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Abstract

This dissertation presents new incoherent scatter radar measurement techniques and
data analysis methods. The measurements used in the study were collected by connect-
ing a computer-based receiver to the EISCAT (European Incoherent SCATter) radar on
Svalbard. This hardware consists of a spectrum analyzer, a PCI-bus-based programmable
digital I/O card and a desktop computer with a large-capacity hard disk. It takes in the
70-MHz signal from the ESR (Eiscat Svalbard Radar) signal path and carries out down-
conversion, AD conversion, quadrature detection, and finally stores the output samples
on hard disk. The effective sampling rate is 1 MHz, large enough to span all the fre-
quency channels used in the experiment. Hence the total multichannel signal was stored
instead of separate lagged products for each frequency channel, which is the procedure in
the standard hardware. This solution has some benefits including elimination of ground
clutter with only a small loss in statistical accuracy. The capability of our hardware in
storing the incoherent scatter radar signals directly allows us to use very flexible and
versatile signal processing methods, which include clutter suppression, filtering, decod-
ing, lag profile calculation, inversion and optimal height integration. The performance
of these incoherent scatter radar measurement techniques and data analysis methods are
demonstrated by employing an incoherent scatter experiment that applies a new binary
phase code. Each bit of this code has been further coded by a 5-bit Barker code. In the
analysis, stochastic inversion has been used for the first time in decoding Barker-coded
incoherent scatter measurements, and this method takes care of the ambiguity problems
associated with the measurements. Finally, we present new binary phase codes with cor-
responding sidelobe-free decoding filters that maximize the signal-to-noise ratio (SNR)
and at the same time eliminate unwanted sidelobes completely.

Keywords: Incoherent scatter, Ionosphere, Filtering, Modulation





Preface

Science may be described simply as a human endeavor to reconcile his world of
thought with his real world (world of experience). Nature reveals itself in a variety
of ways and humans have created different disciplines to study them in a suitable
and practical manner. It is difficult, if not impossible, to learn all of these subjects
sufficiently in one’s life time despite the temptation one might have in understand-
ing everything. This means that a choice has to be made in accordance with one’s
interest and ability, among other things.

There is a popular saying that ”Destiny is not a matter of chance; it is a matter
of choice. It is not a thing to be waited for; it is a thing to be achieved.” In this
regard, it is indeed hard for me to pinpoint the choices I made in my previous
life that eventually got me into space physics. However, the precursor for the
conception of the present work is the course I have taken at UNIS (University
Center on Svalbard) in Norway on the radar diagnostic of space plasma. This was
possible thanks to the scholarship opportunity by the Norwegian government. The
course covered many topics that intrigued me including techniques of extracting
useful information from almost completely random signals that are also corrupted
by instrumental noise. Having said that, it is not surprising that I joined the Space
Research Group at Oulu University to pursue my PhD and the rest is history, as
they say.

This dissertation presents new incoherent scatter measurement techniques and
data analysis methods. Section 1 describes electromagnetic waves in brief and
section 2 reviews basic theory of incoherent scatter and also ambiguity functions.
Most of the contents of these two sections can be considered as ”common knowl-
edge” in the ionospheric science community. The descriptions of our work start
in section 3, which presents new data acquisition and analysis systems for inco-
herent scatter radars and section 4 is devoted to decoding of incoherent scatter
radar data by means of mathematical inversion. Section 5 deals with how one can
choose optimal binary codes and corresponding decoding waveforms that do not
produce unwanted sidelobes. In section 6 we propose some possible future research
directions. Finally, a short summary for the original papers and the author’s con-
tributions are presented in section 7.

The present work was carried out in the Department of Physical Sciences at the
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1. Introduction

1.1. Introductory remarks

A layman does not often get the feel of research topics discussed in most of doctoral
dissertations presented in public. Presumably, the reason is chiefly the technical
nature of scientific presentation. However, it is the author’s opinion that this is
also partly due to the lack of a general introduction on the subject matter, which
makes a layman easily frustrated when confronted with technical details.

It may be possible to captivate the reader’s mind and to allow her or him to get
at least an overall picture of the research topic by starting with a brief and an easily
understandable introduction. However, there may be risks involved in this kind of
rather precarious action. Firstly, it is very hard to present a chronologically and
conceptually consistent account on a very general topic in practice, and one may
create a void in the mind of a layman by failing to mention the most important
and profound work that is crucial in understanding the subject. Secondly, a very
general introduction usually tends to be elementary in nature, and this may not be
interesting to advanced readers. Obviously, some kind of compromise is needed.
The author hopes that the introductions in the following sections strike somehow
a balancing act. We start with a brief introduction on electromagnetic waves
and incoherent scatter radar and then narrow down to the topics of the present
dissertation, which include new data acquisition and analysis systems, decoding
by means of inversion and also new coding and decoding waveforms.

1.2. Electromagnetic waves in brief

The discovery of electromagnetic waves was no doubt one of the most significant
achievements of physics in the 19th century. Their existence was anticipated ear-
lier by Michael Faraday. However, a proper theory that predicted the presence of
electromagnetic waves was formulated by Maxwell in 1864. Unlike Gauss, Ampère
and Coulomb, who approached electromagnetism principally via a mathematical
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analysis of charges as sources of action-at-a-distance, Maxwell formulated his the-
ory of electromagnetism in terms of field equations. It turned out to be convenient
to formulate the actions of currents, magnets and charges indirectly via the field
concept.

The electromagnetic field characterizes the actions produced by its source in a
suitable manner. This is possible by applying Maxwell’s equations which can be
expressed, in the absence of magnetic or polarizable media, in the following way:

∇ · E =
ρ

εo

(1.1)

∇×E = −
∂B

∂t
(1.2)

∇ · B = 0 (1.3)

∇× B = µoj + εoµo

∂E

∂t
, (1.4)

where E is electric field vector, B is magnetic induction, j is current density, ρ is
charge density, εoµo = 1/c2. Here c is the speed of light.

Maxwell’s equations govern the evolution of an electric and a magnetic field. To
put it somewhat differently, Maxwell’s equations enable us to follow the history
of an electromagnetic field, just as the mechanical equations enable us to follow
the history of material particles. The field concept, which was once considered
as a convenient representation of action-at-a-distance forces, is now treated as a
physical entity in its own right.

Electromagnetic waves are created by the oscillation of an electric charge. This
vibration creates a wave which has both an electric and a magnetic field compo-
nent. By thorough mathematical analysis of Maxwell’s equations, one can describe
the characteristics of the field surrounding a vibrating charge, its structure near
and far from the source (spatial evolution) and its change with time. The outcome
of such a rigorous analysis has showed that an electromagnetic wave radiates from
the vibrating charge traveling through a vacuum at a speed of 3.00 × 108 m/s,
which is equal to the speed of light.

It is widely accepted that the existence of electromagnetic waves has been proved
experimentally for the first time by Heinrich Hertz in the late 1880s, thereby
confirming the prediction of Maxwell’s theory of electromagnetism. It is not very
surprising that the discovery of electromagnetic waves led to the development of
radar (radio detection and ranging), radio, television, et cetera.

Radar is one of the most important remote sensing instruments with many
applications on scale sizes that vary from a few centimeters to long-range systems.
The development of a modern radar is a long story. No single researcher can
be credited for inventing the radar. In fact, people in different places developed
working radar systems separately and nearly simultaneously. For example, it is
documented that successful pulsed radar systems were developed independently in
the United States of America, the United Kingdom, Germany, and France during
the latter 1930’s. However, there is no doubt that the experiment conducted by
Heinrich Hertz was a major achievement that led to the invention of radar. Hertz
observed the behavior of electromagnetic waves and showed that they are capable
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of being reflected from solid objects. He also developed a system to measure the
speed of these waves.

Breit and Tuve are credited for measuring the height of the ionosphere by means
of radar in 1925. This was possible by employing the principle of pulse ranging
which chiefly characterizes modern radar systems. Following this successful exper-
iment and others, a considerable effort has gone into research and development of
radar, which has now become a standard method of remote sensing. The expanding
applications of radar have significantly attracted the interests of many researchers,
developers, governments, et cetera. Especially, the realization of the huge poten-
tial of radar for military purpose has triggered many researchers around the world
to undertake extensive further research and development programs. Consequently,
the initial purpose of detecting objects and their ranges is nowadays only a part of
radar’s function, as radars are also used for tracking the motion of an object, for
determining some properties of an object, even for identifying an object, et cetera.

Somewhat in line with this seemingly continuous expansion of radar applica-
tions, the first incoherent scatter radar system was built in the late 1950’s. The
performance of an incoherent scatter radar has been improving ever since with the
advance of science and technology. Perhaps the advances in the incoherent scatter
radar measurement technique in the last couple of decades have been predomi-
nantly the results of research on modulation schemes and data analysis methods.
This dissertation may also be considered as a continuation of the research on
these topics and it presents further new developments on incoherent scatter radar
measurement data acquisition and analysis systems.

