with the frequency from 200 MW
at 4 MHz up to over 1200 MW at 8 MHz. [33]

3.5 Choosing antennas

In the planned frequency range there are two prominent AM transmission bands at
1.5 MHz and 5.0 MHz. Two of the antennas are designed to have their frequency
ranges centered around these frequencies. The third antenna was chosen to be tuned
between these two. All three antennas should have partially shared frequency ranges.

In addition is it desirable to cover the widest possible frequency range. From the
available ferrite rods and varactors it is possible to iteratively determine the best
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combinations of system parameters to get the highest possible voltage output from
the antenna. This process is illustrated in figure 10.

Target
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i

Frequency
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i
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Figure 10: Illustration of the iterative antenna design process used in this work for

the Suomi 100 satellite AM radio instrument.

The chosen antennas listed in table 4 all end up using the same rod which is
also the largest available that can be integrated to the satellite. With larger rods
it’s possible to achieve higher effective permeability and Q factor which contribute
to the voltage level of the antenna. The minimum and maximum frequencies are
determined so that with the available capacitance range the center frequency f,. falls
in the middle of the frequency range. The density of the ferrite material used is
approximately 4.8 g/cm? [19)].

Table 4: Antenna parameters.

Antenna 1 Antenna 2 Antenna 3
f, = 1.50 MHz | f. = 3.00 MHz | f. = 5.00 MHz
Min. frequency (MHz) 0.75 1.51 2.51
Max. frequency (MHz) 2.24 4.51 7.50
Inductance (uH) 650 160 58
Length (mm) 76.2 76.2 76.2
Radius (mm) 9.398 9.398 9.398
N 110 48 26
Mass (g) 27.5 26.3 25.9
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3.6 Simulating the antenna

Results and antenna dimensions obtained from theory can be compared against
electromagnetic simulations. CST Microwave Studio (CST MWS) is a commercial
3D electromagnetic simulation software by Computer Simulation Software (CST)
used for simulating antenna structures. For electrically small devices such as ferrite
rod antennas the developer recommends using their frequency domain solver [34]
and has illustrated how it can be applied in low frequency antenna simulations [35].
CST provides a workflow documentation to assist in the simulation process [36].

3.6.1 Ferrite material in CST MWS

CST MWS does not provide the used ferrite material in their material list. The
important electrical properties can be found from the material’s datasheet [19]. In
table 5 are listed the parameters used to create a new material in the simulation
software. The material parameters stay relatively unchanged over the used frequency
range so no frequency dependency was needed.

Table 5: Ferrite material parameters for CST MWS used in the antenna design
analysis of this work.

Parameter Value
Type Normal
€ 1
L 125
o le-8 S/m
tan d,, 0.038
Thermal type Normal
Thermal conductivity 4 W/K/m
Heat capacity 0.8 kJ/K/kg
Mechanical type Normal
Young’s modulus 147.1 GPa
Poisson’s ratio 0.29
Thermal expansion coefficient | 9e-6 1/K
Density 4800 kg/m?

3.6.2 Simulation accuracy

The simulation environmental parameters for mesh and other accuracies are limited
by the physical memory of the computer. It is also beneficial for the design process
to be able to get results in relatively short time even though the computer memory
would allow longer simulations. The mesh accuracy can be divided into three different
parts: the physical antenna and satellite structures, the immediate space surrounding
the structures and the space further away extending to the simulation box edges.
To determine how much the mesh accuracy can be reduced without it affecting
the results considerably one can simulate simple structures with good accuracy. Then
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the accuracy will be decreased gradually and the changes in results are observed.
This way a lower boundary for acceptable mesh size can be determined. During the
simulation process the accuracy can be increased periodically to see if more complex
structures cause more differentiation with lower accuracy settings.

3.6.3 Validating the settings

The order of simulations are done from simple to more complex structures. This way
the result deviation from theory can be more accurately located should it happen.

First priority is to confirm that the used solver and other simulation setup
parameters produce results that match the theory for the simplest structures. A
simple air coil can be simulated for skin and proximity effect and air coil inductance.
The proximity effect can be separated from the skin effect by making the coil less
tightly wound, effectively making it resemble a straight wire.

After determining skin and proximity effect a ferrite core will be introduced to
simulate ferrite losses. Now the three main ohmic losses are found and separated.
The inductance of the ferrite rod coil can be compared against the theoretical value.

The aforementioned steps should be repeated for different size rods and coils. In
addition to chosen ferrite rod (76.2 x 9.398 mm) which is one of the largest available
rods a smaller rod (35 x 5 mm) from the lower end should be used.

3.6.4 Single antenna simulations

With the antenna model the actual operation of the antenna can be simulated. The
feed network and parallel capacitance can be formed using lumped elements. The
antenna forms a two-port network with the main and pickup coil outputs. The main
port (labeled as port 1) is in practice an open circuit and should be modeled as a
high impedance discrete port. The actual antenna output (port 2, pickup coil) is
50 €2. The operation of the impedance transformer can be verified by varying the
pick-up coil parameters. These are the distance between the two coils and the turn
ratio.

Two different types of radiation excitation can be used. Far-field excitation
corresponds to the actual situation where the antenna acts as a receiving antenna.
The output voltage in port 2 results from the incident electromagnetic field. Port
excitation is used to calculate scattering parameters and radiation pattern.

