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FOA and FFA became FOI
When this report is published FOA has ceased to exist. A
new agency is formed as a result of a merger with Aero-
nautical Defence Research Establishment jan, 1st, 2001.
More than half a century of research experience, system
and defence knowledge, will in the future be developed
into new combinations, in new networks, for coming
challenges.

For more information please contact us or visit our web-
site www.foi.se. We especially welcome you if you wish to
work or co-operate with us.

Best regards
Svante Ödman
Division of Sensor Technology

UMEÅ

STOCKHOLM

LINKÖPING

Table 2

Number of 00 99 98 97 96 95 94
employees at
Educational levels

Undergraduate 33 25 28 28 29 27 27

B.A. 13 13 23 19 9 11 11

M.Sc.Eng. 56 55 57 55 59 55 53

Licentiate 6 6 6 5 4 4 3

Ph.D. 39 43 36 28 28 24 21

Officer 1 1 1 2 1 1

Total 148 143 151 136 131 122 116

Table 3

Commissioners [%] 00 99 98 97 95/96* 94/95

Swedish Armed Forces 72 71 71 70 78 75

Defence Material Administration 20 19 19 17 17 21

Swedish Agency for Civil Emergency Planning 2 0,2 2 2 2

Swedish industry 5 2 4 9 2

Others 1 8 6 2 3

* 95/96 was a period of one and a half year 165 MSEK corresponds to 110 MSEK on a yearly basis

Table 6

Courses Participants from division Courseevaluation

Presentationtechniques 2 4.5 out of 5 points

Purchasing in theory and practice 19 3,9 out of 10 points

Projectmanagement 12 8,5 out of 10 points

Seminar ”leadership for the 19 3,2 out of 5 points

Future”
A course about Environment 10 4,4 out of 5 points
for the leaders etc
A course about Environment 46 3.7 out of 5 points
for all the empoyees

About the cover:
A radar image of Uppsala city acquired with the airborne VHF SAR CARABAS-II. The radar scene is 8.5 km by 8.5 km
and has been generated by processing the frequency band 22-82 MHz. The radiometrically calibrated and geolocated
image has an original, non-resampled, spatial resolution of about 3m by 3m.

Table 4

Turnover, total employment 00 99 98 97 95/96* 94/95

MSEK total 153 153 138 138 110* 106

Total 148 143 151 136 123 116

Earnings per employee [%] 1.03 1.06 0.91 1.01 0.89 0.91

Table 5

Research and Development areas Revenue [%] [%] of total FOA

Swedish Armed Forces, specification see below 70,9 25,5

Sensors for Ground Surveillance and Reconnaissance 22,8 85

Underwater Sensors 2,4 11

Weapons, Effects and Protection 7,5 16

Electromagnetic Weapons and Protection 10,9 75

Guided Weapons 3,7 42

Low Observables 9,9 91

Electronic warfare 13,7 25
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Introduction
Year 2000 could be pronounced “the Year of quality”

at the Division of Sensor Technology. Successful efforts to
reach the goals set for the Swedish Quality, as well as the
Measurement Quality awards, and an international
evaluation of the scientific quality of the research at the
Division, have been continuously ongoing throughout the
year.

In an ever-changing world in which we are supposed
to be able to foresee the technical developments in sensor
technology, many factors, aside from the main scientific,
influence the future. The Division management has
therefore written a “Foresight” based on political, cultural,
ethnical and demological mainstreams in society.

This annual report offers a sample of the research and
other activities carried out at the Division of Sensor
Technology during year 2000. Research is performed in
projects using competence from the following Depart-
ments:

Functional Materials
Laser Systems
IR Systems
Microwave Technology
Surveillance Radar
Radar Sensors
A list of articles, conference papers and non-classified

FOA reports issued during the year, can be found at the
end of this report. Readers interested in references, or in
more information, are welcome to contact the Division at
the addresses listed on the inside of the cover.

International evaluation
In year 2000 it was the Division’s turn to be evaluated

by an international committee. The group was chaired by
Olle Nilsson, Prof. em. Chalmers, Sweden. Other members
of the committee were Dieter Clement, Dr., Forschungs-
institut für Optronik und Mustererkennung (FGAN-
FOM), (Research Institute for Optronics and Pattern
Recognition), Germany; Tapio Halkola, Lt.Col (Eng),

Division of Sensor Technology

Dr Svante Ödman
Head of Division of Sensor
Technology

ERC/ Finnish Defence Forces, Riihimäki, Finland; Do-
minique J. Serafin, Dr, Centre d´etudes de Gramat, F-
4600 Gramat, France; Laurent Malier, Dr, DGA, DSP/
STTC, F-00460 Armées, France and Bo Wahlberg, Prof,
Inst. f. Reglerteknik, Royal Institute of Technology, Stock-
holm, Sweden.

The following is quoted from the executive summary:
“FOA Division of Sensor Technology has a good vision
on the mid-term needs of the research for the digitised
battlefield. The vision reflects the Swedish military needs
stated in the Dominant Battlespace Awareness (DBA)
documents. However, FOA3 in the report the Division is
refered to as FOA3 should take stronger initiative regarding
the strategic planning of defence from a technology and
scientific point of view. It should play a major role in
identifying the long-term needs, opportunities and threats.
This issue should be addressed at FOA level and become a
major objective.”

“The scientific level of FOA3 is good and at some de-
partments excellent. There is a noticeable impact of the
Quality activities as well as the Educational programs.”

“The management of the division is conducted
excellently. There is an extreme concern to match the
demands, current and future, of a scientific organisation
with the interests of the national Defence within the
boundary conditions of available funds.”

“FOA3 personnel is very dedicated to their work. This
may be one reason why the Division is trying to cover too

Figur 1. International
evaluation committee

Figur 2. Lennart Holm was
responsible for the visit of the
international evaluation
committee.
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technology and optronics (CEPA 1, 2 and 8). We
succeeded with the assistance of the Defence Material
Administration, FMV, Mr Gunnar Ericsson, to start a
project in CEPA 2, Mimosa with France and United King-
dom.

Finances
Revenues reached MSEK 153 in 2000, which is the

same level as 1999. We had expected an increase in
revenues but, due to a shortage of personnel at the start of
the year, this could not be achieved (see Figure 4). Our
two most prominent customers are the Swedish Armed
Forces and the Defence Material Administration, which
both increased their number of orders. The most significant
increase, however, comes from Swedish industry.

To stimulate creativity and secure immaterial property-
rights for the Swedish Defence, several patents have been
applied for and granted. The interest from industry for
patents has increased, and the sale of one such patent to
Saab Avionics was a break-through for our patent-policy
granted (Table 1).

Table 1
Number of Patents Applied Accepted
1996 - 9
1997 9 2
1998 8 8
1999 4 9
2000 4 5

Personnel
To ensure that FOA will be able to operate in the fast

developing information research sector, FOA must engage
in the keen competition for attractive and competent
personnel. Personnel turnover during the year exceeded
10%, and we were forced to take strong measures. Much
time and energy were used on recruiting, with a great deal
of advertising.

The Division would like to direct thanks to Mr Bertil
Brusmark for his long-time (1996) engagement, and Leif
Carlsson for assuming the main responsibility at the end
of the year as head of the Department of Radar Sensors,

much with limited resources.”
“The mutual transfer of knowledge between FOA3 and

their customers is generally good and in some cases excel-
lent.”

“Research areas that should be strengthened or taken
up by FOA3 are:

• Modelling and simulation of sensors and subsystems
for complex systems

• Autonomous sensor-based systems and sensor fusion
• Signal processing and perception
• Countermeasures (including signature management)
• Futuristic microwave systems; active, multifunction

and adaptive antennas
• High power microwave”

Competence

The Division arranged several courses for its own
personnel during the year as a complement to the scientific
knowledge deriving from working in research projects.
Some courses given this year were:

• Presentation technique
• Purchasing in theory and practice
• Project management (science, work environment, etc)
• Environment

A seminar “leadership for the future” was given during
last autumn. This seminar will help the participants in
formulating their personal career-plans. The participants
were given the opportunity of taking three different tests:
Gordon’s, Myers-Brigg’s and an entrepreneurs test, after
which a psychologist presented the test results to the
participants. This investment will help the participants in
formulating their personal career-plans. The Division aims
to offer relevant courses in the future, thereby facilitating
individual and divisional competence maintenance.

Courses are continuously evaluated to ensure their
quality (Table 6).

International cooperation
The Division has international co-operation in about

many projects. Special efforts were made during the year
to find new possibilities for co-operation within the Com-
mon European Priority Areas, CEPAs: radar, micro-

MS Ulla Backlund
Assistent Head of the Division
of Sensor Technology

Figure 3.
Nils Gustavsson was awarded by the
Swedish Royal Academy of War
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also to Dr Magnus Danestig for managing the Depart-
ment of Microwave Technology. Mr Brusmark is now pro-
gram manager at the FOA Program office and Dr Dane-
stig has now left FOA for a research position at the Swe-
dish company ACREO.

