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Abstract

This thesis describes the work done by the author during the development of a Large
Aperture Array Radar (LAAR) receiver for the EISCAT 3D project. The main focus was
on digital beamforming of a bandpass-sampled wide band signal in base-band and the
development of a picosecond-level distributed timing system applicable over hundreds of
meters.

The next generation of atmospheric research radars all have the common goal of
increasing their capabilities with improved versatility and dynamic observation capability.
Past radars have mostly been capable only of observing a single volume of the atmosphere
at one time, thereby limiting scientists to looking only at small-scale phenomena in the
ionosphere. By allowing simultaneous observation of multiple volumes with a high level of
accuracy, EISCAT 3D will give scientists a new tool for improving our knowledge about
Earth’s atmosphere.

To provide instantaneous coverage of multiple volumes of the ionosphere, it is neces-
sary to have a multiple beam receiver. The goal of the antenna design in this project was
to create digitally steered arrays that will provide easy scalability, such as increasing the
number of beams, after the arrays have been built, and make the stringent targets of the
radar’s capabilities achievable.

This thesis is divided into introductory chapters and five attached papers. The intro-
ductory chapters describe the background and some of the reasons behind atmospheric re-
search, Incoherent Scatter Radar (ISR) technology and use, and the EISCAT 3D project,
specifically, the technological challenges encountered on the LAAR receiver. The tech-
nologies evaluated and implemented in the test array for the EISCAT 3D project are
detailed, and the results and conclusions are discussed.

The technological investigation showed that digital beamforming and high accuracy
timing are critical issues for the EISCAT 3D LAAR. Digital beamforming is necessary
primarily due to the large array size and stringent demands on pointing accuracy, which
render the use of analog beamforming impractical at best. The inter-element timing error
in the array is shown to have a maximum standard deviation of 120 ps. This requirement
is set on an array where the distance between two elements can be in the kilometer range.
Two different solutions capable of achieving a timing error of less than 25 ps are detailed,
as well as digital beamforming filters that have a maximum error of less than 5 ps. In
conclusion, it is shown to be possible to build the EISCAT 3D LAAR with technology
that exists today.
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Chapter 1

Thesis Introduction

“The beginning of knowledge is the discovery of
something we do not understand.”

Frank Herbert

Atmospheric research is one of the most important scientific fields in the world today.
Over the last decade, climate change has caused billions of dollars’ worth of damages
and threatened millions of lives [1]. Whether the changes are natural or man-made is
still under debate, but knowledge is the most important tool to be able to counter the
effects of the changes. With knowledge, the true cause of the changes can be found and
countered, and new ways of caring for our atmosphere can be discovered.

Different atmospheric research tools are covered in Chapter 2, and the project that
this thesis is based on uses a specific technique called Incoherent Scatter Radar (ISR) [2].
In an ISR, a small portion of the atmosphere is heated by a large radio frequency transmit-
ter. This causes the electrons in the heated volume to vibrate and generate backscatter
radiation that is picked up by a receiver. From the received signal, a number of param-
eters of the studied volume that are important for the understanding of the processes in
the atmosphere can be deduced. Of these parameters, seven can be measured directly [3]:
electron density, electron temperature, ion temperature, plasma drift velocity, ion com-
position, electric field-aligned current density, and ion-neutral collision frequency. Others
have to be deduced using these seven directly measured parameters.

The signal levels of the collected backscattered signal are very weak, down to 10−17 W [3],
requiring large antennas and long integration times to be used. This, in combination with
narrow beams that can monitor small volumes and provide high resolution, has caused
many of the ISRs in the world to only be capable of monitoring the small-scale behav-
ior of the atmosphere in the direction of the beam. The European Incoherent Scatter
Radar (EISCAT) expands this monitoring capability by using three receivers located
about 300 km apart [4, 5]. This setup allows scientists to monitor the three-dimensional
movement of plasmas in the studied volume, but still limited to a single volume at a
time.

The next generation of ISRs use array radars with hundreds to thousands of antenna
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2 Thesis Introduction

elements that can be used to create multiple beams, thereby allowing simultaneous ob-
servation of many small volumes of the atmosphere; scientists have requested 30-150 m
resolution at multiple simultaneous observation volumes. With the addition of three-
dimensional observation capability, as used in the existing EISCAT radar, the scientific
community will have a unique and powerful tool in EISCAT 3D: high resolution simulta-
neous monitoring of large scale three-dimensional dynamic behavior of the atmosphere.

EISCAT 3D is a planned next generation ISR that has been going through a four
year long pre-study to identify and solve critical design issues of the radar and evaluate
the feasibility of it [6]. The receive-only sites of the system, on which the work in this
thesis is centered, will be Large Aperture Array Radar (LAAR) receivers that utilize as
early as possible Analog-to-Digital (AD) conversion. This is done to reduce system noise
while increasing the dynamic capabilities of the radar by enabling digital beamforming.

This thesis addresses technical design issues that arise in the receiver of a LAAR used
for atmospheric research. Hence, the following hypothesis is tested:

A Large Aperture Array Radar used for incoherent scatter measurements
providing multiple beams with a 0.06◦ beamwidth utilizing digital beamform-
ing can be designed, manufactured, and calibrated using currently available
electronics and signal processing.

To approach this hypothesis step-by-step, it is divided into three research questions
which are addressed separately and subsequently combined:

1. What are the critical design issues when developing a Large Aperture Array Radar
receiver?

2. Can wideband digital time-delay beamforming be used in base-band for a band-pass
sampled LAAR?

3. Can a distributed timing system be designed with sufficient accuracy for digital
beamforming capable of 0.06◦ beam pointing accuracy?

In investigating these questions, the following approaches have been used:

What are the critical design issues when developing a Large Aperture Array
Radar receiver?

When venturing into untested domains of design, one must first evaluate all aspects of
the project and identify the critical design issues. The results depend on the goals of the
project and the courses of action taken during the design process. Hence, they depend on
the design choices and available technology. Chapters 2, 3, and 4 describe the background
of the project and the course taken during the design of the EISCAT 3D project. The
critical design issues are addressed in depth in Papers A & E.
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Can wideband digital time-delay beamforming be used in base-band for a
band-pass sampled LAAR?

A wideband signal that has been digitized and converted to base-band can be beamformed
in different ways. While some are straightforward in theory, they may not easily be
realizable in practice. Chapter 5 and Paper A describes one method for accomplishing
this task in an efficient way for the EISCAT 3D project.

Can a distributed timing system be designed with sufficient accuracy for dig-
ital beamforming capable of 0.06◦ beam pointing accuracy?

The beamforming in an array is one of the most critical parts of the system, as it defines
the width and pointing accuracy of the resulting beam, and it is highly dependent on the
inter-element timing accuracy in the array. Chapter 6 describes the timing problem in
detail for the EISCAT 3D project specifically and Papers B, C, and D provide solutions
to the problem.

This thesis is divided into two parts. In Part I, the background and justification for
this study is described, followed by the research conducted, and ending with conclusions.
In Part II, the papers that this thesis is based on are included in full.
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Chapter 2

Atmospheric Research

“More than any other time in history, mankind faces
a crossroads. One path leads to despair and utter

hopelessness. The other, to total extinction. Let us
pray we have the wisdom to choose correctly.”

Woody Allen

Atmospheric research is essential for the continued and increased understanding of
how our environment is affected both by human activities on Earth and by the stellar
environment dominated by the Sun. Even though 99% of the atmosphere lies within the
first 30 km of altitude, it dominates the environment that we live in, protecting us from
the inhospitable surroundings consisting of vacuum, radiation, and cold.

Weather is the primary tangible phenomenon of our atmosphere and its power grows
more evident every year as storms, flood-waves, fires, and droughts hit locations that
have not previously seen such events in modern times [1]. Efforts have been made to
understand and predict major weather events, but reliable prediction of any system’s
behavior requires detailed information to be available. Knowledge is the first step toward
accurate prediction.

Two of the most significant known factors that affect the weather on Earth are the
atmosphere and the oceans, which interact continuously with each other. The fact that
the weather is global, and thus affects us all, was first realized by Sir Gilbert Thomas
Walker in the early 1920s, when he discovered the relation between atmospheric pressure
variations over the oceans with the amount of rainfall over the continents [7, 8, 9]. He
first noticed this phenomenon over the South Pacific, and thus named it the Southern
Oscillation (today known as El Niño), but he soon discovered similar relations between
all continents and oceans. His findings comprised the first steps toward the global picture
of Earth’s weather system that we have today.

Walker’s work was followed up during the International Geophysical Year (July 1957
to December 1958), when the relationship between surface temperatures of the Pacific
Ocean and the atmospheric pressure above the same were established by Bjerknes [10].
Ever since we realized the global nature of our atmosphere, the scientific community has

5



6 Atmospheric Research

been striving to better understand it.

As science and technology progress, better research tools are developed, leading to
advancements in our understanding of nature. Better knowledge induces new theories
that demand improved technology, completing the circle. Our ability to imagine new
applications for these technologies has created many different tools for the study of the
atmosphere. Each method has its strengths, and they each fill different roles in the quest
for knowledge.

There are two main categories of atmospheric research tools: in-situ measurements
and remote sensing. The in-situ measurements include tools like stratospheric balloons
and sounding rockets. Remote sensing is often ground-based, such as radars or lasers.
There are also tools that are a combination of in-situ and remote sensing, such as satel-
lites. Selected tools are described in the following sections and can be seen in Figure 2.1
which indicates the approximate region of the atmosphere in which each of the tools
operate, and the height relation between the atmosphere and the ionosphere.

Figure 2.1: Height relation of the atmosphere and ionosphere, and approximately where in
altitude each atmospheric research instrument is used: 1) Stratospheric Balloon; 2) Sounding
Rocket; 3) Incoherent Scatter Radar; 4) MST Radar; and 5) Satellite.

2.1 Stratospheric Balloon

Stratospheric balloons were first used by Hermite and Besançon in 1892 to send up a
meteorograph to an altitude of 16,000 m [11]. Since then, the stratospheric balloon has



2.2. Sounding Rocket 7

been an important tool for measuring various parameters of the atmosphere. Today,
balloons fly up to 40 km altitude and can stay in the air for as long as one month.
During this time, they provide valuable in-situ measurements of the atmosphere. Almost
any type of instrument can be launched with a stratospheric balloon, and weights up to
3,600 kg have been launched successfully [12].

The balloons have a relatively short preparation time, usually days to weeks, and can
be launched during periods of high activity in the atmosphere, e.g., during solar storms.
However, the launch is sensitive to wind conditions, and even a strong breeze at the
launch site can prevent the balloon lift-off.

Even though long flight times are possible, the flight path is more or less uncontrollable
as the balloon follows the wind, and even the height of the balloon is seldom adjustable
during flight. These limitations make it difficult to accurately collect measurements
at a specific place and time, which is often desirable when observing an atmospheric
phenomenon. In addition, aviation rules and international regulations can force a balloon
to land ahead of schedule, and often at a geographical location that is not easily reached.
It is common to have days to weeks latency on the scientific data from a stratospheric
balloon because the gondola often has to be retrieved from remote locations, such as the
polar cap region.

Considering the latency, radio is sometimes used to transmit data from balloon to
ground. However, due to the remote flight paths, ground stations are seldom in range
of the balloons, and relaying the signal through satellites is both expensive and limited
in transmission rate. Weight and power constraints also prevent high-power transmit-
ters from being used to increase the range of ordinary communication systems used on
balloons. The most common method is therefore still to retrieve stored data from the
gondola after landing.

2.2 Sounding Rocket

More controllable than stratospheric balloons, sounding rockets provide more predictable
positioning of the measurement equipment, but are instead more limited in diversity of
payload. The payload must be confined within the body of the rocket, and it must also
be able to withstand the high g-forces exerted during launch. Sounding rockets are also
more expensive to launch than balloons, and the lead time for a launch is often long, in
general 6 months or more. This makes them impractical for use in measuring unpredicted
events in the atmosphere.

The maximum altitude of sounding rockets is as high as 1500 km [13], which is far
into space where, the atmosphere is extremely thin. Short flight times make the rockets
unsuitable for long term monitoring, but instead the high velocity of the rockets provides
a more or less instantaneous cross-section of the entire altitude range of the atmosphere.
The data is often returned to ground by parachute, but since the flight path of the rocket
is known, the time to retrieve the payload is much less than that of a balloon.
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2.3 Incoherent Scatter Radar

Incoherent Scatter Radars (ISRs) were developed during the 1950s and ’60s at several
locations around the globe and provides a way to measure many properties of the iono-
sphere remotely from the ground, at around 80-2000 km altitude. Several benefits comes
with observations from the ground, such as lower cost per observation, cross-sectional
measurements, short lead times, high reliability, and continuous operation.

An ISR works by sending up a high-powered radar pulse into the ionosphere and
listening to the echoes. The echoes originate from movements of electrons in the iono-
spheric plasma, which in early theories were believed to be completely incoherent (thus
the name of the radar), scattering the energy in every direction. Early observations of the
scattering showed that Coulomb interactions between the particles in the plasma have to
be considered [14, 15], resulting in a reworking of the plasma scatter theories [16], after
which the scattering became known as quasi-incoherent.

Chapter 3 gives a more detailed explanation on the workings of ISRs and some insight
into the currently active ISRs in the world today.

2.4 MST-Radar

Mesosphere/Stratosphere/Troposphere (MST) radars provide information on the dy-
namic state of the atmosphere, such as winds, turbulence, and layering. They monitor
the lower parts of the atmosphere, below the range of the ISRs, from 1 km up to 110 km
altitude. They produce continuous data in a region where most human activities in the
atmosphere take place.

The MST-radar was developed as a wind-profiling radar; it works by detecting the
Doppler shift of turbulent irregularities in the radio refractivity under the assumption
that the turbulence is affected by the wind [17]. As the MST-radar is a ground-based
instrument, it has the same benefits as the ISR in terms of operation, cost, and reliability.

2.5 Satellite

Satellites can provide both in-situ measurements and remote sensing as they can fly both
in the lower parts of the atmosphere and at higher altitudes. They are mostly used for
remote sensing since in-situ measurements create drag on the satellites, decaying their
orbits and thus their operational lifetime.

Satellites are expensive to build and launch, but they provide another angle for the
measurements since they are placed above the atmosphere. It is difficult to accurately
measure what happens on the far side of any medium (the atmosphere included). Thus,
ground and space are good platforms for measurements of different parts of the atmo-
sphere. By combining measurements from different tools targeting the same space and
time, the reliability of the result is increased.



Chapter 3

Incoherent Scatter Radar

“The reasonable man adapts himself to the world;
the unreasonable one persists in trying to adapt the
world to himself. Therefore all progress depends on

the unreasonable man.”

George Bernard Shaw

Incoherent Scatter Radar, or ISR, is one of the most powerful tools that exist today
to study the ionosphere and the effects that have been exerted by mankind and the
solar wind. It allows for cheap, almost continuous, monitoring of the ionosphere and has
improved our understanding of the ionosphere significantly since it s development in the
1960s.

3.1 The Ionosphere

The ionosphere is a collective name for many layers of the atmosphere where atoms are at
least partially ionized as they absorb short wave energy from the sun. Figure 3.1 shows
an overview of the different parts of the atmosphere, and the ionosphere’s different layers
are indicated on the far right. When ionized, atoms lose their ability to keep some or all
of their electrons bound to their nuclei [18]. This causes the affected molecules to become
positively charged, and the released electrons become free to travel in the ionosphere as
electrical current.

The concentration of free electrons in the ionosphere varies with altitude. At low
altitudes the density of the atmosphere is high, causing the free electrons and ions to
recombine rapidly. The recombination occurs due to the high collision frequency between
the ions and electrons, of which some collisions result in a bonding between the differently
charged particles. The rapid recombination, in conjunction with the need for solar energy
to create the ions, causes the electron and ion concentration in the lower regions of the
atmosphere to be low. In the D layer, the recombination is so rapid that there are almost
no free electrons at all. In both the D- and E layers of the ionosphere, the concentration
varies during the day, as fast recombination causes the ionized atoms in the layer to

9



10 Incoherent Scatter Radar

disappear swiftly at sundown.
As the density of the atmosphere decreases with increasing altitude, the recombina-

tion slows down due to the lower frequency of ion-electron collisions, with an increased
concentration of electrons and ions as a result. This is the case in the F layers of the
ionosphere, which also are not dependent on the sunlight, as the recombination rate is
low. Thus, the concentration of electrons and ions is the same during both night and
day [19, 20]. In the upper reaches of the atmosphere, the density decreases with increas-
ing altitude, as do the ion- and electron concentrations, since there are fewer and fewer
atoms available for ionization.

Figure 3.1: An overview of the different parts of the atmosphere. The layers named on the far
right are the different layers of the ionosphere. Image: http://lurbano-5.memphis.edu/,
obtained under Attribution-NonCommercial-ShareAlike 2.5.
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3.2 Incoherent Scattering

A traditional radar works by sending a short radio frequency pulse toward an object,
which is large compared to the wavelength of the radar pulse and often has good reflective
properties. The radar then listens for the echo that arises when the radar pulse reflects
off the target object. After detecting the pulse, the distance, direction, and size of the
target can be deduced [21].

An ISR does not work in exactly the same manner, mainly because of the difference
in the target object. Instead of a single large reflective object, the target is a distributed
mass of billions of electrons and ions that are vastly smaller than the wavelength of the
radar pulse. In a traditional radar sense, the electrons are too small to be detected.

Instead, an ISR works through a secondary effect called backscattering [2]. By exciting
a part of the ionosphere with radio frequency energy, the ions start to move more rapidly
due to their increased thermal energy. The ions bring the electrons with them in their
motion because of the large difference in mass between the ions and the electrons. This
causes the electrons to send out secondary radiation in random directions, and a small
part of this energy is directed back toward the ISR. This energy from billions of electrons is
detected by the ISR and can be used to deduce different parameters of the ionosphere [22].

The backscattering that is measured is very weak and ISRs often have to average
measurements over seconds to minutes to collect enough signal to achieve measurable
data. While the sending power of the ISRs often is in the MW range, the collected
backscattered energy is typically in the pW range, making the sensitivity of the receivers
a critical design issue.

ISRs today are capable of measuring seven different parameters of the ionosphere
at altitudes from 80 km up to 2000 km [3]. These can be used to derive another eight
parameters, providing extensive information about the ionosphere. All parameters are
listed in Table 3.1. Because of differences in geographical location and radar capabilities,
not all parameters can be measured at every ISR around the world. In addition, not
all of the directly measured parameters can always be measured simultaneously, e.g.,
ion composition and ion-neutral collision frequency can rarely be measured at the same
time [23].

Table 3.1: Parameters measured by incoherent scatter radars[3].
Directly Measured Indirectly Derived

Electron density, N Neutral air density, ρ
Electron temperature, Te Neutral air temperature, Tn
Ion temperature, Ti Neutral air wind velocity, U
Plasma drift velocity, V Pedersen and Hall conductivities, ΣP , ΣH

Ion composition, Mi Energy spectrum of precipitated particles
Electric field-aligned current density, j|| Heat flux, Ψ
Ion-neutral collision frequency, υin Photoelectron flux, Φ
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3.3 Currently Active ISRs

There are currently 11 active ISRs around the world today. While they all use incoherent
scatter techniques, differences in frequency band, resolution, and geographical location
make each of them unique. The location of each ISR is shown in Figure 3.2 and the
operating conditions are listed below in approximate order of first operational year [24].

Figure 3.2: World map showing the locations of the 11 currently active ISRs. Image: NASA,
edited by author.

3.3.1 Millstone Hill

Starting operations in 1960, the Millstone Hill ISR, located in Westford, Massachusetts,
was the first in the world to become operational [25]. It operates at 440 MHz with a peak
power of 2.5 MW. It has one steerable 46 m parabolic dish and one 68 m fixed parabolic
dish. The large range of the steerable antenna allows monitoring of the F region of the
ionosphere over 20◦of latitude.

3.3.2 Jicamarca

Jicamarca in Peru is unique in two distinctive ways compared to other ISRs in the
world. It is the only ISR placed close to the magnetic equator, and thus the only radar
giving information on the ionosphere’s behavior in that region, and it is the only squared
phased array ISR [26]. Jicamarca is built from 18,432 half-wave dipoles and operates
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through analog beamforming, in which the beam direction can only be changed by hand.
Although offering flexibility for directing the beam of the radar, the changes cannot be
made rapidly. The Jicamarca ISR was taken online in 1961 and operates at 50 MHz with
a peak power of 3 MW.

3.3.3 Arecibo

As the largest ISR in the world by far with its 305 m spherical dish, the Arecibo ISR
located in Puerto Rico has the best sensitivity of all the ISRs today. It does, however,
have only limited steering capability since the dish itself is fixed and the steering is carried
out through movement of the suspended Gregorian optics above the reflector. Starting
operations in 1962 [27], Arecibo carries out its measurements at 440 MHz with a peak
power of 2.5 MW.

3.3.4 Kharkov

Operations started in 1974 in Kharkov, Ukraine [28], and the ISR consists of two parabolic
dishes. A fixed 100 m dish capable of 3 MW of peak power is directed in the zenith
direction while a smaller 25 m antenna also capable of 3 MW of peak power is steerable.
Both antennas operate at 150 MHz.

3.3.5 EISCAT and ESR

The European Incoherent Scatter radar (EISCAT) is the only tri-static ISR. With a trans-
mitter located in Tromsø, Norway, and three receive sites located in Tromsø in Norway,
Kiruna in Sweden, and Sodankylä in Finland, it provides a three-dimensional view of the
plasmas in the ionosphere. Where many other ISRs can only measure plasma movements
along their respective beams, the EISCAT system can measure the three-dimensional
movement of the plasma, yielding additional information on the ionosphere [5].

The EISCAT system is located in the polar cap region in the northern hemisphere.
This is important since the magnetic fields of Earth channel charged particles that are
captured in the magnetosphere into the polar cap region. Thus, a lot of information
about the ionosphere and the effects of the solar wind can be measured in this area.

EISCAT was developed during the 1970s and first became operational in 1981 when
the tri-static EISCAT UHF was taken online. The EISCAT UHF uses directional 32 m
parabolic dishes and operates at 928 MHz with a peak power of 2 MW. In 1985, the
EISCAT VHF became operational, using an offset parabolic cylinder antenna operating
at 224 MHz with a peak power of 3 MW [29].

The latest addition to the EISCAT radars is the EISCAT Svalbard Radar (ESR) [30],
which is located in Longyearbyen, Norway. It utilizes one steerable 32 m parabolic dish
and one fixed 42 m parabolic dish and became operational in 1996. The Svalbard Radar
operates at 500 MHz with a peak power of 1 MW.
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3.3.6 Sondrestrom

The Sondrestrom radar facility is located in Kangerlussuaq, Greenland, and has been
operational since 1983 [31]. It uses a single steerable 32 m parabolic dish operating at
1290 MHz with a peak power of 3.5 MW. The location on the west coast of Greenland
provides a unique opportunity to study the polar cusp near local noon, making it ideal
to combine with other types of atmospheric measurement tools.

3.3.7 MU and EAR

The Japanese Middle and Upper atmosphere radar (MU) is located in Shigaraki, Japan,
and is a circular phased array ISR. In addition, it was for a long time unique as it was
the only ISR using solid-state technology [32, 33]. The 100 m circular array is built from
dipoles and the radar became operational in 1985. The operating frequency of 46.5 MHz
is the lowest of all the ISRs and it has a peak power of 1 MW.

The Equatorial Atmosphere Radar (EAR) is located in West Sumatra, Indonesia and
is basically a replica of the MU radar [34]. The main differences are a slightly larger
array of 110 m, higher sensitivity, and a limited peak power of 100 kW. EAR became
operational in 2001.