1.3. Radar system

A radar has many parts or subsystems. Detailed descriptions of the various com-
ponents of a radar system can be found in Kingsley and Quegan [1992]. A simple
radar usually comprises a transmitter and a receiver. The T-R switch connects
the antenna to either the transmitter or to the receiver at appropriate times. The
frequency synthesizer provides a carrier signal for the radar. In the transmitter, a
mixer is used to vary the carrier signal in accordance with a modulating waveform.
A mixer is also used in the receiver to extract the modulating waveform. This is
possible by mixing the received signal with a replica of the carrier signal and then
passing it through to a low pass filter.

An antenna is used for transmitting and receiving signals. Moreover, the an-
tenna dictates the shape of the transmitted beam. The beamwidth θ (in radians)
of an aperture antenna of size D, operating at wavelength λ is approximately given
by

θ =
λ

D
. (1.5)

The antenna beams the power in a certain direction and this property is known
as the power gain of the antenna. One can estimate the gain G(θ, φ) of a lossless
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antenna by

G(θ, φ) '
4π

∆θ∆φ
, (1.6)

where ∆θ is the width of the beam in the azimuth direction (in radians) which is
measured clockwise from the north, ∆φ is the width of the beam in the elevation
direction. The maximum gain Go is given by

Go =
4πAe

λ2
, (1.7)

where Ae is the effective area of the antenna. One should remember that the
effective area of the antenna is not necessarily defined by its physical area.

The quantitative relation between the transmitted and received power is often
described by means the radar equation. For example, the received power (Pr) in a
monostatic radar due to the scattering of power by a point target can be estimated
by

Pr =
PtG

2
oσλ

2Ls

(4π)3R4
, (1.8)

where Pt is the peak power of the transmitter, R denotes the range of a target,
σ is the radar cross-section of a target, and Ls is the loss factor. It is important
to notice that incoherent scatter targets are normally beam filling and hence the
radar equation for a point target is not quite what one needs.

1.4. Some characteristics of radar signals

Let us consider a single frequency transmission from a monostatic radar. Usually
the transmitted radar signal comprises a slowly varying waveform superimposed
on a rapidly oscillating sinusoid and hence it can be described mathematically by

s(t) = ε(t) cos[2πfot+ φ(t)], (1.9)

where ε(t) is a modulating waveform, φ(t) is a phase and fo is a transmission
frequency. For example, Fig. 1.1 demonstrates how a modulating waveform (mid-
dle panel) modifies the carrier signal with a frequency of 20 MHz (top panel) to
produce the waveform in the bottom panel. Here we assumed that φ(t) = 0. The
modulated pulse in the bottom panel contains an information about the carrier
signal and the modulation scheme.

Eventhough all transmitted and received radar signals are real-valued, it is
convenient to carry out radar signal processing in a complex domain. Therefore
Eq. 1.9 can be written as (assuming ε(t) is real)

s(t) = ε(t)<
(

ei[2πfot+φ(t)]
)

, (1.10)

where < indicates real value. The backscattered signal z(t) from a stationary point
target at the antenna of the receiver can be described by

z(t) = Aos

(

t−
2R

c

)

= Aoε

(

t−
2R

c

)

<
[

ei(2πfo[t− 2R

c
]+φ[t− 2R

c
])
]

, (1.11)
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where Ao is an attenuation factor (a scaling factor). For a moving point target,
Eq. 1.11 becomes

z(t) = Aos

(

αt−
2R

c

)

= Aoε

(

αt−
2R

c

)

<
[

ei(2πfo[αt− 2R

c
]+φ[αt− 2R

c
])
]

, (1.12)

where α = (1 − v/c)(1 + v/c).
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Fig. 1.1. Top panel: Carrier signal, cos(2πfot). Middle panel: Modulating

signal, ε(t). Bottom panel: Modulated signal, s(t).



2. A brief review of an incoherent scatter radar

A widely cited theoretical work by Gordon [1958] can be considered as a precursor
for the development of the modern incoherent scatter radar, which has now become
one of the most powerful instruments in ionospheric research. Gordon suggested
that with a sufficiently large antenna and a high-powered radar system the scat-
tering of a radio wave from the ionospheric electrons should be detectable. The
basic principle that underpins his calculation is the Thomson scattering [Thom-
son, 1906]. Before Gordon’s work, it was thought that Thomson scatter from
ionospheric electrons is not detectable.

The first reported incoherent scatter measurement was made by Bowles [1958]
in a milestone experiment conducted in the United States of America. A radar
with a 41-MHz frequency and a peak power of 4-6 MW was used and incoherent
scatter signals were indeed observed. However, it was found that the observed
signal bandwidth was less than the receiving filter bandwidth. The result was
correctly attributed to the influence of ions in the plasma. This means that ions,
not electrons, are controlling the Doppler shifts. This unexpected and interesting
result made people realize quickly the profound potential of an incoherent scat-
ter radar system in atmospheric remote sensing. Consequently, other incoherent
scatter radars were built around the world, and they now make a network of pow-
erful ground-based remote sensing instruments in the exploration of the Earth’s
atmosphere.

EISCAT, an international scientific organization, was established in 1975 and
it was responsible for the construction of the most advanced incoherent scatter
radar systems in the world. The systems include radars that operate in Scandi-
navia and on Svalbard at 931-MHz, 224-MHz and 500-MHz frequencies. For de-
tailed descriptions of the radar operating on Svalbard, see Wannberg et al. [1997].
The other EISCAT radar systems are described by Folkestad et al. [1983]. The
measurements which have been used to demonstrate the new incoherent scatter
measurement techniques and data analysis methods presented in this work were
obtained from the ESR.
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2.1. Incoherent scatter theory

As we have already pointed out in the preceding section, the basic principle that
led to the development of modern incoherent scatter theory may be tracked back
to the work of Thomson [1906], who has shown that electrons are capable of
scattering electromagnetic waves. When an electromagnetic wave is incident on
the electron, the electric and magnetic components of the wave exert a Lorentz
force, setting it into motion. Thus the electron is accelerated and, consequently, it
emits radiation. More exactly, energy is absorbed from the incident wave by the
electron and re-emitted as electromagnetic radiation. Such a process is apparently
equivalent to the scattering of the electromagnetic wave by the electron.

It is a straightforward mathematical operation to show that accelerating elec-
tron emits electromagnetic wave [e.g. see the textbook by Jackson, 1998]. A
theory of incoherent scattering of electromagnetic wave by a plasma has been de-
veloped by several authors [e.g Dougherty and Farley, 1960; Fejer, 1960; Farley et
al., 1961; Hagfors, 1961; Dougherty and Farley, 1963; Farley, 1964; 1966; Swartz
and Farley, 1979]. It has also been thoroughly discussed in basic textbooks, e.g.
see the textbook by Sheffield [1975].

The mathematical presentation of the model of scattering is not very easy to
comprehend without some simplifications. One of the most important plasma
parameters that simplifies the formulation of the incoherent scatter theory is called
Debye length λD and it is defined for a plasma by

λD =

√

kTe

4πe2ne

, (2.1)

where k is Boltzmann’s constant, Te is the electron temperature, e is the electron
charge, and ne is the number density of electrons. Debye length is a measure of the
distance in a plasma over which the electric field of a charged particle is screened
out by random thermal motions of other charged plasma particles. In the other
words, it is the distance over which the electric field that follows Coulomb’s law is
killed off exponentially by the polarization of the plasma.

When the wavelengths of incident electromagnetic waves are much longer than
the Debye length, the scattering of these waves by plasma may be described simply
as follows. The incident waves interact mainly with the electrons since the ions are
much heavier and do not respond to the influence of the incident wave. However,
the ions control the motion of the electrons which are shielding them in order to
preserve the charge neutrality. From this, it is easy to see that the velocity of the
ions should show up in the overall motions of the electrons which are inferred from
scattered signals.

The signal received by an incoherent scatter radar has a spectrum which reflects
the properties of the ionospheric plasma. Parameters like ion and electron tem-
peratures, for instance, affect the spectrum shape. The spectral information can
also be presented in terms of the plasma autocorrelation function. The spectrum
and the autocorrelation function make a Fourier transform pair.

The plasma autocorrelation function can be calculated using the incoherent
scatter theory [e.g. see Steen et al., 1984]. For example, Fig. 2.1 shows the shapes
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Fig. 2.1. Plasma ACF at different heights (left panel) and the corresponding

spectrum (right panel). The vertical broken line on the left panel passes via

the first zero crossing of the ACF.

of the autocorrelation functions (left panel) and the corresponding incoherent scat-
ter spectrum (right panel) at selected heights. The simulations were carried out
using a 500-MHz radar frequency and ionospheric parameters from the GIVEME
model results for Summer 1996 [Alcaydé et al., 1994]. The broken vertical line on
the left panel passes through the location of zero crossing for the autocorrelation
functions at different heights. The model results clearly indicate that the plasma
waves decorrelate slowly in E-region. This is equivalent to saying that the incoher-
ent scatter spectrum is narrow as indicated in the right panel of Fig. 2.1. In the
F-region, the incoherent scatter spectrum is spread. This means that the plasma
waves decorrelate quickly and this implies that the ACF is short. This general
picture has also been confirmed by numerous experiments carried out worldwide,
and it is now a common knowledge. For example, Fig. 6 in Paper II shows the
real parts of plasma autocorrelation function obtained from real measurements at
selected height ranges.
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2.2. Theory of incoherent scatter radar measurement

It is customary in science to formulate an idealization of the measurement processes
involved in a practical experiment in order to obtain optimal information from the
data. Processes involved in the incoherent scatter radar measurements are no ex-
ception. In fact, the importance of modeling these processes and the scattering
medium itself has been recognized quickly and it is very hard, if not impossible,
to analyze the present-day measurements in a proper manner without using some
sort of theory of measurement. The same may be said of earlier measurements.
Hence, several authors have formulated how measurements are collected by means
of an incoherent radar system [e.g. see Hagfors, 1961; Woodman, 1991]. The
theory of incoherent scatter radar measurement presented by Lehtinen [1986] is
the most widely used model in EISCAT in inferring the ionospheric parameters
from the measured data. This theory has been implemented in a general software
package [Lehtinen and Huuskonen, 1996] called GUISDAP (Grand Unified Inco-
herent Scatter Design and Analysis Package). Here the theory is reviewed briefly
in a simplified manner since it is our starting point in formulating the incoher-
ent scatter radar measurement as an inversion problem in the later part of this
dissertation.