3.6.5 Multiple antenna simulations

The same simulations for multiple antennas can be done as for a single antenna. The
additional information gained is their mutual coupling and effect on each other when
the space for antennas is limited.

Scattering parameters are used to describe an electrical network. An electrical
network can be defined as having N-ports. Each S-parameter is associated with two
ports and describes the power flow from one port to other ports. Two antennas in
close proximity cause interference to each other. The effect can be evaluated by using
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scattering parameters for a 4-port network, as
(52)

where for S, x is the output port and y the input port. [14] [22] Altenatively a
simple voltage measurement from the antenna output port can show how much the
signal level changes compared to when the antenna is simulated in free-space.

Testing mutual coupling should be done in two different main configurations: first
a case where the axis of both antennas is in parallel with the incident magnetic field
lines, and second a case where one antenna is perpendicular to the other antenna
and the magnetic field lines. Additionally for both cases there are different possible
configurations for the main and pickup coils. All these variations are shown in the
figure 11.
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Figure 11: Different coil configurations. The ferrite rod antennas marked A and B

are the reference antennas. A second antenna is rotated and moved around them to
six different positions (marked as antennas 1 — 6).

3.6.6 The satellite model

The satellite model uses the main conductor elements in the satellite: the body of the
satellite, the camera and the UHF PCB. The satellite body is made of aluminium. All
large features with electrical properties should be modeled but for reduced simulation
time finer details can be left out from the model. This is easily manageable in the
software where you can choose which modeled components are used.

In addition to the satellite model a hollow rectangular metallic tube with open
ends was modeled. This corresponds to measurements made with a similar object
having the same outer dimensions as the satellite. The purpose is to observer whether
simulations are predict real measurements accurately or not.
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3.6.7 Antenna operation with the satellite body

The last step in simulations is to introduce the satellite model and conduct same
simulations as were done before. The satellite sets limitations to antenna positioning.
By simulating realistic antenna positions and comparing the results to the reference
level where there is no interfering satellite body the frequency detune and attenuation
levels can be determined.

There are three alternative places for antennas (figure 12). They can either be
placed in the free space at the satellite’s either end. It is also possible to develop
an extension mechanism that is triggered when the satellite reaches the orbit. The
antennas are then extended up to 4 cm off the satellite’s sides.

UHF antenna

T

<— |Camera
Camera direction

UHF antenna

Figure 12: Illustration of general areas where the antennas can be placed which are
marked in the figure. The origin is at the center of the satellite.

3.7 Testing a prototype

The described RLC circuit can be tested by constructing a prototype antenna
consisting of the ferrite rod, main and pick-up coils and the parallel capacitor.
The circuit performance can be tested by using a signal generator to simulate the
electromagnetic field.

Simply measuring how the circuit operates internally is not enough to fully
understand how the antenna works with a real field. A typical way to measure
antenna’s receiving/transmitting performance is to use an anechoic chamber. An
alternative to this is a gigahertz transverse electromagnetic (GTEM) cell [13].

3.7.1 Measurements with a GTEM cell

A GTEM cell is an electromagnetic compatibility test chamber illustrated in figure 13.
It is a hollow metal structure that has a 50 € input and load that are connected with
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— H-field
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Figure 13: Hlustration of a GTEM cell used in the antenna test in this work.

a stripline conductor known as septum. Additionally the back wall has radiation-
absorbent material. The cell creates a TEM wave inside it. Inside a designated test
area, where the device under test is placed, the field lines point in the same directions
over the whole area. This means that the DUT effectively sees an incident plane
wave radiation. The GTEM cell used in the measurements had a test area of 23 x 17
x 10 cm [37]. The 2.2 meter long cell is shown in figure 14.

There are some advantages of a GTEM cell measurement over using an anechoic
chamber. True far-field conditions can’t be achieved in an anechoic chamber for a low
frequency antenna. As the GTEM cell is a radiator itself no additional transmitter
antenna is needed [13]. Such an antenna would have to built and tested before using
it. GTEM cell also requires less power and amplification to generate a desired field
strength compared to an anechoic chamber [13].

The field strength can be calculated from a simple equation [37]

U _vPZ

E
h h

(53)

where P is the input power fed into the GTEM feedpoint, Z is the input impedance
of the cell (50 2) and h is the height between the septum and the chassis at the
DUT.

Antenna receiving properties can be tested with the following equipment:
e GTEM cell
e signal generator

e power meter

voltage/power measurement device (e.g. an oscilloscope)

coaxial cables

The test setup is illustrated in figure 15. The signal generator is connected to the
feedpoint of the GTEM cell (with an input impedance Z) and a power meter, which
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Figure 14: GTEM cell at Aalto University, Otakaari 5A, which was used in the
measurements with the side panel removed. Photo taken by Petri Koskimaa.

measures the input power P. The antenna (DUT) is then placed inside the cell
through the door on the side of the cell where the septum-to-floor height is h. The
resulting field strength at a frequency f can then be determined from equation (53).
The output port of the antenna is connected to a voltage measuring device such as
an oscilloscope. The measured output U,,; corresponds to voltage in equation (40).

These measurements can be repeated with a metallic satellite body to measure the
effect it has on the antenna performance. Another common measurement device in
RF measurements is a network analyzer, which is used to get the network parameters
of the device.