Once again the Sensor Division has gained the honour
of ”Ahlbergerska priset”. Nils Gustavsson was awarded
SEK 50 000 and a silver medal by the Swedish Royal Aca-
demy of War. Mr Gustavsson has developed a new and
economical material for stealth in the microwave area
(Figure 3).

FOA Education in Linköping
Education activities in Linköping have again increased

during the past year. The purpose of the education project
“FOA Education in Linköping” is to strengthen the
ongoing process in which FOA aims to increase it´s sup-
port for the National Defence College (FHS) in the area
of Postgraduate Education for the Swedish Armed Forces.
This is primarily achieved by transferring knowledge
achieved from the results of the research at FOA, into
education.

FOA Education in Linköping has, in 2000, carried
out more than fifteen courses with a duration of more
than one week each. FOA scientists at the research divisions
in Linköping and Stockholm are engaged in teaching.
Some courses of special interest at FOA Linköping were:
• Electronic Warfare (EW)
• Robust Optronic Systems
• Robust Communications Systems
• Robust Radar Systems
• Robust Information Systems (new course)
• Electronic Counter-Measurements (ECM) for

helicopter systems (new course)

The main courses are Academic Courses and the
students are awarded points in the grading-system for a
Ph.D. degree, or a diploma. An examiner from the Uni-
versity of Linköping is involved to assure that academic
quality is maintained.

Foresight
International development in security policy influences

the directions and demands made on the Swedish armed
forces and the demand on future sensor technology. An
increased interest in Revolution in Military Affairs as well
as in international operations from the Swedish
Government indicate new challenges in the field of re-
search.

The management of the Division has begun a study of
international trends, risks and development for the coming
20 year period, including financial, technological, security,
political, cultural, and military sectors. Scientists in the
Division of Defence Analyses are offering support in the
area concerning methodology which involves definition
of focus, development factors, scenarios and strategies for
possible new future directions for the Division.

Military conflicts
Two contradictory trends concerning future conflicts

can be perceived: small-scale regional conflicts and high-
tech conflicts. These differ from earlier perceived threats
in the Swedish scenario. In regional conflicts with
distributed forces, sometimes mixed with civilians,
localisation and identification is mandatory. A failing mis-
sion could possibly deepen a conflict, or even damage
peace-keeping forces. The high-tech scenario demands new
concepts in sensor technology with a total situation
awareness. The major threat might come from modern
information attacks, but a war-scenario of swarms of
cruising missiles co-ordinated with ECMs has recently
been discussed and are possible in a military attack.

System development
Therefore, future sensor systems must be characterised

by significantly enhanced precision and capacity. To
accurately detect a large amount of targets, we foresee the
need for antenna arrays in frequencies from UHF/VHF
to the high GHz domain in radar systems. This situation
calls for signal processing to detect, classify and select
targets with low radar cross-section areas. Increasing ECM
threat will force the use of multi-function systems. The
high information collection-rate asks for

Figure 4 Revenue, employees and earnings per employee
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• multipurpose and re-configurable antenna arrays
• conformal and smart-skin antennas
Increased integration of RF- and digital circuits with

the antenna structure, provides multiple functions such
as radar, ECM, and communication in the same antenna.
This also reduces the number of apertures and the signa-
ture of a platform. In microwave technology we foresee
an increased focus on HPM and EMI causing a threat to
civilian infrastructure.

In photonics a number of military applications are
being developed. Laser systems or combined laser/EO
systems include reconnaissance, target recognition, weapon
guidance and rapid terrain visualisation, where the high
resolution (cm) of optical systems in 3-D is utilised. High
resolution laser radar and passive sensors include guidance
of autonomous vehicles. Lasers can sense gases, aerosols
and wind for BC detection. Laser light penetrates water
for target-track detection and depth-sounding.

The use of lasers in directed infrared countermeasure
systems (DIRCM) is becoming increasingly accepted, and
in the long-run diode-pumped solid-state laser will enable
compact laser weapons to be used for tactical purposes.

Free space optical communication systems for both air
to air, air to ground and air to underwater situations is
possible as a complement to conventional radio and
microwave systems in situations where extremely low
probability of interception and or high bandwidth (Gb/s)
is needed. The potential for complete interception free
communication using quantum cryptography is noted.

Photonics, used in combination with conventional
electronics, will increase sensor performance by allowing
extremely fast and parallel data transmission within sensors
(optical interconnects, smart pixels) allowing distributed
sensor-information to be transmitted by radar/radio sign-
als onto an optical carrier. Photonics might lead to ultra-
fast AD converters and efficient tuneable radiation gene-
ration from GHz to THz. Optical memories, an optical
signal processing will also increase sensor performance.

Overall developments are leading to a better funda-
mental understanding of material properties and improved
production methods. This will result in new low signa-
ture materials and stealth design. The improved under-
standing of which factors control the properties of a ma-
terial can be used in two ways:

• Optimisation of a particular property
• Multifunctional materials

Optimisation of one particular material property can
be driven to extreme lengths. We can therefore expect a
continued rapid development of e.g. ballistic protection,
batteries, electronics and sensors. Another trend is
“tuneable” materials with properties which can be varied
by e.g. an electrical signal. These allow continuous signa-
ture control depending on the local situation and tactical
system requirements.
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Department of Functional
Materials

Mr. Sören Svensson
Head of the Department of
Functional Materials

The Department of Functional Materials’ primary mis-
sion is to research materials with applications in military
sensors, and in sensor countermeasures across the electro-
magnetic spectrum, from the visible spectrum, through
infra-red and including radar wavelengths. Research
activities include synthesis, measurement and modelling
of the electromagnetic and acoustic properties of materials.

Our present research activities are divided into two
main areas - materials for:
• protection against lasers
• signature reduction

A new research effort in the area of nanostructured
materials was started during the year.

The Department has an extensive network of national
and international co-operation with universities and other
defence research organisations.

At the beginning of the year 2000 the Department
moved into a new, purpose-built 400 m2 laboratory block,
adjacent to the Department’s offices. The laboratories
contain facilities for materials synthesis and measurement,
laser laboratories, a powder technology laboratory, x-ray
diffraction, and a controlled climate laboratory.

The Department continues to expand, and during the
year three new scientists have joined us. We are now 15
researchers, approximately half with higher academic
degrees, plus administrative support staff.

Protection against lasers
Various approaches to counter the threat of lasers for

jamming or destroying electro-optical sensors or the hu-
man eye are being studied. Many activities are partly per-
formed within the Photonics program described in the
Department of Laser Systems section within this report.
The results below were obtained in close cooperation with
Linköping University, the Royal Institute of Technology
and Chalmers Institute of Tecnology.

Our results include:
• Identification of limitations in the applicability of

liquid crystal components
• Installation of a standardised test-bed for the

measurement of 3rd order non-linear optical (NLO)
materials

• Success in modelling the NLO properties of organo-
metallic compounds.

Figure 5. Shows some examples of optical power limiting
materials studied in our laboratory.

Signature reduction
Our activities in this area are aimed at optimising (i.e.

minimising) the electromagnetic signatures of military
platforms, in two main spectral regions: optical (including
infra-red) and microwave wavelengths.

Optical wavelengths
• The emissivity of multilayer pigments from stacked

dielectric films has been modelled and measured
• Non-uniform polarisation of surface emission has

been investigated

Microwave region
• Various materials have been studied and their

microwave properties (reflectance and transmission)
were measured

• A study has been initiated (into approaches) to
substitute impedance boundary conditions for radar
absorbing materials in radar cross-section
calculations of complex shaped objects.

• Vapour-grown carbon nanofibre/polymer composites
have been synthesised are beeing studied as
microwave absorbers.

Nanostructured materials
This is a new research area for the Department, initiated

and funded by the Swedish Armed Forces, with
supplementary funding from FMV. The initial objective
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is to identify and prioritise defence applications of
nanostructured materials, with special emphasis on ae-
rospace and sensors/sensor countermeasures. This special
class of materials is currently the centre of much research
interest throughout Europe, North America, and Asia.
Several national programmes already exist, and many
more are being planned, including a national programme
for Sweden which is expected to start during 2001. Most
recently the USA, which has long seen nanotechnology as
being essential to the development of new technologies in
all spheres of society, including defence, has announced
massive new funding for fiscal year 2001.

What are nanostructured materials?
A simple, but adequate definition of a nanostructured

material is one that contains at least one characteristic di-
mension of about 100 nanometres (nm) or less. By
characteristic dimension is meant for example; the grain
size in a bulk material; the particle size in a powder; the
thickness of a layer, interface or surface coating; or the
diameter of a fibre or wire.

Nanostructured materials are by no means new! Many
biological materials, including wood, bone, seashells, and
feathers fit the above definition. Many such materials (e.g.
spider’s thread) are well known to have excellent
mechanical properties, which combined with their low
density gives exceptional specific properties. More recently,
it has been realised that even natural applications of signa-
ture control, for example the iridescent colouring of
butterfly wings, are created by a nanostructured mate-
rial.