It is worth mentioning at the outset that one needs to develop a sofware by
modifying GUISDAP in order to analyse the results obtained by means of inver-
sion. Such sofware is still being developed and hence the techniques described in
this dissertation are demonstrated in terms of the plasma autocorrelation function.

We assume that the radar transmitter and receiver are collocated (monostatic).
Rewriting Eq. (16) by Lehtinen and Huuskonen [1996], the ACF of the baseband
scattering signal z(t) is given by

〈z(t)z∗(t′)〉 = R

∞
∫

−∞

drP0(r) ×

∞
∫

−∞

dτWtt′ [τ, S(r)]σe(τ, r). (2.2)

Here t and t′ are two times of observation, R is the receiver input impedance, r

is a radius vector with its origin at the transmitter, P0 is scattering power from
a single electron (illuminated by a continuous monochromatic transmission), σe is
the plasma ACF, Wtt′ is the range-lag ambiguity function, τ is the lag variable,
and S(r) = 2r/c is the signal flight time from the transmitter to the scattering
point at r and back.

2.3. Ambiguity functions

The range-lag ambiguity function, which is used to describe the lagged product as
an average of the effective plasma correlation over both spatial and lag variables,
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is given by

Wtt′ [τ, S(r)] =

∞
∫

−∞

duW
(A)
t [u, S(r)]W

(A)
t′ [u− τ, S(r)], (2.3)

where
W

(A)
t [u, S(r)] = p[t− u]ε[u− S(r)] (2.4)

is the amplitude ambiguity function. Here ε[u − S(r)] denotes the modulation
envelope and p[t− u] is the impulse response of the receiver filter.

By integrating the range-lag ambiguity function in the lag direction, one ob-
viously obtains the range ambiguity function (W r

tt′ ), which can be written in a
simplified form as

W r
tt′ = (p ∗ ε)[t− S(r)] · (p ∗ ε)∗[t′ − S(r)]. (2.5)

Here ∗ denotes convolution. In a similar manner, the lag ambiguity function (W L
tt′)

can be obtained by integrating the range-lag ambiguity function over the range
variable, i.e.

WL
tt′ =

∞
∫

−∞

Wtt′ [τ, S(r)]dr. (2.6)

It is straightforward to determine the range-lag ambiguity function from Eq. 2.3.
Its shape depends on the receiver impulse response and the modulation scheme.
It is described as a function of lag and range variables.

Fig. 2.2, for example, shows a zero-lag range-lag ambiguity function with its
leading edge at 150 km. The transmission envelope is shown in the top panel and
it consists of two pulses phase modulated by a 5-bit Barker code. The gap between
the two pulses is 30 µs and the bit length of the Barker code is 6 µs. The middle
panel portrays the impulse response of the matched filter of the Barker code,
used as the impulse response of the receiver filter. Together with the lag-range
ambiguity function, the range and lag ambiguity functions are plotted separately
in the bottom panels. Fig. 2.2 clearly shows how the ionosphere is sampled at zero
lag in this particular arrangement. The range-lag ambiguity function specifies
how the plasma ACF is weighted in both lag and range variables. Obviously, the
zero lag is ambiguous since signals are received simultaneously from two different
height ranges in the ionosphere. This is also indicated by the two peaks in the
range ambiguity function. The shape of the lag ambiguity function indicates the
average weighting of the plasma ACF from lags around zero from the whole range
covered by the range-lag ambiguity function.

Fig. 2.3 portrays the 60-µs lag range-lag ambiguity function and the correspond-
ing range and lag ambiguity functions of the same modulation. It shows that there
is no ambiguity problem as in the case of the zero lag measurements depicted ear-
lier. In other words, the measurements for the 60-µs lag comes from a single height
range in the ionosphere.
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in Fig. 2.2.

2.4. Conceptions of ambiguous measurements

Usually, ambiguous incoherent scatter measurements are considered useless and
hence they are avoided by arranging the modulation envelopes and the correspond-
ing decoding filters in a proper manner. Nonetheless, in the later sections of this
thesis a new method of extracting unambiguous measurements from ambiguous
ones is presented. This method relies on mathematical inversion.



3. New data acquisition and analysis systems

3.1. Introduction

With the development of workstations and desktop computers, it has been real-
ized that the storing and processing of the radar signals can be based solely on
these tools and appropriate software instead of using hardware designed for this
specific purpose. For example, Holt et al. [2000] describes a workstation-based in-
coherent scatter radar data storage and analysis system called MIDAS (Millstone
Hill Incoherent Scatter Data Acquisition System). This system has been used to
sample a 2.25-MHz intermediate frequency (IF) at 1-µs intervals. Then the data
were multicasted over a high-speed Ethernet to many workstations, which carry
out operations such as filtering, decimation and lag profile calculation et cetera.
Sampling and storing the radar signals have also been done much earlier e.g. by
Djuth et al. [1995].

A computer-based incoherent scatter radar signal storage system allows all func-
tions that are traditionally handled by hardware (such as complex mixing, filtering,
decimation, correlation and integration) to be carried out by means of easily mod-
ifiable software. Moreover, very flexible and versatile signal processing methods
adaptable to the prevailing geophysical conditions can be employed easily in this
kind of arrangement. Also, a wide range of options is available for spatial and
temporal resolutions. Here we describe a new computer-based incoherent scatter
radar signal receiving and processing system and demonstrate its performance by
employing a new experiment in the ESR.

3.2. PC-based incoherent scatter signal storage system

In a standard incoherent scatter measurement one collects the average values of
lagged products of signal samples, which give estimates of the signal autocorrela-
tion function at certain ranges and lags. In the ESR, for example, the signal is
downconverted to 7.5± 1.9 MHz passband in two stages and sampled at a rate of
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Fig. 3.1. Standard ESR receiver (left side) and new hardware (right side).

10.0 MHz. Then the receiver branches out into six parallel digital channels. At
each channel, a chosen transmitting frequency is downconverted to zero frequency
by means of numeric complex mixing and filtered by a low-pass digital filter. The
samples then enter a sample buffer to be used by the digital signal processor, which
calculates the lagged products. For details of the ESR radar, see Wannberg et al.
[1997].

Here we present a new data acquisition system that has been used in the ESR
[see Paper I]. The system consists of a spectrum analyzer, a fast programmable I/O
card, a desktop computer and large-capacity hard disks. The spectrum analyzer is
used for downconversion and sampling, and the computer stores the signal values
on disks. The system can be connected in parallel with the standard ESR receiver
as indicated in Fig. 3.1. This means that the data can be recorded in both systems
simultaneously.

After the 70-MHz IF stage of the standard ESR receiver the signal was taken
into a spectrum analyzer acting as a combination of a downconverter, an AD
converter and a quadrature detector. In the spectrum analyzer the signal was
first mixed down to 6.4 MHz and then sampled at a frequency of 20.0 MHz.
Subsequently, the nominal frequency was downconverted to zero by means of a
digital mixer. After a digital low pass filter and a decimator, complex digital
samples at a rate of 4 MHz were obtained. The samples were then fed into a PCI-



29

0 1000 2000 3000 4000 5000 6000 7000 8000

0 60 120 180 240 300 360 420 480 540 600 660 720 780

No
ise

 in
je

ct
io

n

Barker coded 22-bit phase code

Barker coded
5-bit phase code

5-bit phase code

22-bit phase code

Time (µs)
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bus based programmable digital I/O card, which performed a 4-sample summing
operation to give an effective sampling rate of 1 MHz, large enough to span all
the frequency channels used. Finally, the resulting samples were stored on hard
disk. The stored samples are not only the scattered echoes and it also contains the
amplitudes and the phases of the transmitter modulation in a single data stream.

The new hardware has been used to collect the data obtained from standard
EISCAT experiments as well as from a new incoherent scatter experiment we have
conducted on Svalbard. In this work, however, all demonstrations are carried out
by analyzing the data from the new experiment.

