
DOCTORA L  T H E S I S

Department of Computer Science and Electrical Engineering
EISLAB

Characterization Problems in Radio 

Measurement Systems

Tore Lindgren

ISSN: 1402-1544  ISBN 978-91-7439-034-6

Luleå University of Technology 2009

Tore Lindgren   C
haracterization Problem

s in R
adio M

easurem
ent System

s

ISSN: 1402-1544  ISBN 978-91-86233-XX-X     Se i listan och fyll i siffror där kryssen är





Characterization Problems in Radio
Measurement Systems

Tore Lindgren

EISLAB

Dept. of Computer Science and Electrical Engineering
Lule̊a University of Technology

Lule̊a, Sweden

Supervisors:

Jerker Delsing, Jonas Ekman, and Dennis Akos



Printed by Universitetstryckeriet, Luleå 2009

ISSN: 1402-1544  
ISBN 978-91-7439-034-6

Luleå 

www.ltu.se



It doesn’t matter how beautiful your theory is, it doesn’t matter how smart you are.
If it doesn’t agree with experiment, it’s wrong.
- Richard P. Feynman
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Abstract

Radio measurement systems may have their performance significantly degraded due to
environmental factors such as multipath, weather effects, and mechanical displacements.
Characterization of these effects are therefore important in order to ensure functionality of
the system. The characterization itself may also be the purpose of the system. This thesis
contributes to the answer to the question of how to assess the effect of the environment
on the propagation and reception of radio waves for three different applications.

Traditionally the functionality of a radio measurement system has been assessed us-
ing either simulations assuming ideal conditions (e.g. free space) or measurements under
controlled circumstances. There is no doubt that both these approaches are very useful
when designing antennas and related hardware. In many applications it is also sufficient
to assume ideal conditions and only use an a priori characterization. The applications
considered in this thesis all operates in an environment that can be considered to be
challenging. In these cases the environment needs to be taken into account in the design
process of the system. Both simulations and measurement methods have been consid-
ered. The combination of electromagnetic simulation methods, such as the method of
moments (MOM) or the partial element equivalent circuit (PEEC) method, with sta-
tistical methods, such as the Monte Carlo method, have been given special attention.
The measurement systems considered, both for determining the performance of anten-
nas and for detection of objects and transponders, are all assessed from a ”challenging
environment” point of view.

The three application considered are multistatic radar using global navigation satel-
lite systems (GNSS), measurement systems for antenna arrays in noisy conditions, and
simulation of RFID systems with moving transponders. In the multistatic radar the focus
is on detecting signals reflected in directions other than that of the primary reflection.
The results shows that detecting these signals is possible even with the low signal lev-
els involved. This is especially the case when reflecting objects are present which could
scatter the signal in a specular way. By using the equivalent electric current method
it is possible to estimate the complex far-field radiation pattern of antenna arrays even
when the signals used have a low signal-to-noise ratio (SNR). This has been shown us-
ing simulation of a large antenna array and with measurements using a small array for
GNSS receivers. When designing RFID systems it is important to be able to estimate
the performance in terms of number of detected transponders with all movements of the
transponders taken into account. This is possible by using a very simple model of the
transponders (e.g. a magnetic dipole) in which case only one electromagnetic simulation
is needed. This enables the use of the Monte Carlo method to take the random move-
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ments of the transponders into account using a low number of computations. The use
of the PEEC method further enables a combined simulation of both the electromagnetic
properties of the reader antenna and the electric functionality of the receiver circuit.

Although the considered application are very different the obtained solutions are
in many ways general. The fact that even the weak signals reflected in non-specular
directions in a multi-static GNSS radar can be detected can be used in any application
involving multi-path propagation or stray signals. The equivalent electric current method
have here been considered for two radically different antenna arrays operating in a low
SNR environment. Although the simulation approach chosen for the RFID simulations
rely heavily on the simple magnetic dipole method it would work with any antenna at
any frequency as long as the model of the antenna is sufficiently simple.
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Chapter 1

Introduction

Systems involving measurements of radio waves have become an essential part of our
modern society. Radio frequency identification (RFID) transponders are for example used
widely in both consumer products and industry. The most common aid for navigation
is receivers for the Global Positioning System (GPS) and radars. Radars are also an
important tool research in e.g. remote sensing. All these systems can in a general
sense be seen as radio measurement systems. As these systems are being more widely
deployed and new applications are found, the need of knowing how they are affected by
the environment in which they operate have increased. Knowledge of the effect of the
environment on a radio measurement system, or rather, the means used to obtain this
knowledge, is the topic of this thesis.

1.1 Electromagnetic Fields, Radio Waves, and An-

tennas

Although the electric and magnetic phenomena have been know for a very long time,
consider for example a thunderstorm, it was not until the 19th century the concept of
electric and magnetic fields was introduced. Without going too deeply into the history,
two names are yet worth mentioning. James Clerk Maxwell published his ”A Treatise
on Electricity and Magnetism” which combined the theories of electric and magnetic
fields into the field of electromagnetism [1]. His famous ”Maxwell’s equations” are still
in the core of any electromagnetic simulation software. One of the predictions made by
Maxwell was the existence of a propagating wave of electromagnetic fields (i.e. a radio
wave). This phenomena was first demonstrated by Heinrich Hertz who built a laboratory
experiment to produce and detect these waves. Although Hertz himself did not see the
importance of his invention he nevertheless built the first antenna and its consequences
to the society is undisputed.