3.3.8 Irkutsk

The ISR in Irkutsk in Russia is part of the Institute of Solar-Terrestrial Physics observa-
tory in Siberia and has been operating as an ISR since 1993. The radar uses a sectorial
horn antenna operating at 62 MHz and has a peak power of 3.2 MW [35].

3.3.9 AMISR/PFISR

The Advanced Modular ISR, or AMISR, is the latest addition to the world’s ISRs with
operations starting in 2007 at Poker Flat, Alaska [36], and is also known as the Poker
Flat AMISR (PFISR). It is the only modular based ISR in the world, and can thus be
relocated as needed by the scientific community. PFISR utilizes solid-state technology
and a combination of analog and digital beamforming. It operates at 446 MHz and has a
peak power of 2 MW. Each radar consists of a 32 m square face that is sub-divided into
128 panels each consisting of 32 dipole antennas. Within each panel, the beamforming is
done through analog phase shifters, whereas the beamforming between panels is done in
the digital domain. Both types of beamforming are controlled electronically, making it
capable of pulse-to-pulse beamsteering, allowing rapid relocation of the beam to enabling
tracking of sudden atmospheric events.

3.4 Developing ISRs

ISRs are beneficial as atmospheric research tools for their capability to nearly continu-
ously monitor the ionosphere with high precision to a relatively low cost. This precision
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is achieved through narrow beams that return a cross-section of the atmosphere in the
pointing direction. However, narrow beams require large antenna apertures, and this is
one of the most limiting aspects of ISRs today. The limitation arises from the fact that
a narrow beam only covers a small fraction of the sky, whereas scientists want to cover
as large a part of the sky as possible in order to capture the dynamic behavior of the
atmosphere. This can be done by pointing the antenna in different directions as fast as
possible, but for a large parabolic dish such as the EISCAT [3] antenna (�32 m), fast
is a limited term [30]. The development of ISRs is therefore progressing toward LAARs,
e.g. EISCAT 3D [6], and other array systems such as AMISR [37].
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Chapter 4

EISCAT 3D

“Design is not just what it looks like and feels like.
Design is how it works.”

Steve Jobs

While the many ISRs operating around the world today have and are continuing to
provide increased knowledge and understanding of the ionosphere, there are a number
of issues that cannot be explored by them. Perhaps one of the more important issues
is increased resolution of the existing radars. While the scientists need increased resolu-
tion of the measured data, both in time and space, they also want to study large scale
processes in the ionosphere to gain a better understanding of the dynamic properties
of the ionosphere. The current ISRs, with the exception of PFISR, can only provide
measurements of a single volume of the ionosphere at a time.

The scientific community has also requested the capabilities of routine D-region in-
coherent measurements, statistical E-region micro-meteor head echoes for planetology,
instantaneous E-field measurements at multiple altitudes, ion composition ratios in the
polar ionosphere, etc. All of these requests add up to a common denominator; the need
for an all-new mainland EISCAT system [6].

This new system is called EISCAT 3D, and is the next generation of the European
incoherent scatter radar system. EISCAT 3D will provide the scientific community with
a state of the art ISR capable of yielding high quality ISR data from the polar cap region
for a long time.

The EISCAT 3D system will be built as a multi-static radar, just like the existing
EISCAT system, i.e., it has one transmit site and multiple receive sites to allow for three-
dimensional measurements of the plasmas in the ionosphere. Also, the new system will
use multiple base lines to allow for more accurate measurements at different altitudes.
The planned sites for the EISCAT 3D system are shown in Figure 4.1. The new sites
will improve the tri-static geometry compared to the existing receivers placed in Kiruna,
Sweden and Sodankylä, Finland. The outer sites will cover the 250-800 km altitude, or
the F2 region of the ionosphere, whereas the inner sites will be dedicated to D/E/F1
region work at 70-300 km altitude.

17



18 EISCAT 3D

Figure 4.1: Map of the deployment area of the projected EISCAT 3D radar system, showing
the locations of the antenna sites. The dashed circle indicates the approximate extent of the
common field-of-view at 300 km altitude.

The frequency band of the EISCAT 3D system has not yet been determined because
of RF allocation procedures in the host countries, but the target frequency range for the
pre-study has been set to 200-240 MHz, and the radar should be capable of receiving
between 205-235 MHz, i.e., a bandwidth of 30 MHz. Since the existing EISCAT VHF
facility in Tromsø uses a center frequency of 224 MHz, this frequency is used in all
calculations in this thesis as it is the target frequency for the test array in Kiruna.

4.1 Resolution and Antennas

The requested transverse resolution of the radar is set to be 150 m at 100 km altitude at
120 km distance for the receiver arrays [6]. To find the necessary aperture of a radar, one
begins with a simple geometry calculation to find the angular resolution θ3dB, written as

θ3dB = sin−1
(r†
R

)
, (4.1)
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needed to have a transverse resolution r† at a line-of-sight distance R. In the case of
EISCAT 3D, entering the numbers yields that

θ3dB = sin−1

(
150√

(100 · 103)2 + (120 · 103)2

)
≈ 0.055◦.

The next step is to see what kind of aperture is needed to achieve that level of resolution.
For a parabolic dish, the diameter D of the antenna can be written as

D =
k · λ
θ3dB

(4.2)

where k is an antenna form factor which is approximately 70◦ for a parabolic dish, λ is
the wavelength of the signal, and θ3dB is the half-power beamwidth [38]. Entering the
values for the EISCAT 3D radar yields

D =
70 · c

224 · 106 · 0.055
≈ 1700 m

where λ has been replaced by c/f . It is clear that the use of a parabolic antenna is
not practical, and in combination with the requirement to study large regions of the
ionosphere simultaneously, the only choice remaining was to use an array radar capable
of multiple beams.

For an array radar, the effective antenna aperture, i.e., the size of the aperture in the
direction of the beam, can be calculated by

L =
0.445 · λ
sin(θ3dB)

(4.3)

where L is the length of the aperture, λ is the wavelength of the signal, and θ3dB is the
previously calculated half-power beamwidth [39]. Thus, the effective antenna aperture
of the EISCAT 3D array will be

L =
0.445 · c

224 · 106 · sin(θ3dB)
≈ 620 m

where λ has been replaced by c/f . As this is the effective antenna aperture, the actual
extents of an array laying flat on the ground will be larger by a factor of cos(α)−1,
where α is the angle of the beam. For the EISCAT 3D receive arrays, this angle will be
approximately 55◦ above the horizon, yielding a physical extent of 620/cos(55◦) ≈ 1100 m
for the array lengthwise from the transmitter.

While the transverse resolution sets the required beamwidth of the radar, the range
resolution sets the minimum pulse length. The requested range resolution is 30 m, which
can be converted into minimum pulse length τ by

τ =
2 ·R†
c

(4.4)
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where R† is the range resolution and c is the speed of light [40]. For the EISCAT 3D
radar, this yields

τ =
2 · 30

c
≈ 200 ns

as the shortest pulse length of the radar. It is also clear from Equation 4.4 that the
physical extent of the shortest pulse will be twice the resolution, i.e. 60 m.

4.2 Large Aperture Array Radar

The most common way to build an array radar is to use a phased array, so named because
of the way it utilizes beamforming: When a signal is received at the array, the signal
from each antenna element is phase-shifted to achieve constructive addition of the signal
when it is summed in the beamformer. This use of phase steering is advantageous since
the maximum amount of delay necessary is one wavelength of the radar frequency. For
EISCAT 3D, this would correspond to ∼1.3 m.

In the case of EISCAT 3D, the aperture of the array is larger than the minimum
pulse length of the signal. A short pulse reaching the array at an angle, e.g., 55◦, will
have passed one end of the array completely before reaching the other end, 60 m <
1100 m · cos(55◦). This indicates that phase steering of the antenna elements is not
possible; time-delay steering has to be used instead [41]. The EISCAT 3D array will
therefore be a Large Aperture Array Radar, or LAAR, implying that the aperture is
larger than the pulse length of the radar.

The next design choice to evaluate is in which domain to do the time-delay beam-
forming: analog or digital. Analog delay lines are straightforward to implement, but
they have a heavy hardware demand that grows rapidly with an increased number of
beams. Also, because of the need for time-delay beamforming, the longest analog delay
lines would be in the same size range as the longest dimension of the array. Creating
thousands of analog delay lines with lengths up to and beyond 1 km is simply not feasible.
Thus, purely digital beamforming was chosen for the EISCAT 3D project.

4.3 Sampling

As stated in Subsection 3.2, the signal received at each antenna element is extremely
weak, well below the noise floor. Thus, any more noise than is strictly necessary should
be avoided as far as possible. This means that the Analog-to-Digital Converter (ADC)
should be placed as early as possible in the signal path after the antenna. A Low Noise
Amplifier (LNA) and a band-pass filter are necessary before the ADC, as these improve
the system Signal-to-Noise Ratio (SNR) and prevent aliasing.

The Nyquist sampling theorem [42] states that a signal has to be sampled with twice
the maximum frequency of the signal to retain all information. It would thus be necessary
to have a 480 MHz ADC in the EISCAT 3D system to cover the possible signal range
from 205-235 MHz. This is not feasible since there are currently no ADCs available that
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are capable of 14-bit dynamic range at 480 MHz. The 14-bit dynamic range is required
to handle 60 dB of in-band interference and a dynamic signal range of 24 dB. A given
total of 84 dB yields a minimum 14-bit dynamic range in the generally-used estimate of
6 dB of dynamic range per bit in an ADC [43].

A solution to this problem is well known; band-pass sampling [44], which in real-
ity means that the Nyquist sampling theorem only has to be fulfilled for the maximum
bandwidth frequency. It is thus enough to sample the 30 MHz wide band of the EIS-
CAT 3D system with an 80 MHz ADC, which is available at the required resolution.
This will cause the signal band to fold down three times and end up in an inverted band
from 5-35 MHz, i.e., 235 MHz will be located at 5 MHz and 205 MHz will be located at
35 MHz.

The unique combination of a large aperture array radar that uses purely digital beam-
forming and band-pass sampling sets the stage for the next chapter, Digital Beamforming .



22 EISCAT 3D



Chapter 5

Digital Beamforming

“The most exciting phrase to hear in science, the
one that heralds new discoveries, is not ’Eureka!’

(I found it!) but ’That’s funny ...’”

Isaac Asimov

The word beamforming comes from the creation, or forming, of a directional gain, or
beam, in an array of receivers. The term is used in many different scientific disciplines,
but the common denominator is the use of multiple antennas. In the simplest case, two
radio frequency antennas form an array. By using two separate antennas, each antenna
can be smaller than what a single antenna with the same beamwidth would need to
be. The beamforming works simply by delaying the incoming signal from one of the
two elements for the exact amount of time it takes for the signal to travel the distance
that represents the difference in placement of the antennas in the beam direction. Thus,
different delays would point the beam in different directions. After the delay, the signals
from the two antennas are simply summed to achieve constructive interference between
them, which increases the signal strength compared to a single antenna.

The gain achieved from a two-element array scales directly with an increasing number
of antennas in the array. Thus, increasing the number of elements in the array will also
increase the gain of the array. In addition, an array of antennas can be sparsely populated,
i.e., the whole aperture of the array need not be filled with antennas. Thus, the aperture
of the radar can be increased without adding more antennas. It should be noted that
depending on the type of antenna used in the array, overly sparsely-populated arrays will
lead to problems with grating lobes, or spurious beams [45].

As stated in Chapter 4, the use of antenna arrays and beamforming is beneficial
because of the capability to steer an antenna electronically. For an array using digital
beamforming, such as EISCAT 3D, another advantage is the modularity of the array. If
an increased number of beams is desired, nothing must be done to the array itself; it is
only necessary to increase the number of beamformers.

Digital beamforming is in some aspects more difficult to use, especially for relatively
high frequency applications such as EISCAT 3D, than analog beamforming, mostly be-
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cause of the extreme amount of data that must be processed by the beamformer. Since
every single antenna in the array will output a data stream, each one will need to be
processed by the beamformer. For EISCAT 3D, which is sampled at 80 MHz with a reso-
lution of 16-bits, an array consisting of 16,000 elements will produce 80 ·106 ·16 ·16, 000 =
20.48 Tbit of data to be processed by the beamformer. This is to be compared with an
analog beamformer, which would only produce a single 80 MHz data stream, or 1.28 Gbit
of data.

However, there are also benefits to digital beamformers, especially in the case of
time-delay beamforming. Where an analog beamformer would need thousands of differ-
ent delay lines with lengths in the hundreds of meters, a digital beamformer can easily
delay any lengths that are multiples of the sampling frequency by simply discarding sam-
ples. The part that remains for the digital beamformer to deal with is the Fractional
Sample Delay (FSD), i.e., the delay between 0 and 1 samples. FSD can be realized
with Finite Impulse Response (FIR) filters [46], which are readily implemented both in
software and hardware. Because of the high data rates from an array in EISCAT 3D,
software beamformers, while easily implemented, are not a viable option since the com-
puter hardware today would have difficulty continuously processing that amount of data
in real time. Thus, hardware beamformers are used in EISCAT 3D.

5.1 Resolution

The beam pointing accuracy of the EISCAT 3D system is set to be better than ±0.03◦.
This can be used to calculate the maximum total time delay error ETDtot allowed in the
beamformer by

ETDtot =
δbeam · π

180
· 1

fs
, (5.1)

where δbeam is the beam granularity, and fs is the sampling frequency. The resulting
maximum total time delay error must not be larger than ±6 ps for ESCAT 3D. This
value can now be used to calculate the minimum number of filters needed in the FSD
since it is the same as the maximum delay step of the FSD. Thus, the number of filters
N necessary in the beamformer is given by

N =
1

fs · ETDtot

. (5.2)

This yields the result that the minimum number of different delays, or filters, in the FSD
for the EISCAT 3D project is 1042. However, this calculation is only valid when using
ideal delays, i.e., if the filters are not perfect, the errors arising from their imperfection
will also have to be accounted for in ETDtot .

Since we are using digital beamforming, increasing the resolution of the beamforming
FIR-filters is relatively cheap; it only requires more memory to store the filter coefficients.
EISCAT 3D will therefore use 8192 beamforming filters, yielding a minimum step size
of ∼1.5 ps for the FIR-filters. Thus, the timing error added by the imperfections of the
beamforming filters can now be as large as ±5.25 ps.
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5.2 Filter Creation

While the calculations above are straightforward, and the implementation of a FIR filter
in software or hardware is as well, the creation of high quality FSD FIR-filters is not.
Ideally, one would use infinitely many taps to create a perfect FIR-filter, but that would
require an infinite amount of hardware. Thus a trade-off has to be made between the
accuracy of the filters and available hardware, in which FIR-filters are realized with
multipliers. 18-bit multipliers are readily available in FPGAs today; therefore, the filter
coefficient resolution is set to 18 bits in the EISCAT 3D system.

When creating a FIR-filter for a certain delay, care must be taken so that the signal
is not changed in any other way than by group delay, which is the desired property of
the filter. By ensuring that the group delay is close to equal over the whole frequency
range, we know that even broad-band signals will go through the delay filter without any
significant alteration. The phase of the filter is also important, not because it matters
whether the phase of the signal is changed, but because all of the filters in the set must
have equal phase change (2π multiples are acceptable). If not, different antenna elements
that have different delays, and thereby different phase shift, might add destructively,
reducing the gain of the array. The third component that is important is the amplitude
response of the filter. All filters in the set must have the same amplitude, otherwise
some elements might be over-represented in the beamforming, causing distortions and
misalignment of the beam.

In addition to the filter resolution and the maximum allowed errors in time and
amplitude, the last issue that is critical for the FIR-filters is the number of taps. As
the beamformer is to be realized in hardware, each tap represents another multiplier in
the hardware if calculations are made at the clock frequency of the data rate. While
this does not sound too bad, it scales rapidly when the number of antennas in the array
is 16,000. Thus, as few taps as possible is desirable, adding another dimension to the
FIR-filter creation process.

During the design of FIR-filters for EISCAT 3D, it was obvious that while four of the
five design issues were relatively straightforward to solve, the limited resolution of 18-bits
for the coefficients was extremely challenging. While the errors in time and amplitude
were within limits for most of the designed filters at floating point resolution, they often
blew up when the coefficients of the filters were bit-limited. Thus, a novel FIR-filter
creation process was implemented to meet the specific demands of EISCAT 3D:

1. The ideal filter response is created in the frequency domain and is then conjugated,
inverted, and windowed to create real filter coefficients with a smooth frequency
response.

2. The filter coefficients are then optimized in a floating point optimizer to minimize
the group- and phase delay, and amplitude errors.

3. The resulting coefficients are rounded to 18-bit resolution and subsequently ad-
justed in an integer search function to find the best combination of the bit-limited
coefficients to repeat the minimization of the errors.
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5.3 Verification

To verify the results from the beamforming filters, it was necessary to create a simulation
environment to test the filters in a band-pass sampled system. An extensive simulation
environment was therefore developed for the EISCAT 3D system, called the LAAR Simu-
lation Environment (LAARSE). The simulation environment is open source and available
online [47].

LAARSE consists of a simulation engine that models the LAAR and a number of
smaller tools that are needed to support the main engine, e.g., filter creation and jitter
calculation. Each part of the antenna receive-chain in the array is modeled separately
to retain a modular structure for the simulation engine. Thus, if a new ADC is to be
tested, only the function describing the ADC needs to be changed.

Through the use of LAARSE the digital beamforming FSD FIR-filters have been
verified, see Paper A. 18-bit coefficient resolution filters have been created that are 36-
taps long, capable of 30 MHz wide base-band time delay with a maximum error of less
than 5 ps and a maximum amplitude error of less than 0.8%.

In addition to verifying the accuracy of the beamforming FIR-filters, one of the main
uses of LAARSE has been to evaluate the needs of the timing system for the EISCAT 3D
array, as described in the following chapter, Timing and Calibration.



Chapter 6

Timing and Calibration

“Observe due measure, for right timing is in all
things the most important factor.”

Hesiod

To be able to delay the digital signals from the antenna elements, the relative sampling
time of each one must be known, i.e., the time of each antenna element’s sample compared
to all other elements in the array. This translates not only to time, but to space as well.
Both the sampling time and the position of the phase center of each antenna element
must be known to be able to do correct beamforming. Initial calculations indicated that
the total timing error must not exceed 50 ps. However, through the use of LAARSE, this
requirement was found to be too stringent. A standard deviation of 120 ps was found to
be permissible in the simulations, see Section 6.1 below.

Even at 120 ps, the timing error is so small that an ordinary cable timing distribution
system would fail to provide the necessary accuracy; uneven heating of the distribution
cables would throw off the timing. As an example, the needed temperature change in a
300 m long copper cable to achieve 120 ps of time delay is only 4.2◦C. Thus, a continuous
timing calibration system is necessary.

Each antenna element in the array also needs to be calibrated for amplitude. Simula-
tions have shown that for an array with a large number of elements, amplitude errors of
up to 10% for a single antenna element do not significantly reduce the gain of the beam.
However, the more accurately the amplitude is known, the better the beamforming will
be both in gain and shape of the beam. Thus, the aim was set to create as good an
amplitude calibration as possible, even though it is far more forgiving than the timing
requirement and may not need a continuous calibration system.

6.1 Timing Accuracy

To investigate the exact need for the timing accuracy between antenna elements in the
EISCAT 3D array, a large number of simulations were performed, see Paper A. A beam-
forming gain loss of no more than 0.2 dB was set for the array to allow a larger margin in
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amplitude errors in other parts of the array, such as antennas and front-end electronics.
In the simulations, it was discovered that this beamforming gain loss was the limiting
factor on the maximum allowable timing error between elements in the array, rather than
the beam-steering accuracy.

By running large sets of simulations with differing numbers of antenna elements in the
array, it was found that for an increasing number of elements in the array, the maximum
allowable timing error was approaching a fixed value, see Figure 6.1. For an array with
∼100 or more elements, the maximum allowable standard deviation of the timing error
in the array approaches ∼ 120 ps. The reason that the allowed timing error approaches
a fixed value is explained further in Subsection 6.1.1 below.

Figure 6.1: Simulated data of the EISCAT 3D LAAR array, using different array sizes and
plotting the maximum allowed standard deviation of the timing error in the array that causes a
beamforming loss of 0.2 dB. Two separate signal frequencies were used to detect any dependency
on the operating frequency.

6.1.1 Derivation of Timing Effects of an Increasing Number of
Elements in an Array

To explain the noticed behavior of the timing requirements with an increasing number
of elements in an array, an attempt at theoretical derivation was made. The steps taken
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in this derivation are detailed below.
The gain of an antenna array can be written as

GA(r̂) = Gelement(r̂) · AF (r̂) (6.1)

where GA(r̂) is the far-field gain pattern of the array in the direction r̂, Gelement(r̂) is
the far-field gain pattern of one antenna element in the array, and AF (r̂) is the array
factor [48]. The array factor can be written as

AF (r̂) =
N∑
n=1

An · ejφn · ejkrn ·̂r (6.2)

where N is total number of elements in the array, n is the element index, φn is the phase
of the excitation of the element number n, k is the wave number, and rn is the antenna
coordinate in the array for the element number n [48]. For a rectangular array with equal
amplitude and phase excitation (An · ejφn = 1) Equation 6.2 can be written as

AF (r̂) =
Nx∑
nx=1

Ny∑
ny=1

ejk(xnx r̂x+yny r̂y) · ejkεnx,ny (6.3)

where ε is the phase error of the excitation for the element with index nx, ny. Splitting
the array factor AF in the two directions, x and y, this can be rewritten further as

AF (r̂) =
Nx∑
nx=1

ejkxnx r̂x

Ny∑
ny=1

ejkyny r̂y · ejkεnx,ny . (6.4)

To investigate the effect of non-ideal timing in the array, the array factor has to be
compared to the ideal case, which has an array factor AFideal. This is done by calculating
the degradation ∆AF caused by the non-ideal timing as

∆AF =
AF − AFideal

AFideal
. (6.5)

In this ideal case, the array factor AFideal is equal to the number of elements N in the
array, yielding

∆AF =
AF −N

N
=
AF

N
− 1 (6.6)

Considering the first sum in Equation 6.4 when entered into Equation 6.6, the array
gain loss ξy due to the complex error of each row of elements in y direction of the array
is

ξy =
1

Nx

ejkεny − 1 =
1

Nx

Nx∑
nx=1

ejkεnx,ny − 1 (6.7)

which in rectangular notation can be written as

ξy =
1

Nx

Nx∑
nx=1

(
cos(εnx,ny) + jsin(εnx,ny)

)
− 1. (6.8)
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Examining Equation 6.8 in respect of the EISCAT 3D LAAR, it is assumed that the
timing error over the array has a Gaussian distribution, with the expectation value µ = 0,
and a standard deviation σ. This yields that the imaginary part of Equation 6.8 will
approach zero as the number of elements in the array increases, since sin(0) = 0. The
real part of the equation will not disappear since cos for 0 is one, and thus the Gaussian
distribution, see Figure 6.2, is changed into an exponential distribution, see Figure 6.3,
that approaches a value slightly lower than one, as the number of elements in the array
increases.

Figure 6.2: Example distribution of sin(φ) with µφ = 0 and σφ = 0.05.

While Equation 6.8 only describes the effect of the timing error in the y dimension of
the rectangular array, the reasoning applies to the x dimension as well. The equations in
the derivation are dependent on the distribution of a phase error over the array, which
is interchangeable with a time error for a single frequency.

The conclusion is that there is a limit on how large the timing error can be in the
ESICAT 3D LAAR that depends on the allowable beamforming loss, currently set to
0.2 dB, and the number of elements in the array.

A large number of simulations have been conducted with different amounts of in-
troduced timing error over different array sizes. The results from each array size have
then been analyzed and a value for how large a timing error yields a beamforming loss
of 0.2 dB has been estimated. By plotting these values as a function of the number of
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Figure 6.3: Example distribution of cos(φ) with µφ = 0 and σφ = 0.05.

elements in the array, two important limits can be found: the maximum allowable timing
error, and the minimum number of elements in the array to permit this level of error, see
Figure 6.1.