Why the military interest?
There are few, if any defence materiel systems which

are not limited in performance by the materials used in
their construction or operation. Both national and inter-
national defence operations will in the future demand
increased performance in terms of mobility, endurance
and situation awareness. The latter is of central importance
for the doctrine of Dominant Battlefield Awareness (DBA).

There are several factors which contribute to the rapidly
growing defence interest in nanostructured materials. A
major reason is the realisation that new materials with new
functions can be produced. These include extreme physical
(electrical, optical and thermal) properties (conductivities
much better than e.g. copper, non-linear optical effects,
etc), enhanced mechanical strength (many times stronger
than the best steel available today), and greatly enhanced
chemical reactivity. Secondly, during the past two decades
it has been realised that the microstructures of metals,
alloys, semiconductors and ceramics contain many features
on the nanometre scale, and that these features
(dislocations, precipitates, grain boundaries, etc) play a

crucial role in determining the material’s physical and
mechanical properties. A third factor is the scientific
advances in instrumentation, which now allow us to
examine the internal structure of materials at
magnifications great enough to “see” and measure nm scale
features. Such instruments include the electron
microscope, the scanning tunnelling microscope, atom
probes, etc. The sum of these developments is leading us
to a much better understanding of how to produce
materials with properties tailored for a specific application.
In the near future it will also be possible to synthesis
materials with new combinations of properties, that is
multifunctional materials which combine for example
signature control with ballistic protection. Other examples
are multispectral signature control, energy storage and
novel electronics.

Experimental research activities
An international defence co-operation has been

started, to investigate the optical properties of
nanostructured materials.

Using civilian technology, polymer nanocomposites
have been produced at KTH using melt intercalation
processing. The objective of this is to develop techniques
to synthesise multifunctional polymer nanocomposites.
Various properties of the nanocomposite materials
produced have been measured, including tensile strength,
polymer degradation, permeability and degree of
intercalation. This work is continuing, and will be
complemented with measurements of toxic gas permea-
bility and optical transmission.

Experiments at the Ångström Laboratory have produ-
ced noble metal (gold, silver) and reactive metal
nanoparticles on glass and polymer substrates. Preliminary
results show the particle size to be in the range <10 nm,
where non-linear optical transmission effects are observed.
Results of electrical conductivity measurements on alu-
minium nanoparticle films show a temperature coefficient
of resistivity which is sample dependent. These results are
analysed using a percolation model.
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Figure 6. A transmission electron microscope image of aluminium nanoparticles, and associated
size analysis histogram.

Applications of nanostructured materials
Some potential applications of novel nanostructured

materials in defence materiel are listed below.
• Signature control
• Electrical energy generation and storage
• Chemical sensors with increased selectivity and

sensitivity
• Ultra-high strength structural materials
• Improved polymer composites with

multifunctionality
• Improved warhead materials
• Improved explosives
• Improved missile propellants
• Low observable armour materials (ceramics and

metal alloys)
• Improved protection against chemical and biological

weapons
• Non-linear optical materials for protection against

lasers
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Department of laser systems
The Department of Laser Systems consists of about

30 researchers with master degree or higher in electronics,
physics or information technology. The activities within
the Department are organised in four research areas: Las-
ers for remote sensing, Distributed laser sensor networks,
Photonics and optical components, and Modelling and
simulation. The Department hosts a great variety of laser
equipment and test facilities, most notable a 100-m indoor
test-range for optical measurements and a large roof-top
laboratory. The research focuses mainly on application
oriented projects where laser based sensor systems and
photonic components are developed in close collaboration
with national universities and the defence industry. There
is a long tradition of exchange with foreign defence re-
search organisations. Currently we are actively studying
laser radar applications with DERA (UK). Researchers
from the Department participate regularly in education,
seminars and studies involving other branches of the Swe-
dish Armed Forces. During 2000 we have published or
submitted more than half a dozen papers to scientific
journals, several scientific reports, many contributions to
national and international conferences and a great number
of user reports and test protocols, many of which are
classified.

The high-lights during 2000 included a successful field
study of fibre hydrophones, test of an electronic nose in
Kosovo, field tests of range gated viewing for target
recognition, development of a compact coherent laser ra-
dar, demonstration of an antisensor laser system (LYSA),
development of a computer based laser radar model, field
trial and data analysis of airborne and ground based laser
scanning for synthetic environments, and finally, results
of a variety of laser radar cross-section measurements. The
department of laser systems also participated in a number
of studies for precision engagement, DBA and under-water
mine warfare using new laser technology. An important
new research area within photonic components is spatial
light modulators for laser beam-steering, optical signal

processing and adaptive optics. This is one area of research
where we expect user needs in the near and long term
perspective. The rest of this annual report we devote to a
more specific description of the photonics program.

Figure 7. Example of a laser scan of Linköping used in
the work on synthetic environments.

Photonics
In studies carried out at Swedish defence agencies

during 1995 - 97 it was concluded that photonic materials
and components will be critical ingredients and become
more important in certain defence system applications.
Examples: Collection, evaluation, transfer and storage of
large quantities of information in command systems. Provi-
ding novel technological means of detection, identification
and tracking of targets and unidentified objects in sensor
systems. Enabling new means for controlling and steering
electromagnetic fields and light in electronic warfare
systems.

A new research and technology program in photonics,
supported by the Swedish head quarters and administrated
by FMV, was initiated during 1998. This effort also
includes the participation of Swedish industry, universities
and foreign research organisations. The whole program
and several subprojects are co-ordinated and managed by
members of the Department of laser systems.

The aim is to initiate research and/or support research
within the field of photonics. Since related projects are
also conducted within the civilian society by research
foundations, governmental research councils, or on
commercial basis, the emphasis in this program is on
defence related applications. The 5 year program is divided
in two phases. The program is comprised of six projects,
based upon proposals submitted and discussed at a work-
shop in October 1997 attracting approximately 40
participants from Swedish defence agencies, commercial
and academic research institutions, and industry. The
project goals for the initial phase (1998 - 2000) were:

• To demonstrate various aspects of photonics technology

Department of Laser
Systems

Dr. Ove Steinvall
Head of the Department of
Laser Systems
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relevant to certain strategic defence needs.
• To establish a photonics infrastructure among Swedish

defence agencies and the international research
community.

The second phase of the program was defined after a
new call for proposals during the spring 2000, and a ma-
jor revision of running projects. New and renewed project
were launched during the fall 2000.

The photonics program is also supported by strategic
competence projects within the Division of Sensor Systems
at FOA. The goal is to establish competence and
technological know-how for optical signal processing,
primarily in free-space propagation applications, but in
longer terms also optical interconnection technology using
optics integrated with electronic and mechanical
microstructures. During 2000 a “Fourier optics laboratory”
was equipped and initiated. Here spatial light modulators
and other equipment for optical phase front modulation
will be characterised for beam steering applications and
adaptive optics. This research is supported by and carried
out in close collaboration with the Advanced Instrumen-
tation and Measurements (AIM) graduate school of Upp-
sala University.

Short summaries of the projects within the program
are given below.

Non-mechanical beam steering
The traditional way of steering light is by using turnable

mirrors, prismas or other optical components by
mechanical actuators. These are usually large and/or heavy
and consume relatively high powers. Moreover, the speed
at which light can be modulated is slow compared with
today’s demand on switching speeds and modulation
frequencies. There is considerable value for both military
and civilian applications of adding non-mechanical (here
electrical) steering of laser beams. Precisely this function
is enabled by phase steering using transmission or reflection
spatial light modulators (SLM), both in one and two
dimensions. A main aim of the project is to develop a
one-dimensional laser beam steerer based on liquid crystal
technology. The project is carried out mainly at the Optics
group and Liquid crystal group at the Chalmers Univer-
sity of Technology. FOA Laser System is responsible for
system specifications and final evaluation.

During the first two years of the project suitable LC
materials were evaluated and a 1-dimensional test
component and driving electronics developed. This project
will continue in a modified form during photonics phase
2. The aim will be to combine beam-steering capability of
liquid crystal SLMs with fast multi-quantum well
modulators to realise a high capacity data transfer system
for free-space laser communication.

Figure 8.  Two binary SLMs each with 1 x 256 pixels. The
SLMs are designed for different phase shifts and in
combination they can be used to deflect laser light using only
electric signals.

High power fiber laser
The project was limited to phase one of the program

as a joint effort primarily conducted by FOA and ACREO
AB. The aim was to investigate if a fiber laser is a suitable
light source, particularly for laser radars and fiber sensor
networks but also for microwave photonic links. The
targeted laser has high output power at 1.5 µm, is single
mode both longitudinally and transversally, has a narrow
linewidth and is polarised or polarisation controlled. Rat-
her than a survey of how to use a fiber laser and how it
behaves the project became a study of how to make such a
device.