3.7.2 Error sources in measurements

Due to the prototype nature there are many factors that can produce errors in the
measurements. The coils of the antenna were hand-wound with overlapping windings
and not a uniformly tight finish. This can have an effect on the inductance of the
antenna.

The test board used had parallel connectors rows with metallic sheets connecting
the individual connectors within the rows. Parallel metallic sheets act as an capacitor
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Signal generator| Oscilloscope

Figure 15: Test setup used in the GTEM measurements.

which introduces parasitic capacitances in the circuit.

Antenna displacement inside the GTEM cell was unavoidable due to the small
working space inside the cell. The antenna was positioned and turned by hand
instead of a mechanical system. Much care was nevertheless taken in getting a high
accuracy.

GTEM cells and the used GTEM cell in particular have specified test areas where
the device is placed [37]. Conducting material such as the satellite body or cables
outside this area can affect the test results. Such situations arose when the antenna
needed to be away from the metallic body or when the metallic body was rotated
along with the antenna.

Full exhaustive tests for the GTEM cell were not conducted. Previously done
testing for the cell in question was used instead. Dynamic range of the GTEM cell
used is 20 dB. The original tests made after the cell was built went only as low as 10

MHz. [37].
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4 Results

4.1 Simulations

The simulations were conducted in three different phases. First the simulation setup
was confirmed by obtaining RLC parameters from simple air-filled coils. Then the
same simulation was done to a ferrite rod antenna. After comparing the parameters
to theoretical values and finding that they are in agreement the satellite body was
added to the simulation. First a simple structure with only the outer edges of the
satellite aluminium body was used. Finally a more accurate model of the satellite
was used.

The ferrite rod and the coils were modeled as shown in figure 16. Due to
simulation technicalities caused by the tetrahedral mesh formation there is a tiny
gap between the ferrite rod and the coil. Likewise the coil windings have a small
separation between each other. Real copper wire also has a very thin layer of coating
of insulating material which is effectively the same what was modeled here.

2
ud

£s 2!
A A 0

9.40mm

76 .20mm

Figure 16: An example model of the ferrite rod antenna in CST MWS featuring two
coils (80 turns in the primary winding and 8 in the secondary winding), two ports
and lumped element networks.

In the simulation file the satellite body was modeled according to the specifications
that were discussed with professor Esa Kallio. The modeled parts (shown in figure
17) were the satellite body itself, camera compartment made of aluminium, UHF
antenna PCB and supporting structures related to the launch. Also shown in the
figure are three ferrite rod antennas that are placed in the location above the camera
compartment corresponding to the location shown in figure 12.

4.1.1 Skin and proximity effect

The proximity effect is caused by parallel wires in close proximity. An air-filled coil
was simulated to study proximity effect by increasing the distance between individual
windings by changing the coefficient K which determined the coil length as

lo = K2r,N. (54)

As the winding separation increases the coil start to resemble a straight wire which
would have zero resistance caused by the proximity effect. The simulated structure
parameters and results are shown in table 6.
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Figure 17: The model satellite in CST MWS used in this work with three ferrite

antennas.

Table 6: Simulated coil resistance (R) and reactance (X) for r,, = 0.15 mm, N = 10,

f = 5 MHz.

| K

1.05
1.1
1.2
1.3
1.4
1.5

W N

)
10
Straight wire

| R[] [ X [ |

0.304 | 15.1
0.203 | 14.9
0.258 | 13.8
0.246 | 13.8
0.229 | 12.7
0.213 | 10.4
0.182 | 8.6
0.181 | 7.31
0.180 | 6.29
0.148 | 4.91
0.133 | 5.02
0.103 | -

The simulated straight wire corresponds to a situation with no parallel effect. We
can see that for a tightly wound coil the proximity effect loss is approximately two

times as large as skin effect loss.
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4.1.2 Resistance and inductance

Simulations for coil resistances and inductances were done using two different sized
ferrite rods (35 x 5 mm and 76.2 x 8.636 mm) and air coils with corresponding
coil diameters. The ferrite material was modeled using parameters in table 5. By
assuming an idealized equivalent circuit where the antenna impedance consists of
only the coil inductance and series resistances their values are simple to determine
from the simulated Z-matrix. The frequency at which the values were taken was set
to 4 MHz but any other frequency could have been used as the values are compared
to the calculated values at the same frequency. In figure 18 the simulation results for
two air coils are shown and compared against theoretical calculations in equation (4)
and (14) the number of turns N as the variable.

5 mm diameter air coil 9.396 mm diameter air coil

10' 3107 10’ 10
= 10°F 10°% = = 10° =
&, L & L
8 3 8 8
s g 8 g
R [ S o
[7] > (%] >
[0 © [0 ©
ol 7 £ @4 =
Uy 10 10
N
10 2 L L L L 10—8 10—2 L L L 10—8
0 20 40 60 80 100 0 50 100 150
Number of turns Number of turns

Figure 18: Air loop resistances and inductances for the two simulated coils. The red
and blue crosses are the simulated inductance and resistance obtained from CST

MWS, respectively. The solid red and blue lines are theoretical values from equation
(4) and (14).

The simulated air coil inductance follows accurately the inductance approximation
given in 4. The difference from the theoretical inductance is 7 % and 3 % for 100 and
150 turns, respectively. The differences are not very significant considering assump-
tions and approximations made. The more important fact is that the inductance
dependence on the number of turns behaves as expected.