An electric field can be understood by considering two charged particles, one positive
and one negative. These particles will be attracted to each other by a force. The size
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and direction of this force will vary for different positions in space and will thus be a
vector field. This vector field is the electric field created by the two particles. In general,
an electric field is created by differences in charge densities. If a set of charged particles
is moving along, for example, a conductor, charged particles on a nearby conductor will
tend to move in the same or opposite direction due to magnetic induction. This will be
the case even if there is no electric field present (i.e. equal charge density on the whole
conductor). The field which creates this effect is the magnetic field.

If the charge density or current is static (not changing over time) the corresponding
field will also be static. If, on the other hand, the current and charge density oscillates
the electric and magnetic field will also oscillate. The changes in the fields will propagate
with the speed of light, which in vacuum is exactly 299 792 458 m/s. In other mediums
the speed of light is strictly lower. These propagating fields are radio waves. At a large
distance from the device which creates the radio waves both the electric and magnetic
fields will be perpendicular to the direction of propagation. Also, both an electric and
magnetic field will exist regardless of how the fields were created and these will be per-
pendicular to each other. It is thus sufficient to find one to be able to determine the
other. Obviously, the fields will be affected by both obstacles, in the form of conductors,
on which currents are induced, and other mediums, that will reduce the propagation
speed and absorb energy. To know the electromagnetic fields at a point in space, it is
therefore necessary to know not only the properties of the device that creates the field
but also the properties of the medium in which the radio wave propagates. In this thesis
the frequency of the radio waves studied range from 125 kHz in the low frequency (LF)
band to approximately 1.5 GHz in the ultra high frequency (UHF) band.

The device which creates the fields is called an antenna. Basically anything that can
radiate electromagnetic fields can be used as an antenna. In [2] an antenna is defined as:
”That part of a transmitting or receiving system that is designed to radiate or to receive
electromagnetic waves.” Some common types of antennas are wire antennas (e.g. dipoles
and loop antennas), horn antennas (commonly used together with a reflector to get a
reflector antenna), and microstrip antennas. The type of antenna to be used depends on
the application and more importantly, the frequency it is designed for. A loop antenna
is for example used at low frequencies since it is designed to be much smaller than a
wavelength. On the other hand, at high frequencies a horn or microstrip antenna may
be more appropriate. The size of the antenna compared to the wavelength is called the
electrical size. A physically large antenna, such as a loop antenna which can have a
diameter of several meters, may be electrically small if the frequency is low (and hence
the wavelength large). A physically small antenna can on the other hand be electrically
large if the frequency is high.

1.2 Radio Measurements

The purpose of all antennas designed for receiving radio waves is to measure something.
The purpose of the measurements vary from simply measure the the properties of the
incoming radio wave for data transmission purposes as is done in mobile phone services,
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Figure 1.1: Radio measurement concept.

to measurements of the environment in which the radio wave propagates. The term radio
measurements is therefore very wide and encompasses nearly all antennas.

A radio measurement system consists of a transmitter, a receiver, and an environment,
which is illustrated in Figure 1.1. In some applications the same antenna is used for both
transmitting and receiving (even though separate circuits are used for transmitting and
receiving). As stated previously, this thesis is centered around the environment in which
the radio wave propagates. The environment will always have some effect on the received
signal. Furthermore, in most cases the effects are very similar for different applications,
for example reflection of a surface, refraction due to changes in propagation speed, and
changes in the geometry due to movements of the transmitting or receiving antenna. The
methods used to assess the environment in one application can therefore often be used
in other applications as well.

A number of different applications have been studied. These are briefly introduced
below:
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Multistatic Radar using Global Navigation Satellite Systems

Signals transmitted from Global Navigation Satellite Systems (GNSS), such as the US
Global Positioning System (GPS), can be used for passive radar purposes. The signals
transmitted by the GNSS satellites will be reflected of objects and surfaces. The re-
flected signal will have a different amplitude and phase when compared to the signal
arriving directly to the receiver. By analyzing this difference it is possible to obtain some
information about the reflecting surface or object.

Measurements of the Performance of Antenna Arrays

An antenna array is comprised of a number of antenna elements and are used to create an
antenna with a narrower beam than a single antenna element. In order for the antenna
array to work it is crucial to know both the amplitude and phase of the signal received
from different directions. These will be affected by both the coupling between the antenna
elements and environmental effects (e.g. snowfall). By measuring the amplitude and
phase of the signal from known sources the antenna array can be characterized which
improves the performance.

Assessing the Performance of Radio Frequency Identification Systems

A radio frequency identification (RFID) system is a system designed for communication
between a reader antenna and a transponder containing some data. The transponder
may or may not have its own power source (active or passive). The power transfer
between the reader and the transponder will depend heavily on both the location and
orientation of the transponder with respect to the reader. Since the transponders often
moves and rotates in a random fashion in complicated environments, a characterization
of the performance of the system requires the use of statistical methods. Doing this using
measurements would require a large number of measurements, and the problem is thus
more suitable for numerical simulations.