A multi-mode laser with 250 mW of output power
was demonstrated. Characteristics of this lasing fiber revea-
led important limitations in the fiber which were traced
to processing problems. Therefore the goal of the projects
(1 Watt single mode output power) was not reached. A
low output power, single mode, narrow linewidth, fiber
laser intended for a master oscillator power amplifier
(MOPA) configuration was demonstrated. The work at
FOA was focused on the development of a simulation tool
for Er/Yb fiber lasers used to find how to configure the
laser as regard to pump, cavity, gratings, ion concentrations,
fiber dimensions etc. in order to achieve desired char-
acteristics.  Furthermore fiber laser sensors as tools for
hydro-acoustic applications were surveyed at FOA. A
semiconductor MOPA was shown to be an optional solu-
tion able to satisfy most of the desired characteristics
although the narrow linewidth in reach with fiber lasers
would not be possible with a semiconductor master oscil-
lator.
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Passive and active polymer materials for optical
communication

The future battlefield will urge high demands on real-
time command and communication, that is, collection,
evaluation, transfer and storage of large quantities of in-
formation. The applications will require  optical
interconnect technology and the design of compact sen-
sor systems with integrated electronic and/or optical
processing capabilities near the sensor. There are a vast
number of photonic materials, components and systems
that are necessary to develop to explore the DBA scena-
rio, and many of these, primarily based on semiconductor
and inorganic materials, are studied in related civilian
applications.  The primary targets in this project were to
develop new unique polymers with very low optical losses
and an optical amplification function that can be proces-
sed into waveguide structures. The synthetic work was
carried out by the Department of Polymer Technology at
the Royal Institute of Technology. Material characterisation
was carried out at the Department of Laser Systems in
collaboration with external partners: AFRL, Acreo-Kista,
IBM-Zürich and Linköping University.

In the project, development of novel dendritic
fluorinated polymer materials, including process
technology, for low-loss optical waveguides was carried
out (the goal 0.1 dB/cm @ 1.55 µm was reached).
Promising optical amplification materials were achieved
by doping fluorinated dendrons with Erbium and other
lanthanide cations (see figure 9).

Figure 9.  Principle for site-isolation for optical
amplification. (Material developed within the photonics
program.)

For the second phase of the photonics program the
same dendritic materials will be modified and developed
for laser protection applications.

Microwave photonics
Future radar systems will include radar, electronic

warfare and communication functions integrated in the
same system (multi-function radar). To achieve this a large
bandwidth for transferring data is required. In order to
achieve non-distorted lobe forming using broad band
antennas one must use true-time delay schemes in antenna
beam steering. The purpose of the microwave photonics
project was to study optically controlled beam steering,
optical and electro-optical components for sensor and
microwave systems. VCSELs and related technologies were
studied at Chalmers University of Technology and Erics-
son Microwave Components, Mölndal. The subproject
related to VCSEL devices will continue in photonics phase
2. The goal will be to establish a broad band optical
microwave link demonstrator (2 - 18 GHz) and develop
relevant VCSEL technology. The Department of
Microwave technology FOA (bå 2000) will participate in
the continuation of the project into phase 2 of the
photonics program.

Information technology for target recognition
A comparative study between electronic and optical

processors led to the conclusion that optics may offer
substantial advantages for certain demanding pattern
recognition applications, when weight, volume and/or
power consumption are critical parameters to minimise.
The objective of the current project, as part of the defence
photonics program, is to further develop the knowledge
in this field, and more specifically to identify the
performance and potentialities of hybrid opto-electronic
processors for automatic target recognition and tracking.
FOI:s contribution within this field is coordinated by the
image processing group at the Department of IR systems.

Materials and components for laser protection
By laser protection we mean the protection of optical

sensors and eyes against hostile laser radiation. Research
and development of different aspects in this field has been
going on for years in a number of defence organisations
in Sweden. The project within the photonics program
emphasised on initiating joint efforts between a number
of universities and external research organisations with the
related projects within the Division of Sensor Technology.
The activities are coordinated at the Department of
Functional Materials.
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Department of IR Systems

The research activities at the Department altogether
aim at edifying the knowledge of the whole chain from
the sensor itself to what the sensor can apprehend, i.e.
from target and background signatures, atmospheric
phenomena, sensor performance including image/signal
processing to the display technique. The main focus is on
thermal IR but we are working within the whole optical
spectrum, i.e. UV, visual, near IR and thermal IR regions.

The results of the research are presented in FOA re-
ports and at international conferences. Other important
channels for conveying the experience and knowledge of
the Department are education, participation in studies and
investigations for the Defence Material Administration,
the Armed Forces and the National Defence College.
During the year there has been an increase in terms of
lecturing hours, which have engaged almost everybody at
the Department. A number of essays for masters degree in
engineering were based on works at the Department.

Signatures
A substantial part of the research at the Department

concerns signatures including atmospheric physics. This
work is fundamental for work in the research area of signa-
ture management and low observables. We have for this
purpose a unique measuring resource, which is
continuously developed and used for characterization of
target and background properties such as spectral, spatial,
and polarising effects. During this year the emphasis has
been on natural backgrounds. Land backgrounds have
been studied with respect to clutter, particularly texture
variations and their dependence on weather and radiation
conditions. Different targets have been studied upon
request such as helicopters and IR countermeasures.
Verification of a model for synthetic IR scenery has been
started. Preparations for the modelling of exhaust flame
signature were initiated.

The detection of chemical warfare agents by spectral
methods were studied in co-operation with NBC Defence
Division.

Mr Lars Bohman
Head of the Department of
IR Systems

Concerning optical mine detection, extensive expe-
riments and modelling were carried out. Genuine data
was used in order to verify different physical based models.
This activity has been accomplished in close connection
with university research. Efforts during the year were spent
on the preparation of an EU project called ARC with the
intended to start in year 2001.

Also in atmospheric physics there are international
connections. This year on the evaluation of a recent field
trial, “Baltic 99”, together with TNO, the Netherlands,
concerning atmospheric effects in naval environment. An
EU research program called Earlinet, on aerosol content
in the atmosphere, has started.

E/O and IR sensors
The research on sensors is focused on performance

analysis and optimization on novel sensors.

Research on uncooled IR digital focal plane arrays has
reached completion. A demonstrator producing 320x240
pixel images is the result of several years of research in co-
operation with DSTO, Australia. An evaluation of
performance characteristics has concluded the project.

Studies on electro-optical missile approach warning
sensors for aircraft have been carried out trying to state
the potential of different solutions in UV and in thermal
infrared.

Concerning signal and image processing close to the
sensor the Department has expanded substantially during
the year. A new strategic project on Signal processing for
moving EO/IR sensors, SIREOS, has started. There is also
a related competence project in this area. The competence
group will serve several application projects with their
expertise. The stake will be beneficial for several projects,
namely Optical mine detection, Optical information
processing, Information systems for target recognition,
Electro-optical missile approach warning sensors and
Optronic sensor systems.

Finally, we are proud to announce some promising
results on gaze control and smart display techniques.
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Figure 11. The background scene recorded in different
wavelength bands. From top to bottom: visual, near IR,
thermal IR and finally spectra of different scene components.

Gaze control with approximately 1 ˚ accuracy has been
demonstrated as well as dynamic resolution in order to
facilitate real time augmented scenery vision.

Figure 10. Test-set of a smart display system.

Optical Signatures activities
Signatures is one of the key areas of the Department.

The need for knowledge in this field is increasing as new
and improved techniques for signature suppression are
developed. These techniques will adapt the signature to
the background in several aspects: temperature, surface
structure, and spectral reflectivity. Polarisation control will
be important in some applications. At the same time there
is a parallel improvement in the ability of optical sensor
systems. Hyperspectral sensor systems with advanced sig-
nal processing might be a serious threat in the future.

Several projects at the Department deal with signa-
tures. They have somewhat different focus but they all
interact and complement each other. The project called
Optical signatures serves as a scientific basis and includes
background research, signature assessment methods,
atmospheric studies and radiometric methods and
equipment. Other projects deal more with target
signatures, e.g. improvements of aircraft signature and
methods for specifying signature requirements of vehicles.
Modelling and simulation of signatures, especially IR
signatures are becoming more important. There are many
applications ranging from evaluation of stealth designs to
real-time simulators for pilot training. Hence, there is a
need to implement signature research results into computer
models of different complexity. The validation of a
commercial, synthetic IR scene simulation program started
during 2000.

Below are three activities within the Optical signatures
project described.
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An IR Background Database
In 1999, systematic measurements started in order to

establish a background data base. The measurements will
be finished in spring 2001. The obtained data will be used
for a wide range of applications and provide a basis for the
modelling of optical background properties and variations
of Swedish terrain. Experimental data is also necessary for
the validation of methods and programs for synthetic IR
scene simulation. The data was collected from the sur-
roundings next to the FOA site in Linköping. The sensors
were placed in the FOA building. The chosen scene has
been well characterised concerning topography and tree
species.