6.2 Calibration Solutions

As the timing calibration system was identified to be one of the most challenging parts
of the design of the EISCAT 3D LAAR receivers, many different ideas were investigated
for solving it. Of these methods, two were found to be promising enough to warrant
further study. While only the cable-based timing- and amplitude calibration system was
realized in the test array built in Kiruna, Sweden, both methods are described in the
following Subsections. In addition, a secondary timing calibration system based on purely
statistical analysis of data from the array has also been evaluated, see Section 6.3.

While the allowed timing error between antenna elements in the EISCAT 3D LAAR
has been found to have a maximum standard deviation of 120 ps, all of that error cannot
be allowed to arise in the timing calibration system. In addition to the calibration
system, room must be left for unpredicted hardware errors and movement of antenna
phase centers due to external conditions such as wind, snow, and ice. Therefore, the
target accuracy for the timing calibration system for EISCAT 3D was set to 40 ps.
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6.2.1 GNSS Calibration

A common source of time today is Global Navigation Satellite Systems (GNSS), of which
the best-known is the Global Positioning System, or GPS. Most modern GNSS receivers
are capable of achieving an absolute timing accuracy of about 50 ns [49]. While this
accuracy is about 1000 times too large for the EISCAT 3D timing system, a number of
simplifications can be made on a local GNSS-based system, as would be the case for an
array timing system.

The greatest sources of error in a GNSS system today are the unknown delays caused
by the ionosphere on the signals from the satellites. But for a local system where all
receivers are within one kilometer, it can safely be assumed that the signal from a satel-
lite to each and every one of the receivers in the array travels through the exact same
ionospheric conditions; thus, the error contribution is the same, and a large improvement
in accuracy is possible.

The ability to create a GNSS-based timing system has been evaluated with promising
results, see Paper B. Although the tested base-line, or distance between the two antennas,
was only 5 m, no other error sources are added by increasing the distance to the needed
levels of the EISCAT 3D LAAR. Thus, the ∼21 ps accuracy deduced in the evaluation
is expected to be achievable over the whole array.

One of the major benefits of a GNSS-based timing calibration system for EISCAT 3D
would be the small amount of hardware necessary, while the major drawback is that
satellite coverage is needed at all times. With the addition of the Galileo GNSS, the
restoration of the GLONASS GNSS, and a planned addition of the Chinese Compass
GNSS, satellite coverage should not be an issue.

6.2.2 Cable Calibration

Using a signal injection system and a distributed cable net in the array, it is possible to
construct a timing- and amplitude calibration system. This approach was investigated
early in the EISCAT 3D project, and was also chosen to be implemented in the test array
that has been built in Kiruna. The key to making a cable-based calibration system to
achieve an accuracy of about 40 ps is to continuously measure any length differences in
the calibration net.

By injecting a signal in a cable and measuring the phase of the signal both at the
injection point and at the end point of the cable, and then switching the cable around, the
error arising from the unknown length of the cable can be cancelled out. The remaining
uncertainty of the timing will now depend only on the time difference between the two
measuring points.

The system is not limited to only using two measuring points, but can be scaled so
that a single injection point is distributed throughout a net of cables to many different
receivers. By subsequently moving the injection point from antenna to antenna, the entire
calibration net, and thus also the time differences between all receivers in the array, can
be found.

One drawback of the approach is that a part of the hardware error can never be
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calibrated: the differences in component values when building the signal injection system.
Even though measurements in the test array show that the differences between antennas
have a standard deviation of less than 5 ps, the uncertainty from component values must
be added to this result. Simulations have been made that show that this uncertainty is
around 15 ps for large array sizes, yielding a total accuracy of about 16 ps, which is a bit
better than the GNSS-based calibration system.

Measurements have also been made on amplitude calibration on the test array, where
the results show a standard deviation of less than 0.1% between antennas. This value
must also be increased by an uncertainty of component values, which in simulations end
up at about 3.5%. The major part of the amplitude uncertainty arises in the directional
couplers that are used for signal injection, which can be and are being measured in the
production phase and can thus be compensated for.

In Paper D, the method and theory behind the cable-based calibration system is
explored in depth, as well as the hardware description of the injection system and the
receivers of the EISCAT 3D LAAR.

6.3 Statistical Method

To provide an additional timing error detection system, one can use statistical methods
to monitor the data from the array. By doing so, a secondary timing calibration system
can be created. While it is not feasible to rely purely on this system, it is usable as a
detection system for hardware errors in the primary timing calibration system.

Using Principal Component Analysis [50], one can detect differences between noisy
data channels even though the signal is below the noise floor. Thus, the method can be
applied to the data streams generated during the operational phase of the EISCAT 3D
radar; there is no need to take the radar off-line to perform the measurement.

The method is explored further in Paper C, where it is shown that when grouping
antenna elements of the EISCAT 3D LAAR receiver in groups of 48 antennas, the method
can detect timing errors between these groups of as little as 120 ps.
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Chapter 7

Summary of the Papers

“We begin to see that the completion of an
important project has every right to be dignified by a
natural grieving process. Something that required the

best of you has ended. You will miss it.”

Anne Wilson Schaef

This chapter gives a summary of each paper included in this thesis. It includes a
comment for each paper on my personal contributions and the involvement of the other
authors. Jonny Johansson has been my supervisor throughout the work and has given
valuable insights on all of my work.

7.1 Paper A - Simulation of Post-ADC Digital Beam-

forming for Large Aperture Array Radars

Authors: Gustav Johansson, Johan Borg, Dr. Jonny Johansson, Dr. Magnus Lundberg Nor-
denvaad, and Dr. Gudmund Wannberg
Submitted to: Radio Science, 2008. Rebuttal submitted 2009.

Summary
The paper describes a simulation tool designed for Large Aperture Array Radars and the
results derived from it for the EISCAT 3D project. More specifically, the motivation and
design choices made for the receiver LAAR for ESICAT 3D are described.

The demands on the Fractional Sample Delay FIR-filters capable of digital beam-
forming of a 30 MHz wide signal band in a band-pass sampled system are detailed. A
design method for creating the FIR-filters and the results from the filter evaluation are
included. The final filter set of 8192 different delays, yielding a time delay granularity of
1.5 ps, have a maximum group- and phase delay error of less than 5 ps and an amplitude
error of less than 0.8%.

Finally, the maximum timing error allowed between antennas in the array is derived.
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As the number of antennas in the array increases, the allowed standard deviation of the
timing error approaches 120 ps.

Personal contribution
Initial idea, creation of the simulation system, creation and evaluation of the FIR-filters,
evaluation of the timing demands. Valuable input on the FIR-filter creation process was
received from Johan Borg.

7.2 Paper B - A Picosecond Accuracy Timing Sys-

tem Based on L1-only GNSS Receivers for a Large

Aperture Array Radar

Authors: Gustav Johansson, Tore Lindgren, and Dr. Jonny Johansson
Published in: ION GNSS Conference Proceedings, Savannah, USA, September 2008.

Summary
A Global Navigation Satellite System (GNSS) based timing calibration system capable of
achieving picosecond-level accuracy in the local area of a Large Aperture Array Radar is
detailed. By using L1-only GNSS receivers capable of phase measurements of the carrier
signal of the GNSS satellite signals, it is shown that a timing system can be created that
has an accuracy of ∼20 ps. This is possible only on a local scale since the largest error
source of a GNSS receiver is the ionospheric disturbances that affect the signal traveling
from space to the receiver. However, when all receivers are located close together, the
signal can be assumed to take the same path through the ionosphere, thus canceling out
the error.

Personal contribution
Concept, idea, simulations, measurements and evaluation of the system.

7.3 Paper C - Picosecond Level Error Detection us-

ing PCA in the Hardware Timing Systems for

the EISCAT 3D LAAR

Authors: Gustav Johansson, Fredrik Hägglund, Dr. Johan E. Carlson, and Dr. Jonny Johans-
son
Submitted to: Radio Science Bulletin, 2009.

Summary
A secondary timing error detection system was evaluated to provide a means of detecting
hardware errors in the timing system itself for the EISCAT 3D LAAR receivers. By using
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a statistical tool called Principal Component Analysis (PCA), data from simulations were
monitored continuously. As errors in timing were introduced, the analysis tool detected
the sub-arrays that differed from the rest of the array. The method is advantageous as
a secondary system, as it is capable of detecting differences of signal hidden in noise,
i.e., it can be used on live data from the radar. While the method is capable of working
with noisy data, it was found that for it to work reliably, the signal levels in the array
needed to be raised by grouping the antennas into sub-arrays of 48 antenna elements.
The resulting system was capable of detecting timing errors down to 120 ps for up to
20% of erroneous sub-arrays.

Personal contribution
Initial idea and creation of the analysis tool. The derivation of the analysis and detection
algorithm was made in cooperation with Fredrik Hägglund.

7.4 Paper D - Proposal for a Picosecond Level Cable-

Based Calibration System for Large Aperture

Array Radars

Authors: Gustav Johansson, Johan Borg, Dr. Jonny Johansson, Mikael Larsmark, and Prof.
Jerker Delsing
Submitted to: Radio Science, 2009.

Summary
The paper proposes a cable-based timing- and amplitude calibration system capable of
meeting the calibration demands of the EISCAT 3D LAAR receivers. It details the
choices made when designing the calibration system and the theory behind it. Further-
more, it details the specific hardware that has been built to verify the system in a test
array, the simulations made on the system, and initial manual measurements made in
the test array to verify the system.

The calibration system works by successive injection of a calibration signal directly
into the signal path from the antennas in the array to the ADCs, and also out through a
passive calibration net. By switching the direction of the signal through the calibration
net, the error contributed by it can be cancelled out, thus leaving only the timing error
between the antennas to be measured.

While the automated calibration system is not yet fully operational, the simulations
show that even for large arrays, the expected uncertainty due to component mismatch
between different receivers in the array will not exceed a standard deviation of 15 ps. In
addition to this, the manual measurements that have been conducted yielded a standard
deviation of less than 5 ps of timing error between the antennas in the test array.

For the amplitude measurements, the simulations indicate an uncertainty of about
3.5% standard deviation, of which the largest contributor is the mismatch between the
directional couplers used in the signal injection system. This mismatch can be and is be-
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ing measured during the production phase of the hardware and can thus be compensated
for. The manual measurements found that the amplitude error between the antennas
had a standard deviation of less than 0.1%.

Personal contribution
Conceptual idea of the calibration system, together with Johan Borg. Participation in
the building and testing of the hardware, writing a large part of the calibration system
control software together with Mikael Larsmark. Performed the manual calibration pro-
cedure and the evaluation of the results from it and developed the calibration software.

7.5 Paper E - EISCAT 3D - a Next-Generation Eu-

ropean Radar System for Upper Atmosphere and

Geospace Research

Authors: U.G. Wannberg1, H. Andersson2, R. Behlke3, V. Belyey3, P. Bergqvist2, J. Borg4, A.
Brekke3, J. Delsing4, L. Eliasson1, I. Finch5, T. Grydeland3,8, B. Gustavsson3,9, I. Häggström2,
R.A. Harrison5, T. Iinatti2, G. Johansson4, J. Johansson4, J. Johansson1, C. La Hoz3, T.
Laakso2, R. Larsen2, M. Larsmark4, T. Lindgren4, M. Lundberg4, J. Markkanen2, I. Marttala2,
I. McCrea5, D. McKay5, M. Postila2,10, W. Puccio6, T. Renkwitz7, E. Turunen2, A. van
Eyken2,11, L.-G. Vanhainen2, A. Westman2 and I. Wolf1

Submitted to: Radio Science, 2009.

Summary
This paper outlines the results from the entire EISCAT 3D pre-study performed over
four years, from 2005 to 2009. The motivation for the project is detailed, as well as
the benefits to the scientific community working in the field of incoherent scatter radars.
Critical design choices are described along with the results from the test array that has
been built in Kiruna, Sweden. The main conclusion of the article is that it is demonstra-
bly possible with technology available today to build the EISCAT 3D radar, and that
there are important motivations for its future construction.

1Swedish Institute of Space Physics, Box 812, SE-981 28 Kiruna, Sweden
2EISCAT Scientific Association, Box 812, SE-981 28 Kiruna, Sweden
3Auroral Observatory, University of Tromsø, N-9037, Tromsø, Norway
4EISLAB, Lule̊a University of Technology, SE-971 87, Lule̊a, Sweden
5Space Science and Technology Department, Rutherford Appleton Laboratory, Chilton, Oxfordshire

OX11 0QX, UK
6Swedish Institute of Space Physics, Box 537, SE-751 21 Uppsala, Sweden
7Institut für Atmosphärenphysik, D-18225, Kuhlungsborn, Germany
8Now at Discover Petroleum, Roald Amundsens Plass 1B, 9008 Tromsø, Norway
9Now at Department of Communication Systems, University of Lancaster, Lancaster LA1 4YR, UK

10Now at Sodankylä Geophysical Observatory, Tähteläntie 62, FIN-99600 Sodankylä, Finland
11Now at SRI International, 333 Ravenswood Avenue, Menlo Park, CA 94025, USA
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Personal contribution
The critical design choices and results regarding digital beamforming and the timing
system.
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Chapter 8

Conclusions

“I hope you become comfortable with the use of logic
without being deceived into concluding that logic will

inevitably lead you to the correct conclusion.”

Neil Armstrong

The hypothesis set out in the introduction was: A Large Aperture Array Radar
used for incoherent scatter measurements providing multiple beams with a
0.06◦ beamwidth utilizing digital beamforming can be designed, manufac-
tured, and calibrated using currently available electronics and signal pro-
cessing.

This was divided into three research questions. These questions were investigated in
the thesis and are answered as follows:

1. What are the critical design issues when developing a Large Aperture Array Radar
receiver?

The two most critical design issues are the creation of a high-accuracy
digital beamformer and an array-wide distributed timing system capable
of picosecond level accuracy.

Time-delay beamforming is necessary as opposed to phase delay beamforming be-
cause of its large aperture compared to the minimum pulse length of the radar.
As a consequence, analog beamforming is not practically feasible due to the very
long delays needed for beamforming, and thus digital beamforming is required. To
reduce the data rate from an array with a large number of antennas, band-pass
sampling was found to be desirable, and as a result, digital beamforming filters
that are capable of low error time delay for a wide band signal in base-band are
needed.

The timing of the samples from every antenna element in the array can have an
error with a maximum standard deviation of 120 ps. This error includes unknown
hardware errors, timing distribution errors, and phase center movement of the
antennas in the array. Therefore, a maximum of 40 ps of timing error is set to
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be allowed from the timing distribution system, leaving ∼113 ps for hardware and
phase center movement. Slow-changing errors, such as hardware manufacturing
errors or antenna mount movement due to ground frost, can be compensated for
through the use of external calibration sources, e.g., celestial calibrators.

2. Can wideband digital time-delay beamforming be used in base-band for a band-pass
sampled LAAR?

Yes, it is possible to use digital beamforming in base-band for a band-
pass sampled LAAR.

While time consuming, bit-limited Fractional Sample Delay Finite Impulse Re-
sponse filters that have the accuracy to delay the signals in a band-pass sampled
array to facilitate high accuracy beamforming can be created. The necessary group-
and phase delay errors of the created FIR-filters have a maximum error of less than
5 ps and an amplitude error of less than 0.8%, which is accurate enough to enable
0.06◦ pointing accuracy.

3. Can a distributed timing system be designed with sufficient accuracy for digital
beamforming capable of 0.06◦ beam pointing accuracy?

It can be concluded that two different and independent timing systems
are capable of achieving a timing error with a standard deviation well
within the required accuracy of the system.

A GNSS-based hardware solution, where phase measurements of satellite position-
ing signals is used to calculate a time difference between different receivers, can
achieve a timing error with a standard deviation of about 20 ps.

A cable-based calibration system utilizing a calibration net that connects the an-
tennas in the array is shown to achieve a timing error with a standard deviation
of about 16 ps. The system works by measuring an injected signal at multiple an-
tennas simultaneously and changing the injection point throughout the array, thus
removing the error contribution from the calibration net.

As a secondary system, the use of Principal Component Analysis is shown to be
capable of detecting timing hardware errors. By grouping antennas into 48-element
sub-arrays within the LAAR, the method is capable of detecting timing errors down
to 120 ps. This is achieved on live radar data and the method can thus be used as
a monitoring tool during radar operation.

From these answers, it can be seen that all the evidence so far supports the hypothesis
that a Large Aperture Array Radar used for incoherent scatter measurements providing
multiple beams with a 0.06◦ beamwidth utilizing digital beamforming can be designed,
manufactured, and calibrated using currently available electronics and signal processing.

The results found in this thesis will help in advancing ionospheric science by confirm-
ing that a next generation of incoherent scatter radars using large aperture arrays can
be built with the technology existing today.
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Abstract

This paper presents simulations and methods used to investigate the feasibility of using
a Fractional-Sample-Delay (FSD) system in the planned EISCAT 3D incoherent scatter
radar. Key requirements are frequency-independent beam direction over a 30 MHz band
centered around 220 MHz with correct reconstruction of pulse-lengths down to 200 ns.
The clock jitter from sample-to-sample must be extremely low for the integer sample
delays; the FSD must be able to delay the 30 MHz wide signal-band 1/1024th of a
sample without introducing phase shifts; and it must all be done in base-band.

An extensive simulation system based on mathematical models has been developed
with inclusion of performance degrading aspects such as noise, timing error, and band-
width. The use of Finite Impulse Response (FIR) filters in the base-band of a band-pass
sampled signal to apply true time-delay beam-forming is shown not only possible but
also well behaved. The target beam pointing accuracy of 0.06◦ is achieved using opti-
mized FIR-filters with lengths of 36 taps at 18-bit coefficient resolution. Even though the
minimum fractional delay step necessary for beam-forming is ∼13.1 ps, the maximum
sampling timing error allowed in the array is found to be σ ≤ 120 ps if the error is close
to independent.

1 Introduction

The next generation of incoherent scatter radars (ISRs) is going to be a version of phased
array radars, called Large Aperture Array Radar (LAAR). The name was derived since
the name phased array is somewhat misleading as the beam-forming is done through time-
delay, not phase-shifting. This is necessary since the radar pulses are shorter than the
extent of the array, thus all elements in the array will not be illuminated simultaneously.

Antenna arrays provide improved capabilities to the scientific community, compared
to for example the existing parabolic EISCAT UHF antennas [1], in form of better resolu-
tion, both in space and time, and the capability to observe multiple volumes of the iono-
sphere simultaneously with instantaneous steering. Other array radars, such as MU [2]
and AMISR [3], have already shown the improved capabilities of the array design that
will allow the dynamic behavior of the ionosphere to be studied.

The work presented in the paper is one result of the ongoing research project EIS-
CAT 3D, which is an extension of the existing EISCAT (European Incoherent SCATter
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Figure 1: Geographical locations of the transmit and receive sites of the existing EISCAT UHF
system. The EISCAT 3D system will be located at similar locations.

facility) project, located in the northern parts of Scandinavia, [4]. The 3D part reflects
the aim to improve the static observation capability of the existing system to allow
simultaneous observation of a whole volume of the ionosphere, thus providing a three di-
mensional view. This is achieved by illuminating a large volume of the ionosphere above
the transmitter and extracting multiple narrow beams at the receive sites, creating a
three dimensional measurement of the illuminated volume. In order to provide truly
instantaneous three-dimensional radar measurements spanning the entire vertical extent
of the ionosphere, the planned EISCAT 3D incoherent scatter system includes multiple
receive-only antenna arrays, situated at 90-280 km from the main transmitting/receiving
core site.

The EISCAT 3D system will be built in the same manner as the existing system,
see Figure 1. That is, one transmit and receive site in Tromsø, and multiple receive
sites located at right angles to provide geometric diversity. Each receive site will employ
band-pass sampling at ∼80 MHz, with the input signal spectrum contained in the 6th
Nyquist zone since the signal band is located between 205 MHz and 235 MHz.

Digital beam-formers realized in FPGAs will generate five or more simultaneous
beams that intersect the transmitter beam at different altitudes. Aside from increas-
ing the capabilities to extend the system with additional beam-formers in the future,
this design is beneficial for techniques like interferometry since large sets of independent
baselines can easily be extracted in the beam-forming center, [5].

The capabilities of the currently active and planned ISRs are summarized in [3].
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Table 1: Design demands on the EISCAT 3D system, deduced from user and project defined
criteria.

Predefined Demand Subsequent Demand

Beamwidth <0.06◦ ⇒ Effective Antenna Aperture > 386,000 m2

Beam pointing granularity < 0.06◦ ⇒ Minimum fractional delay < 13.1 ps
Beam steering error < ±0.03◦ ⇒ Beam-former time delay error < ±6.65 ps
Lower height limit = 80 km ⇒ Maximum pulse length = 200 ns
Dynamic range of in-band interference = 60 dB
Dynamic range of signal = 24 dB

}
⇒ ADC resolution ≥ 14 bit

Beam-forming losses < 0.2 dB ⇒ ADC timing error < 120 ps
Multiple steerable beams
Signal bandwidth = ±15 MHz
210 MHz < Center frequency < 240 MHz

The main benefit of the EISCAT 3D ISR, [6], compared to others, is the use of direct
sampling at each antenna element. This in turn yields improved dynamic steerability
and increased experimental versatility. The latter is important since the ISR research
area is continuously developing new techniques and uses to improve our understanding
of the ionosphere.

This paper presents simulations and methods used to investigate the feasibility of
using a post-ADC Fractional-Sample-Delay (FSD) system to meet the beam-forming
requirements for the receive sites in the EISCAT 3D system and to find the critical design
aspects. The simulation tool developed as result is called LAAR Simulation Environment
(LAARSE), [7].

The remainder of this paper will go through the design choices made, FSD Finite
Impulse Response (FIR) filter design and optimization, and the design of a system sim-
ulation software to test the filters and the system.

2 Design Choices

During the initial design phase, a number of strategic choices for the EISCAT 3D system
were made and as the design develops additional demands evolved. These pre-defined
and subsequent demands are collected in Table 1.

To reduce the number of antenna elements in the receive-only array and to add gain
for each antenna element, Yagi antennas were chosen. The Yagis have dual-polarization
channels to be able to track any polarization of the incoming signal. To minimize the
cross-coupling between elements, the antennas will be placed sparsely in the array, at
least 1.25 λ apart, causing the array to be spatially under-sampled. In principle, this
introduces grating lobes in the array pattern, but these are suppressed by the limited
beamwidth of the Yagi elements. The total gain pattern of the array will thus be corrected
by the pattern of a single antenna element, [8]. The currently used antennas have a -3 dB
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Figure 2: Gain pattern of the Yagi antennas used in the EISCAT 3D test array, as applied
in the simulations. The pattern is fitted to the actual data points from the Yagi antenna data
sheet.

beamwidth of ∼30◦, which is applied in the simulations through the use of a simplified
beam pattern without side lobes, see Figure 2. The beam pattern used in the simulations
does not need to take side lobes into consideration since the generated signals are within
the main lobe.

The necessary size of the array needed to achieve the EISCAT 3D design target of a
-3 dB beamwidth of 0.06◦ can be calculated by 0.445λ

sin(θ)
, where λ is the wavelength of the

signal and θ is the -3 dB beamwidth, see Table 6.1 in [9]. In the EISCAT 3D, this yields a
minimum effective side length of the array of ∼425 λ, or ∼620 m for 205 MHz. The exact
dimensions of the receive sites of the EISCAT 3D system is still under consideration.