3.3. A new incoherent scatter experiment

A new incoherent scatter experiment has been conducted on November 16, 1999
by using the EISCAT radar on Svalbard and the measurements were collected by
employing the data acquisition system described in section 3.2. The experiment
applies two different modulations at two frequencies (500.25 and 499.75 MHz) as
shown in Fig. 3.2. A 22-bit code with a sign sequence +−−−+++−−−−+++
++−+−+−+ is first transmitted at 500.25 MHz. Each bit is further modulated
by a 5-bit Barker code + + + − + with a bit length of 6 µs. After a 6-µs gap,
a second modulation with a 5-bit code + + + + − is transmitted at 499.75 MHz.
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Also, this code is modulated by a 5-bit Barker code with a 6-µs bit length. Hence
the bit length in the basic modulations is 30 µs and the total lengths of the 22-bit
and 5-bit codes are 660 µs and 150 µs, respectively. This means that the length
of the full transmission pattern is 816 µs.

Here the reason for using the 22-bit code is to be able to estimate 21 different
lags (30, 60, 90, · · · , 630 µs). When one looks at the 22-bit code displayed in
Fig. 3.2 and compares it to the optimal 22-bit phase code in Paper IV, one notices
that they are different. This is because in the present experiment the 22-bit code
is not meant to be decoded, but rather to be used in the inversion. The choice of
this particular combination of codes (i.e. the 22-bit and 5-bit codes) was made by
investigating the accuracy of different lags. One should realize that the 5-bit code
gives only four main lags and hence the selection is mainly based on optimizing
the accuracy of the short lags.

3.4. Software-based incoherent scatter radar signal analysis

system

As we have already pointed out, the incoherent scatter radar measurements col-
lected by employing the new hardware depicted in section 3.2 can be analyzed in
a very flexible manner by means of software, depending on the particular require-
ments of the geophysical phenomena under investigation. Hence our incoherent
scatter radar signal analysis system implements, among other things, channel sep-
aration, clutter suppression, Barker decoding, lag profile calculation and mathe-
matical inversion in a desktop computer. We have presented detailed descriptions
of this versatile and flexible data analysis system in Paper I, II and III.

Since measurements from the two frequency channels displayed in Fig. 3.2 were
collected in a single data stream, channel separation has been carried out. This is
possible by converting each frequency separately to zero with a suitable complex
mixing, and by means of subsequent low-pass filtering. The next step in data
processing is to remove the clutter due to mountains and sea at long distances.
Although clutter is obtained from the sidelobes of the antenna, it dominates the
scattering signal up to a range of 90 km. However, it can be eliminated by making
use of its long correlation time.

The usual practice for eliminating clutter in ESR experiments is to subtract
two sample profiles separated by an appropriate time interval at heights where
clutter exists. The differences between the profiles are used in calculating the
lagged products in real time. The problem of this operation is that one half of
the measurements are lost. One can use another method of clutter cancellation,
which does not suffer from this kind of problem, when the whole scattered signal
is available. It is based on subtracting from each sample profile the mean of a
number of sample profiles rather than a single one (see Turunen et al. [2000]). In
section 4.2 of Paper I, we have discussed how one can carry out clutter cancellation
in this manner.
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3.5. Matched filtering

Matched filtering can be understood as a decoding operation that is carried out on
measurements in order to identify a specific signal shape in the presence of noise.
Detailed explanations about it can be found from North [1963]. It is easy to show
that a matched filter is the optimum filter when the signal is corrupted by white
Gaussian noise (see e.g. a widely cited textbook by Cook and Bernfeld [1967]).

Incoherent scatter radar experiments that apply Barker codes [Barker, 1953]
are usually decoded by means of matched filtering in order to improve primarily
the spatial resolution and also to obtain an optimal signal-to-noise ratio (SNR
henceforth). Barker codes are binary sequences whose autocorrelation function
R(τ) are given by

R(τ) =

{

nB , if τ = 0
±1, 0, otherwise,

(3.1)

where nB is the number of bits. Barker codes were first applied in incoherent scat-
ter radars to single short pulses to obtain high-resolution power profiles [Ioannidis
and Farley, 1972], and later to multipulses to obtain all lags of the ACF with the
same high resolution [Turunen et al., 1985; Huuskonen et al., 1986]. However, a
drawback in using Barker codes is that they produce unwanted sidelobes at the
output of the matched filter. In succeeding sections of this thesis, we proceed
to describe a new method of decoding which does not suffer from this kind of
drawback. The method is based on Bayesian statistical inversion.



4. Incoherent scatter signal analysis by means of
inversion

4.1. Introduction

What we directly measure in most physical experiments is completely different
from the physical parameters we want to determine. For example, we may be
interested to know the velocity of the plasma in the ionosphere, whereas the inco-
herent radar gives us a time series of voltage samples. This means that we need
a method of obtaining physical parameters from measurements. Such a method
is mathematical inversion, which is a rigorous way of determining the parameters
from measured data.

The inversion technique has been discussed in a detailed and practical manner
suitable for geophysical applications in the textbook by Menke [1989]. A theoret-
ical model is needed for describing the relation of measured data and the physical
parameters of interest. This model defines the forward problem i.e. it gives the
expected values of the measurements if the values of the model parameters are
known. The task of the inversion problem is the reverse; assuming the same theo-
retical model, the best values of the model parameters must be determined, when
the measurements are known.

Mathematical inversion may be approached in different ways. Here, however,
we limit ourselves to statistical inversion which treats the data and the model
parameters as random variables. A random variable is defined as a variable whose
value is a numerical outcome of a random process. Hence statistical inversion is
based on probability theory and probability distribution functions are used for
mathematical description of random variables.

It is a common knowledge that measurements are corrupted by noise. Statistical
inversion can be used to quantify how the noise affects the estimates of the model
parameters. To put it more clearly, the inversion technique allows us to describe
how the measurement errors propagate to the inferred model parameters. A proper
introduction to statistical inversion theory can be found in many published works
[e.g. see Tarantola et al., 1982; Tarantola, 1987]. Here we shall briefly review the
Bayesian approach, which has been used in this dissertation.
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4.2. Linear inversion

Theoretical models that are used to relate measurements with model parameters
can take many forms. In some cases the data and model parameters may be related
by very complicated nonlinear functions. However, it is often possible to simplify
the problem and establish an explicit linear relationship between the measurement
vector and the parameter vector. In this case the inversion problem is linear. Such
a relation can be described mathematically by using M linear algebraic equations

mi =

N
∑

j=1

Aijxj + εi, i = 1, 2, ...,M, (4.1)

where εi indicates the measurement error, and xj and mi represent components of
the parameter and measurement vector, respectively. Here Aij is a matrix defining
the model. If all M numbers of mi, M numbers of εi and N numbers of xj are
collected into column vectors m, ε and x, respectively, and the coefficients Aij

into M ×N matrix A, Eq. 4.1 can be written as

m = A · x + ε. (4.2)

Linear inversion is concerned with the estimation of x from Eq. 4.2.

4.3. Introduction to Bayesian statistical inference

The English clergyman and mathematician Thomas Bayes (1702-1761) is credited
with inventing a method of extracting more information about a physical system
than is actually contained in the data from a specific experiment. This is possible
by combining a priori knowledge, results from other experiments and any other
relevant information with the result from present data in a systematic manner.
His ideas have created debate over the years. The commentary article by Scales
and Sniender [1997] describes the concept of probability in Bayesian as well as
frequency statistics in a manner understandable to a wider audience. It also high-
lights why Bayesian statistics is controversial, especially how the notion of a priori
information can be somewhat shaky in practice. Despite a seemingly continuous
debate among researchers, Bayesian statistics has gained popularity in recent years
in its application to geophysical inverse problems.

Bayesian statistics provides a sound theory which enables us to estimate the
probability distribution of model parameters by combining prior knowledge with
measurements. This is done by formulating the problem in the following manner.
Let us collect model parameters into a parameter vector x and the results of
the measurements into a measurement vector m. Furthermore, let us consider
that D(m|x) represents the conditional probability density of the measurement
vector assuming that the parameter vector is known and D(x|m) is the conditional
probability density of the parameter vector when the measurement vector is known.
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A forward problem deals with the estimation of D(m|x) when x is known,
whereas an inverse problem is concerned with our state of knowledge of x after
measuring m. This means that in an inverse problem one tries to infer D(x|m)
from the observational vector m and prior information on x.

From Bayes’ theorem, which relates the joint and conditional probabilities, one
easily obtains

D(x|m) =
1

D(m)
D(m|x)D(x), (4.3)

where D(x) is the probability density which represents what we know or believe
about the parameter x before making the observation andD(m) is a normalization
coefficient.