The resistance of the air coil matches the theoretical curve when the increase due
to proximity effect R,/Ry is set to 2.5 bringing the total resistance to 3.5 times that
of no proximity effect. Simulation results in table 6 had a proximity effect which was
two times the skin effect resistance.

Figure 19 shows simulation results for the chosen ferrite rod antennas with
different number of turns. The figure shows that the inductance of the ferrite rod
antennas closely matches the calculated value. This suggests that the ferrite material
was modeled correctly by using the CST MWS software and that the coil acts as
an inductor. The inductance for the two different rods is 90 % and 97 % of the
theoretical value when the coils have 100 turns.
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Figure 19: Ferrite rod coil resistances and inductances for the two simulated coils.

See figure 18 the description of marks and lines. Theoretical inductance is from
equation (5).

The ohmic losses become very high with larger coils and cannot be explained
by theoretical skin effect resistance and ferrite core resistance alone. In figure 20
the excess resistance in addition to the skin and proximity effect of an air coil is
interpolated and compared to the calculated ferrite losses. In the smaller rod these
losses increased more rapidly. The reason for this excess loss can be due to the
way the tetrahedral mesh is formed or the simulation is performed when the coil is
large. It can also be some real physical process that has been omitted in the analysis.
Overall as the results show the simulations seem to give accurate results and as the
other processes mentioned earlier are known this excess loss can be isolated if needed.

Increase of losses in simulations
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Figure 20: Simulated losses other than skin and proximity effect (Regcess) relative

to the calculated ferrite losses (Rfcqic). The blue and red lines represent the two
simulated ferrite rod antennas whose dimensions are given in the figure.

In summary the air core simulations matched the theory very well. The increased
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ohmic losses can be explained by the proximity effect. In ferrite rod simulations
the losses are higher than expected when the coil becomes larger. Further study
to determine the origin of these losses is needed but even at this point they don’t
disqualify the simulation results.

4.1.3 Ferrite rod antenna

Three antennas from table 4 were simulated separately using 16.5 pF parallel capaci-
tance to tune them to 1.5 MHz, 3.0 MHz and 5.0 MHz respectively. The pick-up
coil had two turns for every antenna and was placed one wire length away from the
main coil like is shown in figure 16. Both plane wave and port excitation were used.
Some defining parameters of the antenna are collected in table 7. Both calculated
and simulated values are given for each antenna. The resonance frequency is the
frequency where the other parameters are calculated or obtained from simulation
results.

Table 7: Simulated and calculated antenna parameters. Calculated results are from

the frequency response of the antenna using equation (40). Simulation results are
from CST MWS.

Antenna 1 Antenna 2 Antenna 3

Calc. ‘ Sim. Calc. ‘ Sim. Calc. ‘ Sim.

fo [MHz| 1.495 | 1.515 || 3.041 | 3.041 || 4.985 | 5.379

Af [kHz] 43 45 229 257 744 880

Q 34.8 33.7 13.3 11.8 6.7 6.1
he [m] 0.0093 | 0.0038 || 0.0098 | 0.0031 || 0.0099 | 0.0028
E(Uout,min)[dBuV/m] || 65.68 | 73.35 | 65.49 | 75.13 | 65.42 | 75.95
E(Uput min)[mV /m] 1.92 4.65 1.88 5.71 1.87 6.27

The results show that the resonance frequency and bandwidth from simulations
are close to the calculations. The first antenna shows a relatively narrow bandwidth
but the other two antennas have a much wider bandwidth. The turn ratio 26:2
for antenna number 3 doesn’t decrease the high inductive component of impedance
enough for a narrow matching. This is due to two factors: the capacitance range of
the varactor and the required minimum signal strength. For example using a smaller
rod but with a larger coil in antenna number 3 the bandwidth could be narrowed at
the cost of signal level. Similarly the currently used rod in antenna number 3 but
with a larger coil and a lower capacitance for the same resonance frequency would
produce a narrow bandwidth with the maximum voltage output.

The antenna effective height is similar for all antennas which comes from the
signal strength requirement. The calculated effective height is approximately three
times the simulated one. The voltage ratio between the main and pick-up coil is
slightly lower for simulated antennas. This is because the calculations (c.f. equation
(40)) assume a coupling coefficient of 1 between the coils. The additional voltage
drop indicates that the coupling coefficients in the simulations were 0.75, 0.85 and
0.85, respectively.
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The electric field strength for Uyt mi, means what is the required minimum field
strength level for the radio receiver. The minimum level varies approximately between
4 -6 mV/m.

Table 8: Simulated and calculated antenna parameters with improved matching.

Antenna 1 Antenna 2 Antenna 3
Calc. ‘ Sim. Calc. ‘ Sim. Calc. ‘ Sim.
Cnm 1000 pF 500 pF 200 pF

fo [MHz| 1.483 | 1.508 || 2.871 | 2.992 || 4.828 | 5.211

Af [kHz] 6 10 39 50 63 108

Q 247.17 | 150.80 || 73.61 | 59.84 || 76.63 | 48.25
he [m] 0.0373 | 0.0123 || 0.0494 | 0.0071 || 0.0987 | 0.0072
E(Uout,min)[dBuV/m] || 53.57 | 63.22 51.12 | 67.99 || 45.11 | 67.85
E(Uout min)[mV /m] 0.48 1.45 0.36 2.51 0.18 2.47

To improve the matching a capacitor C,, was added in series with the pick-up
coil. Table 8 shows the effect it had on antenna parameters. Using a matching
capacitor can be seen to improve the performance of all three antennas. The resonance
frequency stays relatively unaffected but the bandwidth is decreased. The effective
height of the antennas is increased and the minimum field strength required is 8 — 10
dB less than previously.