There are two viable options on how to do beam-forming. One is phase-shifting [10],
where the signal from each antenna element is delayed up to one period, 2π, to match
the phase of all elements before summing the signal. With the maximum delay of one
wavelength, this method saves both hardware and implementation complexity. The sec-
ond method is true time-delay [11], where the signal from the elements is delayed in time
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so that the arrival of the signal to each element is matched before summation. The main
drawback with the latter method is that the maximum delay length is decided by the
size of the array rather than the carrier wavelength, thus demanding more hardware in
the implementation.

Although phase-shifting beam-forming is easier to implement since one only has to
consider the phase of the signal, it has the drawback of only being applicable to narrow-
band situations, causing the incoming wave to be coherent over the entire array, i.e., if
the signal has changed characteristics in one end of the array and not the other, correct
beam-forming is not possible. In the EISCAT 3D system the incoming waves are both
broad-band, ∼30 MHz, and changes faster (over a shorter distance) than the size of the
array. Thus, true time-delay beam-forming is necessary in the EISCAT 3D system.

Analog true time-delay beam-forming would require delay lines at least as long as
the array. The construction of thousands of analog delay lines with electrical lengths
of 100 m or more is not feasible in our system. Instead, the signal is digitized as early
as possible in the receiver and centralized post-ADC beam-forming through time-delay
beam-steering by digital filters is used.

The use of band-pass sampling [12, 13, 14] allows us to reproduce our desired 30 MHz
signal in base-band by the use of a sampling frequency of 80 MHz. This gives us a margin
of 5 MHz at each end of the band for imperfections in the anti-aliasing filters used to
select the band of interest. One purpose of the simulation system described further in
this paper was to evaluate how effective digital beam-forming would be in this band-pass
sampled system.

To achieve the requested beam-steering granularity, the minimum step size of the
delay for each element must be below 13.1 ps, [15]. For an array with a side of 620 m the
total delay can be as high as 2.92 µs, yielding ∼223,000 different delays. With 80 MHz
sampling frequency, every multiple of 12.5 ns is easily handled with integer sample delays,
e.g., memory buffers, which leave the sub-integer delay. Applying the delays in the base-
band yields that 1/1024th of a sample period meets the criteria of 13.1 ps set above,
however, to gain robustness we must account for any errors in the FSD. Increasing the
number of filters to 8192 would achieve this and thereby also decreases the demands on
filter accuracy. This can be realized by creating a filter bank storing the coefficients of
the filters.

For realization of the FSD, FIR-filters were chosen as they are easy to design, char-
acterize and implement in hardware, and have proven their worth before, [16]. Using an
FPGA implementation also allows for future use of IIR-filters if desired. However, the
use of IIR-filters might prove difficult since it is very hard to achieve the desired phase
properties using such filters. FPGAs are available today with 18-bit hardware multipliers,
giving a natural limit of 18-bit resolution to the filter coefficients.

While deducing that the timing-demand for beamforming are on the ps-level, the
question of accuracy in the timing of the array arises. Ideally, all of the Sample-and-Hold
(S&H) circuits in the entire array would open and close at the exact same time. In
reality, a distributed reference clock for an array of our size will have delays in the clock
distributing lines in the order of hundreds of ns, which makes it necessary to implement
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delay estimation techniques to achieve sub-nanosecond clock accuracy. There are ways
to create accurate clock reference systems, [17], and this is also an active research area
in the EISCAT 3D project, [18]. The necessary accuracy of such a timing system is
investigated in more detail below.

3 Fractional Sample Delay Beam-Steering

The use of FIR filters as an FSD in base-band puts critical demands on the filters. The
filters are not allowed to introduce any large phase errors in our signal band since that
could cause parts of the summing to be destructive. Large differences in group delay
is not allowed either seeing that this would cause our broad band signal to be delayed
differently depending on frequency. Additional difficulties are introduced because of the
bandwidth of our signal; 30 MHz with a sample frequency 80 MHz puts us close to the
Nyquist limits.

To achieve time-delay beam-steering, one can apply digital FIR filters that delays the
signal for a fraction of a sample, [19]. Optimal filters can be achieved only with infinitely
long filters, thus a trade-off between filter length and filter optimality must be made.

There are five main design criteria to consider when designing a time-delay FIR filter;
group delay error, phase error, amplitude error, filter length and coefficient resolution.

• The group delay error is important since creating a group delay is what we are
trying to achieve. Thus any error in the group delay reduces the delay accuracy
from each antenna element, causing less than optimal beam-forming. It also causes
our broad band signal to be distorted since different frequencies in the band will
have different delays. The design criteria for the beam-forming granularity sets the
minimum fractional delay; 1/1024th of 12.5 ns yields delay granularity of ∼12.2 ps,
and thus a quantization error of ±6.1 ps. This leaves only ±0.45 ps of error to
the filter design since the total error is set to be ≤13.1 ps, which have proved very
difficult to achieve. By increasing the number of filters to 8192 the beam granularity
is reduced to ∼1.5 ps, leaving ±5.8 ps for the filter design.

• Since group delay is the derivative of phase with respect to frequency, it should
not be necessary to optimize on phase delay as well. However, this is only true
for a single filter by itself. The phase shift of any one filter is not important, but
the difference between filters is, i.e., if the phase is shifted 30◦ by some filters and
-150◦ by others, they would cancel out and thereby degrade the beam. To prevent
this from happening, the phase error of each filter must be small, i.e. within the
previously stated ±5.8 ps, thus the difference between the filters will be equally
small. Since both the group delay error and the phase error manifest themselves as
time errors they can be added together. Thus, it is the sum of the two errors that
must meet the ±5.8 ps accuracy demand.

• The amplitude error is important since it will affect the beamwidth, side-lobes and
nulls. This is because beam-forming works by constructive and destructive inter-
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Table 2: Summary of the FIR-filter design criteria
Criteria Limit

Group Delay Error
Phase Error

}
≤ 5.8 ps

Amplitude Error ≤ 1 %
Filter length 36 taps
Filter resolution 18 bits

ference between antenna elements through summing of signals, so if some signals
are larger than others they can affect the summing adversely: The main effect is
beam-widening, but even a few percent of amplitude error will cause only limited
beam-widening. Awaiting more specific simulation results, we have set a conserva-
tive limit of ≤1 % for the amplitude error.

• The length of the filters, or the number of taps, directly affects the amount of hard-
ware necessary to realize the filters. Assuming an FPGA with the same calculation
clock speed as the sampling rate, a 36 tap long filter will require 36 multipliers to
be realized.

• Similarly, the coefficient resolution also affects the necessary hardware as the reso-
lution of the multipliers must match the filters.

The demands on the FIR-filter design are summarized in Table 2.

3.1 Filter Design and Optimization

An often used method for FIR-filter design is the Lagrange interpolation, [20], which
results in an optimally flat, ripple free amplitude and phase response. While this is highly
desirable in certain applications, it would result in longer filters than necessary when the
required filter performance is described by max-min error bounds for group delay, phase
delay and amplitude over a defined frequency band. Thus, Lagrange interpolation is not
optimal for our application.

Instead, the FIR filters were designed by creating the ideal filter response in the
Fourier domain, adding the complex conjugate to create real coefficients, inverting the
response and windowing it to create the filter coefficients. Common windowing functions
were evaluated, e.g., Blackman, Hanning, Hamming and Chebyshev, etc., and it was
found that different windowing functions proved to create the best filters for different
delays. Thus, for each of the 8192 different filter delays, five different windowing functions
were tested for the filter creation and the best one was used in further optimizations of
the filters.

Before implementation in hardware, the filter coefficients have to be rounded from
64-bit floating point numbers to 18-bit fixed-point resolution in order to allow efficient
use of the dedicated multipliers available in FPGAs. During this operation, the filters are
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degraded severely. As an example, the group delay error of some of the filters is larger
than 1000 ps. It is thus clear that the filters need to be optimized before rounding the
coefficients resolution from 64-bit floating point to 18-bit integers.

The optimization goal was formulated as a multivariable optimization problem of
minimizing the largest group delay, phase and amplitude error at every frequency in the
band. As the optimizer strives to minimize all errors, the phase delay, phase, and am-
plitude errors must be weighted differently to fit the optimization aim stated in Table 2.
While we have not performed a study of the theoretical convergence properties of this
problem, it works well enough for practical purposes.

Even after optimization of the filter coefficients on a floating point basis, the round-off
errors that arise going from 64-bit to 18-bit resolution pushes the errors of the group delay
over the maximum allowed error. Therefore, an integer search function was created that
searches for the best combination of bit-limited coefficients based on the floating-point
solution.

To summarize, the whole optimization process thus goes in three steps:

1. The ideal filter response is created in the frequency domain and is then conjugated,
inverted and windowed to create real filter coefficients with a smooth frequency
response.

2. The filter coefficients are then optimized in a floating point optimizer

3. The resulting coefficients are rounded to 18-bit integer resolution and are then
adjusted in an integer search function to find the best combination of the bit-
limited coefficients.

This process was repeated over a large set of different lengths of the filters to find the
shortest filters possible that meet the requirements. This is desirable since the number of
multipliers needed in the FPGAs used to created the beam-formers are directly dependent
on the number of taps in the filters. 36 taps were found to be the best trade-off choice for
the full 30 MHz band; shorter filters introduce too large errors, and longer filters demand
more multipliers than necessary in hardware implementation.

The resulting amplitude, group delay and phase errors, which meets the EISCAT 3D
design specifications, can be seen in Figures 3 - 5. The amplitude error does not exceed
0.8% at any frequency for all of the different filters, which meets the stated 1% limit.
The group delay error is kept below 5 ps over all the filters across the band, contributing
significantly to the 5.8 ps limit for the group- and phase delay error combined. However,
this is not an issue since the phase delay error only contributes with a maximum of
0.035 ps, keeping the sum of the two errors well below the stated limit.

4 Simulation

To evaluate the performances of the beamforming filters, a simulation tool for the EIS-
CAT 3D LAAR based on mathematical models was developed. The simulator works
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Figure 3: Amplitude errors for each filter (fractional delay) over the EISCAT 3D frequency
band for a 36-tap long filter set with a coefficient resolution of 18 bits. As seen, the amplitude
error does not exceed 0.8% for any filter over the entire band, which is below the stated 1%
limit.

through a modular basis, where each physical part of the system is described as a func-
tion, where the very first step creates a signal similar to what is expected to be received
in the EISCAT 3D system for each antenna element separately. Thereafter, the signal is
distorted with white noise and timing error before being sent through a representation of
the physical system of the receiver chain where each part of the physical system has been
designed separately so that parts can be added, updated and removed without affecting
the rest of the system. Not until after the beamforming stage the signal is reduced to
one combined beamformed signal. Until then, each element in the antenna is processed
separately.

While each of the parts in the simulator are highly specific for the EISCAT 3D system,
the design is straightforward and simple and could easily be applied to other arrays, or
indeed to EISCAT 3D itself if the design specifications would change significantly. For
further details on the simulation environment, see [7].

All simulations in this paper are made with a 12-by-4 element array, see Table 3. This
will be a sparsely populated array, but since no interference signals are generated in the
simulations, no grating lobes will disturb the simulations. By using a sparsely populated
array in simulation, calculation times are reduced dramatically. In all other ways, the
simulated array conforms to the design of the EISCAT 3D test array, such as mounting
angles, estimated noise levels etc.
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Figure 4: Group delay errors for each filter (fractional delay) over the EISCAT 3D frequency
band for a 36-tap long filter set with a coefficient resolution of 18 bits. As seen, the group delay
error does not exceed 5 ps for any filter over the entire band. The combined limit for group-
and phase delay error is 5.8 ps.

Table 3: Simulation settings for the 12-by-4 test array that was used to generate the test plots.
Setting Value

Frequency 205 MHz
Pulse length 200 ns
Timing error σ = 120 ps
Noise level -60 dB vs ADC range
Signal level -84 dB vs ADC range
ADC resolution 14 bit
Beam-form filter resolution 18 bit
S&H bandwidth 640 MHz
Inter-element distance 220 m
Azimuth angle of array 0◦

Elevation angle of array 15.48◦
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Figure 5: Phase errors for each filter (fractional delay) over the EISCAT 3D frequency band
for a 36-tap long filter set with a coefficient resolution of 18 bits. As seen, the group delay error
does not exceed 0.035 ps for any filter over the entire band, adding only a very small error to
the beamforming. The combined limit for group- and phase delay error is 5.8 ps.

4.1 Worst Case

To have a robust setup for the simulations, the worst case direction for the array was used
in all simulations. As for any antenna, the smaller the aperture the broader the beam
is. Thus, the worst case is at minimum elevation and minimum azimuth since these are
the directions where the effective area of the array is smallest. The worst case values can
hence be deduced at 0◦ azimuth and at 15.48◦ elevation which is 30◦ below the mounting
angle of the antennas in the EISCAT 3D test array.

In frequency, the worst case is in our case at 205 MHz. This is because when band-
pass sampling our signal at 80 MHz the lower frequency in the signal band will end up
higher in the base band. E.g. 205 Mhz will be at 35 MHz in the base band and 235 MHz
will be at 5 MHz. The higher frequency we have in base-band, the more effect an error
has since frequency is inversely proportional to time. Therefore, all simulations are made
at 205 MHz.

Both direction and frequency worst-case settings have been verified in simulation.
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Figure 6: Steering accuracy plot for 36-taps optimized filter set. 1000 runs at each timing error
setting on the 12-by-4 test array. Of the tested timing errors, all but the 250 ps setting meet
the required 0.03◦.

4.2 Steering & Amplitude

One of the main design criteria is the steering accuracy of the beam. This aspect is
mainly affected by the ability to correctly delay the signal from each antenna element,
i.e., the element-to-element timing error of the system. Sample-to-sample jitter in the
ADC is expected to be less than one ps. The timing error simulations are time consuming,
especially when statistical accuracy is desired. In our case, each simulation consists of
1000 runs with Gaussian distributed timing error. As can be seen in Figure 6, the steering
accuracy easily meets the ± 0.03◦ criteria for timing errors up 200 ps. Instead, the beam-
forming loss criteria of ≤ 0.2 dB sets the maximum allowable distributed timing error to
have a standard deviation of ∼120 ps, set in Table 1.

Figure 7 shows the relationship between the maximum allowable timing error in the
array that meets the beam-forming loss criteria versus the number of elements in the
array. These simulations were done at the two extreme frequencies of the signal band,
205 MHz and 235 MHz. The results show that for low number of antenna elements in an
array, the allowed timing error is less than for a higher amount of elements. In addition,
the maximum allowed timing error approaches a fixed value when the number of elements
is increased.

This effect arises because of the inherent properties of the effect of a phase error in
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Figure 7: Maximum allowed distributed timing error that meets the -0.2 dB amplitude error
limit as a function of the number of elements in the array. For low number of elements timing
errors have large impact on the beamforming. As the number of elements increase, the maximum
allowed timing error approaches 120 ps. Both extreme frequencies of the signal band, 205 MHz
and 235 MHz, have been tested.

beam-forming. When an antenna element in the array is out of phase, the phase error
affects the amplitude of the beam because of the non-ideal summation of the elements
and can be shown to be complex [11]. Assuming a rectangular array with the directions
x and y in the xy-plane, the error in one of the directions can in rectangular notation
can be written as

ξy =
1

Nx

Nx∑
nx=1

cos(εnx,ny) + jsin(εnx,ny) (1)

where ξy is the error due to summation over the x direction in the array, Nx is the total
number of rows of elements in the x direction, and εnx,ny is the error for a specific element
in the array as specified by the indexes nx and ny.

Assuming that the phase error over the array has a Gaussian distribution, the imag-
inary part approaches zero as the number of elements in the array increases since the
phase error is centered around zero. The real part does not go to zero, but instead ap-
proaches a limit value with increasing number of elements in the array. This is because
both positive and negative errors in phase will cause the same reduction of amplitude in
the summation, i.e. the expectation value will not be zero, but a value just below one.
Even though Equation 1 only describes the error in one direction of a rectangular array,
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Figure 8: Beamwidth test run for the 12-by-4 test array with 120 ps timing error included.
The 0.06◦ maximum beamwidth demand is met only for elevations above ∼20◦. There are
barely visible peaks that shows the limited but existent effect of a distributed timing error on the
beamwidth.

the reasoning holds for both dimensions.

4.3 Beamwidth

The beamwidth simulations were done with σ = 120 ps Gaussian distributed timing
error which proves good enough in respect to the timing error for the timing distribution
system of EISCAT 3D as long as the error is independent, see Figure 8. The beam shape
does not change considerably due to the evenly distributed timing error, but is more
prone to distortion if linear errors are introduced over the array. This stresses the point
that the timing of the S&H circuits over the whole array not only must be accurate, but
any errors must be close to independent.

As seen in Figure 8, the 0.06◦ maximum beamwidth demand is met only for elevations
above ∼20◦. However, this may be remedied by using a different layout of the array to
increase the aperture for low elevations or placing the array on a hillside to achieve the
same effect.
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5 Discussion

The LAARSE simulation tool has been a step by step development that started with
the question wether it was possible to create a base-band time-delay digital filter that
could be used for fractional delay beam-steering of a digitally sampled LAAR. While
theory supported the claim, it was necessary to design an actual filter capable of the
task to evaluate the usefulness of the theory, especially since the required band width of
the signal band was desired to be 30 MHz, close to the Nyquist limits at 40 MHz. The
easiest way to verify the filters was found to be to build a complete simulation system
that describes the EISCAT 3D hardware receiver system.

After creating the filter and verifying their functionality in the simulation tool, the
next step was to improve the accuracy of the filters to a usable level for a hardware
implementation. In software, floating point resolution of the filters and large amounts of
processing power allowed long high resolution FIR to be easily designed and used with
good results. However, for a real world implementation of a LAAR with thousands of
antenna elements, a hardware solution for the beamforming is necessary. Hardware im-
plementation infer limits in filter length and resolution, and the need to find bit-limited
short FIR-filters with low errors over the whole 30 MHz band drove the development of
the simulation tool on to include a bit-limited optimization tool to design filters suit-
able for hardware implementation. The final results were 36-tap long FIR-filters with
the coefficients limited to 18-bits resolution that met all demands of accuracy for the
beamforming.

In addition to the filter design and evaluation, the LAARSE was also used to inves-
tigate the subsequent limitations set by the design targets of the EISCAT 3D LAAR
receiver. The most stringent demand was found to be the inter-element timing over the
array, mostly because of the very low signal levels of the signal inferring a low beamform-
ing loss. Low beamforming loss is desired simply because the better the beamforming
the fewer antenna elements are needed in the array, which translates into lower cost for
both building and operating the array. By adding a distributed timing error over the
simulations, the maximum allowed distributed timing error was found to be 120 ps.

To put this timing demand into perspective, using thermal expansion theory, a 300 m
long copper cable will change in length corresponding to this time difference with a tem-
perature change of ∼4.2◦. This puts extraordinary demands on the timing distribution
system of the array by itself, and adding in other error sources such as antenna phase
center movement due to weather conditions, one of the most critical design issues of the
whole EISCAT 3D LAAR receiver has been found.

6 Conclusions

This paper has described the evaluation of post-ADC beam-forming through true time-
delay summation for LAARs.

The use of FIR-filter based digital beam-forming in a band-pass sampled system is
found to be feasible for pulses down to 200 ns in length. Optimized FIR-filters with
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lengths of 36 taps at 18-bit coefficient resolution perform excellently over the 30 MHz
wide signal band.

The maximum sampling timing error allowed in the array is found to be σ ≤ 120 ps,
even though the minimum fractional delay step necessary for beam-forming is ∼ 13.1 ps,
if the error is close to independent.

The simulation system has provided useful insight on how the EISCAT 3D system
will behave and has thus clarified issues that have large impact on early design choices
for the system. It will be continuously used and developed throughout the design and
operation of EISCAT 3D.
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A Picosecond Accuracy Timing System Based on

L1-only GNSS Receivers for a Large Aperture Array

Radar

Gustav Johansson, Tore Lindgren, and Dr. Jonny Johansson

Abstract

This paper describes a method for, and test results of, a GNSS-based high accuracy
timing system formed with L1-only GNSS application specific receivers in combination
with an FPGA.

The results are used as a proof of concept to meet the demand for a highly accurate
timing system to by used in the EISCAT 3D project. EISCAT 3D is a Large Aperture
Array Radar, with direct sampling at each antenna element and constituted of up to
16.000 antenna elements, intended for atmospheric research.

The requirement of the timing system is rigid: a standard deviation of no more than
50 ps is allowed on the timing between any antenna elements in the array. Such accuracy
is improbable to achieve with the traditionally often used non-calibrated cable-based
clock distribution system since even heating of the clock distribution cables can alter the
length of the cables to the extent that too large errors are generated.

A GNSS-based clock distribution system is unaffected by such effects. Other benefits
of building a GNSS timing system include lower cost due to reduced amount of coaxial
cable throughout the array. Also, there will be no need to build a continuous cable length
calibration system that ensures timing accuracy of the distributed clock system to the
necessary levels.

Test results show that even without integration, a total clock distribution jitter of
approximately 50 ps is achievable with simple calculations that can be implemented into
an FPGA.

1 Introduction

When building a Large Area Array Radar (LAAR) which is based on an as-early-as-
possible analog-to-digital conversion, the system will rely heavily on the accuracy of
the timing of the Analog-to-Digital Converter (ADC). All subsequent beam-forming and
other processing steps will be dependent on the fact that the time of sampling of each
element in the array is known. As a part of the development of such a radar, called
EISCAT 3D, [1], constituted of up to 16.000 direct-sampled antenna elements distributed
over an area of approximately 386,000 m2, the requirements of its timing system has been
evaluated previously, see [2].
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Simulations have shown that in order to reach the required performance, the max-
imum allowed total timing jitter for the EISCAT 3D LAAR is approximately 160 ps
between any antennas in the array. The antennas are spread out over a total distance
of 300 m. The timing jitter is composed of jitter from the clock distribution, local os-
cillator, ADC and movement of the antenna phase center due to weather conditions.
A reasonable assumption is that at most a third of the total jitter is generated in the
clock distribution system, i.e. 50 ps. Such accuracy is improbable to achieve with the
traditional non-calibrated cable-based clock distribution system, as even heating of clock
distribution cables can alter the length of the cables to the extent that too large errors
are generated.

If a cable based timing distribution system is to be used, it needs to be calibrated
continuously. One such system uses an unterminated cable that reflects the timing signals
when they come to the end of the cable. Each antenna element would then measure the
time of both the outgoing and the reflected timing signals to calculate the reflection time,
which of course is the same for all elements, [3]. The main drawbacks of this system is
the dampening of the signals over long distances in the cables, and that a single cable
will have to be distributed through the whole array which will cause the system to be
sensitive to disturbances on that cable.

Another way to implement a cable based clock system is to measure the time it takes
for a timing signal to propagate to each antenna element by creating sophisticated cir-
cuitry that can inject signals in the cable system both to and from the antenna elements.
By measuring the time it takes for the injected signal to propagate to an antenna and to
reflect back to the clock distributor, the timing of each antenna element can be deduced.
A test setup of this timing system has been built on-site and is awaiting practical evalua-
tion. This system is also dependent on a large amount of cable being used in the LAAR,
even though the necessity of using only one cable can be removed by using a tree-like
setup of the distribution cables.

In this paper, we present a strategy to avoid the problems of long cabling through-
out the array. The system is based on the use of geodetic GNSS receivers to achieve
picosecond accuracy timing, which has been evaluated with success previously, see [4]
and [5].

In the system described here, low-end L1-only GNSS receivers are used in a highly
application specific environment, to provide the picosecond accuracy timing. This is
done by dividing the LAAR into small sub-arrays of e.g. 9 elements each. The maximum
length of the cables distributing the clock is then reduced to 4.5 m which is short enough
to be calibrated by length approximation only, assuming that the clock distributed to
each sub-array is known. By inserting a Global Navigation Satellite System (GNSS)
receiver at each of these sub-arrays, to provide a clock reference that is unaffected by
changing conditions over the array, the antennas are now timed to the specified accuracy.