4.4. Bayesian inversion

Let us consider that Cm is the covariance matrix of the measurement errors, and
let x and Cx be the mean and the covariance of the priori distribution. The priori
distribution (considering it to be Gaussian) is then given by

D(x) ∝ e−
1

2
(x−x)T

C
−1

x
(x−x). (4.4)

If the data errors are normally distributed, the conditional distribution of the data
is expressed by

D(m|x) ∝ e−
1

2
(Ax−m)T

C
−1

m
(Ax−m). (4.5)

Substituting Eq. 4.4 and 4.5 in Eq. 4.3, one readily obtains

D(x|m) ∝ e−
1

2
[(Ax−m)T

C
−1

m
(Ax−m)+(x−x)T

C
−1

x
(x−x)]. (4.6)

It can be shown that Eq. 4.6 gives [Tarantola, 1987]

D(x|m) ∝ e−
1

2
(x−xMAP )T

C
−1

m′
(x−xMAP ), (4.7)

where Cm′ = (AT C−1
m A+C−1

x )−1. Here xMAP denotes the parameter vector that
gives the largest value of D(x|m) and it is commonly referred to as the maximum
a posterior (MAP) model. Basically it is the the solution of the inversion problem.
The MAP solution can be obtained by maximizing D(x|m).

A wide range of physical problems have been solved successfully by means of
Bayesian linear inversion. Here we demonstrate how one can apply it in the analysis
of incoherent scatter measurements.

4.5. Roles of inversion in analyzing incoherent scatter data

Several authors have used statistical inversion theory in the analysis of incoherent
scatter radar measurements. Lehtinen [1986] has presented an advanced theory of
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incoherent scatter measurements and showed how one can use statistical inversion
theory in data analysis. Vallinkoski [1988] has used inversion technique in order to
study how the errors in the measured signal autocorrelation functions propagate
to the inferred ionospheric parameters. In the other words, he showed how to
estimate the uncertainties of the inferred parameters from the fluctuations in the
measured autocorrelation functions. Holt et al. [1992] have discussed the full
profile analysis, which is the optimal way of analyzing incoherent scatter radar
data. In this dissertation we present some new applications of the statistical
inversion technique in incoherent scatter data analysis.

4.6. Incoherent scatter measurement as an inversion

problem

In the incoherent scatter radar measurements, one needs the signal ACF in order
to estimate the physical parameters of the ionosphere, such as electron density,
electron and ion temperatures, ion composition, collision frequency and line-of-
sight plasma velocity. This is done by fitting the theoretical plasma ACF to the
measured ACF. In some cases the sampled signals, which are used to calculate the
measured ACF, contain contributions from several range gates. For example, the
incoherent scatter signal samples collected by employing the experiment described
in section 3.3 are obviously ambiguous in range. The 22-bit code transmission illu-
minates a very wide height range simultaneously and thereby creates an unwanted
ambiguity problem. Measurements with such kinds of range ambiguities are usu-
ally considered as useless. Here we demonstrate how one can infer non-ambiguous
data from this kind of ambiguous measurements by employing linear inversion.

Let us assume that each transmission starts at t = 0 and signal samples will
be taken at equal intervals ∆t = ti+1 − ti. Also, let us define the kth lag by
t′ − t = k∆t. Eq. (16) in Paper III shows that

R(k) = W(k) · σ(k) + ε
(k), (4.8)

where R(k) is an m dimensional column vector containing the measured profile of
the kth lag, σ

(k) is an m dimensional column vector containing the corresponding
lag profile of the (scaled) plasma ACF at the m range gates, W(k) is an m ×m
matrix containing values of the range ambiguity functions at the range gates and
ε
(k) is an m dimensional column vector containing the measurement errors.

Eq. (4.8) contains m equations and m unknowns, so that it could in principle be
directly solved for the lag profile σ

(k). However, the solution is probably unstable.
For obtaining stable solutions, the method must be developed further.
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4.7. Combining different lags by means of inversion

If ∆t is not too great, the range profile of the plasma ACF changes only little from
lag to lag. Then it is possible to assume σ

(k) to remain constant within a few
neighboring lags around k. According to Eq. (4.8), this leads to

R̃(k) = W̃(k) · σ(k) + ε̃
(k), (4.9)

where

R̃(k) =
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W̃(k) =
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and
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This is the direct theory of the inversion problem. The error covariance can be
collected into a matrix

Σε = 〈ε̃(k) · ε̃(k)T 〉, (4.13)

where T indicates the transpose. The best values of the unknowns can then be
determined by means of stochastic inversion as explained in Paper II. The result
is

σ
(k) =(W̃(k)T · Σ−1

ε · W̃(k))−1 ·W̃(k)T ·Σ−1
ε · R̃(k), (4.14)

and the posteriori covariance matrix of the resulting range profile of the plasma
ACF estimate is given by

Σp = (W̃(k)T · Σ−1
ε · W̃(k))−1. (4.15)
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4.8. Solving range ambiguity problem by means of inversion

Huuskonen et al. [1988] and Pollari et al. [1989] have discussed a method of elim-
inating the sidelobes that appear in Barker coded measurements. However, these
methods remove the sidelobes in selected regions of the ionosphere. For example,
Figs. 6-8 in Huuskonen et al. [1988] show that their correction method can solve
the ambiguity problem in the lower part of the E region and above 120 km altitude
the method does not work properly. One can solve the range ambiguity problem
in much less restricted manner by applying the inversion method as formulated in
Eq. 4.15. For example, Fig. 4.1 shows that inversion removes the range ambiguity
effects in Barker coded measurements in both E and F regions of the ionosphere
simultaneously.
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Fig. 4.1. Left panel: The measured 30 µs lag profiles obtained from the 22-bit

and 5-bit frequency channels. Right panel: The 30 µs lag profile obtained by

means of inversion.

Here the inversion solution displayed on the right hand side was obtained by
merging the 28, 30 and 32 µs lag profiles from the 22-bit and 5-bit frequency
channels in accordance with Eq. 4.9. In the left hand side of Fig. 4.1, we show the
30 µs lag profiles as measured by the 22-bit and 5-bit frequency channels. The
result convincigly demonstrates that one can remove the effects of range ambiguity
by means of inversion. The satellite and sporadic E, which are seen in multiple
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copies in the measurements, are visible as single peaks at specific heights in the
inversion solution.

4.9. Inversion application in the study of sporadic E

Sporadic E arises when clouds of intense ionization form occasionally in the E
region of the ionosphere. The properties of sporadic E are different in various
latitudes. Here we restrict ourselves to the polar cap sporadic E, which has been
an active subject in recent years. Polar cap sporadic E is discussed in detail by
MacDougall et al. [2000, part 1] and MacDougall et al. [2000, part 2]. Paper II
presents high resolution images of polar cap sporadic E layers by making use of
the technique described in Paper I ( see e.g. Fig. 4.2).

0 2 4 6 8 10 12 14 16 18
85

90

95

100

105

110

115

120

125

Time [minute] after 2030UT, 16 November  1999

Al
tit

ud
e 

[k
m

]

Fig. 4.2. Structures of polar cap sporadic E with 10-s temporal and 150-m

range resolution.

Since this dissertation is aimed at the measurement techniques and data analysis
methods, we present only short discussions on the physics of the polar cap sporadic
E here. The most common theoretical explanation for the formation of polar cap
sporadic E starts with the continuity equation

∂N

∂t
= −∇ · (Nv) + P − L, (4.16)
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where v is the ion velocity vector, N is the electron density, P is the production
rate, and L is the loss rate. If we consider the vertical direction only, then Eq. 4.16
reduces to

∂N

∂t
= −

∂

∂z
(Nviz) + P − L, (4.17)

where z is the height and viz is the vertical ion velocity. The solution for vertical
ion motion in the northern polar region is given by (from Kirkwood et al. [1991])
is

viz =
ψ

1 + ψ2

[

EN

Bo

+WE

]

cos I +
1

1 + ψ2

[

EE

Bo

−WN sin I

]

cos I

+

[

1 −
cos2 I

1 + ψ2

]

Wz −
g

ν
sin2 I, (4.18)

where ψ is the ratio of ion-neutral collision to ion gyrofrequency, E is the electric
field, W is the neutral wind, Bo is the Earth’s magnetic field strength, I is the
magnetic dip angle and ν is the ion-neutral collision frequency. Here subscripts
N , E, and z refer to the north, east and upward directions, respectively.

Since the vertical ion velocity due to horizontal neutral wind is proportional
to the cosine of the dip angle I (Eq. 4.18), it has been argued that the wind
shear mechanism (e.g. see Whitehead [1961]; Axford [1963]) is not effective at
high latitudes where the dip angle is large. However, sequential sporadic E is
regularly observed both in Sodankylä (67o22’N, 6o38’ E, cos I = 0.23) and at the
EISCAT site in Tromsø (69o5’N, 19o14’ E, cos I = 0.21). The sequential sporadic
E is caused by shears in the S2 component of the atmospheric tide, and therefore
the wind shear mechanism is obviously effective at high latitudes as well. At the
ESR radar cos I = 0.14, which means that vertical ion speeds otherwise similar
circumstances are reduced nearly to one half of those at Tromsø or Sodankylä.
This would increase the time needed for compressing ions into a thin sheet, but
could hardly explain the layer generation.