The measurements were performed with several sen-
sor systems. The main system is based on a
Thermovision®900 with image sensors for the 3-5 µm and
the 8-12 µm band. This system used an automatic mosaic
scanner and produced combined images of 23º x 12º every
third minute. Measurements were performed periodically,
24 hour every month during a year. Four other
complementary sensors were used for shorter periods:

• ScanSpec (imaging spectrometer designed at the de-
partment) collected hyperspectral images

• A colour CCD camera was used in the visual
• A filtered CCD camera was used in the near IR
• Thermovision®900 with polarising filters

During all measurements a weather station collected
data including sky and earth radiation levels.

Assessing Camouflage Using Textural Features
Signature suppression makes target recognition more

difficult. In order to keep the false alarm rate low it is
necessary to observe spatial and spectral properties. Hence,
there is a genuine need to take into account the spatial
properties when analysing the difference between a target
and the surrounding background.

The approach is to apply texture descriptors to
characterize both the background and the camouflaged
targets. Other descriptors are also used to characterize man-
made objects.  It is necessary to focus on these features
that discriminate the targets from the background. A more
precise description of background and targets is then
required. The underlying assumption is that an area
containing low observable targets has changed statistical
properties if the signature reduction is poor. Statistical
properties along with detected target specific features
(straight lines, edges, corners, reflections from windows
etc.) have to be combined with methods used in data fu-
sion. A PC program for the computing of the statistical
differences is under development, see below. The next step
is to be able to combine spatial features and multi-spectral

Figure 12 . The selected target area is marked in red and the
background area in yellow. In the diagram the statistics for
the two regions are shown. The amount of overlap indicates
how well the target is adapted to the background.

features. In the future motion may be an important fea-
ture.

Radiometric Quality
A variety of instrumentation and other equipment are

available for signature measurements at the Department.
This equipment is necessary for efficient and qualified
studies, both for basic research and for assessments of signa-
ture reduction measures. The radiometric equipment is
calibrated routinely.

All instruments are described in a document: Meas-
urement Equipment at the Department of IR System (FOA-
R--99-01111-615--SE) that provides description of
measurement methods and routines for uncertainty
estimations. The document serves as a base for radiometric
measurements at the Department.
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The research activities of the Microwave Department
are focused on the evaluation of new technical possibilities
within the microwave frequency range (including RF and
millimetre waves) and how they can be developed for future
advanced defense applications. Our competence profile
includes antennas and antenna arrays, packaging and de-
sign of microwave monolithic integrated circuits (MMIC),
microwave photonics, high power microwaves (HPM) and
EMC, numerical electromagnetics and antenna related
signal processing.

By cooperation with universities and Swedish industry
and through an established and expanding international
contact network we take part in the R&D development
of microwave technology. Organized cooperation
programs exist with TNO-FEL/NLR in the Netherlands
concerning ”Smart Skin Array Technologies” and ”SiC and
GaN transistors for microwave power amplifiers” and with
several countries in the HPM field.

Planar active antenna arrays
Our efforts in this field are concentrated on the

development of an electronically steerable Smart Skin array
concept demonstrator (SIGA Beta) with 16 receiver
channels, digital beamforming, aperture fed patch elements
and single-chip MMIC receivers (Figure 13).

Mr Hans Frennberg
Head of the Department of
Microwave Technology

Department of Microwave
Technology

Figure 13.  Block diagram of Smart Skin array antenna
module with aperture coupled antenna array (16 elements),
MMIC receivers and digital beam forming.

As the module will be realised with multilayer circuit
technology, it can be integrated in the structure of flying
platforms. The bandwidth goal is to cover 8-12 GHz. One
possible application is as a subarray in a planar or confor-
mal radar antenna. During 2000 we have focused on
critical building stones such us on-chip receivers, planar
antenna arrays and multilayer technologies.

Wideband antenna arrays
Circuit and antenna technology for arrays with

bandwidths larger than one octave is another important
activity. Primary applications in mind are two-dimensional
arrays for electronic warfare (EW) applications and, in
the future, general broadband multipurpose systems. A
block diagram of a transmitter application is shown in
(Figure 14).

Figure 14.  Wideband active antenna array electrically
steerable in two dimensions using time delay circuits.

Radar on a chip (ROAC)
Radar On a Chip is part of the Smart Sensors project,

financed by the Swedish Foundation for Strategic Research
(SSF) and carried out by LiU and FOA. The main objective
is to find efficient and low cost receiver implementation
strategies, well adopted for digital beam forming antennas
used in adaptive radar systems. FOA is responsible for the
analog (MMIC) receiver parts. Recently we have desig-
ned a two chip front end with an active tunable bandpass
filter and an image rejection mixer.

Millimetre wave technology
The millimetre wave  research activities have been con-

centrated on the development of an imaging 94 GHz ra-
dar for  the IR/mm-wave project.  A novel active gate mixer
with an integrated patch antenna has been presented.  The
MMIC and the antenna circuits were manufactured by
Philips and ACREO. Using the Philips MMIC process
we have designed a reflective SPDT switch for use in a
chipset for the 60 GHz WLAN SSF project.

A linearly tapered slot antenna element suitable for use
in a sector antenna for a mobile 60 GHz WLAN system
has been designed and manufactued on a quartz substrate.
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Contributions to several theoretical studies ordered by the
Defence Material Administration have also been given.

High power microwave transistors
Silicon Carbide (SiC) and Gallium Nitride (GaN) are

promising materials for high power microwave MESFET
and HEMT amplifiers. Theoretical calculations indicate
that such transistors can have output power densities a
factor 5-10 higher than today´s standard.

We are studying SiC MESFETs on semiinsulating
substrates in collaboration with CTH, KTH and LiU.
During 2000 SiC MESFETs, fabricated on a structure with
non-constant doping-profiles in the channel and buffer
layers, have been studied in detail. A very good
correspondence between experimental DC-characteristics
and physical simulations was obtained, when using the
doping profiles from SIMS measurements. Work on non-
linear transistor modelling as support for transistor and
amplifier design has been started.

Microwave photonics
An initial study of the possibility to use optical

beamforming methods to control a microwave antenna
array  has been made. This technology can be of special
interest for arrays at lower frequencies and for large arrays.
The realization of an optical feed network for an electrically
steerable array for EW applications, preferably at lower
microwave frequencies, has been proposed.

High Power Microwaves   (HPM)
The focus of the HPM project has to some extent been

shifted towards protection methods for front-door
coupling, in particular for phased array antennas. This
work comprises initial investigations of using intentional
electric discharges to reduce the coupling as well as the
application of transient suppressors. Further work on the
significance of directivity effects in susceptibility testing,
especially concerning the relation between anechoic and
reverberation chamber testing, has been carried out. In
the field of numerical modelling further development has
been made on the semi-empirical model of apertures and
on modelling of microwave discharges in apertures.

Antennas
The design of the antenna system for the Swedish low

frequency airborne synthetic aperture radar system LORA
has been finalised. The LORA system is an experimental
ultra wide band radar operating in the 200 to 800 MHz
band, and is partly based on the experience gained from
the earlier CARABAS project. The work carried out
recently also includes simulations, design and
measurements of a balanced and matched antenna feed.

Possible antenna concepts for man-held or vehicle
mounted mine detecting radar systems have been studied

in a project supported by the Swedish Rescue Services
Agency (SRV). In this work focus has been on exploring
fundamental properties and possible design of wide band
Ground Penetrating Radar (GPR) antennas in the vicinity
of a lossy ground. Theoretical properties of dielectric rod
antennas have been investigated. An experimental TEM
horn antenna (MPAX) designed earlier has also been
evaluated by measurements.

Several activities with focus on Computational
Electromagnetics have been pursued. A three-year project
under the National Aeronautical Research Program
(NFFP), in which we participated,  has been successfully
completed. The objective of this project was to develop
numerical electromagnetic codes for Swedish industry.

In focus: Multipurpose Antenna Arrays
The active antenna arrray technology, earlier regarded

as an exclusive and expensive solution for large scale
applications, is currently being considered for use in many
future systems, military as well as civilian. The main driving
forces behind this are advances in MMIC design,
microwave multilayer packaging technology, digital beam-
forming and EM simulation of antenna arrays.

As circuits and antennas now tend to be more and more
integrated, the realisation of platform integrated front end
systems with internal signal processing will be possible.
Furthermore, wideband phased arrays can be used not only
for electronic warfare purposes but also for truly multi-
purpose systems, where a number of functions within ra-
dar, warfare, communication, navigation, positioning, etc,
can be performed in the same hardware – but with diffe-
rent software. Thus active antenna arrays do not have to
be designed for each separate purpose but  may become
general reconfigurable ”tools”, programmed to function
over a wide frequency band or with special properties
within smaller bands.

With this vision in mind our research activities
concerning active antenna arrays are focused on circuits
and apertures, which are miniaturized in size, cover a large
frequency band and include possibilities for electronic
tuning and/or reconfiguration.