Other benefits of building a GNSS timing system include lower cost due to reduced
amount of coaxial cable throughout the array, and that a continuous cable length cal-
ibration system that ensures the timing accuracy of the distributed clock system is no
longer necessary.
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The remainder of this paper will describe in detail the concept of designing an L1-
only GNSS receiver based timing system which is highly application specific to meet the
requirements of the EISCAT 3D LAAR. The simplifications that are possible to make
to the GNSS receivers are stated and then a test setup made as proof of concept of
the timing system is described. After presenting the results from the test setup, the
conclusions are made.

2 Timing System Concept

Each of the sub-arrays with nine antenna elements will contain a Phase Locked Loop
(PLL) in which the distributed frequency reference is reproduced and distributed to the
local GNSS receiver, the radar ADCs, and a signal injection system located as close to
the radar antenna elements as possible to calibrate the analog signal path of the system,
as shown in Figure 1 and 2.

The main purpose of the PLL is to adjust the phase of the reference clock to be equal
throughout the array. This is achieved by creating a closed loop feedback from the GNSS
receiver to the PLL and adjusting the phase according to the phase differences in the
received satellite signals in respect to a reference GNSS receiver. The reference receiver
is a high-end receiver which is used in conjunction with application specific software
to produce the information sent to each of the sub-array receivers that is necessary to
calculate the phase difference of the local clock compared to the reference clock. The
PLL can now be used to make the needed adjustments so that all local clocks have the
same phase throughout the array.

The information sent from the reference GNSS receiver to each of the GNSS timing
units is; which satellites to use, Doppler-shift, tracking chip, and expected phase and
time. This information will allow the sub-array receivers to only be capable of tracking
a low number of satellites, no more than six, and using the tracked phase differences
to calculate the expected phase of the local PLL. Thus, full capability receivers are not
needed, but instead an Field-Programmable Gate Array (FPGA) will be used with a
GNSS RF-frontend to control the PLL.

3 GNSS Simplified Receiver

In general, an off-the-shelf GNSS L1-receiver is rated to produce a clock with an error of
less than 50 ns, which is about 1000 times higher than the necessary 50 ps accuracy. How-
ever, specific conditions apply to this GNSS timing system that improves the accuracy
and will relax the requirements on the receiver, such as:

• A short base-line system, i.e. the maximum distance between two GNSS antennas
is 300 m which infer all significant external errors, such as atmospheric, ionospheric,
and ephemeris errors, in this application to be common over the array.
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Figure 1: Diagram of the EISCAT 3D LAAR sub-array. The inter-element distances between
the antenna elements are 2.04 m and 1.68 m in x and y respectively. The optimal placement of
the GNSS antenna is still to be evaluated.

• A common high accuracy reference clock is available throughout the array to all
receivers, which removes a significant part of the clock drift errors between the
receivers.

• Externally based selection of which satellites are to be used for the position & time
solution to exclude any timing errors arising from the use of different geometry
matrices in the position & time calculations.
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Figure 2: Diagram of the EISCAT 3D LAAR receiver front-end and GNSS timing unit.

• All receivers are stationary and the time constant of the change of cable length in
the reference clock distribution can be expected to be in the order of 30 min. This
enables the use of a very long integration time, up to 30 min, of the timing solution
which will reduce thermal noise significantly.

• Phase measurements from one satellite only is sufficient to calculate the timing
error between the sub-arrays since the relative position of each receiver is known
with good accuracy. However, more satellites will increase accuracy and also reduce
any positional error of the GNSS antenna.

• No integer ambiguity solution is necessary, since the relative position of the receivers
is known with good accuracy and the absolute time difference between the receivers
is insignificant, only the phase of the distributed clock is important.

These conditions all relax the requirements on each of the GNSS timing units to
the point where each timing unit only need to be capable of tracking a low number of
satellites, measuring the phase of each satellite and then calculate the timing and position
error of it’s own location relative to the reference antenna. With the use of a FPGA, the
correlators and tracking can be built in hardware and the calculation part can be built
in software with the use of existing processing cores that are available for many FPGAs,
all within a single chip.
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4 Test Setup for Concept Evalution

Test measurements have been performed in an outdoor environment during windy winter
conditions, clear weather at

10◦C and wind speeds up to 20 m/s in gusts, with two antennas (Novatel GPS-702-GG)
placed randomly, but precisely surveyed, at approximately 5 m distance from each other
placed on a rooftop to simulate the conditions in the EISCAT 3D LAAR. Intermediate
Frequency (IF) data from the antennas were collected during a one hour measurement
with a NordNav Multi-FrontEnd receiver and then post-processed in a Matlab script
to calculate time and position difference between the antennas. As clock reference a
rubidium frequency standard (PRS10, Stanford Research Systems, Inc.) was used.

The software used for post-processing is in-house developed and includes all the neces-
sary functions that a future FPGA-based GNSS timing unit would need, such as tracking,
phase calculation and position & time estimation. The position & time estimator is based
on the Least-Squares estimator to provide better accuracy when the equation system is
overdetermined. The actual equation used is based on equation (7.14) in [6]. Since the
integer ambiguity (N ) is known in this case, the equation will be reduced to

(φar +Nar)λ = G

[
xar
bar

]
+ εφ,ar (1)

where φar is the phase difference between the test- and reference antennas, Nar is the
integer ambiguity, λ is the wavelength of the carrier signal, G is the geometry matrix,
xar is the position difference bar is the time difference, and εφ,ar is the remaining errors.
Subscripts a indicates test antenna and r the reference antenna.

This equation is solvable for the unknowns xar and bar giving the Least-Square esti-
mation of the position and time difference between the test antenna and the reference
antenna.

When running the post-processing a time resolution of 0.5 s was chosen for each
position & time solution. This resolution should as a minimum be achievable in a future
hardware implementation of the system.

5 Results

After running the post-processing on the collected data, the expected and measured
phase differences between the test- and reference antennas were plotted for each tracked
satellite, see Figure 3. The expected and measured values are almost identical except
for a bias that differs from satellite to satellite. The bias is an indication of a timing
difference between the two antennas, or rather the receivers connected to the antennas.
The sign of the bias in this plot differs simply because the plot ignores the integer
ambiguity for clarity. After solving Equation 1 for all collected data points, dxar was
plotted to give an insight in the accuracy of the system, see Figure 4. The baseline error
seen in the figure has a standard deviation of σx = 14.77 mm, σy = 4.97 mm, and σz =
13.93 mm respectively in ECEF-coordinates. An averaging filter of 5 min of data was
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Figure 3: Measured and expected phase difference between test- and reference antennas. Dashed
lines indicates the expected phase differences calculated from the antenna position difference and
current satellite geometry, and the solid lines indicates the actually measured phase differences.
Integer ambiguity is not resolved in this plot and the data has been unwrapped to make the plot
more perspicuous. No averaging has been applied to the data.

also applied to the solution to achieve a less noisy measurement which is indicated in the
figure with a dashed line. When using the filter, the standard deviation is reduced to
σx = 4.50 mm, σy = 1.88 mm, and σz = 6.63 mm respectively.

The bar values were also plotted, see Figure 5, with and without the 5 min averaging
filter. It is obvious from the figure that a clock bias exists between the two receivers,
which can be detected with this setup and calculated with relatively simple means, see
Equation 1.

Without averaging, the standard deviation of the clock difference is σ = 50.11 ps,
which is within the usability range for the timing of the EISCAT 3D LAAR. With the
5 min averaging filter applied, this is reduced to σ = 20.52 ps. To ensure that the
oscillations in Figure 5 are actually a normally distributed timing error, a histogram of
the time difference is shown in Figure 6.
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Figure 4: Baseline error between test- and reference antennas. The dashed lines indicates that
a 5 min averaging filter has been applied.

Figure 5: Time difference between test- and reference antennas. The dashed lines indicates that
a 5 min averaging filter has been applied.
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Figure 6: Histogram of the time difference between test- and reference antennas using 50 bins.
The standard deviation of the data is 50.11 ps. No averaging has been applied to this data.

6 Conclusions

The use of a GNSS based picosecond accuracy timing system has been shown to be
feasible to achieve using relatively simple calculations. The need for a timing error of
less than 50 ps for the EISCAT 3D LAAR has been met with margin using only 5 min
of integration time, yielding a timing error of approximately 21 ps.

Due to the simplifications of the GNSS position & time calculations possible for the
highly application specific conditions that apply for the EISCAT 3D LAAR, a GNSS
timing unit can be created in an FPGA to a relatively low cost compared to other timing
distribution solutions.

The development of the GNSS timing unit will continue with;

• Building a circuit board with an FPGA-based phase tracker and position solver to
test the concept further

• Testing of the timing system over larger distances, i.e. up to 300 m

• Testing of the timing system inside the array to test for disturbances for the array
itself
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Picosecond Level Error Detection using PCA in the

Hardware Timing Systems for the EISCAT 3D

LAAR

Gustav Johansson, Fredrik Hägglund, Dr. Johan E. Carlson, and Dr. Jonny Johansson

Abstract

While developing the timing system for the receiver arrays for the EISCAT 3D system,
several approaches to detect and adjust for timing errors within the array have been
explored. The demand on the timing error between all elements in the array is to have a
standard deviation of less than 120 ps, thus requiring high quality error detection systems
to guarantee radar operation. This paper investigates the qualities of a secondary error
detection system based on statistical analysis of captured data.

The measurements are assembled with a Signal-to-Noise Ratio (SNR) of -30 dB im-
plying that the elements in a 2112 element array need to be grouped into sub-arrays of
48 elements each. The captured data is then evaluated by Principal Component Analysis
(PCA) and averaged over 20,000 measurements, or about half a second. Timing errors
between sub-arrays of down to ∼120 ps and a percentage of faulty sub-arrays of up to
20% are detectable.

As a secondary error detection system PCA is cheap to implement since the only need
of the analysis is a small amount of computer time. It also provides a valuable detection
system for hardware errors in the primary timing system that can otherwise be hard to
find.

1 Introduction

EISCAT 3D is a design study of a new Incoherent Scatter Radar (ISR) that is based on a
Large Aperture Array Radar (LAAR) system, where Large Aperture refers to the fact that
the incoming radar pulses are shorter than the aperture of the radar. This renders the
radar to use time-delay [1] beamforming as opposed to phase-delay [1] beamforming. The
addition of high demands on the the pointing accuracy, < ±0.06◦, and low beamforming
loss, < 0.2 dB, have put stringent demands on the timing system of the array.

During the development of the receiver hardware for the EISCAT 3D[2] radar test
array, one of the main focus areas has been the timing system. Because of the necessity of
very low errors on the timing, an error with a standard deviation of less than 120 ps[3], a
continuous timing calibration system has been built. While this cable calibration system
currently is under evaluation in the test array, another approach for detecting timing
errors has been evaluated.
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This paper describes the method, which uses Principal Component Analysis (PCA)
to find any sub-arrays in a digitally sampled array where the timing of the signal differs
significantly from the others. The incoming radar signals are well below the noise floor,
-30 dB for a single antenna element, and the method is shown to work without prior
knowledge of the incoming signal and can thus be used while the radar is operating.

This error detection method is not intended to replace the cable calibration system,
but is rather a supplemental detection system to lower the risk of degradation of the
EISCAT 3D radar functionality. An important difference between the two systems is the
capacity in which they are used: The cable calibration system is only continuous on a
large scale since it is an active calibration system. It injects a signal into different signal
paths in the array, effectively drowning out any other signals. Thus, it can only be used
during radar down times, e.g. between pulses or experiments. The method proposed in
this paper is a passive monitoring system that uses statistical methods to find timing
errors on signals buried in noise, and can thus be used continuously during both active
radar operation and radar calibration mode.

Another important difference is the accuracy of the detection method itself. The cable
calibration system measures an absolute timing error with a high accuracy. Simulations
show that an error with standard deviation less than 50 ps should be achievable for
the timing, and an amplitude error of less than 8%. The statistical method in this
paper does not reveal an absolute error at all, but can only indicate that an element is
unsynchronized with the other elements. However, if more than one error is detected, a
relative difference in magnitude of the error is discernible. As for amplitude errors, no
indication at all is given by the statistical method.

Other methods of sub-noise signal error detection that were considered include cor-
relation, which for example is used in Global Navigation Satellite Systems [4], but were
not as successful at small errors and took more than twice the computational time to
process.

The remainder of this paper will go through the methods used, the results and finally
the conclusions.

2 Method

The incoming signals to the EISCAT 3D radar array are very weak. A reasonable as-
sumption is for the signal to have a Signal-to-Noise Ratio (SNR) of about -30 dB for a
single antenna element. However, the antennas in the array are grouped into sub-arrays
of 48 antennas each, thereby increasing the SNR to about -10 dB. This is the level that
has been used in simulations of the EISCAT 3D system using the Large Aperture Array
Radar Simulation Environment (LAARSE)[5].

The incoming signal of the EISCAT 3D radar is located in a 30 MHz wide band
centered at around 220 MHz, and contains a number of different frequencies. While real
data could be used to test the statistical method, the test array built in Kiruna, Sweden,
is too small to test the method since it only contains one sub-array. Instead, the method
has been evaluated using LAARSE to simulate a larger version of the EISCAT 3D test
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array. The target size of a receiver array in the EISCAT 3D project is between 2,000 to
16,000 antenna elements. The simulations made in this paper is based on the smaller
version of these, simulating an 88-by-24 element array, yielding 2,112 antenna elements
in the array in M = 44 sub-arrays.

2.1 Statistical Method

Principal Component Analysis (PCA) is a well known statistical method for analyzing
multivariate data[6]. Through the analysis, the principal components of the data are
calculated, which could be thought of as an alternative way to describe the data by as
few variables as possible. From these components, Principal Component Scores (PCS)
can be calculated for each data row of the analyzed data set, which is a single number
per component that describes how well the principal components describe that row.

Another way to look at PCA is through a geometrical interpretation. Each successive
component in the PCA will describe the largest variation in the data not already described
by a previous component. In the two-dimensional case, an example set of data is plotted
in Figure 1. The data forms a cloud centered around the origin, and when performing a
PCA on the data set, the two first principal components will point in the directions of the

Figure 1: Geometrical interpretation of the PCA in two dimesions. Data set of 1000 randomly
generated points that have an elliptic distribution analyzed with PCA. The two first components
are plotted with dashed and dash-dot lines respectively. A solid line representation of the two-
dimensional gaussian distribution contour that they describe is also included.
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largest variation. The components of the PCA will in this case describe the contour of a
two-dimensional gaussian distribution plot of the data. Thus, it is clear that not only the
direction of the largest variation is deduced but also a measure of the relative magnitude
of the variation. Increasing the number of components in the PCA in this simple case
would not improve the results any further since we only had a two-dimensional data set
from the start. On the other hand, a data set that would seem to be three-dimensional
might very well be described sufficiently well by only two principal components, or even
a single one.

When the dimensionality of a problem increases, the geometrical interpretation looses
its lucidity, but from an understanding point of view it gives a clear example in the two-
and three-dimensional cases.

2.2 Method Application

When applied to the data from a number of different sub-arrays in the EISCAT 3D radar,
the PCA will detect any sub-array that has a component of data that differs from the
rest of the sub-arrays. In a perfectly synchronized array, the results will not reveal any
differences, since the signal part of the data is the same for all sub-arrays. However, if a
sub-array is unsynchronized with the others, it will by itself generate a higher PCS since
its data have a part that is different from all of the other sub-arrays.

The data from the sub-arrays in the LAARSE simulations of the EISCAT 3D radar
are collected in a matrix as

X =


x1

x2
...

xM

 , (1)

where M = 44 is the total number of sub-arrays and xm = [x[0] x[1] · · · x[N ]] is the sam-
pled data from the m:th sub-array with N = 257 samples. In X the mean is subtracted
from the columns to center the data. The principal components, aj for j = 1, 2, · · · , N , of
X are calculated. The property of the PCA, where each successive component describes
the largest variation of the data not already described by previous components is used to
describe the data. Since the signals are buried in noise, it is enough to monitor only the
first principal component since this component describes the noise. That is, the variation
in the direction of the first principal component a1, is enough to describe the data set.
Thus, since the noise is the largest contributor to the analyzed data, it will be described
by the first component.

The PCS, ym for m = 1, 2, · · · ,M , for the data are calculated

y = Xa1, (2)

resulting in an (M × 1)-vector with the scores ym, for the M sub-arrays by using the
first principal component only. Looking at the PCS of the first component, a score that
differs from the average score can be attributed to a difference in the underlying signal
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with respect to the data set. However, a single evaluation will not reveal this difference
with any certainty, thus requiring a larger set of data to perform the analysis on.

To provide the larger data set, all simulations are made K = 20, 000 times, and
thereafter the analysis is conducted. With a data length of N = 257 samples at 80 MHz
sampling frequency, each data set corresponds to ∼ 3.2 µs. Thus, 20,000 sets of data at
12.5% duty cycle of the radar will be collected in 514 ms.

2.3 Experimental Setup

In LAARSE, a signal is generated at the incoming frequencies and is in the data used
in this paper constructed from four randomly placed signals within the signal band.
LAARSE simulates every step of the receiving array, from input filters to Analog-to-
Digital Converters (ADC) and beamforming. The output from the simulations used for
further investigation is the beamformed signal from each antenna sub-array, since this is
what can be used for analysis in a future system. White Gaussian measurement noise
and a distributed timing error over the array with a standard deviation of 160 ps are
added to each simulation run to match reality as closely as possible.

Known but random timing errors are introduced to a number of elements to provide
an error that can be analyzed. A number of different timing errors have been tested to
give a wider range of indication on the accuracy of the method.

To increase experimental robustness, the pointing of the array is randomized ±10◦.
Also the signal structure described above is randomly generated for each simulation both
in frequency and amplitude, so that every signal is unique. This is to simulate a real
experiment where the changing ionosphere is measured, and to make sure that the results
from the statistical analysis are not influenced by a signal correlation between simulations
that would not exist in reality. Thus, every simulation run is unique in every way, expect
the introduced error which is kept constant over the simulations, which enables constant
errors in the timing hardware to be tracked and detected.

3 Results

To evaluate the performance of PCA for detecting timing errors, two main tests have been
performed. Firstly, how small errors can be detected with the method, and secondly, how
many faulty sub-arrays can be present in the array without the detector breaking down.

The first step is to analyze the case without any introduced errors to get a reasonable
value for the threshold for detecting faulty sub-arrays. Figure 1 shows the mean value ȳ,
for each sub-array of the first principal component score over K = 20, 000 runs

ȳ =
1

K

K∑
k=1

|yk|, (3)

where the absolute value of the scores |yk|, is used. Using the absolute value is necessary
since any sub-array that stands out from the rest is to be detected, regardless of the
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sign. The result from Figure 2 and Equation 3 is used in conjunction with five different
sets of measurements where the number of faulty elements is varied. The target of the
threshold is to provide a simple detector capable of detecting small errors with a very
low Probability of False Alarm (PFA). To achieve this, the threshold was swept from
γ = µȳ + 6σȳ to γ = µȳ over the different measurements, and the minimum threshold
possible with PFA = 0% was calculated. The resulting thresholds are collected in Table 1.
Since the largest of these approach γ = µȳ+3σȳ and a margin in desirable, that threshold
level was chosen for all consecutive simulations done in this paper.

Table 1: Lowest possible treshold level with PFA = 0% for five different levels of errors.

# faulty sub-arrays Treshold

2% µȳ + 2.80σȳ

10% µȳ + 2.93σȳ

23% µȳ + 0.10σȳ

41% µȳ + 0.00σȳ

43% µȳ + 0.00σȳ

Figure 2: Mean value of 20,000 data set PCS of a 2,112 element antenna divided into 44
sub-arrays, with no induced timing errors. The treshold is indicated with a dashed line.
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As can be seen in Table 1, increasing the number of faulty sub-arrays in the analysis
decreases the lowest possible threshold with PFA = 0%. This is because when the number
of faulty sub-arrays increase, the number of correct sub-arrays decrease, causing the
difference between errors and the correct part of the array to grow. A more sophisticated
threshold setting, deduced from each case, could therefore be preferred. However, since
the goal of the method is to detect errors in the array at an early stage, it is likely
that only a single or a few faulty sub-arrays are to be detected at one time. Thus, it is
reasonable to use a fixed threshold based on the zero error case.

3.1 Minimum detectable error

By inducing time errors with increasing size in different antennas in one simulation setup,
an indication of the minimum detectable error with the investigated method can be found.
Figure 3 shows the results from a setup where errors between 25 ps and 200 ps are induced
at a step size of 25 ps. In this setup, 18% of the sub-arrays contain errors. The figure
shows that errors down to 150 ps are clearly detectable with the method, and with a more
sophisticated method of setting the threshold even the 125 ps error would be detectable.

Figure 3: Mean value of 20,000 data set PCS of a 2,112 element antenna divided into 44 sub-
arrays, with induced timing errors from 25 to 200 ps in steps of 25 ps. The treshold is indicated
with a dashed line, and the induced errors are shown in solid.

In a situation with only a single faulty sub-array, the detector would probably be able
to detect errors down to 100 ps, see Figure 4.
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3.2 Multiple number of faulty sub-arrays

To investigate how large part of the array that can be erroneous with maintained detection
capabilities, a number of different setups were used. Each setup increases the number of
induced errors in the array, and are then evaluated for missed and false detection. The
position, size, and sign of the error is randomized for each setup.

Figure 4: Mean value of 20,000 data set PCS of a 2,112 element antenna divided into 44 sub-
arrays, with 2% randomly induced timing errors. The treshold is indicated with a dashed line
and the induced error is shown in solid. The single induced error was detected correctly for this
setup.

In Figure 4 the results of a single faulty sub-array is shown. The induced error is
about 200 ps, and is clearly detectable.

Increasing the number of faulty sub-arrays to about 10%, Figure 5 still shows a 100%
detection rate with no false alarms, even though one of the erroneous sub-arrays have a
timing error of ∼105 ps.

Neither at 23% faulty sub-arrays the PCS method fail, as can be seen in Figure 6. All
errors are clearly detected without false alarms. With this amount of faulty sub-arrays,
the question arises wether there is a point in pursuing this investigation further. After
all, a continuous monitoring system as this is meant to be, should alert the operator at
the first faulty sub-array and thus trigger a repair of the faulty sub-array rather than
continued operation. The probability that as much as 23% of the sub-arrays would
have erroneous timing hardware errors simultaneously is negligible. Regardless, for the
completeness of the investigation, even more faulty sub-arrays are added.



3. Results 91

Figure 5: Mean value of 20,000 data set PCS of a 2,112 element antenna divided into 44 sub-
arrays, with 10% randomly induced timing errors. The treshold is indicated with a dashed line,
induced errors are shown in solid and dash-dot for positive and negative values respectively. All
four induced errors are detected without false alarms.

Figure 6: Mean value of 20,000 data set PCS of a 2,112 element antenna divided into 44 sub-
arrays, with 23% randomly induced timing errors. The treshold is indicated with a dashed line,
induced errors are shown in solid and dash-dot for positive and negative values respectively. All
ten errors are detected, again without any false alarms.
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Figure 7: Mean value of 20,000 data set PCS of a 2,112 element antenna divided into 44 sub-
arrays, with 41% randomly induced timing errors. The treshold is indicated with a dashed line,
induced errors are shown in solid and dash-dot for positive and negative values respectively.
Two out of 18 faulty sub-arrays are not detected, but still without any false alarms.