1.3 Scope of the Thesis

In this thesis the methods used to assess the environment in which the radio measure-
ment system operates are studied. Even though the applications considered are very
different the question asked by the user is the same; How is the system affected by the
environment? The attention is here given to the methods that can be used to answer this
question. These methods should therefore be capable of describing the performance of
the radio measurement systems in the environment in which they are designed to operate
rather than the performance in a controlled laboratory setup. This naturally leads to the
main research question of this thesis:

How can the effect of the environment on the radio wave received by an
antenna be characterized?
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It should be emphasized that the focus is not on the effect of the environment on the radio
wave but rather on the methods used to get the information. This question is general
and giving a comprehensive answer valid for all possible measurement systems involving
radio signals is obviously not possible within the frame of a thesis. Three sub-questions
of more manageable scope have therefore been formulated.

Q1: Can radio waves scattered in non-specular directions be used for surface
characterization?

Q2: How can the far-field radiation pattern of an antenna larger than a
wavelength be estimated using noisy signals?

Q3: Can the effect of moving antennas be taken into account in a system
simulation?

The questions above addresses three important aspects of the main research question:
Effects on tge propagation of the radio wave, effects on the electrical properties of the
antenna, and effects of the location, orientation, and speed of the antenna. The answers
to these questions will therefore contribute to the answer to the main question.

The thesis consists of two parts where a summary of the tools used in the analysis is
provided in part I and the papers in which the analysis is done are presented in part II.
Chapter 2 introduces the analysis methods that can be used to perform numerical simu-
lations of both electromagnetic properties of antennas and random effects. In chapter 3
the radio measurement techniques used are described. This involves both traditional an-
tenna measurement theories, radar measurements, as well as measurements done under
noisy conditions. The three different application described briefly above are presented in
more detail in Chapter 4. A summary of the appended papers is given in Chapter 5 and
conclusions are made in Chapter 6.
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Chapter 2

Simulation Methods

Numerical simulations are an important part of the design of any device which con-
tains antennas and electronics. An appropriate simulation can speed up the design pro-
cess and also lead to an improved performance of the device. In systems containing
antennas it is important to know the radiation properties of both the antennas and the
environment in which they are designed to operate. The type of simulation method that
is chosen therefore depends strongly on the application.

In this chapter the area of numerical simulation of antenna systems is introduced.
The basic electromagnetic theory used for analysis of antennas is introduced as well as
the numerical simulation methods used in the appended papers. An important part of
the simulations presented in these papers is the possibility to predict the performance of
the system in statistical terms. The methods used for statistical analysis are therefore
also presented.

2.1 Electromagnetic Theorems

The electromagnetic properties of an antenna and the surrounding space are completely
governed by Maxwell’s equations and the purpose of all electromagnetic simulation meth-
ods is to solve these equations. This may, however, not always be feasible without making
a suitable approximation. In this section, Maxwell’s equations are introduced together
with some theorems that can be used when describing an antenna system. The basic prin-
ciples behind electromagnetic propagation are also presented. For a more comprehensive
treatment on electromagnetic theory see e.g. [3] and [4]. Theory related to antennas can
be found in [5] and [6].

2.1.1 Maxwell’s Equations

At a given time, t, an antenna system can be described with an electric field, �E, a
magnetic field, �H , an electric current, �J , and a magnetic current, �M . Even though
magnetic currents does not exist in nature they are a powerful concept which is used
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8 Simulation Methods

frequently in antenna analysis. Since the antenna is typically designed to radiate at a
given frequency it is more convenient to write all field relations in a time-harmonic form.
The relationship between the instantaneous and the time-harmonic fields and currents
are given by

�E(x, y, z, t) = Re
{
E(x, y, z)ejωt

}
(2.1)

�H(x, y, z, t) = Re
{
H(x, y, z)ejωt

}
(2.2)

�J(x, y, z, t) = Re
{
J(x, y, z)ejωt

}
(2.3)

�M(x, y, z, t) = Re
{
M(x, y, z)ejωt

}
(2.4)

where ω is the angular frequency (2πf).
The medium in which the fields or currents exists are described by the permittivity

ε, permeability μ, and the conductivity σ. The permittivity and the permeability of a
medium are usually written relative to their values in vacuum as

εr = ε/ε0 (2.5)

μr = μ/μ0 (2.6)

where εr and μr is the relative permittivity and permeability and ε0 and μ0 is the per-
mittivity and permeability of vacuum.

The time-harmonic Maxwell’s equations can be written in both a differential form
and in an integral form as

Differential form Integral form

∇× E = −jωμH−M

∮
C

E · ds = −
∫

S

jωμH + M · da (2.7)

∇×H = jωεE + J

∮
C

H · ds =

∫
S

jωεE + J · da (2.8)

∇ · εE = ρe

∮
S

εE · da =

∫
V

ρedv (2.9)

∇ · μH = ρm

∮
S

μH · da =

∫
V

ρmdv (2.10)

Perfect Conductors

In antenna analysis it is common to replace the material of the antenna with an equivalent
Perfect Electric Conductor (PEC) or a Perfect Magnetic Conductor (PMC). Inside a PEC
all fields are zero and at the surface there can only exist electric currents. Therefore, at
the surface the boundary conditions are

n̂× E = 0; n̂×H = J. (2.11)
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Similarly, the boundary conditions for a PMC are

n̂× E = −M; n̂×H = 0. (2.12)

Obviously, PMCs does not exist in nature, but they can be convenient tools in electro-
magnetic analysis.