MMIC circuits
One circuit example is a fully integrated X-band recei-

ver front end based on a singular downconverting stage.
Here image rejection mixers and tunable filters are key
components. We have realised MMIC mixers with a
measured image rejection of 45-50 dB and a conversion
loss of 9-11 dB over the full X-band. The IF frequncy is
about 1 GHz as indicated in Figure 13. Furthermore, a
frequency tunable recursive active MMIC filter has been
designed using a balanced topology with two identical
second order filters placed between two Lange couplers.
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Figure 15. MMIC on-chip receiver for X-band with a
balanced tunable active filter (left) and an image rejection
mixer (right). The size of the chip is about 3x6 mm2.

The tunability is accomplished by using time shifters
and the relative tuning range is about 20 %. By
combination of these circuits a one-chip receiver has been
designed (Figure 15). The circuit simulations indicate that
the performance of this chip may be adequate for multi-
channel receivers of future adaptive array antennas.

Circuits with very wideband properties such as power
splitters and time shifters,  developed for EW applications
(Figure 14), are of considerable interest for multipurpose
systems. A power splitter divides the incoming signal in
two equal parts for the two output ports. By cascading a
number of these circuits a power distribution network can
be realised. Traditional passive power splitters like
Wilkinson couplers are lossy, which limits the possible size
of the network. We have developed in MMIC technology
an active power splitter, where the signal from input to
each output is amplified. The isolation between the outputs
is also much improved, which together with the elimina-
tion of the loss problem, makes it possible to realise very
large distribution networks. As an example (Figure 16) an
active beam forming network for 2-18 GHz using three
1:2 power splitters and four 5-bit time shifters has been
developed as a building stone for phased arrays.

Figure 16. Active beamformer consisting of an active power
splitter 1:4  and time delay elements. Frequency range 2-18
GHz. The MMIC chip size is about 5x6 mm2.

Antenna apertures
Designing antenna arrays for wide frequency bands is

a difficult task. For the planar configuration in Figure 13
it is of large importance to minimize the thickness of the
structure, which limits the widebanding possibilities. For
this case we have chosen an aperture coupled patch array
and various means to increase its originally rather modest
bandwidth have been investigated. With a two-layer patch
structure a relative bandwidth of 20-30 % can be obtained.

Arrays consisting of tapered slot antenna (TSA)
elements are usually the most appropriate choice for wide-
band applications. The frequency range of 2-18 GHz can
be covered by two units. However, these elements have  a
considerable extension in the broadside direction, usually
several wavelengths, and cannot be easily integrated with
the beamforming network.

We have studied the properties of phased array
apertures with TSA elements using electromagnetic simu-
lation software and laboratory experiments. Our recent
activities include the design and evaluation of a dual polari-
sed antenna array for 2-6 GHz, consisting of two displa-
ced co-located linear polarised arrays. In each array there
are 7x8 elements. Focus has been on experimental
evaluation of the array to verify the design and obtain a
starting point for the development of a corresponding array
for the 6-18 GHz band.

An example of the electromagnetic field simulation
results for the 2-6 GHz array is shown in Figure 17. The
elements have been excited with an internal  phase
difference to produce radiation in the 30o direction off
broadside.

Figure 17.  The simulated electromagnetic field in an infinite
array of stripline fed tapered slot antenna elements. The
elements are excited to produce a wave front in a direction of
30o off broadside. A photo of the antenna element is shown
at the bottom of the figure.
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Department of Surveillance
Radar

The focus of the Department is on long-range radar
reconnaissance and surveillance. There is an increasing
need for flexible systems with wide coverage both in time
and space, having the capability to detect all types of gro-
und and air targets. Decision-makers at various levels
within the Armed Forces should have access in near real-
time to images of targets, including information of their
type and position. The images may show the position of
own and enemy resources, communication networks, sta-
tus of infrastructure etc. The next generation of radar
configurations and systems should be embedded in such
an envisioned dynamic command and control structure
to attain dominant battlespace awareness, an advantage
provided through information superiority.

The main research efforts at the Department concern
basic principles and technical realisations of system
concepts, both at VHF, UHF and at microwave bands.
Knowledge of target signatures at low frequencies demands
development of scattering models, simulations and
verifying radar measurements. For microwave radars the
activities primarily address problems in multifunction ra-
dar, where the use of active digital array antennas combined
with powerful signal processing is an emerging field of
interest. This gives flexibility and new possibilities
regarding beam steering, radar energy utilization and jam-
mer and clutter suppression.

The major radar equipment available at the Depart-
ment for use in field experiments consist of the airborne
VHF synthetic aperture radar (CARABAS-II) and an S-
band radar with a receiving digital antenna. The airborne
UHF (200-800 MHz) SAR system LORA (Low frequency
Radar) is scheduled for the first imaging measurements in
2001.

The Department has participated in different studies
for the Swedish Armed Forces under the concept of Revo-
lution in Military Affairs (RMA). One of the important
cornerstones of RMA is superior situation awareness. This

gives you the ability to act faster and more precisely than
your opponent. The requirements for long range, large
volume and wide area surveillance will predominently be
performed by different types of radar systems, especially
in high altitude surveillance platforms. Different radar
concepts have been presented which can enable us infor-
mation superiority in the operational area.

High performance UHF air surveillance
For several years a concept for distributed radar known

as AASR, or “Associative Aperture Synthesis Radar”, has
been under development at the department. The basic idea
is to adopt a grid of radar stations relying on range and
doppler measurements only, but without angular infor-
mation, for air surveillance. Targets are positioned by tri-
lateration. The idea was contrived originally in 1992 as a
technique in which VHF frequencies could be combined
with reasonably small antennas for air surveillance radar.
The motivation for VHF was the need to counter stealth
and detecting concealed targets.

The main challenge in developing the idea is to find
robust ways of associating detections at different stations
to one and the same target. The use of correlations of higher
order time derivatives of radar range for a target between
different stations was the originally suggested method.
Several improved suggestions came into light. In 1998 the
association problem was attacked in an entirely different
fashion leading to a different system concept, provisionally
called AASR-II. Experimentation was initiated in 1998
to obtain true radar data for verification of the AASR-II
concept. Experimentation has continued throughout 1999
and 2000.

With AASR-II important advantages of the trilateration
technique for high performance radar were recognized.
The suggested frequency was UHF. The main drawback
of AASR-II was the necessity to have several stations in a
cluster at each site. Further development revealed the
possibility of having just a single station at each facility,
while keeping the high performance of AASR-II.
Significant efforts to develop this new concept have been
spent during the year and a patent process for this new
concept is now initiated.

Furthermore, a study has been initiated during 2000
for UHF aerostat radar. The concept exploits the large
volume available inside an aerostat to occupy a large
lightweight UHF array antenna.

CARABAS-II operations
The airborne VHF SAR system CARABAS-II has been

Dr. Hans Hellsten
Head of the Department of
Surveillance Radar
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operated extensively during the year. A number of field
campaigns for both military and civilian customers have
been carried out, requiring more than 50 hours of flying
time in total. The largest effort was the participation in
the military exercise ”Focus 2000”, held within and in the
vicinity of the test range Vidsel in northern Sweden. The
CARABAS-II sensor suite was not a full partner of the
exercise but was used on a test basis in the events focusing
on international peace support operations. Sweden has
offered to have a reconnaissance squadron of up to 10
aircraft able to deploy overseas within 30 days. The
objective of including a VHF SAR in the training pro-
gram was to investigate how this new sensor type can be
integrated with fielded reconnaissance systems to improve
the overall capability. The concept of operations is to use
the VHF SAR to screen large areas and detect potential
targets with a high probability based on the proven change
detection approach. The sorties for the squadron units
are then to verify and identify the detected candidates by
means of aerial photography, a task limited to small areas
pinpointed by the radar. CARABAS-II covered the full
area twice each day and in between and during the nights
various surface-to-air defence units relocated on the gro-
und, violating the regulations in a stated treaty. A crucial
part in the preparations was the development of a
streamlined processing chain, including the
implementation of a new fast SAR algorithm as well as
software for geocoding and change detection applied on
the time series of generated radar images.

CARABAS-II has also been tested against an upgraded
jammer device with some new jamming principles
available. Radar signatures of a number of different army
vehicles have been collected, including fielded units,
prototypes under development and various decoy targets.
With economical support from a timber company an area
of about 600 km2 has been imaged to investigate the
performance of stem volume retrieval over forested terrain
exhibiting a variability of the topographic conditions.

SAR image formation algorithms
SAR image formation involves processing (inversion)

of pulse echo data to form high-resolution radar images
of ground objects. When the radar pulse echoes are
collected along a linear aperture, the exact inversion pro-
blem may be solved in the frequency domain using fast
transform techniques. Alternatively, the inversion may also
be solved in the time domain by so-called back-projection
integration. The main advantage of back-projection
compared to frequency-domain methods is that the for-
mer can handle any aperture geometry and is therefore
the preferred choice when the flight track deviates from
being linear.  However, a significant drawback with earlier
back-projection algorithms has been the heavy

computational burden. For example, an image with
N x N pixels and an aperture with N positions requires
about N 3 number of operations.