The data for Fig. 4.2 was obtained by pointing the radar beam along the geo-
magnetic field line and hence only the field-aligned ion velocity can be determined.
Since the dip angle is large, one might think that the observed velocity could reveal
vertical plasma compression creating the sporadic E. This is not the case, however,
and the reason is as follows. At E region altitudes the ion velocity vector can be
written as

v = ek · (E + u×B) + u, (4.19)

where e is the positive elementary charge, k is the ion mobility tensor, E is the
electric field, u is the neutral wind velocity, and B is the geomagnetic induction.
Since both E and u×B are perpendicular to B, this indicates that the field-aligned
ion velocity is equal to the field-aligned component of the neutral wind velocity.
Assuming horizontal neutral wind, the observed field-aligned ion velocity is then
equal to the field-aligned projection of the meridional horizontal wind. Since, at
these altitudes, the effect of the meridional neutral wind on vertical ion velocity
is negligible in comparison with the effect of the zonal wind, the observed field-
aligned ion velocity does not give information on the vertical ion velocity profile.



5. New coding and decoding methods

5.1. Introduction

In signal processing, coding can be defined as variation of frequency, phase, am-
plitude or other characteristic of the carrier wave. It places information from one
wave (modulating signal) onto another wave (carrier wave) without corrupting the
information. There are many types of coding techniques that include frequency,
amplitude, and phase modulation.

The coding schemes used in EISCAT are usually classified into amplitude and
phase modulation. In amplitude modulation, the modulating signal varies the
amplitude of the carrier wave. Only two values of amplitude are normally used,
the maximum value, which can be denoted by 1, and zero amplitude indicated by
0. Amplitude modulation is applied in EISCAT multipulse experiments.

Phase modulation technique alters the phase of the carrier wave according to
the modulation scheme. Phase modulation may be carried out in different ways.
Its implementation in EISCAT can be described in the following manner. The
carrier wave is divided into a number of elements, which are usually called bits.
The phase of each bit is then modified so that the phase difference between any
two bits is either 0◦ or 180◦. The phase-coded modulations used in EISCAT
include Barker codes and alternating codes. Alternating codes are cycles of fixed
phase codes and their ambiguity functions cancel exactly at unwanted ranges and
produce a peak at desired range when added and subtracted in an appropriate
way. Detailed explanation on how the addition and subtraction are carried out
can found in Lehtinen and Häggström [1987]. Phase codes are very often used in
EISCAT experiments in order to improve range resolution. The use of these codes
implies appropriate decoding of the received signal.

The method of decoding depends on the principle of phase modulation. Alter-
nating codes are decoded in power domain using specific decoding algorithms. The
decoding of a Barker code takes place in amplitude domain by means of a decoding
filter which is usually matched to the transmitted waveform. In this case unwanted
sidelobes are generated. Here we shall describe another method of decoding Barker
codes that does not produce sidelobes. It is also employed in amplitude domain.
This method also allows the use of new types of binary phase codes which cannot
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be properly decoded by means of matched filters. The z-transform is a convenient
tool for representing, analyzing and designing this kind of discrete system.

5.2. The z-transform

The Fourier transform provides a frequency-domain representation of discrete-time
systems. In some cases the Fourier transform may not exist and this means that
frequency-domain characterization is not possible in such cases. The z-transform,
which is basically a generalization of Fourier transform, can be useful. The z-
transform has been the subject of many textbooks (e.g. see Ifeachor and Jervis
[1993]; Mitra [1998]). If we have a sequence x(n), its z-transform is given by

X(z) =

∞
∑

n=−∞

x(n)z−n, (5.1)

where z = re−iω. Here r is the radius of a circle and ω is an angular frequency.
The inverse z-transform is obtained from

x(n) = Z−1{X(z)}, (5.2)

where Z−1 is the symbol for the inverse z-transform. If one calculates the z-
transform around the unit circle (r = 1) using Eq. 5.1, one obtains the standard
mathematical expression for discrete-time Fourier transform and that is

X(z) = FD{x(n)} =

∞
∑

n=−∞

x(n)e−iωn, (5.3)

where FD is the symbol for discrete-time Fourier transform, which has been used
in this dissertation.

5.3. A sidelobe-free pulse compression technique

The sidelobes produced by a matched filter are not necessarily small. In the case
of the 5-bit Barker code, for example, the total power in the sidelobes is 16 %
of the power in the central peak. Here we present a different decoding method
which eliminates the sidelobes completely. The method was originally suggested
by Sulzer [1989]. There are other methods which are capable of suppressing the
sidelobes [see e.g. Hua et al., 1990], but they do not remove them completely.

Sidelobe-free decoding of a binary phase coded signal can be carried out by
means of a decoding filter such that the convolution of the impulse response of
the decoding filter and the modulation envelope is a function consisting of a single
peak with a desired shape. Mathematically, this means that

λ(n) ∗ ε(n) = w(n), (5.4)
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where ε(n), and λ(n) are the modulation envelope and the impulse response, re-
spectively, and w(n) is called the weight function. We present the modulation
in the form ε(n) = hc(n) ∗ p(n), where p(n) is an elementary pulse and hc(n) is
the impulse response of the coding filter (Paper IV). Correspondingly, the impulse
response of the decoding filter is presented by λ(n) = hd(n) ∗ q(n). Here hd(n) is
an impulse response which will be chosen in such a manner that it eliminates the
sidelobes, and q(n) is a function which determines the shape of w(n). In practice,
q(n) is the impulse response of a filter matched to the elementary pulse p(n).

Since the Fourier transform of a convolution is the product of the Fourier trans-
forms of the convoluted sequences, the Fourier transform of the weight function
w(n) is given by

FD{w(n)} = FD{hd(n)}FD{hc(n)}FD{q(n)}FD{p(n)}. (5.5)

If we choose hd(n) to make FD{hd(n)}FD{hc(n)} = 1, i.e.

hd(n) = F−1
D

{

1

FD{hc(n)}

}

, (5.6)

the inverse Fourier transform of Eq. (5.5) gives

w(n) = q(n) ∗ p(n). (5.7)

Fig. 5.1 demonstrates how 5-bit Barker code with 6-unit bit length can be
decoded without producing unwanted sidelobes simply by applying Eq. 5.5 and
it also shows result of the traditional matched filtering technique. Here q(n) has
been matched to p(n). In a similar manner, Fig. 5.2 illustrates the results of two
different decoding techniques for an arbitrarily chosen 8-bit binary phase code
with 6-unit bit length. Since this code is not a Barker code, a matched filter
produces large sidelobes ( 2 times larger in this case), which may greatly limit the
applicability of matched filtering.

5.4. Radar waveform

The performance of a radar (e.g. temporal and spatial resolution) depends largely
on the characteristics of the transmitted waveform and the impulse response of
the receiving filter. Since the invention of the pulse compression technique, very
complicated waveforms have been investigated and also used in many practical
applications instead of the constant carrier pulse. Detailed descriptions of different
types of waveforms suitable for different radar applications have been presented by
several authors [e.g. see Cook and Bernfeld, 1967; Nathanson , 1969; Rihaczek,
1969; Kingsley and Quegan, 1992].

It is very hard, if not impossible, to find the best waveform suitable for all
radar applications. However, it is possible to find optimum waveforms for specific
radar tasks in a given environment. Here we present optimal coding and decoding
waveforms suitable for an incoherent scatter radar measurement.
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Fig. 5.1. Top panel: 5-bit Barker code with 6-unit bit length. Middle panels:

impulse responses of the matched filter (left panel) and the sidelobe-free filter

(right panel). Bottom panels: Output of matched filtering (left panel) and

output of sidelobe-free decoding (right panel).

5.5. Optimal coding and decoding waveforms

One can easily recognize that the sidelobe-free decoding operation formulated by
Eq. 5.5 works for all kinds of binary phase codes (including the Barker codes),
which do not have zeros in frequency domain. In this dissertation we present
optimal binary phase codes with lengths of 3–25 bits. The search has been carried
out in the manner explained in detail in Paper IV.

We first find the impulse responses of the sidelobe-free decoding filters for all
phase codes which can be decoded without producing unwanted sidelobes. Next
we investigate the SNR at the filter output; optimal codes are those which maxi-
mize the SNR. This means that millions of different binary phase codes must be
investigated.

A somewhat similar work has been done by Bell [1993] who used information
theory to design radar waveform and receiver filter pairs that maximize the SNR
at the filter output. He calculated optimal waveforms for selected receiver filters
and radar targets. In the present work, however, we not only maximize the SNR
but also completely eliminate the unwanted sidelobes. In this thesis, numerical
calculations have been carried out by using a finite sequence in Eq. 5.5, long
enough to make the inverse filter coefficients approach zero within the numerical
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Fig. 5.2. Top panel: 8-bit binary phase code with 6-unit bit length. Middle

panels: impulse responses of the matched filter (left panel) and the sidelobe-

free filter (right panel). Bottom panels: Output of matched filtering (left

panel) and output of sidelobe-free decoding (right panel).

accuracy of the computer used. As mentioned earlier, the choice of optimal code
is based on the noise performance of the sidelobe-free decoding filter derived from
Eq. (5.6). The optimal code gives the smallest noise power at the filter output.
Thus we first calculate the sidelobe-free impulse response λ(n) of each code and
then compute the normalized output noise power in the way presented in Paper
IV. The noise power is given by

σ2 =
Pn

Sn

=
∞
∑

n=−∞

λ(n)2, (5.8)

where Sn denotes the power spectral density of white noise entering a filter and Pn

is the output noise power. The optimal code is selected by comparing the values
of σ2.