Reciprocity Theorem

The reciprocity theorem in electromagnetism states that the relationship between the
fields, E and H, and the currents, J and M, is unchanged if the points where the fields
are measured and the currents are located are interchanged. This is commonly written
as ∫

V

(E1 · J2 −H1 ·M2) dv =

∫
V

(E2 · J1 −H2 ·M1) dv. (2.13)

For the reciprocity theorem to hold the medium in which the currents and fields exists
must be linear and isotropic, but not necessarily homogeneous. In antenna analysis, this
theorem leads to the conclusion that the properties of the antenna are the same both
when it is transmitting and when it is receiving. This is important when doing antenna
measurements since it may be more convenient to measure the properties of an antenna
with it in receiving mode, even if it will be used in transmitting mode. The reciprocity
theorem can not be used if the antenna incudes non-linear parts (e.g. amplifiers).

Surface Equivalence Theorem

The surface equivalence theorem can be used to replace an actual antenna with equivalent
sources that are equivalent within a certain region. In the form of Love’s equivalence
principle it states that

JS = n̂×H1 (2.14)

MS = −n̂× E1. (2.15)

One of the most common applications of this theorem is to replace an electric current
loop with a small magnetic current source in the center of the loop. This is useful both
to model loop antennas [7] and as an approximation of electronics for EMC analysis [8].
The magnetic dipole approximation is valid as long as the current loops involved in the
system are small compared to the variations of the magnetic field and located sufficiently
far away from each other [9]. The equivalence theorem is illustrated for an electric current
loop in Figure 2.1.

2.1.2 Field Regions

The electric field an observation point r due to an electric current at the location r′ can
be written as

E(r) = Ckη

∫
S′

[
J(r′)CN1 −

(
J(r′) · R̂

)
R̂CN2

] 1

R
e−jkRdS ′ (2.16)
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I

M

Figure 2.1: An electric current loop and the equivalent magnetic current element.

where

R = |r− r′|,

R̂ =
r− r′

|r− r′|
(2.17)

and

CN1 = 1 +
1

jkR
− 1

kR2
,

CN2 = 1 +
3

jkR
− 3

kR2
.

(2.18)

Here k = 2π/λ is the wave number and η =
√

μ0/ε0 = 377 Ohms is the wave impedance of
free space. The derivation of the above expression is based on the superposition principle
and can be found in [6]. The expressions in (2.18) are called near-field functions since they
will approach unity far from the current source. The expression (2.16) is consequently
called the near-field integral and is always valid. If the size of the current distribution
is significantly smaller than the distance to the observation point (such that R̂ does not
vary over the structure) and the near-field functions are approximately equal to unity
the near-field integral (2.16) can be simplified to

E(r) =
1

r
ejkrG(r̂) (2.19)

with
G(r̂) = I− (I · r̂)r̂ (2.20)

and

I = Ckη

∫
S′

J(r′)ejk(r′·̂r)dS ′. (2.21)
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Figure 2.2: The gain and phase from a broadside array of three half-wave dipoles. The phase
deviation is the deviation with respect to a isotropic source.

Similar expressions as the ones presented above can be found for the magnetic field and
magnetic currents. By comparing (2.16) and (2.19), two regions in space can be identified.
Firstly, the reactive near-field region where oscillating, non-radiating (evanescent) fields
dominate. At the the other extreme is the radiating far-field, in which only radiating
fields exists and the angular distribution of the fields does not depend on the distance
from the antenna. In between these two regions there is an intermediate region, called the
radiating near-field. In this region only radiating fields exists but the angular distribution
of the fields depends on the distance to the antenna, i.e. R̂ is a function of r′ in (2.16).
These field regions are illustrated in Figure 2.2 where the field regions are shown for a
broadside array of three half-wave dipoles. The wavelength is 2 m and the dipoles are
spaced 2 m apart. For distances below about 1 m the gain is a function of distance and
this is the reactive near-field region. In particular, the very rapid reduction in antenna
gain seen below 0.5 m is typical for this region. The radiative near-field region can be seen
as the region with almost constant gain before the phase deviation level out completely.

Antennas are typically designed to operate in the radiating far-field region. An impor-
tant exception is low-frequency RFID systems in which the reader and the transponder
are designed to communicate in the reactive near field using inductive coupling [10]. The
transition between the reactive and the radiating near-field regions occur typically at
2-3 wavelengths from the antenna when the near-field functions in (2.18) becomes in-
dependent of R. The radiating near-field region is of limited interest for applications
involving antennas. It is, however, very common to perform measurements in the radiat-
ing near-field region on antennas designed for operation in the radiating far-field region
[11].



12 Simulation Methods

Traditionally, the radiating far-field has been defined as the region for which r > D2/λ
where D is the largest dimension of the antenna and λ is the wavelength. Depending on
the application and the type of antenna a more stringent or relaxed definition may be
appropriate. The effect of the observation distance on the radiation pattern is discussed
in [12] for large antennas and in [13] for smaller antennas. In antenna measurements it
is particularly important to know the field in which the probe is located in order to get
accurate results.