At 41% of faulty sub-arrays, the method starts to miss-detect. As can be seen in
Figure 7, two out of 18 faulty sub-arrays are not detected. However, the missed errors
are all below 130 ps in amplitude, so the question is if they are not detected because of
their magnitude or the high number of faulty sub-arrays. The authors are convinced of
the prior, since when increasing the number of faulty sub-arrays to 43%, see Figure 8,
the six out of 19 faulty sub-arrays that are not detected are again all below 130 ps.
Thus, it seems likely that what sets the detectability of the faulty sub-array is a tradeoff
between the number of faulty sub-arrays and the magnitude of the errors. However, the
simulations show the algorithm to be more sensitive to the magnitude of the error.

4 Conclusions

The use of PCA to detect timing errors in a sub-array of the EISCAT 3D radar is viable
under certain circumstances. The magnitude of the errors has to be larger than ∼120 ps,
which is concurrent with the standard deviation of the acceptable timing error throughout
the array, and the ratio of faulty sub-arrays has to be below 20% of the sub-arrays in the
radar. In these situations the PCA method is capable of detecting 100% of the faults,
with a 0% false alarm rate.

As a secondary timing error detection system, it is easy and cheap to implement as
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Figure 8: Mean value of 20,000 data set PCS of a 2,112 element antenna divided into 44 sub-
arrays, with 43% randomly induced timing errors. The treshold is indicated with a dashed line,
induced errors are shown in solid and dash-dot for positive and negative values respectively. Six
out of 19 faulty sub-arrays are not detected, without false alarms.

it only needs a small amount of computation time to work. It can be used to detect
hardware errors foremost in the primary timing calibration system itself, as this might
cause otherwise undetectable errors in the array.
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Jerker Delsing

Abstract

During the development of the EISCAT 3D Large Aperture Array Radar receiver, the
need for a picosecond level distributed timing system was recognized. With a target limit
of 40 ps of timing error standard deviation between any elements in the receiver array, a
continuously self-calibrating system is necessary.

This paper describes a proposed cable-based time- and amplitude calibration system,
which can be used to continuously calibrate the antenna frontends of the EISCAT 3D
LAAR. The system has been implemented in a test array in Kiruna, Sweden, where
continuing evaluation and improvements are made to make the system fully operational
within the specified parameters.

Simulation show that the uncertainty of the calibration system due to component
mismatch and calibration net design has a standard deviation that is less than 15 ps, and
initial measurements in the test array show that a standard deviation of less than 5 ps
is achievable between antennas in the array. Together with the beamforming filter errors
of less than 5 ps, the cable calibration system timing error adds up to ∼21 ps, which is
below the 40 ps maximum timing error allowed from the calibration system.

1 Introduction

During the development of the receive-only Large Aperture Array Radar (LAAR) hard-
ware for the design study of the future EISCAT 3D [1] atmospheric research radar, a
number of hardware issues were dealt with. One of the most important were the timing
and amplitude calibration system which is described in this paper.

In the paper, we propose a method for calibrating large antenna arrays with the
front-end electronics located at, or near, each antenna, in the sense that the proposed
system can perform automated in-situ measurements of the transfer function difference
between the channels in antenna arrays. Furthermore, the paper describes the theory of
the calibration system, the hardware that has been designed, a method of evaluation of
the system, the results of timing accuracy simulations, and initial results of the measured
timing accuracy in a test array.

EISCAT 3D is a direct development of the existing European Incoherent SCATter
radar (EISCAT) [2] that has been operational since the 1980’s. Both systems work from
the same tri-static principle, with a single transmitter located in Tromsø, Norway, and
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with three receivers that are used to provide a three-dimensional view of the targeted
volume above the transmitter. The three receivers are placed in Tromsø in Norway,
Kiruna in Sweden, and Sodankylä in Finland.

The EISCAT 3D LAAR has a target bandwidth of 30 MHz at around 220 MHz, and
with an estimated size of the final array of up to 620 m, the radar aperture will be large
compared to c/bandwidth (∼10 m). This renders phase-shifting beamforming unusable,
forcing the design to use time-delay beamforming instead. Furthermore, the large delays
involved renders the use of analog beamforming impractical at best. Thus, data from each
antenna will need to be digitized individually to facilitate digital beamforming. This,
combined with the large relative bandwidth led to the decision to reduce the receiver
complexity by using direct band-pass sampling [3] of the incoming signal at 80 MHz,
rather than using an intermediate frequency. This simplification comes at the cost of
more complex anti-aliasing filters, more severe sample clock phase noise requirements,
and higher harmonic distortion in the Analog-to-Digital (AD) converter.

This design choice infer high accuracy demands on the digital beamforming, which
has been thoroughly investigated [4]. The investigation resulted in the decision that the
beamforming will be performed by Fractional Sample Delay (FSD) [5] through the use
of Finite Impulse Response (FIR) [6, 7] filters.

In the interest of maximizing both the absolute value and the accuracy of the gain of
the antenna array a design goal of a maximum beamforming loss of 0.2 dB was set. This,
in combination with various other constraints results in a maximum allowable timing
error of with a standard deviation of less than 120 ps [3]. In the study, FSD filter
banks of 8192 filters was used, with a maximum error contribution of less than 5 ps
over the 30 MHz band. The remainder of this error consists of three main contributors;
the receiver hardware, the timing system, and antenna phase-center movement due to
external factors such as weather.It is reasonable to put a design constraint of ∼40 ps
on the timing distribution system. Thus allowing for

√
1202 − 402 ≈ 113 ps of error for

the remaining error sources. To put in perspective, 113 ps relates to 34 mm of physical
movement of the antenna phase center. This however, is in the direction of the beam,
which is in a general direction of the Yagi antennas, i.e. the direction which the antenna
mounts are the most rigid. While receiver hardware errors are difficult to predict, they
will mainly arise in manufacturing and should therefore possible to compensate for using
an external point source, e.g. a celestial calibrator source. Likewise, slow weather effects
such as mount movement due to ground frost can also be compensated for with external
calibration sources.

To achieve a timing accuracy of 40 ps over distances up to least 620 m, the straight
forward approach of using a simple clock distribution system with known cable lengths
will not suffice. At that level of accuracy and cable lengths, even the cable length
differences that arise due to cable heating can introduce too large errors in the system. As
an example, a 300 m long copper cable will change in length corresponding to 40 ps of time
delay with a temperature change of ∼1.4◦C. Thus, a continuously calibrated system has
to be implemented that can detect and correct the difference in sampling time between
the AD converters in the array. Two approaches were selected for evaluation in the
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design study. One was a self-calibrating cable-based timing and amplitude calibration
system, and the other was based on L1-only Global Navigation Satellite System (GNSS).
This paper describes the cable-based calibration system. The evaluation of the GNSS
approach is reported in [8].

The remainder of this paper will describe the design choices made for the EISCAT 3D
cable calibration system, an overview of the critical hardware, the calibration process,
results from simulations and initial measurements, and the conclusions drawn from the
design.

2 Calibration System Design

One way of achieving phase synchronization over relatively large distances was first sug-
gested by Grover [9]. The idea is to send a pulse down a cable, letting it reflect at the end
point. By detecting the pulse as it passes any measuring point in both directions, the
average time between the outgoing and reflected pulses can be calculated. By doing so,
one actually measures the time of the reflection, regardless of where on the line you are
positioned when doing the measurement. Thus, using only one line for the whole array,
each antenna element measures the same time with high accuracy. By synchronizing
another distributed clock with this measurement, one would achieve phase-syncronized
clocks in the whole array.

However, this method would prove difficult to achieve in the EISCAT 3D project,
mainly because of difficulties in keeping the signal levels large enough trough the array
and to create a sensor with good enough accuracy to measure the time of each pulse.
Instead, a version of the system has been developed where each receiver in the array is
connected to every other receiver by a calibration cable net, see Figure 1.

By injecting a sinusoid signal in the receivers in different order and with different
frequency, the length relationship between the cables used for the calibration net can
be deduced. Keeping the amplitude of the injected signals constant over each measure-
ment, the amplitude differences between each receiver’s signal path can also be found.
This allows the measurements taken by each Analog-to-Digital Converter (ADC) to be
corrected for time and amplitude errors so that the subsequent beamforming is possible.

The key to make the calibration system proposed in this paper work is to have a
passive signal distribution network connecting all LNAs to each other and/or to a refer-
ence station that is reciprocal, which means that the transfer function is exactly equal
in phase and magnitude in both directions between any two ports of the network. See
Subsection 2.1 for the theoretical details on the system.

2.1 Theory

Let Gk be the (complex) frequency response (at some frequency ω), including any delays
in filters and digital delays, of the front-end electronics for channel k, and similarly let
Sj,k be the frequency response at the same frequency trough some network or system that
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Figure 1: Diagram of the EISCAT 3D LAAR racks containing the cable calibration system.
Each Low Noise Amplifier (LNA) is connected to every other LNA in the array via the passive
cable net, CAL LINK, to allow calibration of the different units to each other. Thick connection
lines indicates that it is more than one physical cable connection each component.

transports the signal from the injection point of channel k to the corresponding point in
the electronics of channel j.

If a signal X1 is injected directly at channel k and the same signal is sent through the
network to all other channels, where it is injected in the same way, this would result in
a signal Yk,1 = GkX1 at the injecting channel and Yj,1 = GjSj,kX1 at any other channel
j. By repeating the experiment but instead injecting the signal at j, and measuring
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the corresponding signals Yk,2 = GkSk,jX2 and Yj,2 = GjX2, it is possible to possible to
extract Gk/Gj provided that Sj,k = Sk,j:

Yj,1
Yk,1

Yj,2
Yk,2

=
GjSj,kX1

GkX1

GjX2

GkSk,jX2

=

(
Gj

Gk

)2

. (1)

According to the theorem of reciprocity [10] an electrical N-port with scattering pa-
rameter matrix S is said to be reciprocal if and only if Sk,j = Sj,k. This implies that
the transfer function between any two ports is identical in both direction. In practice,
most passive linear components are indeed reciprocal, as is any network built solely from
reciprocal components. Depending on application the non-linearity of the components
may however limit the actual level to which the network can be said to reciprocal.

One main caveat remains: Scattering parameters are defined as Sk,j = bk/aj, where
a and b are incoming and emitted waves, when some specific reference impedance ZR is
present at all ports. Other impedances can be transformed into ZR by using equivalent 2-
ports at the ports of the N-port, without affecting the reciprocity of the system. However,
if the impedances loading the ports are changed, the equivalent impedance transforming
2-ports will have to be changed accordingly. Thus, while all components (and the system
as a whole) are reciprocal before and after any such change, it is not the same total
system. Thus, if the different directions are measured with different impedances loading
the ports of the N-port, this will, in general, result in a difference in the measured transfer
functions. These differences will, in general, grow as a function of the impedance change.

Another source of errors is the circuit at the front-end where the signal is being
injected, as attenuation or delay after the injection point will not be compensated for by
measuring the calibration signal network in different directions.

2.2 Evaluation Setup

To evaluate and verify the designs of the EISCAT 3D LAAR, a test array has been build
in Kiruna, Sweden. Figure 1 shows an overview of the hardware layout for the receiver
parts of the EISCAT 3D test array. The implemented test array which can be seen in
Figure 2 consists of 48 Yagi antenna elements placed in a 12-by-4 configuration. Each
antenna has two polarizations that are offset from the horizon by ±45◦each. Every row of
four antennas are connected by analog combiners to reduce the number of data channels
to twelve for each polarization, and gives a suitable azimuth beam width to detect the
sending beam from the existing EISCAT radar in Tromsø, Norway. The twelve rows are
then divided into three sub-arrays and each of the four connected rows are routed into
the EISCAT 3D control rack located in the middle of each sub-array.

The hardware parts of the system shown in Figures 1 and 2 are described in detail in
the next section.
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Figure 2: Photo of the test array that has been built at the EISCAT Kiruna site. The 48 Yagi
antenna elements are placed in a 12-by-4 array with each antenna tilted 55◦ above the horizon
and turned 45◦ so that each polarization is offset by an equal amount from the horizon. The
three racks containing the electronics can be seen in the middle of each sub-array.

3 Calibration System Implementation

A detailed schematic of the frontend that is compiled of an LNA, an AD-board, and a
VCO, can be seen in Figure 3. The main parts of the frontend are the LNA and the
AD-board, and one VCO for every four AD-boards. As a compromise between crosstalk
between channels, cost, and construction complexity, the LNAs was placed on individual
PCBs while the ADs for both polarizations of an antenna share a common PCB. This
board also contains a shared Voltage Controlled Crystal Oscillator (VCXO) that provides
the sampling clock. The VCXO is phase locked to a distributed 10 MHz reference clock
common to all receivers in the array through a Phase Locked Loop (PLL).

By routing the two polarizations from each Yagi through the same AD-board, any
correlated noise/timing error between the two channels on the AD-board due to the
VCXO-PLL circuit will be between polarizations instead of between antennas in the array.
This is desirable since any correlated phase noise would mean that the noise sidebands
from a strong unwanted (blocker) signal would add constructively in the beamforming for
some combinations of blocker/pointing angles, with an increased noise floor as a result.

To facilitate system calibration the LNA includes a directional coupler and four analog
switches. This enables the signal injection system to route the incoming calibration signal
from the VCO in four different modes:

• Off - Neither the incoming signal from the VCO or the calibration net is routed to
the directional coupler.
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Figure 3: Detailed block schematic of one frontend receive chain.

• Forward - The signal from the VCO is routed to the directional coupler injecting
the calibration signal directly into the signal path toward the ADC. The signal is
also routed out on the calibration net.

• Reverse - The signal from the VCO is routed to the directional coupler injecting
the calibration signal directly into the signal path toward the antenna. The signal
is also routed out on the calibration net.

• Remote - The signal from the VCO is routed to ground while the signal from the
calibration net is routed through the directional coupler into the signal path toward
the ADC.

The actual signal injection is done by a directional coupler mounted on the LNA. Due
to PCB size and insertion loss constraints, a coupler length of 27 mm, which is much
shorter than the normal 1/4 λ (λ ≈ 20 cm at 224 MHz) was used. The main implications
are that the coupling will change significantly over the frequency band, and that the
coupling per unit length will have to be fairly large.

In order to minimize the insertion loss due to losses in the input signal path, a coupler
with transmission lines on opposite sides of a ground plane, with a coupling slot, was
designed. The main signal path conductor is placed as far away from the ground plane as
possible to facilitate low loss and thus a low noise figure for the incoming signal, whereas
the calibration signal conductor is placed close to the ground plane as it is not as sensitive
to noise as the main signal path. To match the 50 Ω impedance of the transmission lines,
the widths of the strips differ according to the distance to the ground plane. The coupler
design can be seen in Figure 4, where the main signal path is on the top layer and the
calibration signal at the bottom. The final implementation of the LNA can be seen in
Figure 5, with the directional coupler seen at the bottom left of the PCB.

There is one VCO for each rack in the test array, yielding one VCO for every eight
channels. While it is possible to activate all eight outputs channels for a VCO at once,
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Figure 4: The microstrip line coupler implemented on the LNA boards. The main signal path
is on the top layer and the calibration signal is at the bottom. The coupling slot in the ground
plane is located close to the calibration signal microstrip line.

Figure 5: Photograph of one of the LNAs. The calibration signal microstrip line of the direc-
tional coupler can be seen in the lower left part of the PCB, with the switches controlling the
direction of the coupling located directly above.

this is not a desired path to take since it would inject multiple signals on the calibration
net at the same time. Instead, one output channel at a time is activated, routing the
signal through one frontend receive chain only.

In the test array, each VCO have a PLL that is locked to a local oscillator. Since
the PLL is software controlled, the desired calibration frequency is easily set through
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software. Due to project time constraints, the intended locking of the calibration VCO to
the distributed clock reference was abandoned, yielding additional computational needs
to resolve the phase differences in the calibration net due to frequency differences between
the VCOs.

3.1 Temperature Stabilization

Due to the strict timing requirements for the final system a study on temperature char-
acterization was performed [11]. It was early concluded that it was not feasible to fully
temperature stabilize the whole system. On the other hand, the only parts critical to
the timing are certain components in the calibration system. Because these components
have been placed on the LNA boards, the choice was made to temperature stabilize the
whole LNAs in the current system.

As built in the test array in Kiruna, each rack containing four AD-boards, and eight
LNAs are temperature stabilized on a large scale, keeping a low accuracy inner tempera-
ture of each rack at 20± 5◦C. Inside each rack there are two high accuracy temperature
stabilized boxes, each housing four LNAs. The target temperature of the LNA-boxes are
tunable by software, but have been set to 30± 0.1◦C for the tests made in this paper.

3.2 System Control

To provide the means of control and monitoring of the receiver system, all control signals
and switches in the receiver electronics have been connected to a microcontroller. This
gives an operator the possibility to control power supply outputs, the coupler modes for
signal injection, signal injection frequency, LNAs, AD-boards and temperature stabiliza-
tion of the LNA boxes. The system can be controlled remotely through a server software
which communicates with the different control boards over optic fiber.

With the exception of temperature control most of the functions are only performed
in response to commands from an external system. For instance, the calibration injection
system needs to be controlled so that it is not active while the array is being used for
scientific measurements. The control system also keeps track of the raw data from each
measurement.

3.3 Hardware Implementation

Figure 6 shows one of the racks of the EISCAT 3D standing on its front. The inputs
of the antenna signals are located in the center of the front, from which the signals are
routed into the two LNA-boxes in the center of the rack. The signal then continues to the
AD-boards located on the sides of the rack, with the connecting digital outputs located
in the front of the rack. On the backplane, the VCO for the calibration system is placed
in center and the two fans at the edges provide cooling for the AD-boards and for the
peltier elements used for controlling the temperature of the LNA-boxes.
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Figure 6: Photograph of one of the racks containing LNA-boxes in the center, AD-boards along
the sides and the calibration VCO mounted on the back. The rack is placed on its front in the
photo.

Two additional connectors are placed in the center of the frontplane; the input of
the distributed 10 MHz reference clock, and the connector for the passive calibration net
connecting all racks together.

4 Calibration Process

To evaluate the actual performance of the cable-based calibration system, a C program
has been developed which can be started through the server software installed in the test
array in Kiruna.

4.1 Measurement Setup

The test array is connected to the channel boards of the original EISCAT system. The
channel boards are 10 MHz 16-bit ADC cards used for data capturing in the original
EISCAT system. For use in the EISCAT 3D test array, the ADCs are bypassed and only
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the memory bank logic is used to temporarily store data. Due to limited data throughput
of the channel boards, the data from the ADCs (at 80 Msamples/s) is decimated to
2x1.25 Msamples/s per channel using a Digital Down Converter (DDC) with a complex
mixing frequency of 16.3 MHz, which limits the signal band to 223.7±0.625 MHz. The
channel boards are each capable of capturing 256 samples of I- and Q-data for four
channels at this rate in one data block, rendering six channel boards in total necessary
for the test array.

For each calibration measurement, the channel boards capture 50 µs of data every
50 ms for a period of 5 seconds, yielding 100 such data blocks in a single output file
from the radar controller. At every second 50 µs data block, the couplers and VCO
outputs in each LNA are set by the calibration program. This is necessary to map up
all the different signal paths between each ADC of the whole array. When the length
of the signal paths are known, the sampling time difference between each ADC can be
calculated. At the start of each 5 second data block, the EISCAT radar controller sends
a synchronization pulse to the calibration program so that each data block contains well
defined settings of the couplers and VCOs.

The calibration program saves three different data blocks which each uses a different
VCO frequency to allow resolving phase ambiguities since the signal paths between some
rows in the test array are greater than the wavelength of the injected frequency.

4.2 Calibration Process

The calibration system works by signal injection of a known signal through a single
antenna frontend and measuring this signal at many remote frontends at the same time.
By subsequently swapping out the frontend that is used in forward mode, the signal path
lengths added by the cables in the calibration net are measured between all antenna
frontends and in both directions and can thus be cancelled out, as discussed in detail in
Subsection 2.1 above.

For each measurement, the entire array is sampled continuously in 50 µs blocks. Each
data block is then analyzed using Fast Fourier Transform (FFT) to find the injected
frequency and complex curve fitting to find the amplitude and phase of the injected
signal. The phase can then be used to setup a Minimum Least Square (MLS) matrix to
attempt to solve the phase- and time differences of the calibration net and ADCs over
the entire array. The input to the MLS is the phase measurement from each antenna
frontend, which can be written as

Θmeasn = θV CO + θADn +Nf + [[θcc[1−3]
]] (2)

where Θmeasn is the measured phase for antenna n, θV CO is the phase of the injected signal,
θADn is the combined phase difference added by the cables and the absolute sampling
time for antenna frontend n, Nf is the integer delay of the injected frequency f , and
θcc[1−3]

are the phase differences added by the calibration net cables depending on the
signal routing for a specific measurement.

Because of the short distances between the antennas in the array, cross-coupling effects
are present during operation of the radar. For calibration purposes, this causes problems
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when measuring on an antenna row that is directly adjacent to the antenna row that is
in forward mode. Therefore, the frontends neighboring the frontend that is in forward
or backward mode are turned off for the current 50 µs block. After analyzation of the
captured data, a matrix of the correct time- and amplitude differences between each ADC
in the array is stored and later used for correct determination of the beamforming filter
settings.

5 Simulation

In order to evaluate the effects of impedance variations due to the switching of signal paths
a system implementing the proposed method has been simulated using a Matlab-based
scattering-parameter domain circuit simulator. The circuit simulated is based on the
design used for the test system described in Section 2 with a signal distribution network
consisting of three N/3 splitters with all three common ports connected together.

Since a major obstacle in mitigating all impedance variations is the limited accuracy
in component values, cable lengths, etc., these inaccuracies has been included in the
models used by the simulator, based on manufacturer data where available, and other-
wise estimated from measurements on purchased parts. More specifically, all cables are
modeled as having an arbitrary delay, and typically a 3 dB attenuation uncertainty. The
front-end electronics are modeled as having an an arbitrary delay, a gain uncertainty of
6 dB, and a return loss of 17-22 dB at an any angle.

Each simulation iteration is performed with new parameters for each component
(chosen at random in accordance with the model of the component), and consists of
N measurements where each one of the N channels acts as injection source for one mea-
surement. From a simulated measurement cycle an estimated complex gain is derived
for each channel. The accuracy of the system is evaluated in terms of the difference
between this estimated gain and the nominal gain of the front-end for each simulation
run, including effects of antenna mismatch.

5.1 Simulation Results

Figure 7 show the timing error due to the limited return loss of the LNA and the antenna
return loss. The simulations have been performed with three different antenna return
loss settings. The bottom line in Figure 7 represents the currently used Yagi antennas
in the implemented test array in Kiruna. This setting of antenna return loss is also used
in the rest of the simulations.

The results also show that even with a higher antenna return loss, the proposed
calibration system would perform satisfactory. It should also be noted that the LNAs
built for the EISCAT 3D test array normally achieved better than 17 dB return loss.
Thus, this is used in the subsequent simulations that evaluate the timing errors due to
increasing size of the antenna array.

Figure 8 shows the standard deviation errors in terms of time and amplitude (f =
224 MHz) for systems of different size.
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Figure 7: Simulated effects on the timing error due to limited LNA return loss and antenna
return loss.

While larger system sizes remain to be tested due to the rapidly rising computational
demands as the system becomes larger, we find the current results encouraging, especially
the fact that the system seem to scale to large number of channels without significant
performance degradation.

The errors have been averaged over 100 iterations in Figure 7, and 10 iterations in
Figure 8. The error bars shown in both figures indicate 3σ limits. 1 ps at 224 MHz
corresponds to approximately 0.08◦.

The results from the simulations give an expected error of time delay that is due to
the uncertainty in component values for each channel in the array. Thus, the timing error
that is deduced in the simulations cannot be calibrated by the calibration system, and
needs to be added to the error that is measured by the calibration system.