For example, Fig. 5.3 illustrates how the optimal 8-bit binary code is cho-
sen. In the left hand panels, only four out of the 128 different 8-bit binary codes
investigated are shown as examples. The right hand panels portray the corre-
sponding impulse responses, which do not produce sidelobes. The values of σ2,
calculated according to Eq. (5.8), are written on each panel. The results indicate
that + − + − − + ++ has the best performance (σ2 is greater also for all 8-bit
binary phase codes not shown in Fig. 5.3). Other optimal binary phase codes
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with different number of bits, including Barker codes, can be searched in a similar
manner and the results are presented in Paper IV.
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Fig. 5.3. The left column shows, as an example, four different 8-bit binary

phase codes and the right column portrays the impulse responses of the corre-

sponding sidelobe-free compression filters. The results have been normalized

by the value of σ2 in the top panel of the right column.



6. Future prospects

6.1. Introduction

The problems associated with the incoherent techniques are far from solved. The
information we want to extract from the radar is growing with the progress of
science and technology and of course brings with it new challenges. There are
indeed numerous problems waiting to be tackled; some of them can be dealt with
the present-day technology and the others require new technology. In the following
sections, we present some problems in the incoherent scatter measurement that can
be carried out as a continuation of this dissertation.

6.2. Investigating the phase difference of the transmitted

radar waveform

A phase code is created by changing the phase of the transmission at appropriate
times in accordance with the modulation scheme. In the EISCAT experiments
that apply a phase code, for example, one usually assumes that a specific phase
pattern is superimposed on the transmitted radio wave and exploits it in designing
an appropriate filter in the receiver. This is precisely what we have done in section
5.3. Here we address the question how a transmitter phase pattern looks in real
situation and also propose a method of taking it into account in the analysis.

It was difficult to carry out investigation of transmitted phase pattern by em-
ploying the traditional EISCAT experiments. This is because the data does not
usually contain information on the transmitted waveform. The ESR experiment
described in section 3.3 allows us to measure the transmitted waveforms. As men-
tioned earlier, the data from this experiment contains samples of the transmitted
pulses in addition to the ionospheric echoes.

The concepts of phase value and phase difference can be used to investigate
the phase pattern of the transmitter in a simplified manner. For a signal with a



47

complex amplitude A(t), its phase value φ(t) (in degrees) can be calculated by

φ(t) = arctan

(

=[A(t)]

<[A(t)]

)

·
180◦

π
, (6.1)

where arctan is the inverse tangent and = is the imaginary part and < is the real
part. One should realize that the formulation in Eq. 6.1 is valid only in the first
quadrant of a complex plane where both the real and imaginary parts of A(t)
are positive. It takes different forms in the other quadrants. For example, in the
second quadrant it is given by

φ(t) = arctan

(

=[A(t)]

<[A(t)]

)

·
180◦

π
+ 180◦. (6.2)

In principle all phase values of the transmitted pulses in the experiment pre-
sented in section 3.3 can now be calculated from Eq. 6.1 with some modification
in different quadrants. But we do not try to carry out such investigation in this
work since it requires large hard disk space and also fast computing power.

However, some information about the phase behavior of the transmitter may
be obtained by studying how the phase difference between two arbitrarily selected
values of amplitude behave during the whole period of the experiment. These

values are the values of the amplitude of the transmitted pulse at the times t
(n)
1

and t
(n)
2 after the start of the transmission. Here n is an integer that indicates the

cycle number in the experiment. This means collecting all the complex values of

the amplitude at t
(n)
1 and t

(n)
2 for all n and then calculate the corresponding phase

difference by

∆φ(n) = φ[t
(n)
2 ] − φ[t

(n)
1 ]. (6.3)

Let us choose t
(n)
1 = 98 µs and t

(n)
2 = 130 µs for the the experiment presented

in section 3.3 for all n in order to take samples from both the negative and the
positive amplitude of the transmission. For example, Fig. 6.1 shows the amplitude
of a part of the transmitted pulse (in normalized scale) from the first cycle of the
experiment described in section 3.3. The points marked by a square and a circle
show respectively the real and the imaginary components of the amplitude of the

transmission at t
(1)
1 = 98 µs and t

(1)
2 = 130 µs. For amplitude values like this,

phase decoding techniques (including alternating codes) in EISCAT are usually
employed by assuming that the phase difference is 180◦ and that is ∆φ(n) = 180◦.

Fig. 6.2 shows the measured values of ∆φ(n) and also the normalized peak
power of the transmitter. The gaps in between are due to switching to other
experiments, which are not discussed here. The peak transmitted power at the
start of the experiment is different from the peak power at other times. The
same is true for the phase difference. In the other words, the peak power of the
transmitter seems to behave like the phase difference. The reason might be that
the transmitter takes some time to stabilize.

The measurements show that the phase difference varies from about 177◦ to
190◦ instead of the ideal value 180◦. This deviation causes the negligible sidelobes
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Fig. 6.1. The amplitude of a part of measured waveform from the first cycle of

the experiment described in section 3.3. The broken line indicates imaginary

part and the solid line shows the real part.

in the ideal case to increase somewhat substantially. For example, Fig. 6.3 shows
the convolution results by implementing measured and theoretical transmitted
waveforms. The result displayed at bottom panel in the left hand side has been
obtained by filtering the measured transmission (top panel) using the sidelobe-free
filter portrayed in the middle panel panel. Similarly, a theoretical transmission
waveform (top panel in the right hand side) is filtered to obtain the convolution
result at the bottom panel in the right hand side of Fig. 6.3. The two convolution
results have different size sidelobes. This shows that if we have a phase difference
that is significantly different from an ideal value, the principle of sidelobe-free
decoding technique may break down. One should realize that the result in Fig. 6.3
is calculated from one arbitrarily chosen transmission cycle. Here we propose:

• A proper investigation of the performance of the sidelobe-free decoding method
in real situation.

• A further development of the decoding method described in Paper III in
order to make use of the measured phase pattern in the analysis instead of
using the coding scheme in the formulation of the theory matrix W in Eq. 4.8
and compare the findings with our present results.
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Fig. 6.2. Top panel: The time behavior of the measured transmitted peak

power. Bottom panel: The time behavior of the measured transmitter phase.

6.3. Sidelobe-free decoding of chirp waveform

Unlike the result in Paper III, in some radar applications the transmitted waveform
determines the range resolution. For example, for a rectangular pulse transmission,
the range resolution ∆R is given by

∆R =
cTp

2
=

c

2B
, (6.4)

where Tp is the duration of the pulse and the bandwidth B is

B =
1

Tp

. (6.5)

The bandwidth determines the range accuracy (the uncertainty associated to the
measured range of a target). The higher the bandwidth the less becomes the
uncertainty in the range measurements (see for example a textbook by Kingsley
and Quegan [1992]). Hence we have a conflicting demand. In the other words the
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Fig. 6.3. Left panel: Measured transmitted waveform (top panel), the

sidelobe-free decoding filter (middle panel), convolution result in 10-based
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requirements for better range accuracy and high range resolution are contradictory.
However, it is important to notice that the bandwidth is not necessarily limited
by the pulse duration in the way expressed by Eq. 6.5.

A common way to increase the bandwidth while keeping the pulse length in
accordance with the range resolution is to sweep the frequency during the pulse
transmission. If the frequency is increasing or decreasing linearly, the resulting
waveform is commonly called chirp. Therefore the frequency f(t) of a chirp can
be expressed by

f(t) = fo + at, (6.6)

where a is the slope (chirp rate) and fo is the initial frequency. The phase of the
chirp waveform is then calculated from
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φ(t) =

∫ t

0

f(τ)dτ = 2π(fot+
a

2
t2). (6.7)

Here we have used the relation

f(t) =
1

2π

dφ

dt
, (6.8)

to derive the expression in Eq. 6.7 from Eq. 6.6. It is convenient to deal with
complex representation and hence a chirp with a pulse duration of T may be
described by (for 0 < t < T )

ε(t) = ei(ωot+πat2), (6.9)

where ωo = 2πfo.
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Fig. 6.4. Top panel: Time-amplitude behavior of chirp waveform. Bottom

panel: time-frequency behavior of chirp waveform.

When one considers a chirp waveform with a = 2 Hz/s and zero initial frequency,
the real part of ε(t) simplifies to

<[ε(t)] = cos(πat2). (6.10)

The top panel in Fig. 6.4 shows <[ε(t)] sampled at 1 kHz and the bottom panel
displays the associated frequencies. The frequency increases linearly between zero
and 10 Hz and the slope is 2 Hz/s.



52

Matched filtering is the most common method of decoding a chirp waveform.
This means that the impulse response of the decoding filter is a replica of the time
inverse of the chirp. Hence, the impulse response h(t) is calculated by

h(t) = ε(−t). (6.11)

The convolution of ε(t) and h(t) is given by

w(t) = h(t) ∗ ε(t), (6.12)

where w(t) denotes the convolution result.
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Fig. 6.5. Top panel: Time-amplitude behavior of chirp waveform. Middle

panel: The impulse response of the matched filter. Bottom panel: Convolu-

tion result.