2.1.3 Wave Propagation

At a sufficiently large distance from the current source, i.e. in the far-field region, the
resulting fields can be described as a plane wave. In a plane wave the electric and magnetic
fields will always be orthogonal to each other and to the direction of propagation. This
means that, for a plane wave propagating in the positive z-direction, the fields can be
described by

E = Ete
−jkz = [Exx̂ + Eyŷ] e−jkz (2.22)

H =
1

η
ẑ× E (2.23)

The polarization of the electromagnetic field is determined by the components of
Et. It is common to divide Et into one desired co-polar component and an orthogonal
cross-polar component. This is written as

E = (Ecoĉo + Expx̂p)e−jkz (2.24)

where Eco and Exp are the co- and cross-polar components of the fields and ĉo and x̂p
are the corresponding co- and cross-polar unit vectors, respectively. The most common
types of polarizations are linear polarizations, in which ĉo = x̂ or ĉo = ŷ and circular
polarizations in which the phase of either x̂ or ŷ is shifted with 90◦ with respect to the
other. A right-hand circular polarization (RHCP) is defined as ĉo = (x̂− jŷ)/

√
2 and in

the same way a left-hand circular polarization (LHCP) is defined as ĉo = (x̂ + jŷ)/
√

2.
The propagation speed of the wave depends on the medium in which it propagates.

It is given by

c =
1√
με

. (2.25)

In vacuum this gives a speed of exactly c0 = 299 792 458 m/s.

2.2 Electromagnetic Simulation Methods

Maxwell’s equations can be solved using a number of different techniques. In some
cases it is possible to solve the problem analytically while in most cases a numerical
technique must be used. The numerical techniques can be divided into different categories
depending on the type and electric size of the antenna.
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Differential Methods

These methods are based on the differential formulation of Maxwell’s equations. Some of
the most common techniques are the Finite-difference time-domain (FDTD) method [14]
and the Finite Element Method (FEM) [15]. Both these methods are relatively simple
to implement and gives accurate results. Due to the differential formulation, the whole
volume of interest must be meshed, including the air between the conductors. These
methods are therefore most suitable for problems involving low profile structures, such
as microstrip antennas. For large, sparse structures differential methods tends to be
computationally heavy.

Integral Methods

In integral methods the electromagnetic problem is solved using the integral formulation
of Maxwell’s equations. Examples of these methods are the Method of Moments (MOM)
[16, 17] and the Partial Element Equivalent Circuit (PEEC) Method [18, 19]. These
methods tends to be computationally heavy, but are still preferred when analyzing large,
sparse structures since only the conductors and the dielectrics needs to be meshed. The
Method of Moments, and the PEEC method are described in later sections.

High Frequency Methods

For electrically large antennas it is not feasible to solve Maxwell’s equations directly.
Instead it is common to use some sort of high frequency approximation. For problems
involving large surfaces it is common to use optical technics, such as the Physical Optics
(PO) approximation [6] and the Uniform Theory of Diffraction (UTD) [20]. If the problem
involves periodic structures (such as an antenna array), Floquet modal analysis can be
used [21].

2.2.1 The Electric Field Integral Equation

The theoretical background of both PEEC and MOM is the Electric Field Integral Equa-
tion (EFIE) which expresses the total electric field ET using the magnetic- and electric
vector potentials, A and F, respectively, and the electric scalar potential φ [15].

Ei(r) = ET + jωA +∇φ +∇× F (2.26)

The EFIE can alternatively be formulated using only the vector potentials as

Ei(r) = ET + jωA + j
1

ωμε
∇ (∇ ·A) +∇× F. (2.27)
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The vector- and scalar potentials are given by

A = μ

∫
Vk

G(r, r′)JC(r′)dvk (2.28)

F = μ

∫
Vk

G(r, r′)MC(r′)dvk (2.29)

φ =
1

ε0

∫
Vk

G(r, r′)q(r′)dvk (2.30)

where r′ is the location of a source with electric or magnetic current density JC or MC ,
r is an observation point, and G(r, r′) is the free space Green’s function given by

G(r, r′) =
e−jωτ

4π|r− r′| . (2.31)

If the observation point is on a conductor with conductivity σ, the total electric field can
be written as

ET =
JC(r)

σ
. (2.32)

2.2.2 Method of Moments

In the Method of Moments (MOM) [16, 17], the integral equations describing the re-
lationship between an excitation and the electric fields are transformed into a matrix
equation which can be solved using matrix inversion. The basic assumption is that the
equations are of the inhomogeneous type

L(f) = g (2.33)

where L is a linear integral operator, g is the source or excitation, and f is the response
or field. It is common to use the EFIE on the form in (2.27). If the antenna under
consideration consists of only PEC, which is a common assumption, the electric vector
potential F and the total electric field ET drops out. The EFIE can then be written as

∫
Vk

G(r, r′)
[
jωμ + j

1

ωμε
∇∇

]
I(r′)dvk = Ei(r). (2.34)

The unknown current distribution, I, can be expanded into a series of known basis
functions, Jn, with an unknown amplitudes, In, which gives

I =
N∑

n=1

InJn. (2.35)

By inserting (2.35) into (2.34) the EFIE can be transformed into a linear system of
equations on the form

[Z][I] = [V] (2.36)
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where [Z] is the impedance matrix, [I] is the current distribution, and [V] is the voltage
vector. The currents [I] is found from inversion of [Z].