Similarly, the amplitude errors from the simulation are also an uncertainty error that
cannot be calibrated by the calibration system. However, the main contributor to the
amplitude error is the uncertainty in the directional coupler on each LNA, which can be
measured during production and compensated for. This could be useful in case amplitude
stable injection sources at some, but not all, channels are used for calibrating the absolute
gain of the array.
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Figure 8: Simulated performance of the proposed system for increasing array sizes. Standard
deviation delay errors are at the left axis and standard deviation amplitude errors are on the
right axis. As seen, increasing the number of channels in the calibration net does not significantly
increase the errors.

6 Measurements

As a first step, a one time manual calibration procedure has been performed to evaluate
the accuracy of the receiver hardware. This test was performed by injecting a high
level test signal locked to the 10 MHz reference frequency “by hand” in two channels
simultaneously and saving one 5 s data block for each antenna pair.

After collecting data from all antenna frontends, using antenna 1 as a reference for
all measurements, the data was analyzed using a double difference methodology. The
first difference between the measured antenna and the reference antenna cancels out the
phase of the injected signal, and the second difference between two such measurements
cancels out the phase of the reference frontend and the cables used for signal injection.
This leaves only the phase difference between the measured antennas, which can then be
evaluated over many measurements.

The results of the manual calibration procedure are given in Subsection 6.1. While the
method does not give an absolute accuracy measurement for the timing errors because
of integer ambiguity, it does give an accuracy on the timing error between antenna pairs
over a short time period.

For the automated continuous calibration system to be operable in the test array in
Kiruna, four critical aspects remain to be implemented:
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1. Time-stamping of the data from each DDC. This is needed to detect multiples
of the 80 MHz sampling clock that differs between data streams from each DDC.
Thus, the absolute time of each sample cannot be unambiguously detected between
the different data streams until this is implemented.

2. The signal injection VCOs needs to be locked to the common 10 MHz reference
clock that is distributed throughout the array. With the locking of the VCOs, the
exact injected frequency is known and the phase from data block to data block
can be predicted with increased accuracy for the MLS. Locking the VCOs will also
reduce the necessary calculations to find the exact phase of each measured data
block since the frequency will be known.

3. The amplitude of the injected signal from the VCOs are needs to be increased.
Increasing the Signal-to-Noise Ratio (SNR) of the receivers operating in remote
mode from less than -10 dB up to +10 dB will increase the accuracy of the phase
detection algorithm by hundreds of ps of relative phase difference.

4. The bandwidth of the current data collection system needs to be increased as it
currently limits the capability to use different frequencies of the injected signals to
solve integer wavelength ambiguities in the calibration net.

6.1 Measurement Results

The results from the manual calibration measurements are promising, as they show that
over a 5 s period, the relative time differences between the different channels in the
array have a very low standard deviation. In Figure 9 the standard deviation of the
time difference between the different antennas is shown. The measurements are made
with antenna 1 as a measurement reference and antenna 13 as a difference reference, i.e.
antenna 13 is said to have error 0. This double difference removes the errors induced
by the measurement setup. Figure 10 show a zoom of the results between antenna 13
and antenna 6, which had a standard deviation of ∼ 4.15 ps, which was the worst of all
antennas.

The results are not conclusive though, as the integer ambiguity of the injected fre-
quency still cannot be deduced due to the limited bandwidth and lack of data time-
stamping. This causes multiples of the period of the injected signal to be unknown,
which produces the large time differences seen in Figure 9. Thus, the absolute time dif-
ference between the antenna elements cannot be deduced from these measurements with
the current hardware setup.

The results of the amplitude measurements are shown in Figure 11. These results are
conclusive, as the amplitude differences between the antenna frontends do not depend
on the phase of the injected signals. The worst case for the amplitude can be seen in
Figure 12, which yields an amplitude standard deviation of ∼ 0.08% between antennas
13 and 22.
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Figure 9: Relative time differences between the antennas over 100 measurements during 5 s.
Antenna 1 is used as measurement reference antenna and antenna 13 is used as difference
reference. This double difference removes the errors from the measurement setup. The antenna
with the highest standard deviation is marked with a circle.

Figure 10: Relative time difference between antenna 13 and 6, where both are measured with
antenna 1 as reference. The error bars show the standard deviation for the measurement that
is σ = 4.15 ps.
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Figure 11: Relative amplitude differences between the antennas over 100 measurements during
5 s. Antenna 1 is used as measurement reference antenna and antenna 13 is used as difference
reference. This double difference removes the errors from the measurement setup. The antenna
with the highest standard deviation is marked with a circle.

Figure 12: Relative amplitude difference between antenna 13 and 22, where both are measured
with antenna 1 as reference. The error bars show the standard deviation for the measurement
that is σ = 0.08 %.
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7 Conclusions

A proposal for a cable-based time- and amplitude calibration system for the EISCAT 3D
LAAR has been described in detail in this paper. The theory of the calibration system,
the designed hardware necessary to perform the calibrations, simulations and results from
simulations and initial measurements are described. To test the system a test array has
been built in Kiruna, Sweden, where the timing calibration system is currently under
evaluation.

The simulations show that a timing error between antenna elements in the array with
a standard deviation of about 15 ps is unavoidable due to mismatches in components
values in the electronics. This uncertainty has to be added to the timing error of the
measurement system and hardware itself, which initial manual measurements show to
have a standard deviation below 5 ps. While the calibration system measurements are
not absolute due to integer ambiguities in the calibration net, they do show what timing
error levels that can be expected between antenna pairs in the array over short time
periods.

Summing the two error sources with the previously known beamforming filter errors
(<5 ps) yields a total expected timing error within the array of

√
152 + 52 + 5 ≈ 21 ps,

contributed by the calibration system and beamforming filters together, of which 16 ps
is from the calibration system. This result is below the stated 40 ps maximum timing
error allowed from the calibration system.

The simulations and measurements also give an indication on the accuracy of the
amplitude calibration. While the simulations indicate an uncertainty of about 3.5% of
standard deviation for the amplitude, the main part of this error is due to differences in
the directional coupler in the LNAs which can be and is measured during production and
thus can be compensated for. The measurements from the test array yields a standard
deviation of the amplitude error of only 0.08% from the calibration system.

While the initial measurements give a good indication on the capabilities of the pro-
posed system, four main issues remain to be implemented in the test array to allow
the automated calibration system to be working at full capacity: time-stamping of the
data streams, locking the injection signal oscillators to the common frequency reference,
increasing the SNR of the injected signals, and increasing the bandwidth of the data ac-
quisition system. The first three issues are planned to be implemented in the test array,
which will be enough to allow the calibration system to be operational and thus allow
absolute measurements of the capabilities of the system.
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Abstract

The EISCAT Scientific Association, together with a number of collaborating institutions,
has recently completed a feasibility and design study, supported by EU Sixth Framework
funding, for an enhanced performance research radar facility to replace the existing EIS-
CAT UHF and VHF systems. The new radar retains the powerful multi-static geometry
of the EISCAT UHF but will employ phased arrays, direct-sampling receivers and digital
beam-forming and beam-steering. Design goals include, inter alia, a tenfold improvement
in temporal and spatial resolution, an extension of the instantaneous measurement of full-
vector ionospheric drift velocities from a single point to the entire altitude range of the
radar, and an interferometric imaging capability. Prototype receivers and beam-formers
are currently being tested on a 48-element, 224 MHz array (the “Demonstrator”) erected
at the Kiruna EISCAT site, using the EISCAT VHF transmitter as an illuminator.
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7Institut für Atmosphärenphysik, D-18225, Kuhlungsborn, Germany
8Now at Discover Petroleum, Roald Amundsens Plass 1B, 9008 Tromsø, Norway
9Now at Department of Communication Systems, University of Lancaster, Lancaster LA1 4YR, UK
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1 Introduction

The radar systems of the European Incoherent Scatter Association (EISCAT) have
provided the scientific community with outstanding high-latitude data for more than
25 years. Observations made during this time have contributed to the opening of several
new fields of research, e.g. the study of transient coherent echoes from the ionosphere, po-
lar mesospheric summer echoes (PMSE), extremely narrow natural layers of ionisation in
the E region, observations of micro-meteors interacting with the atmosphere, etc. Many
of these phenomena are spatially compact and of very short duration (tens of millisec-
onds or less), while others tend to occur under conditions of low electron density and/or
very high electron-to-ion temperature ratio. Also, radar returns from these processes
frequently show a significant degree of coherence.

The present EISCAT UHF and VHF systems, having been designed for incoherent
scatter conditions, are not really optimised for addressing these scientific challenges. In
addition, the frequency band currently used by the multi-static UHF radar will soon be
claimed by the UMTS900 third-generation mobile phone service in all the three EISCAT
host countries, forcing the gradual closing down of the UHF system over a three-year
period. There is thus a strong case for a new research radar system in the auroral zone.

In 2005, the EISCAT Association, Lule̊a University of Technology, Tromsø, Univer-
sity and the Rutherford Appleton Laboratory (joined in 2008 by the Swedish Institute of
Space Physics) therefore embarked on a four-year design and feasibility study, supported
by European Union funding under the Sixth Framework Initiative, for a new research
radar facility with greatly enhanced performance. This facility would be capable of pro-
viding high-quality ionospheric and atmospheric parameters on an essentially continuous
basis, as well as near-instantaneous response capabilities for users needing data to study
unusual and unpredicted disturbances and phenomena in the high-latitude ionosphere
and atmosphere. The study period ended on April 30, 2009. The present paper is a con-
densed summary of the results and recommendations from the study; a comprehensive
report [1] was submitted to the EU FP6 Project Office on June 14, 2009.

2 EISCAT 3D Performance Targets

Design targets for the new EISCAT 3D system [1] include:

• a tenfold improvement in temporal and spatial resolution relative to the current
EISCAT systems; it will be possible to measure electron densities to better than
10% accuracy over the 100 to 300 km range in 1 second or less, even at 100 m
altitude resolution,

• an extension of the instantaneous measurement of full-vector ionospheric drift ve-
locities from a single point to the entire altitude range of the radar - it is planned
to have at least five beam-formers running concurrently at the receive-only sites,

• beam pointing resolution of better than 0.625◦ in two orthogonal planes, with 10%
(0.06◦) pointing accuracy, and
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• built-in interferometric capabilities, offering a horizontal resolution of better than
20 m at 100 km altitude.

The transmitter system will be designed to provide better than 100-m line-of-sight
resolution along the transmitted beam. The antenna arrays at the receiving sites will be
designed to provide better than 150 m horizontal -3 dB resolution at 100 km altitude
everywhere in the multi-static field-of-view.

3 System Configuration

The 3D system will retain and expand on the unique and powerful multi-static configu-
ration of the mainland EISCAT UHF system. A central transmitting/receiving site (the
“core”), located not far from the present EISCAT Tromsø, radar site at Ramfjordmoen,
Norway, will be augmented by at least two receiver facilities, located at ground distances
of 220-280 km roughly south and east of the core site, respectively (see Figure 1). Each
receiving site will be equipped with a phased-array antenna and its associated receivers,
followed by a beam-former system capable of generating several simultaneous, indepen-
dently steerable receiving beams that can intersect the beam from the central core at
arbitrary altitudes between 200 and 800 km. Two additional receiving facilities, located
at ground distances of 90-120 km from the core on the same N-S and E-W baselines,
will deliver 3-D data from the 70-250 km altitude range, thus providing truly simultane-
ous 3-D measurements over the entire vertical extent of the ionosphere for the first time
in the history of incoherent scatter diagnostics. In addition, the transmit/receive site
will also provide mono-static coverage into the ionospheric topside to beyond 2000 km
altitude, where 3-D coverage is not required.

For optimum performance in low electron density conditions, i.e. primarily at meso-
spheric and ionosphere topside altitudes, the EISCAT 3D system will use an operating
frequency in the high VHF range. However, obtaining a coordinated allocation for a
scientific radar system in this part of the spectrum has turned out to be a very non-
trivial problem. In the ITU Radio Regulations, the entire 174-230 MHz frequency range
is allocated to the Broadcasting Service on a primary basis and to various communica-
tion services on a secondary basis, while the 230-240 MHz range is allocated to the fixed
and mobile services on a primary basis. In Europe, a slightly different scheme (the so-
called Wiesbaden Agreement, WI95), based on proposals from CEPT and its subsidiary,
the European Telecommunications Standards Institute (ETSI) has been adopted. Under
WI95, the entire 174-240 MHz range is allocated to broadcasting. Frequencies above
235 MHz are shared with the military.

Following the transition from analogue to digital terrestrial TV broadcasting in Eu-
rope, the 174-240 MHz range is now gradually being taken in use for digital audio broad-
casting (T-DAB). The WI95 plan allocates one or more frequency blocks for T-DAB to
each European country, but the actual implementation of the spectrum at the national
level is delegated to the respective frequency administrations. This is fortunate, as the
administrations are in fact free to allocate spectrum also to services other than those
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Figure 1: Map of the deployment area of the projected EISCAT 3D radar system, showing the
locations of the antenna sites. The dashed circle indicates the approximate extent of the common
field-of-view at 300 km altitude.

having a recognised status in a specific band, as long as this causes no interference to
the primary service(s). In early 2008, the 3D design study team therefore approached
all three Nordic frequency administrations with a request to have 10 MHz of contiguous,
coordinated bandwidth in the (225-240) MHz range allocated to the 3D project. The
Norwegian administration eventually responded by offering to allocate T-DAB blocks
13A-13D (229.928-236.632 MHz) for active use by the future 3D core site on a non-
interference basis, these blocks being unallocated in northern Norway. This offer was
gratefully accepted by the EISCAT Scientific Association on December 17, 2008.

The spectrum slot proposed by the Norwegian administration turned out to be es-
sentially unallocated also in northern Sweden and northern Finland. Negotiations are
currently in progress with the respective administrations with the aim to obtain Nordic-
wide protection of at least (230.0-236.5) MHz for reception.

When fully populated, the core array will contain about 16,000 elements, each equipped
with a dual (300+300) watt solid-state power amplifier, a short X-Yagi antenna and a
direct-sampling receiver. The power amplifier system will be designed for an instanta-
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neous -1 dB power bandwidth of more than 5 MHz, corresponding to about 60 m range
resolution. Pulse lengths from 0.2 to 2000 µs and PRFs between essentially zero and
3000 Hz can be accommodated. A reduced-power CW mode, mainly intended for active
space plasma experiments, is also being considered. The drive signals will be generated
by digital baseband-to-RF up-converters, receiving their baseband data (containing both
the radar waveform information, any desired aperture-tapering and the time-delay in-
formation required to steer the transmitted beam into the desired direction) from large
RAM banks, thus allowing the transmission of essentially arbitrary wave-forms limited
only by power bandwidth and permissible pulse length.

It will be possible to steer the beam generated by the core array out to a zenith angle
approaching 40◦ in all azimuth directions. At 300 km altitude, the radius of the resulting
field-of-view is approximately 200 km, corresponding to a latitudinal coverage of ±1.80◦

relative to the transmitter site.
In the receiving mode, the core array will be configured as∼50, 19-m diameter modules

of 343 element antennas, each module being made up from (7 x 7) close-packed hexagonal
seven-element cells (Figure 2) and equipped with a fully capable digital beam-former. To
form a single beam, the digital data streams from all modules will simply be added; in
imaging mode, any two modules can be selected to form the endpoints of a baseline;
depending on the module and array layout, between 20 and 40 unique baselines can be
formed, covering the 10 to 60 λ length interval (see Section 4).

The arrays at the receive-only sites will provide fields of view matching that of the
central core as seen from the respective site. It has been determined that this can be
most economically achieved through the use of multi-element X-Yagi antennas with about
10 dBi gain, allowing up to one wavelength element-to-element spacing without running
into severe grating lobe problems. All receivers will employ band-pass sampling [2]; the
received signal is band-limited by a 30 MHz wide band-pass filter centred on ∼233 MHz
and sampled at ∼85 MHz sampling rate without any preceding down-conversion. This
scheme centres the signal spectrum in the 6th Nyqvist zone while providing a 6 MHz
transition band at either end. The signals from the two orthogonal linear polarisations
will be processed independently all the way from the antennas to the output of the digital
beam-formers (see Section 9 below).

4 Imaging Capabilities

Numerous dynamic phenomena at high latitudes are characterised by small scale struc-
tures, not resolved by conventional radar techniques. Provided that the radar signals
produced by these irregularities have sufficient signal-to-noise-ratio (SNR) and station-
arity time, 3-D imaging can provide important information for their investigation. Ex-
amples include the small density structures produced by auroral precipitation [3], where
filaments with scales of tens of metres have been resolved by optical means. The pos-
sibility of radar imaging such features is helped by the density enhancement occurring
during aurora, although time variability may limit the sharpness of the measured images.
Other examples of small-scale structure include polar mesospheric summer and winter
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Figure 2: Top view of a EISCAT 3D core array 343-element, 19-m diameter array module,
formed from seven sub-groups (outlined in red), each of which is composed of seven 7-element
hexagonal cells. Each sub-group is served by a common, approx. 2-m by 2-m equipment con-
tainer (indicated by a blue square at the centre of each sub-group) containing all RF, signal
processing and control and monitoring electronics.

echoes (PMSE and PMWE), atmospheric turbulence in the upper troposphere and lower
stratosphere, numerous small scale structures induced by artificial RF heating of the
ionosphere, Naturally Enhanced Ion Acoustic Lines (NEIALs), space debris, meteors,
and possibly others.

The built-in interferometric capabilities of the EISCAT 3D system - complemented
with multiple beams and rapid beam scanning - will make the new radar truly three
dimensional and justify its name. A work package of the design study was therefore
dedicated to establishing the basic conditions under which these imaging capabilities
can be implemented. The core antenna is composed of a number of modules (sets of
343 antenna elements) accompanied by a few outlying modules, to comply with the
resolution requirements. The result is an optimum and flexible antenna layout, from
which favourable configurations can be quickly implemented to obtain the resolution and
bandwidth of the required image.

The accuracy of the timing system has been specified to fulfil the desired image res-
olution (see Section 7). A novel way to calibrate the imaging system has been proposed
using the phases obtained from measurements of the usual incoherent scattering signals.
An inversion algorithm based on the Maximum Entropy Method (MEM) has been imple-
mented and tested on simulated and real data obtained with the imaging-capable radar
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at Jicamarca. Methods to represent visually a function of five independent variables -
with various degrees of completeness and compression - have also been investigated and
tested with simulated and real world data.

The technology employed is Aperture Synthesis Imaging Radar (ASIR) - closer to
the technology used by radio astronomers to image stellar objects than to the SAR
(Synthetic Aperture Radar) technique used to map the Earth’s surface. In the radio
astronomy case, the source emits radiation collected by a number of passive antennas.
In the radar case, the transmitter illuminates the ionosphere or atmosphere and a num-
ber of antennas collect the scattered radiation. From this point on, the two cases are
essentially identical (though Earth’s motion is an important difference). The image of
the target is constructed by calculating the spatial cross-correlation of the diffraction
pattern on the plane of measurement, called the visibility function. This is accomplished
using a number of receivers, from which all the different signal pair cross-correlations
are calculated. These values represent samples of the visibility function. The spatial
dimensions of the visibility are defined by the baselines between each pair of receivers.
The imaging inversion problem consists in obtaining the image from the visibility, which
is a 2-Dimensional Fourier transform. However, in virtually all cases, the visibility sam-
ples are uneven, truncated and sparse, leading to a highly singular inversion problem
requiring carefully crafted algorithms.

The image obtained from the inversion is called the brightness distribution and (for
each range) represents the angular distribution of the target intensity. In the radar
application, it is advantageous to decompose the receiver signals into their frequency
components and apply the imaging inversion to each spectral component separately.
Since the mathematical relationship between the visibility and the image is a simple (2-
D) Fourier transform, the accumulated knowledge of Fourier transforms in other domains
can be applied to imaging. For instance, the resolution of the image is determined by the
longest baseline; the largest structures are determined by the shortest baseline; resolution
and bandwidth are related by the Nyqvist theorem and so on.

It is a non-trivial task to express the image as a function of five variables (three spatial
dimensions, frequency and time). The time variable can be taken care of by displaying
images in the form of an animation or movie. There still remain four independent vari-
ables of which only two can be represented by conventional plotting techniques. The
other two can be codified using two of the three colour space variables of which the Hue,
Saturation and Value (or Brightness) or HSV space seems to perform more satisfactorily.

The instantaneous timing accuracy is about 100 ps at 250 MHz, equivalent to an error
of 10 degrees in phase, or 1/40th of a (fringe) period. When accounting for beam forming,
which is a weighted average operation, the accuracy can be reduced in proportion to the
square root of the average length. For instance, the allowed time jitter for a 343-element
module after beam-forming is reduced by a factor equal to

√
343 ≈20, to 2 ns.

The image bandwidth and resolution follow from Nyqvist’s theorum. For an assumed
module length of 16 λ the angular coverage is 1/16 radians or 3.16◦ which maps into a
horizontal extent of 6 km at 100 km range. Assuming a target resolution of 20 metres at
100 km range, subtending an angle of 2x10-4 radians, results in a longest baseline length
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of 5000 λ or 6000 m for a radar frequency of 250 MHz. Appealing to super-resolution
concepts, this baseline can be reduced to 750 λ or 900 m. Thus, some additional outlier
antennas are needed to obtain this resolution.

The incoherent scatter capability of the radar affords a novel and convenient phase
calibration procedure. Under quiet conditions, the illuminated volume is homogeneous,
which implies that the brightness is constant with a visibility function that is purely real,
that is, the visibility phase is constant and is equal to zero. Thus, measurement of the
visibility function in a quiescent ionosphere produces the calibration phases directly.

The number of visibility function samples that can be measured is equal to the num-
ber of different receiving antenna pairs, or n(n−2)/2, where n is the number of receivers.
A good configuration of receiving antennas is one in which the baseline space is maxi-
mally and evenly filled, although in practice gaps will occur. Heuristic search procedures
have been devised, and used to produce simulations of the adopted image restoration
algorithm, such as that given in Figure 3.

Figure 3: Five-blob image reconstructed from the visibility measured with the 8-antenna con-
figuration with 7 core antennas of the Jicamarca array and 1 outlier shown in the upper left
panel. The second upper left panel shows the baselines generated by the configuration. The right-
most upper panel shows the core antennas used in the configuration in red and their coordinates
alongside. It is a remarkably optimum configuration that produces an excellent reconstruction.
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Among the many image inversion/restoration algorithms employed by the radio as-
tronomy community, two stand out, namely the CLEAN procedure and the Maximum
Entropy Method (MEM) [4]. The CLEAN procedure assumes that the image is composed
of a small number of point sources, often the case in astrophysical situations but not gen-
erally in radar applications. MEM has a more mature mathematical foundation and is
effective and robust as shown by its implementation at Jicamarca [5]. The numerical
problem is to find an extremum of the following function:

E[f(ej, λj,Λ, L)] = S + λj(gj + ej − fihij) + Λ(ej
2σj
−2 − Σ) + L(Iifi − F ) (1)

where f is the sought after brightness distribution, S = −filn(fi/F ) is the entropy, Ii is a
vector of ones, F = Iifi is the integrated (total) brightness, gj is the measured visibility,
hij is the point spread function containing the Fourier kernel, ej are the random errors,
σj

2 are the (theoretical) expected error variances, and Σ parametrizes the error norm,
effectively constraining it. The remaining quantities are Lagrange multipliers: the λj
relate the measured visibility (including the random errors) to the brightness that makes
the entropy function an extremum. The other Lagrange multipliers impose additional
constraints to ensure an improvement of the final solution: Λ puts a bound on the error
norm equal to a preset value equal to Σ; and L constrains the total brightness, ensuring
that the solution will be non-negative.

An implementation of the algorithm has been tested on simulated data and on data
taken with the Jicamarca Radar. An interesting configuration of seven core modules and
one outlier was found, that produces an even distribution of baseline coordinates with
a minimum of gaps. Figure 3 shows the configuration and the results of inverting the
visibility produced by five Gaussian blobs. The 1-σ contours of the assumed Gaussian
blobs are represented by the thick circular rings in green.