We have shown that the back-projection integral can
be partitioned (factorized) using a recursive method. Each
recursion stage then consists of integrating along sub-
apertures of increasing length and forming images with
successively finer spatial resolution. The algorithm
represents the images in local polar co-ordinates which
drastically reduces the number of necessary operations. A
full resolution image in a Cartesian grid is formed during
the final processing stage. The total number of operations
for the factorized back-projection algorithm is
nN 2log

n
N where n is an integer which amounts to the

degree of factorization. Hence, the factorized back-
projection has a computation effort similar to frequency-
domain algorithms when n is small. In this manner, we
have achieved a significant breakthrough in SAR proces-
sing. The algorithm has the advantages of time-domain
methods, i.e. accurate wide-beam compensation for non-
linear apertures and small computer memory requirement,
while at the same time a small computational effort in
parity with frequency domain methods.

Figure 18. Image over Linköping processed with the factorized
back-projection algorithm.



Division of Sensor Technology  •  Annual Report 2000

19

The factorized back-projection has been implemented
and verified in the operational CARABAS SAR proces-
sor. Practical experiments on Sun Ultra-30 workstations
show that the computation time for SAR image forma-
tion is reduced by more than two orders of magnitude.
Several days of processing time now takes a fraction of an
hour. The algorithm will also be important for microwave
SAR in the future when wider beamwidths are used to
increase spatial resolution in strip-map mode. An example
of an image over Linköping is shown in figure 18 which
has been processed with the factorized back-projection
algorithm.

The LORA system
LORA is a generic multimode radar operating from

200 to 800 MHz in the UHF-band. The system is desig-
ned for a wide range of applications and experiments, both
airborne and on the ground. The prime usage will be high
resolution SAR and GMTI (Ground Moving Target
Indication). The system design is based on the successful
CARABAS program.

One of the applications for the LORA system is to
detect moving ground targets. This requires that the
antenna system contains a number of antenna elements
in the line of flight in order to suppress the background
terrain clutter. In principle, consecutive images with a small
time gap can be made during the flight and succesively
subtracted from each other. The stationary background
will then be cancelled out while signals from moving
objects will remain. Signal processing techniques for
GMTI are being developed and the hardware system has
been specified and designed. During the year several
subsystems have been manufactured and delivered from
subcontractors. System integration and testing are in pro-
gress at FOI.

Figure 19. The Data Control Unit (DCU) of the LORA
system

The RF, digital control, and data collection systems
(figure 19) have been built very flexible to meet all possible
needs in the upcoming testing. The data flow in the sys-
tem is completely data driven, allowing new features to be
incorporated at a later stage of development.

The LORA array antenna system, consisting of two
transmitting and three receiving elements, is contained in
two push booms. One of them operates over 200–400
MHz and the other over 400–800 MHz. The electrical
design of the antennas has been finalized and the
mechanical design is in its final stage. A number of antenna
elements have been built and measurements have validated
the simulated performances. Flight testing will commence
the year 2001.

Microwave multifunction radar
Many future radar systems for various applications will

be designed as multifunction radars with array antennas
and powerful signal and data processing. Several
simultaneous functions for target search, track and
recognition will be possible. Adaptive and flexible control
of for example beam steering and energy utilization give
optimized performance with increased jamming and
clutter resistance and robustness. Signal and data proces-
sing for active digital array antennas combined with
advanced waveforms and measurement geometries offer
new possibilities for suppression of jamming and clutter.
Also increased range and accuracy of the radar system is
obtained. Wideband coherent waveforms, advanced sig-
nal processing and accurate electromagnetic target models
give possibilities for automatic target recognition of diffe-
rent targets.

Multifunction radar design and ideas of improved ra-
dar system concepts have been investigated for command
and control systems and weapon platforms. Increased
modularity, flexible control, decreased vulnerability and
increased jamming resistance allow new concepts for com-
mand and control systems and weapon platforms with
limited space and shared apertures with other command
and control and electronic warfare systems. The threat
environment and requirements on cost-effectiveness make
multifunction radar more important for future army, navy
and air force radar applications.

Digital array antenna
The experimental digital active array antenna has been

used for radar measurements and scattered jamming
measurements. The receiving antenna consists of a twelve
element linear array at S-band with individual receiver
modules with down-conversion and 12-bit analogue to
digital converters with buffer memories. The receiver sig-
nal bandwidth is 5 MHz and one Mword of twelve-
channel data can be recorded at 25.8 MHz sampling fre-
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quency. The measurements were performed both in an
anechoic chamber and outside from a roof-top site
overlooking nearby terrain. Accurate calibration of the
frequency and direction dependencies for the antenna
channels is important. A thorough overall system
calibration procedure is carried out in the anechoic
chamber and it is to some extent updated at the time of
each new measurement using an internal calibration
network.

Scattered jamming measurements
Terrain scattered jamming is a problem for many

airborne radar systems. Jammer signals entering into the
receiver antenna sidelobes can be suppressed by adaptive
sidelobe cancellation methods. However, jamming sign-
als can also enter via terrain scattering into the antenna
mainbeam and these signals are not easily suppressed
without also suppressing the target signals as shown in
figure 20. Terrain scattered jamming has been simulated
in anechoic chamber measurements by a rough surface
reflector. These short range measurements were perfor-
med to characterize the rough surface scattering
environment as shown in figure 21. Terrain scattered
jamming in the mainbeam is more evident for low sidelobe
antennas with a high suppression of direct path jamming
signals.

Figure 20. Terrain scattered jamming scenario into
uv-coordinates (sinθ space). The jamming signal enters the
radar antenna sidelobes through the direct path and into radar
antenna mainbeam and sidelobes via terrain scattering. The
target signal has to compete with the terrain scattered jamming
signals from approximately the same direction in the
mainbeam.

Figure 21. Rough surface scattering in an anechoic chamber.
The received signals are analyzed by the Capon directional
spectrum to characterize the scattering surface. The scattered
signals (blue) are about 60 dB lower than the direct path
signal. This can be compared with the Capon spectrum
without the rough surface reflector (red).
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Department of Radar Sensors

Mr. Johan Söderström
Head of the Department of
Radar Sensors

The Department of Radar Sensors has about 30
employees, most of whom have master degrees in
electronics, physics or information technology. Higher
academic degrees are held by seven. The department
conducts applied research in the following main areas:

• Missile seekers
• Land mine detection
• Radar signatures

Within these research areas a great number of unique
experimental equipment and facilities have been
developed:

• Imaging mm-wave radar and an IR-camera as a
multisensor seeker.

• Mobile coherent radar measurement system (8-18 GHz)
• Airborne experimental system for anti-radiation

missile seeker evaluation (2-18 GHz).
• Man-carried mine detector (radar, radar and metal-

detector).
• Outdoor testrange for ISAR and mono-/bistatic

radar measurements (1-110 GHz).

Missile seekers
Within this area we study and evaluate different

problems in the duel between the seeker and the targets
including the ECM aspects.

For ground targets the problem is to accurately identify
and classify the targets and to handle ECM. The solution
under study is to utilise dual sensors and an advanced sig-
nal processing technique including datafusion. The sensors
must have high resolution, and we use IR and imaging
mm-wave systems in our research projects. For sea targets
there is less demand on resolution and we evaluate IR and
K

u
-band radar for this application in another project. In

our view the multisensor seeker will be the future solu-
tion to the problem to obtain sufficient robustness and to
be able to handle the threat environment.

One of the used methods for studies in duels between
radar seekers and different kinds of electronic attack (EA),

is to measure and record target and decoy signatures, and
use the extracted data in computer simulators, running
many variable combinations to get a statistically reliable
result. The main research area is to develop accurate
measurement systems and advanced methods for analy-
sing the data. As a spin-off, accurate and relevant data
could be gathered from advanced jammers in development
and in production phase. During this year a couple of
such evaluations have been made.

In the field of ARM-missiles many measurements and
evaluations have been carried out. Data from the helicopter
borne measurement system could also be used for other
purposes such as ESM predictions and jamming power
attenuation/reflection studies.

Experience from measurements on real platforms in
real situations is a valuable human investment. Several
scientists benefit from this by participating in different
military studies as experts.

Land mine detection
Presently, the most important tool for mine detection

is the metal detector. With its help a vast majority of
presently existing mines may be detected. Modern metal
detectors are sensitive enough to detect even a small
amount of metal, but the high sensitivity also gives
drastically increased sensitivity for all other metal objects
in the ground. This results in a large amount of false
alarms, all of which must be treated with the same amount
of caution and carefulness. It’s in the light of this that
FOA since 1991 has done research in the field of mine
detection using ground penetrating radar, and presently
FOA has a leading position within the field of radar sig-
nal processing. The radar detects mines by recognizing
dielectric properties different from those of the
surrounding soil. These differences produce a reflection
of radar energy from the mine, which reveals its position
and depth. Together, the form and material of the mine
give it unique properties, a fingerprint for the radar, and
a possibility of identifying an anti-personnel mine or an
anti-tank mine, but above all the possibility of making a
discrimination between a mine and a false alarm. During
the last year robust algorithms for classification of anti-
tank mines in real time have been developed. The results
are promising. The method may be used for a system
carried by a person as well as for one carried by a vehicle.