The basis functions can be of two types. The most common type is subdomain
functions, for which the structure is divided into a set of non-overlapping segments. The
basis functions are then nonzero on one or more segments, which creates a representation
of the unknown function. The other type of basis function is entire domain functions,
which are nonzero over the entire structure. In cases when the unknown function is known
to follow a certain pattern, entire domain functions can be used to create an acceptable
representation with far fewer terms than subdomain functions.

The method of moments can be used also when the antenna is coated with a dielectric
medium. This can be handled by adjusting the impedance matrix [Z] as described in
[22]. As a general rule, a dielectric coating of an antenna in free space will:

• Lower the antenna’s resonant frequency.

• Increase the antenna’s peak admittance.

• Narrow the bandwidth of the antenna.

2.2.3 The Partial Element Equivalent Circuit Method

In the Partial Element Equivalent Circuit (PEEC) method [18, 19, 23] the structure
to be analyzed is described using passive circuit elements (resistors, inductances, and
capacitances). The theory is based on the EFIE in (2.37). For non-perfect conductors
and dielectrics the term involving the electric vector potential drops out since there are
no magnetic currents. Then,

Ei(r) =
JC(r)

σ
+ jωμ

∫
Vk

G(r, r′)JC(r′)dvk +∇ 1

ε0

∫
Vk

G(r, r′)q(r′)dvk. (2.37)

The equation above can be interpreted using Kirchoff’s voltage law with a resistive,
inductive, and capacitive term. The currents JC(r) and charges q(r′) are discretized by
defining pulse basis functions for the conductors and dielectric material in the system to
be analyzed. The resistive term for a cell γ is then given by

Rγ =
lγ

aγσγ

. (2.38)

where l is the length of the cell and a is the cross section area. The inductive term,
which represents the magnetic field coupling in the equivalent circuit, consists of partial
self inductances between the nodes in the cell and partial mutual inductances between
different cells. The partial self- and mutual inductances between the cells α and β are
defined as

Lαβ =
μ

4π

1

aαaβ

∫
vα

∫
vβ

1

|rα − rβ|dvαdvβ. (2.39)
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The electric field couplings in the circuit are represented by the partial coefficients of
potential. These are related to the partial capacitances as pαβ = 1/Cαβ. The coefficients
of potential are given by

pαβ =
1

SαSβ

1

4πε0

∫
Sα

∫
Sβ

1

|rα − rβ|dSβdSα (2.40)

where S are the surface area of the cell.
A matrix equation can be formed using the above expressions and Kirchoff’s voltage

and current laws. Using this formulation, lumped circuit element can easily be added
to the model. This enables analysis of a complete antenna system including external
components. An example of when this is useful is analysis of low-frequency RFID systems
(see paper F and G) where the current distribution on the antenna is directly affected
by the electric circuit it is connected to.

Here, only a brief overview of the method is given. For a comprehensive description
of the PEEC method, including the formulation in the time domain, see [18, 19, 23, 24].

2.3 Statistical Analysis of Antennas

When studying problems involving antennas and propagation of radio waves it is impor-
tant to take environmental effects into account. This is obviously particularly important
in challenging environments such as in arctic regions or in industrial environments. The
effect of the environment on the antennas can in such cases be assessed using a limited
number of measurements of key scenarios. This is the approach chosen in [25] where an-
tennas are designed for shoulder mounted radio sets. More recently, propagation issues
have been addressed through simulation. The main interest is then in studying scattering
and multipath problems which must be analyzed using statistical methods. An example
of this can be found in [26] where a combined FDTD/Monte Carlo simulation approach
is proposed for studying scattering from rough surfaces. In [27] a statistical model for
studying multipath propagation in urban environments is proposed. The performance
of antennas in multipath environments can also be assessed through measurements in a
reverberation chamber [28], which enables measurements in Rayleigh fading conditions.

Apart from being a crucial means of understanding propagation issues, statistical
methods are also useful for predicting the performance of antennas when subject to
various mechanical errors (e.g. physical damage and fabrication errors). The Monte
Carlo method is popular for analysis of these problems due to their statistical nature. In
[29] and [30] it is used to calculate the robustness of antennas when they are subject to
physical damage.

2.3.1 Simulation of Noise in Antenna Systems

In virtually all systems involving antennas, noise is a factor that need to be taken into
account. The noise levels in different antenna elements is used for beam forming in



2.3. Statistical Analysis of Antennas 17

antenna arrays and for increasing the performance of multiple-input multiple output
(MIMO) systems [31, 32].

The noise in antenna systems is typically modeled as uncorrelated, additive, white
gaussian noise. White noise have a power spectral density equal throughout the whole
frequency spectrum. This is true except for very high frequencies and is in the simulations
performed here assumed to be the case. In reality, however, the noise will be colored due
to the limited bandwidth of the antenna and the front-end. Since the noise is additive
the measured electric field is easily modeled as

E = E · p∗ + w (2.41)

where w is the noise. A nice feature of thermal noise is that it is zero in average. This
means that if the noise is not white or if there are other error sources involved (such as
mechanical movements), most methods used (e.g. the least squares estimator) will also
give a result which is zero in average, even though they might no longer have any optimal
properties.