4.1.4 Mutual interference

The 76.2 x 8.636 mm rods with identical 70:2 turn ratio for coil windings were used
to determine their mutual interference. To get a reference level for resonance and
voltage levels a single antenna was simulated alone. The different coil configurations
were illustrated in figure 11. The distance between the antenna elements means the
distance from antenna center point for parallel configurations. When the antennas
are perpendicular to each other the second antenna is rotated 90 degrees and moved
so that the antenna center points are now square root of the original distance away
from each other.

Table 9 shows how increasing the separation with a perpendicular configuration
weakens the interference between the antennas compared to the reference levels. At
30 mm separation (42.4 mm between center points) the effect very noticeable. The
signal level is attenuated over 3 dB meaning that more than half of the power is lost.
The bandwidth is also more then double than the reference value.

The 30 mm distance was also simulated for all remaining configurations shown
in figure 11. The results are shown in table 10. First observation is that when
antennas are placed in parallel the mutual interference is almost non-existent. Both
configuration number 1 and number 2 have very similar results. Closing the distance
between parallel antennas increases the resonance frequency 6 % when the antennas
are 10 mm apart. The ferrite rod antenna concentrates magnetic field lines and
causes minimal field distortion in parallel elements.
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Table 9: Coil test configuration number 3, where the effects of the separation of
ferrite antennas from each other was investigated.

’ Separation [mm] ‘ Uout/Uout,ref [dB] ‘ fO/fO,ref [%] ‘ A.}C()/Afo,ref [%] ‘

30 -3.53 95.6 2129
40 -0.95 95.6 123.1
50 -0.20 96.7 108.6
60 -0.08 97.0 102.1

Table 10: Two antenna mutual interference. Separation is 30 mm. See figure 11 for

illustrations of the coil configurations.

| Coil configuration | Usu/Usutres [AB] | fo/ forer [%] | Afo/Afores [%] |

1 0.22 97.8 102.6
2 0.20 97.6 102.4
3 -3.53 95.6 212.9
4 -3.57 95.0 212.4
) -3.39 95.6 226.5
6 -4.25 95.6 2324

Perpendicular configurations all have very drastic effects compared to parallel ones.
All configurations have similar levels of attenuation and widening of the bandwidth.
Similar to parallel cases the resonance frequency also drops slightly. Configurations
number 3, number 4, and number 5 are more or less equal with minor variations.
Configuration number 6 has the highest attenuation and widest bandwidth making
it the worst option.

Overall parallel antennas seem to perform better next to each other than perpen-
dicular ones. These are also the worst case scenarios when the antennas are tuned to
the same frequency. There are some solutions to minimize mutual interference. One
option is to operate antennas in such a way that their resonance frequencies are never
close to each other. This can be written in the radio control software measurement
modes. This eliminates the possibility to measure same frequency with two antennas.

One solution in minimizing mutual interference is to measure with only one
antenna at a time. This can be made by adding a method to disable the antenna
RLC circuit such as a switch in series with the coil. The simulations confirm that
by making the resonant circuit effectively an open circuit reduces the interference
(simulation results not shown). However, using this kind of method increases the
complexity in both the circuit and how the antennas are operated. Moreover,
simultaneous measurements are then not possible.

4.1.5 Simple satellite body

The prototype measurements conducted with the GTEM cell used a hollow aluminium
structure with open ends that had external dimensions of 200 x 100 x 100 mm and a
thickness of 2 mm. This was modeled in CST MWS to make the comparison between
simulations and measurements possible.
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Figure 21 shows how E- and H-fields from an incident plane wave interact with
the aluminium structure at 3.33 MHz. The plane wave E-field magnitude is 1 V/m
away from the structure. The incident wave is very effectively attenuated and the
antenna cannot be positioned very deep into the structure. Also the magnetic field
strength is slightly stronger below and above the satellite body. This would suggest
that the positions shown in figure 12 outside the satellite might be a worthwhile
effort.

Figure 21: Simulated E-field (left figure, unit dB[1 V/m]) and H-field (right figure,
unit dB[1 A/m]) strengths (y- and x-directed respectively) on a 2D-plane at x =
0. The structure was centered at (x,y,z) = (0,0,0) with the long sides along z-axis.

E- and H-field were y- and x-directed, respectively. Simulations was made in CST
MWS.

Figure 22 shows how the antenna output is attenuated when the antenna is moved
inside the metallic body. The edge of the body is at 100 mm where the attenuation
relative to free space is approximately 3 dB. The dashed line corresponds to the
situation which was measured with the prototype and where the antenna center is 10
mm from the metallic body. The two cases have a similar attenuation curve relative
to the z-position but the proximity to the body detunes the antenna resonance.