The merge of the metal detector and the ground
penetrating radar into a multi-sensor system, is made to
combine the best properties of each sensor. Information
from both sensors brings increased confidence in mine
detection, an ability to discriminate from false alarms, and
in the long run a considerably higher speed and an
increased safety for the operator.

The research has been reported as papers. There is co-
operation primarily with STE and DTU in Denmark.
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Radar signatures
     The main research effort within the area of radar

signatures is to develop models and methods for evaluation
of target and background signatures, on the basis of
theoretical and experimental results. This gives conditions
to achieve good signature management.

     Columbus, an in-house development, is a software
tool for analysis of radar cross section of ISAR-data, which
has been further improved during the year. The ‘millen-
nium’ edition, contains a new module for statistical analy-
sis. Great effort has been put into optimising the algo-
rithms, and the program now runs 2-5 times faster than
before.

     In order to simplify for users of Columbus, a new
data converter has been developed. The software converts
data from four Swedish RCS measurement facilities to
Columbus format.

Figure 22. ISAR-image of an aircraft model.

Polarimetric, 6-16 GHz, ISAR-measurements have
been carried out of a handful of objects in FOA’s anechoic
chamber ”Stora Mäthallen” (see Figure 22). The results
have been analysed and compared with theoretical data.

     An RCS optimisation of an UAV has been per-
formed. The modifications of the original shape have
resulted in a substantial RCS reduction.

     We have also developed a program for calculation
of radar cross section based on physical optics and where
the shape of an object is described by NURBS-surfaces.

     A study of plasma as a radar wave absorber has been
carried out in collaboration with CTH. It turned out that
plasma under certain conditions could substantially reduce
the radar cross section. A deeper study is desirable.

In Focus:
Modern radar and ground targets

     The ability to map terrain and to identify ground
targets in real time with radar is gaining importance in

applications like UAV-systems (Unmanned Arial Vehicles)
and missile seekers. Earlier it has not been possible to use
conventional radar in these applications due to the low
contrast between targets and background. The advances
in technology have made it possible to introduce coherent
radar techniques in these applications. The cost for the
necessary radar and computer components has decreased
and their performance has made it possible to implement
the algorithms in real time systems.

     There are mainly two different approaches for
increasing the target to background contrast. One is to
increase the radar spatial resolution and the other is to
process the doppler generated by moving objects . The
mostly used methods are SAR (Synthetic Aperture Ra-
dar), spotlight-SAR, high resolution range profiling,
GMTI (Ground Moving Target Indication) or doppler
filtering.

     The department of radar sensors operates a number
of different systems that can be used for experiments with
these methods, except SAR.

     During the past year we have used the ARKEN-
system to perform measurements of ground vehicles in
terrain. ARKEN is a mobile coherent radar system with
high range resolution and doppler capability.

Conventional radar

Figure 23. Radar scan over the terrain which is partially shown
in the video image at the bottom. The lines indicate
corresponding sections in radar and video.

     Figure 23 shows a 3D representation of the radar
signal from a conventional radar scan over the terrain. The
peaks at the edges of the red rectangle, indicate strong
radar returns from the trees and boulders that can be seen
in the video image.

     Conventional radar systems are limited in resolu-
tion by the length and width of the transmitted radar pulse.
Hence the resolution in Figure 23 is fairly low, but this
limitation can be overcome by using advanced signal pro-
cessing, as is described below.
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Figure 24. High range resolution, achieved by stepped
frequency measurement. Left: Single direction range profile.
Right: Scanned range profile. The arrows indicate viewing
direction of the radar.

     The images in Figure 24, show a truck and a radar
reflector in the centre of the field indicated by the rectangles
in Figure 1. The objects are one third of a pulse length
apart (10 m).

     In the single direction profile, the truck and the
reflector are well separated. The range resolution is
approximately 0.3 m, so the truck is also partially resolved
in range.

     The right image in Figure 24 shows the same objects
with the radar scanned in small angular increments. The
lobe width of the antenna, gives a low angular resolution.
The angular profiles of the objects cover one antenna
beamwidth.

High angular resolution
     By moving the radar and looking at the objects from

different locations, while keeping track of the phase of
the radar signal, the lobe width can be reduced using SAR
and spotlight-SAR-processing. By doing this, a more
precise location of the objects can be obtained and the
ground clutter reduced.

Doppler processing
     By using doppler a moving target can be separated

from the background, even if the target itself has a very
weak return. In Figure 25 the band in the middle of the
doppler spectra is the ground clutter. The signal from the
vehicle is the broadened spectra, starting from the lower
right and moving up and to the left.

Figure 25.  A Volvo making a U-turn in a field (not the same
field as shown in Figure 23 and Figure 24). The image at
right shows the doppler spectra as a function of time (time is
increasing upwards).

     The doppler is positive (right half of spectra in
Figure 25) when the vehicle is moving towards the radar
and negative when moving away from it. As the driver is
turning, the back end of the car is skidding. This results
in the peak in the doppler signal just before the car is
moving perpendicularly to the radar and crosses the zero
doppler line.

     The weaker parts of the target spectra (red) are
caused by vibrations and moving parts in the vehicle. These
properties can be characteristic for particular objects and
can therefore be used for target identification.

     Knowledge and experience gained from the perfor-
med measurements will be used in development and
performance evaluation of future systems.

High resolution range profiling
One way to increase the range resolution is to collect

radar returns at a number of different frequencies and then
use the inverse Fourier transform to calculate a range prof-
ile. By using this technique a resolution better than the
pulse length can be achieved.
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The Defence Research Establishment (FOA) merged 1 january 2001 with Aeronautical
Defence Research Establishment, FFA, the new agency Swedish Defence Research
Agency, FOI is organised in eight research divisions located in Umeå, Stockholm, and
Linköping. FOI has about 1200 employees and an annual turnover of about 800 million
SEK (MSEK). The Division of Sensor Technology is situated in Linköping.
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http://www.foi.se/eng/sensor.html
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FOA and FFA became FOI
When this report is published FOA has ceased to exist. A
new agency is formed as a result of a merger with Aero-
nautical Defence Research Establishment jan, 1st, 2001.
More than half a century of research experience, system
and defence knowledge, will in the future be developed
into new combinations, in new networks, for coming
challenges.

For more information please contact us or visit our web-
site www.foi.se. We especially welcome you if you wish to
work or co-operate with us.

Best regards
Svante Ödman
Division of Sensor Technology

UMEÅ

STOCKHOLM

LINKÖPING

Table 2

Number of 00 99 98 97 96 95 94
employees at
Educational levels

Undergraduate 33 25 28 28 29 27 27

B.A. 13 13 23 19 9 11 11

M.Sc.Eng. 56 55 57 55 59 55 53

Licentiate 6 6 6 5 4 4 3

Ph.D. 39 43 36 28 28 24 21

Officer 1 1 1 2 1 1

Total 148 143 151 136 131 122 116

Table 3

Commissioners [%] 00 99 98 97 95/96* 94/95

Swedish Armed Forces 72 71 71 70 78 75

Defence Material Administration 20 19 19 17 17 21

Swedish Agency for Civil Emergency Planning 2 0,2 2 2 2

Swedish industry 5 2 4 9 2

Others 1 8 6 2 3

* 95/96 was a period of one and a half year 165 MSEK corresponds to 110 MSEK on a yearly basis

Table 6

Courses Participants from division Courseevaluation

Presentationtechniques 2 4.5 out of 5 points

Purchasing in theory and practice 19 3,9 out of 10 points

Projectmanagement 12 8,5 out of 10 points

Seminar ”leadership for the 19 3,2 out of 5 points

Future”
A course about Environment 10 4,4 out of 5 points
for the leaders etc
A course about Environment 46 3.7 out of 5 points
for all the empoyees

About the cover:
A radar image of Uppsala city acquired with the airborne VHF SAR CARABAS-II. The radar scene is 8.5 km by 8.5 km
and has been generated by processing the frequency band 22-82 MHz. The radiometrically calibrated and geolocated
image has an original, non-resampled, spatial resolution of about 3m by 3m.

Table 4

Turnover, total employment 00 99 98 97 95/96* 94/95

MSEK total 153 153 138 138 110* 106

Total 148 143 151 136 123 116

Earnings per employee [%] 1.03 1.06 0.91 1.01 0.89 0.91

Table 5

Research and Development areas Revenue [%] [%] of total FOA

Swedish Armed Forces, specification see below 70,9 25,5

Sensors for Ground Surveillance and Reconnaissance 22,8 85

Underwater Sensors 2,4 11

Weapons, Effects and Protection 7,5 16

Electromagnetic Weapons and Protection 10,9 75

Guided Weapons 3,7 42

Low Observables 9,9 91

Electronic warfare 13,7 25
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