5 Faraday Rotation and Adaptive Polarisation

Matching

Primarily for technical convenience, the transmit/receive core will employ circular LHC/
RHC polarization. Signals scattered from the ionosphere above the core site toward the
receiving sites will therefore be elliptically polarized and subject to Faraday rotation.

At 240 MHz, the total rotation from a scattering point at 300 km altitude above
Tromsø, Norway to a receiver at Kiruna can be anywhere in the range π/2 to 3π/2
radians, assuming typical ionospheric conditions. Since the propagation path from the
scattering region is partially outside the core site field-of-view, and therefore through an
unknown and time-varying amount of plasma, the total Faraday rotation along the path
cannot be predicted a priori with any degree of confidence. Instead, the receiver system
must continually track the polarization of the received signal.

The noise-corrupted signals received on the two orthogonal sets of element antennas
are first beam-formed. To generate a single data-stream with maximum signal-to-noise
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ratio (important because the signal-to-noise ratio at the receiver site will often be very
low), the two beam-formed data-streams should then be recombined in such a way as
to cause the signal components to be added in-phase in proportion to their respective
amplitudes.

Faraday rotation leaves the shape of the polarization ellipse unchanged to first order.
Therefore, its spatial orientation at the receiver site, and consequently the optimum
way to recombine the two noisy component signals, can be estimated from their average
amplitude ratio and relative phase angle as received. A more powerful tool to track
the polarisation state of the backscattered signal can be obtained by observing that the
polarisation vector constitutes the principal eigenvector of the measurement covariance
matrix, see [6]. Using this observation, low-complex strategies to tune to the unknown
polarisation can be found within the rich literature on subspace tracking see [7], [8] and [9].
In principle, such procedures will locate that subspace in complex two-dimensional space
which inherits most energy. In order for such an approach to function properly, especially
at low SNRs, the noise components must be independent and identically distributed to
high accuracy. Since this is unlikely to be the case in the target system, due to e.g.
mutual coupling between elements and unequal gains and noise temperatures of the two
signal channels, the data should be pre-whitened using noise-only data collected when
the target is unilluminated [10].

A study of how to extend the above strategy using a Bayesian approach is currently
underway. In such a scheme, prior knowledge regarding the Faraday rotation can be
incorporated. This could be useful especially in extremely difficult (e.g. low-SNR) sce-
narios. In a later phase, the study will also be expanded to include a feed-forward
element, using available observational data on the electron density along the propagation
path as a function of time of year, time of day, phase of the solar cycle and solar activity,
etc. to improve the a priori knowledge. Since the total Faraday rotation is proportional
to the number of plasma electrons along the propagation path, everything else being
equal, the latter quantity (previously unobservable) will become continually available as
a by-product of the polarisation tracking.

6 Fractional Sample Delay Beam-Steering

The beam pointing resolution requirement of 0.06 degrees puts unusually demanding
requirements on the beam-steering system and the beam-formers. The combination of
large aperture size, large steering angle and short pulse length creates a situation where
true time-delay steering, i.e. steering by delaying the signal from each element in time
before summation, is the only viable alternative. A drawback of this technique is that
the maximum delay length is determined by the physical size of the array rather than by
the operating frequency. Implementing the beam steering in analogue technology would
have required the length of the longest delay lines to be of the same order as the array
size, but the construction of thousands of analogue delay lines with electrical lengths
of 100 m or more is clearly impractical. Instead, post-ADC beam forming using digital
fractional-sample delay techniques has been selected. As far as we have been able to
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determine, this is the first time that this technique is being proposed for use in a large
research radar system, although it has earlier been used in e.g. sonar [11].

To achieve the required pointing resolution, the minimum delay increment must be
shorter than 15 ps. For a 100-by-100-element array with an inter-element distance of
1.68 m, the total delay can be as long as 550 ns, i.e. about 50 sampling intervals. Any
delay value in this range can be realised by first delaying the sample stream by a number
of samples equal to the integer part of (delay/sampling interval) and then handling the
remainder in a fractional delay filter, an all-pass FIR filter designed to have exactly the
required group delay [12, 13].

FIR filters are easy to design, characterise and implement in hardware. FPGAs
are available today with 18-bit hardware multipliers, giving a natural limit of 18-bit
resolution for the filter coefficients. Several different design approaches have been used
to synthesise almost perfectly phase-linear FIR filters. Extensive Matlab simulations have
been performed to verify the validity of the approach[13]; 36-tap filters have been shown
to provide the required delay accuracy over the 30 MHz base-band while introducing very
little amplitude ripple. The filters add a timing error to each antenna with a maximum
error of less than 5 ps and 0.8% of amplitude error. Multiple simultaneous beams can be
generated from the same set of input data streams merely by feeding these into multiple
sets of digital delay lines in parallel.

During the winter season, snow, ice and hoarfrost will accumulate on the element
antennas and change their group delay characteristics; see Figure 4. Adaptive calibration
and correction software will be installed at each receiving array to counteract the resulting
unpredictable and potentially large pointing and beam-forming errors. Under normal
operating conditions, one of the available beams will be dedicated to tracking one or
more of the strongest circumpolar celestial calibrator sources (e.g. Cas-A and Cyg-A)
whenever these are in the array field-of-view. Pointing corrections will be continually
computed from the measured data and fed back into the beam-former control system.
When no calibrator source is visible, feed-forward corrections using a priori information
will be employed.

7 Timing System

The performance of the EISCAT 3D radar timing system is critical to achieving the stated
beam-pointing resolution and accuracy. Since a delay-and-sum type of beamformer is
used, the shape and direction of the formed beams are strongly dependent on the timing
accuracy. As stated in Section 6, the resolution required in the beam-forming filters is as
small as 15 ps, but as it turns out, the standard deviation of the overall timing system
can be allowed to be quite a bit larger.

An extensive examination of the necessary timing performance has been made [13],
and the results show that a timing error standard deviation of less than 120 ps over
the array is necessary for incoherent scatter, while for imaging applications the accuracy
requirement is 100 ps (see Section 4). This includes error contributions from the timing
distribution system, phase shifts of the antenna phase centres due to icing, etc. and
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Figure 4: The 48-element Demonstrator array at the Kiruna EISCAT site in typical winter
conditions, November 2007.

antenna movement due to wind and weather conditions. Thus, a reasonable target for
the timing distribution system has been set to better than 40 ps standard deviation. From
these numbers it is apparent that a non-calibrated timing system would not perform well
enough. Over an array of hundreds of meters, heating by unevenly distributed sunlight
would seriously affect the performance of such a system.

Two different approaches have been taken to solve the timing distribution problem;
the first was to design a cable calibration system that connects all antennas in the array
to each other (e.g. [14]), and the second was to develop a Global Navigation Satellite
System (GNSS) receiver that provides high accuracy timing to small groups of antennas
throughout the array [15].

Preliminary findings for both methods showed that the 40-ps standard deviation goal
is within reach for either. The cable calibration system and the GNSS system both reaches
about 20 ps. The main difference between the two is that the cable calibration system
requires more hardware, but the GNSS system is dependent on satellite coverage. Since
the GNSS system was explored at later date than the cable calibration system, it had
already been decided that the cable based system was to be installed in the Demonstrator
array (see Section 9 below), and thus further investigation of the GNSS system, although
promising, was deferred.

The cable calibration system works by signal injection through directional couplers in
the Low Noise Amplifier (LNA) system, located in the signal path between each antenna
element and its associated LNA input. The injection can be directed either into the
antenna to measure its reflection coefficient, into the signal path, or out onto an external
cable connection connecting each LNA to all the others in the array, see Figure 5. In
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this setup, a signal generated at one LNA can be routed to all antennas in the array and
measured. Both the timing between the antennas and the amplitude differences can be
resolved.
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Figure 5: Diagram of the EISCAT 3D LAAR racks containing the cable calibration system.
Each Low Noise Amplifier (LNA) is connected to every other LNA in the array via the passive
cable net, CAL LINK, to allow calibration of the different units to each other. Thick connection
lines indicates that it is more than one physical cable connection each component.
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With the low tolerances on timing that apply to the timing system, simulations have
been made to evaluate how large errors arise due to component mismatch between each
manufactured LNA. The errors in timing and amplitude due to this mismatch will not
be possible to compensate for with the calibration system. However, as seen in Fig-
ure 6, the simulations show that even for increasing array sizes the errors do not increase
significantly.

Figure 6: Simulated performance of the proposed system for increasing array sizes. RMS delay
errors are at the left axis and amplitude errors are on the right axis. As seen, increasing the
number of channels in the calibration net does not significantly increase the errors.

Initial measurements in the test array in Kiruna shows that a standard deviation be-
tween antenna pairs in the array are all within 5 ps. When adding this to the uncertainty
from the component mismatch simulations and the errors added by the beamforming fil-
ters, a total error from the timing system of about 20-25 ps can be expected.

While the amplitude uncertainty is relatively large due to the component mismatch,
the largest part of it originates from differences in the directional coupler in the LNAs.
This mismatch is measured during the production stage of the LNAs and can subse-
quently be compensated for. Amplitude measurements in the test array yields a standard
deviation of less than 0.1% of antenna pair amplitude difference as a worst case.
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8 Data Recordning, Storage and Access

Each element antenna in the array will be generating about 180 MB/s amplitude domain
data per polarisation, or 360 MB/s for the two polarisations. This corresponds to a
frighteningly large total array data rate of 5.76 TB/s that clearly cannot be recorded for
permanent storage. Instead, the normal approach will be to combine the data streams
from all elements in real-time into a relatively small number of simultaneous beam-
formed data streams (a maximum of 3 at the core site, 4-5 at each receiver site). After
scaling, this brings the data rate back to the element rate of 180 MB/s per polarisation,
corresponding to 1.3 TB/h/beam or 31 TB/day/beam.

Even though archiving data at this rate is now feasible using off-the-shelf technology,
it is still expensive and requires a non-negligible amount of electrical power. The standard
archiving policy foreseen for the operational 3D system will therefore be to buffer the
beam-formed data in hard disk ring-buffers at each site for a limited time (about 24 h), so
providing users needing the raw data with a time window in which to access the buffers
and download interesting data records to their own storage. The ring buffers will be
continually overwritten from the beginning.

A coherency detector will monitor the partially beam-formed data at the module level
(before beam-forming). Whenever a preset coherency threshold is exceeded, module-level
data will be saved to the ring buffers for brief intervals to allow later off-line interferometry
processing.

The primary archived data product will be profiles of target autocorrelation values
at different time lags (so-called “lag profiles”). These will be continually computed from
each beam at the radar pulse repetition rate and averaged to a time resolution in the
order of one second. The lag profile data will be fitted for physical parameters (density,
temperature etc.) and the results will also be archived. A petabyte-scale central data
archive, accessible via the Internet, will be established close to the core site.

9 The Demonstrator Array

Since several of the design concepts envisaged for full-scale use in the 3D system have
not been applied in a research radar context before, it was decided to construct a small
224-MHz receive-only phased array (the “Demonstrator”) at the Kiruna EISCAT site [1].
Operating together with the EISCAT 224-MHz VHF and HF Heating systems in Tromsø,
the Demonstrator is being used as a test-bed where mission-critical hard- and soft-
ware (direct-sampling receivers, digital real-time multi-beaming, adaptive polarisation
coherency triggering etc.) can be debugged and validated on real radar returns from the
ionosphere. Figure 4 shows the array in a winter setting.

The Demonstrator design is a compromise between effective aperture, construction
cost, flexibility and ease of use. For an overview, see Figure 7. Elevating the individual
Yagis to 55◦ causes their beams to intersect a vertically pointing beam from the VHF
system at approximately 300-km altitude above Tromsø, that is, close to the peak of the
ionospheric F region, where the incoherent scatter signal-to-noise ratio maximises.
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Figure 7: The 224-MHz Demonstrator array at the Kiruna EISCAT site is a rectangular,
12x4 array of (6+6) element X-Yagis, with its major axis aligned in the Kiruna-Tromsø, plane.
Each row (R1....R12) comprises four 6+6 element X-Yagis, stacked broadside at 1.60 m (1.2 λ)
spacing and combined in-phase in two four-port power combiners, one for each polarisation. The
individual Yagis are elevated to ε = 55◦. The row-to-row distance, ∆D is 1.95 m.

The basic array was completed in October 2007. For the initial tests, the VHF trans-
mitter was programmed to illuminate the ionosphere with 2-millisecond coded pulses,
radiated vertically at about 1.5 MW. Because only two receiver channels were available,
the signals from all twelve rows were phased and combined, using coaxial cable delay
lines and three-port power combiners, to generate two beams at 55◦ elevation, one for
each polarisation.

At the prevailing daytime electron density of ∼ 2 · 1011 m−3, the resulting projected
aperture of 95 m2 delivered a signal-to-noise ratio of about 4%. Figure 8 shows the
physical parameter values obtained by running the standard GUISDAP analysis program
on the recorded data, integrated to 5 minutes time resolution.

During the second half of 2008, 24 direct-digitising receiver front-ends, meeting the full
3D target performance specifications but designed for a centre frequency of 224 MHz,
were installed in the array. A detailed description of these units and the challenges
encountered during their design is given in Section 10 below.

Snapshots of the data generated by the full digital receiver complement will eventually
be input to the EISCAT UHF receiver system for recording and post-processing in the
familiar EROS environment. However, since the 1.92 Gsamples/s aggregate output data
rate is vastly greater than what the EISCAT receiver can presently accommodate, a
system of digital down-converters, low-pass filters and resamplers is used to band-limit
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Figure 8: Electron density, electron and ion temperatures and ion drift velocity at 290 km
altitude above Tromsø, derived from 224-MHz incoherent scatter signals received by the Demon-
strator array on November 2, 2007. The signal-to-noise ratio during this observation varied
between 4 and 6%.

and decimate the data by a factor of sixteen, bringing the data rate down to a more
manageable 6 x 20 Msamples/s.

These data streams are then converted to serial format and piped from the array
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into the EISCAT control room via optical fibre. At the receiving end, the data are
presently converted back to parallel format and dumped into a bank of dual-page buffer
memories belonging to the EISCAT receiver back-end. A prototype digital beam-former
implemented in FPGA is running on the bench and will soon replace the serial-to-parallel
converter. The beam-former will delay and add the signal streams from the twelve rows
to generate at least two beams at different elevations in the vertical plane simultaneously.

An extensive test program will follow the completion and installation of the beam-
formers: the timing and beam-pointing systems will be validated through a series of
observations of Cas-A under all possible weather conditions, the interferometry trigger
software will be tested on Heating-induced artificial ionospheric echoes, complex ampli-
tude data from the two polarisations will be collected to provide a test data base for the
adaptive polarisation sub-project, and the finished polariser algorithms will be installed
and validated on real-time incoherent scatter signals.

10 Demonstrator Front-End Design

The two primary active subsystems in the Demonstrator receiver front end are the Low
Noise Amplifier (LNA) and the dual-channel A/D converter board. One antenna po-
larisation is served by one LNA and half of one A/D converter board. An overview of
the receiver chain is shown in Figure 9. All control signals and switches in the receiver
electronics are connected to a microcontroller. This gives the possibility to control power
supply outputs, the coupler modes for signal injection, signal injection frequency, LNAs,
A/D converter boards and temperature stabilization of the LNA boxes.

The target requirements for the LNA were:

• a bandwidth of 30 MHz ,

• a system noise temperature of 50 K,

• a spurious free dynamic range of 70 dB,

• a return loss of 17 dB.

The applications for very low Noise Figure (NF) amplifiers operating at VHF frequen-
cies are limited, and so is the number of available semiconductor devices. The device
with the best specified performance at a frequency not too different from the intended
frequency range was the ATF-541M4 E-HEMT from Avago, with a specified noise figure
at optimal noise match of 0.1 dB (7 K) at 500 MHz. This device was selected for the
first gain stage. To arrive at a model for system design, a thorough characterization of
the device at 224 MHz was performed. The E-HEMT stage is followed by a band-pass
filter and a monolithic gain block (RFMD RF3376). Each LNA board also includes one
directional coupler and a number of semiconductor switches for routing of calibration
signals into the receiver path.

A Matlab tool for simulating noisy two-ports was implemented. This tool was used
together with a particle swarm optimizer to find an ”optimal” LNA, given a number of



10. Demonstrator Front-End Design 137

constraints on noise figure, return loss, bandwidth, frequency selectivity and stability
margin. The requirement of high return loss (-17 dB) over a large bandwidth (30 MHz)
leads to a significant trade-off in achievable noise figure due to sub-optimal (from a noise
perspective) input matching and losses in the matching network. This results in a noise
figure in the range of 40-50 K as opposed to the theoretical sub 10 K at optimal noise
match.

Figure 9: Overview of the receiver front end.

The manufactured LNA boards shown in Figure 9 include various voltage regulation
and bias regulation circuits. To arrive at the stringent requirements for the timing
synchronization, the LNAs are built into temperature stabilized boxes with a precision
of 0.1◦C.

The A/D converter board contains additional filters and two additional gain stages
for each signal channel. After amplification and band-pass filtering, the signal is digitized
by a 16-bit LTC2208 ADC clocked at 80 MHz. This device was selected mainly on the
basis of its low distortion when undersampling a 200-240 MHz signal, combined with
moderate power consumption. As the last gain stages are capable of producing signal
levels exceeding the permissible A/D converter input voltage range, a protection circuit
consisting of a Schottky diode limiter and a programmable attenuator is included in the
signal path, immediately preceding the ADC.

A challenge in the design of the undersampling A/D converter board was the problem
of how to keep the sampling clock phase noise down. In an ADC, clock noise is transferred
to the digital output signal with a scaling factor of 20 · log10(Fsig/Fclk), i.e. the clock
noise is about 20 dB more prominent when sampling a 224 MHz signal at 80 MHz than
it would have been if the 224-MHz signal had been down-converted to, say, 24 MHz
before sampling. Even for the lowest-noise VCXOs currently available, this will result in
a larger noise contribution from the sampling clock than from the signal quantization.



138 Paper E

In practice, it was found that this limits the maximum achievable SNR over a 40 MHz
bandwidth centred on 224 MHz to no better than 65 dB, which is 8 dB or more inferior
to the theoretically achievable SNR when using a good ADC with a noise-free sampling
clock.

In the present design, both channels are clocked by a common on-board Crystek
CVHD-950 VCXO, phase-locked to a 10 MHz reference clock derived from the EISCAT
time and frequency system and distributed array-wide. As the ADC noise (both clock-
induced noise and quantization noise) will increase the system noise temperature by an
amount equal to the equivalent ADC noise temperature divided by the total gain of the
analog stages preceding the ADC, the noise contribution from the ADC must be balanced
against the maximum SNR by adjusting the pre-ADC gain. In the current system, the
gain is somewhat too high, resulting in about 2.9 K noise temperature contribution. This
is of course very low, but comes at the cost of reducing the maximum system SNR to
only about 45 dB. In the current Demonstrator context this is of no consequence, but for
a final system it would probably be desirable to reduce the gain preceding the ADC by
about 6 dB, thus increasing the system SNR to 51 dB at the cost of increasing the noise
contribution to 12 K.

11 Antenna Measurement System

Antennas operating in an Arctic environment may have their performance degraded
significantly due to snow and hoarfrost sticking to the antennas. This has been shown
to be a problem affecting both the impedance of the antenna elements in an array [16]
and the beam shape and pointing direction of large telescopes [17]. In the EISCAT 3D
system, it is particularly important to assess the climatic effects, since the shape and
pointing direction of the main beam must be known quantitatively.

The performance of the element antennas used in the Demonstrator array during
snowfall has been studied [18]. The return loss |s11| was measured continuously during
a 48-hour period with significant precipitation in the form of a snow/rain mixture. At
the onset of the snowfall, the whole passband of the antenna is shifted downwards and
the bandwidth is reduced. On some occasions, the useable passband of the antenna fell
entirely outside the desired frequency band. This behaviour agrees with results from
simulations of a crossed Yagi antenna covered with a dielectric medium.

Simulations have also shown that there can be significant distortion of both the am-
plitude and the phase of the far-field pattern. Due to the stringent requirements of the
relative timing between elements in the array, even a small shift in the far-field phase
could cause unacceptable errors in the beam-forming process.

A popular technique for mitigating the effects of climate on large antennas is to place
the whole antenna inside a radome. This is however not practical in the EISCAT 3D case
due to the sheer physical size of the antenna arrays. For the same reason, de-icing by
heating the antennas is not a realistic option. A possible partial solution is to place only
the driven elements of the crossed Yagi antennas inside a radome. The drawback is that
the gain of the antennas would be reduced during snowfall. Ideally, the antennas should
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also be designed with a larger bandwidth than needed in order to be able to handle both
the shift in frequency and the narrowing of the band; that this is possible is evidenced
by e.g. the results obtained in controlled tests of the “Renkwitz Yagi” proposed as the
element antenna for the core array [19]. A good compromise would likely include both
of the solutions mentioned above.

The phase and amplitude of the far-field pattern during snowfall are more difficult
to control and should therefore ideally be monitored. When the system is in actual
operation, this can probably best be done by a near-field measurement system, such as
e.g. the one presented in [20]. This system uses probes located in the near-field of the
antenna array to estimate the electric current distribution on the antenna elements. The
electric current distribution can then be transformed into a complex far-field pattern.
The technique has the advantage of using relatively few probes which can be located
at varying distances from the antenna elements, which is necessary in an antenna array
of the size considered here. Also, the whole far-field pattern can be estimated without
having probes in the main beam of the antenna, which minimizes the interference and
diffraction effects that could degrade the performance of the radar.

12 Summary and Next Steps

In this paper, we have presented the results of an EU-funded study conducted into
the design of the EISCAT 3D system, a next-generation incoherent scatter radar to be
deployed for atmospheric and geospace studies in the Scandinavian Arctic. As well as
describing the novel elements in this new multistatic phased array radar, we have drawn
attention to some of the new scientific areas which the new facility will open up to its users
and outlined the principles under which it will operate (essentially continuous operation
with unstaffed remote sites). While the concepts behind the design have been firmly
established, some important details at the hardware level have still not been finally
specified, because of the speed at which cheaper and more effective signal processing
solutions are currently emerging. The final choice of hardware in this area will only be
made closer to the time of system construction.

The design study whose results were presented here is only the first of three develop-
ment phases which will lead to the eventual realisation of EISCAT 3D. In December 2008,
the project was added to the ESFRI European roadmap for research infrastructures [21],
which identifies future programmes and facilities corresponding to the long-term needs of
the European research community. Acceptance into the roadmap is seen as an important
recognition of the EISCAT 3D concept, which will lead to further opportunities to take
the project forward within the context of future EU Framework Programmes.

It should be noted that, although the design exercise reported here has produced
a specification for a radar facility with one active central site and four passive remote
receivers, the finally constructed system may have a very different configuration. Given
the availability of sufficient funding, it would be simple to scale up from the present
design into a system with multiple active sites, offering unparalleled coverage of the
upper atmosphere and geospace region above northern Scandinavia and providing an
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unprecedentedly detailed data set to scientists in this important research area.

The next phase of EISCAT 3D development is likely to be a three-year preparatory
study, hopefully beginning early in 2010, again using EU funding (this time under the 7th

Framework). In this phase, some remaining technical issues, including the choice of DSP
and beam-forming hardware will be finalised, frequency clearances will be confirmed, site
selection issues will be resolved and construction permissions obtained, manufacturing
questions relating to the mass-production of thousands of antennas, transmitters and
signal processing units will be clarified, and a consortium will be established to fund the
construction phase. It is anticipated that construction will begin around 2013, with first
operations around 2015, providing a state of the art research radar with a nominal oper-
ating lifetime of 30 years to yield top-quality data for the next generation of researchers
in upper atmospheric physics and geospace science.
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