4.1.6 Antenna position

To determine the usable antenna positions the full model of the satellite shown in
figure 17 was used here. The antenna position was swept along the places shown
in figure 12. The antenna was placed in the middle of the satellite on x-axis. The
antenna used in the simulations was a 35 X 5 mm rod that had 70 turns in the
main coil and 2 turns in the pick-up coil in parallel with a 20 pF capacitance. This
corresponds to a resonance frequency of approximately 3.3 MHz. The reference level
was set on the camera side of the antenna at 105 mm from the satellite center which
is where the antennas ends are barely visible from the side. The antenna cannot be
placed any further due to constraints set by the launch requirements.
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Figure 22: Result of the voltage (full lines) and frequency response (dashed lines)
when moving the antenna along z-axis. Positions smaller than 100 mm are inside
the aluminium structure. See figure 12 for the z- and y-axis definitions. Simulation
was made in CST MWS.

In the analysis several simulations were made in CST MWS to study the response
of the antenna. If an extension mechanism is used then the antennas might be placed
outside the satellite body approximately 4 cm off the sides (y = £90 mm) of the
satellite. On the camera side by varying the z-position from -60 to -140 mm the
voltage gain to the reference level varies 2.2 — 2.9 dB. Similarly, when on the UHF
antenna side the z-position was varied between 60 — 140 the voltage gain was 2.4 —
3.0 dB. On the UHF side of the satellite the printed circuit board is at z-level -92.5
mm. When the antenna was placed above the PCB at z-level -100 —-105 mm the
signal level was 1.5 — 2.0 dB above the reference level.

On the camera side when the antenna was moved along z-position 100 mm the
signal level decreased to -1.5 — 1.4 dB. At z-position 95 mm the level was further
reduced to -2.5 — -2.3 dB. Based on these tests the conclusion is that the antenna
should be positioned at the maximum allowed level away from the satellite center.

It should be noted that these results do not take into account the interference
originating inside the satellite. Placing the antenna outside the satellite gives the
best signal level but in addition the interference is reduced as the satellite effectively
attenuates signals.

4.1.7 Three antennas with the full satellite model

The chosen three antennas were simulated using the full satellite model. The antenna
placement is shown in figure 23. The z-position of the antennas was 100 mm which
leaves the antennas half visible from the side. The antenna y-position was set to -5
mm, 15 mm and 35 mm. The order of the antennas was varied and the order which
produced the least mutual interference and the most accurate frequency response
when the order was 3, 1 and 2 (see table 4) in figure 23 from top to bottom.

The antenna tuning capacitance was set to 16.5 pF which is the same as for the
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Figure 23: Positioning of the three antennas in the CST MWS simulation.

individual antenna simulations. A plane wave was excited and the output voltages
of the antennas were observed. In figure 24 the earlier simulated antenna frequency
responses in free-spaces are compared with the measurements where all three antennas
are present.

Frequency response of the three antennas
T T T T T T
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Figure 24: Antenna frequency responses. Full line indicates individual free-space
simulations and dashed line simulations with all three antennas at the same time on
the satellite.

All three antennas have their voltage output attenuated which means that the
minimum receivable field strength is increased. The resonance frequency and the
bandwidth are also changed. These are listed in table 11 which can be compared
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with the free-space simulations in table 7. The free-space minimum field strength was
approximately 4 — 6 mV/m without the matching capacitor C,,. With the satellite
and other antennas present the minimum level rises to 7 — 10 mV /m.

Table 11: Antenna parameters with the satellite model when all antennas are used
at the same time.

| Antenna 1 | Antenna 2 | Antenna 3 |
7o [MHZ] 1.452 3.187 5.344
Af [kHz] 29 255 629
EWwtmin) [ABpV/m] | 79.87 775 7728

4.2 Prototype

Figure 25: Prototype inside an aluminium body next to Si4743 development kit.

To support the simulations a protype was built using a 76.2 x 8.636 mm ferrite
rod. The main coil had 80 turns and the pick-up coil 8 turns. From equation (5)
the inductance of this coil was calculated to be 416 uH. The copper wire used had
a wire radius of 0.15 mm. Figure 25 shows the prototype placed inside a metallic
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body. Also shown is a development kit for the radio IC with a BNC connector for
the antenna. The development kit enables the testing of the antenna as a part of the
radio receiver which is out of scope of this work.

4.2.1 Resonant circuit with four varactors

The prototype was tested using four SMV1251 or SMV1253 varactors in a config-
uration shown in figure 4. A voltage source was used to input 0 — 8 V voltage to
varactor cathodes which according to the datasheets would give a capacitance range
of 2.79 — 53.65 pF and 3.28 — 69.32 pF respectively. A signal generator was placed
in series with the coil to simulate the induced voltage U,.; from an electromagnetic
field (Ugpy in figure 4).

The voltage source was set to a voltage that had a corresponding capacitance
given in the datasheet. The signal generators frequency was swept to find the
resonance frequency when the antenna output voltage was the highest. By knowing
the inductance of the coil the capacitance in the circuit can be determined from
equation (2). In figure 26 the capacitance curves for both varactor types are shown.

SMV1251 capacitance response SMV1253 capacitance response

10710 1070

——Measured ——Measured
—— Datasheet —— Datasheet
— Corrected — Corrected

10—11, 10—11,

Capacitance [F]
Capacitance [F]

10712 . . . 1012
0 0

Voltage [V] Voltage [V]

Figure 26: Measured capacitance of the varactors compared to the datasheet values.
See text for details.