Fig. 6.5 demonstrates how matched filtering of a chirp waveform is carried
out. The impulse response displayed in the middle panel is a replica of the time
inverse of the chirp waveform portrayed in the top panel. The convolution output
portrayed in the bottom panel contains unwanted sidelobes in addition to the main
peak. In some applications, the sidelobes can distort the measurements. In such
cases one needs to suppress them by employing an appropriate method. Here we
propose a further development of the sidelobe-free decoding technique presented
in section 5.3 in order to eliminate the sidelobes at the output of a chirp matched
filter. Moreover, optimal chirp waveforms with associated decoding filters can be
found by employing the method presented in Paper IV.
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6.4. Relative performance of decoding by means of inversion

In our recent work (Paper III), we have shown how to decode Barker-coded in-
coherent scatter measurements by means of mathematical inversion. By using
this method, we have been able to decrease the fluctuations in the estimates of
the main lag profile by merging the neighboring fractional lags [Huuskonen et al.,
1996] as discussed in section 4.7. Decoding by means of inversion also allows us to
obtain estimates of the ionospheric parameters with a very high range resolution
and accuracy without producing any range ambiguities. Another method of ob-
taining a seemingly similar performance in terms of resolution has been presented
by Turunen et al. [2002]. However, further investigation is needed in order to
compare the performance of these two methods. The comparison can be by means
of numerical simulation and also using experimental data. The simulation can be
carried out in a manner similar to the theoretical calculation described in Paper
III. Experimental comparison can be done by conducting the experiment discussed
by Turunen et al. [2002] and storing the scattered signals in both the standard
receiver and our data acquisition system presented in section 3.2, simultaneously.
Then it will be possible to compare these two methods not only with respect to the
spatial and temporal resolution but also with respect to the measurement errors,
bias, clutter suppression and flexibility in signal processing.

6.5. Obtaining estimates of scattered radar signals

Incoherent scatter radar signals are obtained from the scattering of illuminating
radio waves by the fluctuations in the dielectric properties of the ionosphere. The
scattered echoes themselves bear information on the fluctuations, which depend on
the ionospheric parameters. As we have already pointed out, a suitable method
of modeling this kind of chaotic phenomena is to use the concept of a stochas-
tic process. This means that the baseband scattering signal z(t), which reaches
the receiver at a particular instant of time t, can be described by (Lehtinen and
Huuskonen [1996])

z(t) =

∫

r

env(t− S(r))dz(t; dr), (6.13)

where dz(t; dr) denotes the complex random signal scattered from a volume ele-
ment dr and env(t−S(r)) signifies the modulation scheme. Here S(r) is the signal
flight time from the transmitter to the scattering point and back.

The stochastic integral in Eq. 6.13 describes how the signals are summed from
elementary independent contributions over space. It should be possible to develop
inversion analysis for an elementary signal dz(t; dr) by developing this equation
further. With increasing computing power and hard disk space, it may be possible
to handle all complications involved in the analysis. The advantages of solving
the elementary scattered signal directly from the measured echo include, among
other things, that the measurement errors become independent for different data
points. This simplifies the inversion process significantly in cases where the noise
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is not dominated by thermal noise. In these high SNR cases the errors in the
estimated lag profiles become correlated with each other, which would make the
present approach numerically even more expensive.

6.6. Summary

In this dissertation, we have shown how one can improve further the performance
of an incoherent scatter radar. This was illustrated using an experiment applying
a new modulation scheme and for which the data were collected using simple hard-
ware. Also, data analysis methods that include a new decoding technique and an
appropriate height integration by means of inversion have been presented. More-
over, optimal binary codes with lengths of 3-25 bits and the associated sidelobe-
free decoding filters are presented. Finally, we have proposed some future research
directions that can be carried out as a continuation of the present work.



7. A short summary of the Papers and my
contributions

Most scientific papers these days have many authors. Hence it is difficult, if not im-
possible, for the readers to know the contributions made by each author separately.
Since these kinds of papers can sometimes be born out of informal discussions, it
can be even difficult for the authors themselves to single out their own contribu-
tions correctly. Especially, carrying out a PhD project involves numerous formal
and informal discussions with supervisors and these make the identification much
more difficult. With a realization of this background information, a short sum-
mary of each papers and the contributions made by the author of the dissertation
are presented.

7.1. Summary of Paper I

Paper I basically describes the receiving hardware, the experiment and also the
data analysis. The receiving hardware, which is essentially a PC equipped with a
programmable I/O card, is used to collect samples of the scattered radar signals.
The analysis including channel separation, filtering, lag profile calculation and
inversion is carried out off-line by means of software. Perhaps the main scientific
news in Paper I is the development of a new signal receiving system, which not
only reduces the costs of an incoherent scatter radar receiver, but also allows one
to implement a very flexible signal processing method. Moreover, it can be used
to develop an easily movable incoherent scatter radar system. One should realize
that the receiving hardware can also be used in other applications (e.g. in sonar
and weather radar). A similar receiving system has been reported by Holt et al.
[2000] and it is hard to compare the two system at this stage specially from users
point of view.

The experiment described in Paper 1 implements a new modulation scheme
and it allows observations of E and F regions of the ionosphere simultaneously,
though we have only showed results from the E region. Normally, one needs to
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probe the E and F regions of the ionosphere with different modulation schemes.
This is because in the F region, the plasma waves decorrelate quickly. In the other
words, the autocorrelation function is short. The opposite is true in the E region of
the ionosphere. This means that we have a conflicting demand and hence usually
different experiments are used to study these two regions. However, one needs to
carry out a single experiment in order to investigate simultaneous events in both
regions. The experiment described in Paper I provides that opportunity.

Contributions made by the author of the dissertation:

The calculations and data analysis that were carried out to produce all the figures
with exception of the schematic diagrams were done by the author. The author also
contributed in the mathematical formulation of the decoding technique presented
in the paper.

7.2. Summary of Paper II

Many papers have been written on sporadic E at high latitude, which include
theoretical ones (e.g. see Carter et al. [1999]; MacDougall et al. [2000, part 1])
and also based on observations (e.g. see MacDougall et al. [2000, part 2]). Paper
II may be classified as an observational paper from geophysical point of view. It
presents an image of sporadic E in the polar cap with a very high temporal (10
seconds) and spatial resolution (150 meters). Since we have implemented a very
flexible signal processing, the resolutions can be improved further if needed. The
news to the geophysicists is that the method essentially allows them to choose the
measurement resolutions freely.

The main scientific news in Paper II is that we have demonstrated convincingly
the technique presented in Paper I works in practice. Moreover, we have discussed
how the inversion method was used in order to solve the range ambiguity problem.
Emphasis has been given to present the mathematical formulation in a manner
suitable for practical use in a computer program. This will be to the benefit of a
wider audience who may be interested to carry out a similar analysis.

We have not reached a firm conclusions on the mechanism that created the
observed sporadic E. However, sometimes formulating a problem is equally impor-
tant as finding the solution. Hence, an interesting physics may come out in the
future based on this kind of presentation.

Contributions made by the author of the dissertation:

The calculations and data analysis that were carried out to produce all the figures
were done by the author. Also, a significant portion of the text including the
mathematical formulations was written by the author.
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7.3. Summary of Paper III

Paper III presents a new method of decoding incoherent scatter measurements.
The main scientific news in this paper is that mathematical inversion has been
used for the first time as a decoder. One of the most important results is that
the bias increases as one increases the number of lags merged together and exactly
the opposite is true for posterior error. Hence, we suggested a method of choosing
the number of lags that should be merged in the inversion in order to reconcile
this conflicting demand. Paper III also shows that decoding by means of inversion
gives smaller measurement errors than traditional decoding technique does.

Perhaps the other important scientific news in Paper III is height integration
by means of mathematical inversion. Most often height integration is carried out
by using a moving average filter and other similar methods. However, this kind of
operation lacks a firm foundation. For example, if we carry out two-point moving
average filter on the measurements m1 and m2, then the value of the unknown
parameter is 1

2 (m1 + m2). But it is hard to justify this formulation based on a
sound theory. In Paper III we have presented how one can use inversion method
to carry out height integration. Here we just start by asking what will be the
most probable value of the unknown parameter when we have two measurements
m1 and m2 with some errors. Bayesian inversion gives us the answer in a logical
and also mathematically acceptable way. The decoding and the height integration
methods discussed in Paper III can be used in many other applications (e.g. sonar
and weather radar).

Contributions made by the author of the dissertation:

The calculations and data analysis that were carried out to produce all the fig-
ures were done by the author. Also, a larger portion of the text including the
mathematical formulations was written by the author.

7.4. Summary of Paper IV

Paper IV presents optimal binary waveforms and corresponding decoding filters.
These waveforms were chosen by investigating 33554428 binary phase codes with
lengths of 3-25 bits.

The main scientific news in Paper IV is that we have developed a method of
finding an optimal binary phase code which can be used in an incoherent scatter
radar. Here one should realize that this code is optimal on the condition that one
uses a sidelobe-free decoding filter instead of a matched filter.

Contributions made by the author of the dissertation:

The calculations and data analysis that were carried out to produce all the figures
were done by the author. Also, most of the text including the mathematical
formulations was written by the author.
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