2.3.2 Monte Carlo Method

The Monte Carlo method is useful in situations when it is not possible or not feasible to
use analytical methods [33]. This is typically the case in particle physics where the state
of the particles depends on a large number of parameters with random distributions. The
idea behind the method is to perform a large number of tests where the behavior of a
finite number of particles is evaluated using randomly chosen parameters. The method
can be summarized as follows:

1. Choose an initial state from a random distribution.

2. Update the state of the system using relevant parameters (chosen from random
distributions if necessary).

3. Accumulate the results from the individual computations and analyze the obtained
distribution.

The number of tests that need to be performed depends on the required confidence in
the results.

In antenna analysis the Monte Carlo method is particularly useful in situations where
the antenna is expected to move around randomly with known distributions (e.g. anten-
nas among goods on a conveyor). By using the Monte Carlo method in combination with
electromagnetic methods such as MOM or PEEC it is possible to predict the performance
of the whole system in statistical terms.
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Chapter 3

Radio Measurement Techniques

In chapter 2 the antenna and the environment was assessed by simulations. This is
most useful in when the environment is not changing (although the Monte Carlo method
can take changing environments into account). In many cases, however, the environment
is dynamic, and the purpose of the measurements is to estimate its effect on the antenna
system. The environment may also be unknown and the purpose of the measurements
could then be to obtain a estimation about its properties.

In this chapter the measurement techniques used in radio measurements are intro-
duced. A particular focus is on multi-antenna systems which is a common theme in the
measurements and measurement techniques used in the appended papers. Both the in-
frastructure (signal sources and receiver hardware) and the electromagnetic measurement
theory are described, as well as techniques for handling situations when the measurements
are affected by noise. Brief overviews over the general theories in the different sections
are given with a more focused description of the techniques encountered in the appended
papers.

3.1 Measurement Infrastructure

In all radio measurements, conclusions are made based on a received signal which is
affected by the properties of the transmitter, receiver antenna, and the environment in
which it propagates. The signal is also affected by the receiver hardware connected to
the antenna. In addition to knowing the properties of the antenna it is therefore also
necessary to know the properties of both the signal itself and its source as well as and
the receiver hardware.

3.1.1 Signal Sources

There are several types of signal source used in radio measurements. In traditional
antenna measurement ranges, where the properties of an antenna under test (AUT) is to
be determined, it is common to use an illuminating probe. Using this solution the whole
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measurement setup can be kept under full control by the operator, and the analysis can
therefore be simplified significantly. On the other hand, knowing the location of both the
probe and the AUT can be challenging, especially at high frequencies when small changes
in locations can give a large error in the phase measurement. This is most pronounced
for large antennas analyzed using near-field measurements (see Section 3.2).

It is becoming popular to use so called signals of opportunity for various measure-
ments. An existing signal source designed for some entirely different purpose is then
used for the measurements. This solution have the advantage of eliminating the need of
a dedicated transmitter which could make the measurement equipment easier. On the
other hand, the performance is in general not as good as when the measurements can
be completely controlled since the exact location of the source may not be known and
the properties of the signal used may not be the most suitable. Also, the signal strength
is in general lower than in a laboratory setup. Examples of signals of opportunity are
TV-broadcast stations, communication satellites, and GPS satellites. Also radio stars
can be said to belong to this group. These are popular for measuring the far-field gain
of large radio telescopes [34, 35].

A particularly interesting solution to a radio measurement problem can be found in
passive radio-frequency identification (RFID) systems (see Section 4.3 and papers F and
G). Here the reader antenna act both as a transmitter and receiver. The communi-
cation between the transponder and the reader is done as the transponder changes its
impedance and thereby through mutual inductance also changes the impedance of the
reader antenna.

3.1.2 Signals

Several of the measurement campaigns presented in the appended papers uses the U.S.
Global Positioning System (GPS) as the signal source. The signal structure of the GPS-
system is based on Code Division Multiple Access (CDMA) in which several transmitters
can share a frequency by transmitting a unique code, called pseudorandom noise (PRN)
code. The GPS satellites transmits several codes on different frequencies, but in this
thesis only the civilian coarse/acquisition (C/A) code at the L1 band (1.57542 GHz)
is considered. This code has a length of 1023 chips and a chipping rate of 1.023 MHz
[36]. Consequently, the length of one chip is 293.05 m. By correlating the received
signal with a locally generated replica of the PRN code the signal is de-spread and a
triangular shaped pulse is produced which is amplified compared to the thermal noise
floor by approximately 30 dB for a 1 ms coherent sum. In the ideal case, this would
have a triangular shape as shown in Figure 3.1, but due to the limited bandwidth of
the front-end (typically 2 MHz for a narrow band L1 front-end) it will in reality have a
somewhat rounded shape.