For both varactors it can be observed that that capacitance value saturates when
the voltage is set higher. This is most likely due to parasitic capacitances in the
prototype circuit that become larger than the varactor capacitances. The measured
curves were corrected by applying a parasitic capacitance of 3.8 pF and 8.3 pF
respectively. The corrected curve now accurately gives the same values as in the
datasheet when the voltage is high. The high capacitance values are still off but the
overall capacitance trend corresponds to the hyperabrupt junction doping profile in
equation (51).

The varactor layout behaves as expected by having the correct capacitance
isolating the coil from the regulation voltage. Parasitic capacitances in the RLC circuit
lower the maximum usable frequency with the varactors. As the capacitance ratio
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(highest and lowest capacitance) also decreases, the frequency range of the antenna
becomes narrower. This fact needs to be taken into account when manufacturing
the actual printed circuit board where the varactors are placed.

In the simulations and for determining the antenna frequency ranges it was
assumed that the maximum voltage available for the varactors is 3.3 V. The varactors
are capable of even lower capacitance values as shown with higher voltages. Different
capacitance ranges are also possible to achieve by simply placing additional varactors
in parallel with the four varactors. They must be added in pairs to keep the circuit
stabile.

4.2.2 Mutual inductance between the main and pickup coil

The coupling coefficient of the same prototype coil was determined by measuring how
the resonance frequency from the main coil output changes depending on whether the
secondary pick-up coil was shorted (Z; =~ 092) or open (7, very high). The voltage
over the varactors, Ug, was varied to change the capacitance for obtaining several
measurement points. Table 12 lists the measured coupling coefficient obtained using
equation (38).

Table 12: Measured coupling coefficient. f, and f, are resonance frequencies when
the pick-up coil is an open and short circuit, respectively.

Ur (V) | f, (MHz) | f; (MHz) k
0.0 1.3 1.45 0.443
0.5 1.3 1.46 0.455
1.0 1.33 1.59 0.548
1.5 1.48 1.79 0.563
2.0 1.61 2.00 0.572
5.0 2.04 2.46 0.559

Calculated inductances of the two coils were 416 ¢H and 7 pH. From equation
(38) the mutual inductance is between 24 — 31 puH. The coupling coefficient is
approximately 0.5. This means that the voltage transform is about half of an ideal
transformer. Likewise the impedance transform is 1/ V2 compared to an ideal case.
The change in impedance can lead to a better matching and a higher voltage output
if the decrease in voltage reflection is greater than the decrease in voltage level.

4.2.3 Frequency response

Two 33 pF capacitors were used in parallel to give the antenna a total of 66 pF
capacitance. At the measurement point the GTEM cell cavity height (floor to septum)
was 30 cm. The input power to GTEM cell was 13 dBm. According to equation
(53) this corresponds to electrical field strength of 3.3294 V/m. The frequency
response is shown in figure 27. The input impedance of the oscilloscope was 1 M.
A corresponding antenna was also simulated in CST MWS.
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Frequency response of the antenna
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Figure 27: Measured frequency response (blue line) of the single prototype antenna
compared with the simulation in CST MWS (red line).

The resonance frequency for the measured antenna was 964 kHz. The output
voltage was -19.25 dBV and the bandwidth 8 kHz. In comparison the simulated
antenna had a slightly higher resonance frequency at 990 kHz with a 6 kHz bandwidth.
The simulation gave -16.64 dBV output voltage, which is 2.61 dB higher then the
measured voltage.

The comparison between the measurement and simulation shows that the simu-
lation methods used give accurate results considering the sources of measurement
error discussed earlier.

4.2.4 Radiation pattern

The measured radiation pattern from multiple measurements is shown in figure
28. The black solid line is the theoretical radiation pattern of an electrically small
antenna (sin #). The measurements were done with and without the aluminium body
shown in 25 and the measured pattern was unaffected.

The measurements have the predicted trend but the attenuation towards the
theoretical null settles to approximately -10 dB. It is possible that something else
than the coil in the prototype picked up signal from the electric field. The half-power
bandwidth 90 degrees which is expected for an electrically small antenna.

4.2.5 Signal attenuation inside the satellite body

Figure 29 gives the attenuation of the signal when the antenna is moved relative
to the satellite. The edge of the metallic body is set at 100 mm. The antenna was
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Figure 28: Measured (circles) and theoretical sin @ (lines) radiation pattern of the
prototype antenna.
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Figure 29: Measured (blue line) and CST MWS simulated (red line) attenuation
caused by the metallic structure. Position corresponds to the z-axis position of the
antenna (see figure 12).

10 mm off the structure floor. At that point the measured signal relative to free
space signal level was -3.05 dB. The measurements can be seen to be in quite well
agreement with the simulation results except when at the lowest voltage levels when
the antenna is the furthest inside the structure.
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5 Summary

In this thesis ferrite rod antennas were studied for Suomi 100 satellite radio instrument
operating in the medium and high frequencies measuring radio emissions. The
frequency range was specified by the satellite project team from about 1 MHz to 6
MHz. The main steps in the design process were the theoretical analysis of the antenna
structure and the simulation of structures derived from theoretical formulas. The
simulation process was formed of steps with an increasing complexity to understand
the operation of the antenna better and also confirm that the theoretical background
is accurate. The simulation results were compared to measurements done with a real
prototype antenna. The measurement device used was a GTEM cell which produces
a planewave inside the structure. A GTEM cell is an alternative to anechoic chamber
tests.

The antennas are designed to receive electromagnetic emissions in general but
also AM broadcasts. AM broadcast long distance transmission is highly dependent
on ionospheric conditions which determine the propagation path of the signal. The
received signals or the absence of them gives information about the opacity of the
ionosphere at those frequencies. This way the radio will give information about
the ionosphere maximum electron density. AM transmitters have a wide range of
transmit powers from a few kilowatts to megawatts. Electric field strength levels from
more powerful broadcasts should be expected to be in the range of a few millivolts
per meter. This also the required minimum level of field strength that the antennas
must be sensitive enough to receive.

The limited space inside and around the Suomi 100 nanosatellite sets limitations
to the antenna size. The properties of the used ferrite material enable the ferrite
rods to be small enough that they can fit in the satellite. From the latest satellite
design a few possible locations for the antennas were explored to determine the effect
the satellite has on the antennas and which locations have the best reception.

Three antennas were chosen to cover the requested frequency range. The specific
rod and coil size for each antenna gives the highest output voltage in their frequency
range. The theoretical formulas were used to iteratively maximize output according
to figure 10. Then the structures were modeled in CST MWS simulation software.
Simulations were first used to analyze individual components of the equivalent antenna
circuit. The simulations confirmed that the coil inductance is accurately predicted
in theoretical formulas. For ohmic losses the individual contributions from different
loss sources are difficult to determine. Theory provides simple analytical answers
to only the skin effect loss and the loss caused by the power absorption in ferrite
core. A major loss source is the proximity effect which is difficult to determine
analytically and which was observed in the simulations. The simulations also showed
an additional loss source that couldn’t be attributed to the theoretical losses. It
can either be caused by an omitted physical process or an accumulated error in the
simulation.

The available ferrite rods are small enough to be used in a nanosatellite. Based on
the calculations and simulations sensitive enough antennas can be built. The expected
signals levels are weak even from high power transmitters due to the long propagation
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path which can be much longer than the direct link between the transmitter and the
satellite due to the ionospheric refraction of the signal as a skywave.

The approximate field strength that is measurable by the antennas in free space is
1.4 — 2.5 mV/m. By improving the matching of the antenna this field strength level
can be lowered. The simple pick-up coil is an adequate way to match the impedance
but additional circuitry can be used. The results show that using a single capacitor
for matching improved the output level by 8 — 10 dB. Further improvements in the
matching design can be investigated.

Measurements with the GTEM cell confirmed that the results from theory and
simulations are in agreement with real ferrite rod antenna measurements. The
inductance equation used accurately predicted the real inductance of the built
prototype antenna. The frequency response, radiation pattern and the effect of
the satellite in both frequency detuning and attenuation follow the theoretical
predictions. The measurements validate the used theory and simulation methods.
The used electromagnetic simulation software CST MWS can be used for future
development in this satellite project. The satellite is still in development and changes
in the design are easier to be taken into account by using simulations.

Antenna positioning in the satellite has not yet been finalized. Three areas have
been selected that are suitable for a three antenna configuration. Antennas can be
placed on either end of the satellite in the free space close to the edge of the satellite
body. Another option is to create an extension mechanism that allows the antennas
to be extended outside the satellite. If the extension mechanism is not feasible the
antennas should be placed in parallel with each other to reduce any possible mutual
interference. With the extension mechanism the antennas are far away from each
other and any interference is negligible. As the results show there is a meaningful
difference in the antenna response in favor of placing them outside the satellite. This
option should be kept for future considerations. The main issue is the mechanical
complexity of such mechanism. It must be constructed in a way that in the case
of a mechanical failure the antennas at all times are positioned in a way that their
performance is at an acceptable level. Further studies and designing needs to be
conducted for that option to become feasible.

The chosen three antennas fulfill the two main requirements: coverage of the
frequency band from approximately 1 to 6 MHz and a sensitivity that is also able to
receive strong AM broadcasts. Future development of the antenna should investigate
how the upper frequency limit could be extended. For example the EISCAT heater
also operates on higher frequencies than the antennas in this work can be tuned to
[33].

In the future the whole satellite will and the antenna will undergo standard tests
for satellites. These include vacuum and vibration tests. The antenna has to be
made of low-outgassing materials. Structurally the antenna and radio have to be
secure so that launch vibrations won’t damage the instrument or the satellite. In
this thesis no supporting structures for the antennas was suggested. Such structures
should be designed by using materials that do not affect the antenna performance.
In any case the design needs to be revised for any structural changes.

Here three antennas are used to cover the desired frequency band. Three separate
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antennas provide some redundancy if for example one of the antennas ceases to
operate properly due to mechanical failure although the have different frequency
ranges. The frequency coverage can be fulfilled with a single antenna as well. To
make a single antenna resonant the required capacitance range is noticeably larger.
This can be achieved by using a more sophisticated tuning network than what was
used in this work. By using a single antenna the mutual interference issues become
non-existent, the mass of the satellite is reduced and the space required for the
antenna is also reduced.
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