The signal is detected by multiplying the received signal with a time-shifted locally
generated replica. This is done for both the inphase and quadrature in order to obtain a
complex result. The signal is tracked using a code and carrier tracking loop in order to
be able to decode the data. The code tracking is typically done by using an early, late,
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Figure 3.1: Radio measurement concept.

and prompt correlator. By comparing the early with the late the prompt can be kept at
the maximum of the correlator waveform. The carrier tracking loop lock on to the phase
of the received signal by measuring the difference between the received frequency and
phase and the replica frequency and phase. By doing this the data bits of the signal can
also be found. If a multi-antenna system is used (multistatic radar or antenna array) one
antenna can be used as a reference. This antenna can then pass on the settings for its
carrier tracking loop to the other antennas. The phase seen in the correlator waveforms
of the other antennas will then correspond to the difference in the phase of the far-field
radiation pattern compared to the reference element.

If two antennas are receiving the same signal, the second antenna will see a signal S2

that is phase shifted with respect to the signal S1 received by the first antenna. For the
ideal case where all coupling effects can be neglected this can be written as

S2 = S1e
−jkd+φ (3.1)

where d is the extra travel distance the signal has to antenna 2 compared to antenna 1
and φ is a timing error. If the antennas are closely spaced compared to the distance to
the satellite, (3.1) can be written as

S2 = S1e
−jkr·̂r+φ (3.2)

where r is the relative position of antenna 2 compared to antenna 1 and r̂ is the unit
vector pointing towards the satellite. Although the description of the signals above is
specific for the GPS system the scheme is common in other systems as well.
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Figure 3.2: Data collection setup using a dual antenna software receiver.

3.1.3 Receiver Hardware

The hardware used in the GPS-measurements is shown in Figure 2. This hardware setup
is essentially the same in all multi-antenna GNSS systems used and also in large antenna
arrays such as the EISCAT 3D radar. A difference is that a software radio approach have
been chosen in which the raw samples from the front-end is stored for later processing.

Each antenna is connected to a front-end which samples the signal. In the GPS-
measurements presented in this thesis the signal is down-converted to an intermediate
frequency (IF) of 16.3676 MHz and sampled with a frequency of 4.1304 MHz. Before
sampling, the signal is amplified using an automatic gain control (AGC) in order to
maximize the dynamic range. In the GPS-measurements, the resolution of the analogue
to digital converter (ADC) was 2 or 4 bits while for the EISCAT 3D radar it is estimated
that at least 14 bits will be needed [37]. A more detailed description how the hardware for
a multi-antenna GNSS receiver can be implemented can be found in [38]. In Figure 2 a
dual antenna GPS receiver is shown for use in a multistatic GNSS radar (see Section 3.3).
Although this setup is specific for the multistatic GNSS radar case the same approach
is used in all GNSS antenna array measurements (with different number and type of
antennas).

In order to get a measurement of the phase that can be compared between different
antennas it is crucial to know the sampling time of the receivers with great accuracy. In
GNSS, this is easily done by distributing the same clock signal to all front-ends. Any
constant clock error (e.g. due to different cable lengths) will disappear in the processing
since it is independent on the direction of the incoming signals. This is, however, not
the case in the EISCAT 3D radar, where the length of the cables are expected to vary
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substantially due to temperature variations. To meet the timing requirement of 50 ps for
the ADC two different time distribution systems have been developed:

Cable Based Time Calibration System

This system is presented in [39] and is a version of the system proposed in [40]. The idea
is to calculate the timing error in the cable by injecting a test signal that is reflected of
the antennas. In [39] a calibration net is used in which every receiver is connected to
every other receiver.

GNSS Based Time Calibration System

By using the phase measurements from a GNSS receiver the drift of the clock distributed
to the front ends in the array can be determined [41]. In order for this to work, all error
sources due to the atmosphere and ionosphere must be assumed to be the same over the
whole array. Also, the clock drift must be relatively slow to ensure that long integration
times can be used.

3.2 Antenna Measurements

There are numerous methods that can be used to estimate the complex far-field radiation
pattern of an antenna. This section gives an overview of the most important methods
with a more detailed description of the equivalent electric/magnetic current method. For
a comprehensive description of antenna test procedures, see [42].

In antenna measurement theory it is typically assumed that the antenna can be treated
as a passive, linear, reciprocal device. The radiation pattern can therefore be measured
with the antenna both in transmitting and receiving mode. In the measurements dis-
cussed in this thesis, this is not the case since non-linear components (amplifiers) are
connected to the antenna. The theory can however still be used as long as the measure-
ments are performed in the same mode as the antenna is designed to be used in.

Antenna measurements can be roughly divided into near-field and far-field measure-
ments and both approaches have their respective benefits and drawbacks. In [43] a
systematic comparison between eight different antenna measurement facilities in Europe
is presented. Both near-field and far-field measurement facilities were compared.

3.2.1 Far-Field Measurements

The most straight-forward antenna measurement method is to use far-field ranges. These
does, however, often require large distances between the probe and the AUT. In particular
if the AUT is electrically large the distance to the far-field region can make this type
of range unfeasible. A method to solve this problem is to use a compact far-field range
in which a reflector system creates a plane wave at the location of the AUT. Typically,
this is done in an anechoic chamber where the probe is located in a separate chamber to
reduce stray signals [44].
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When estimating the far-field pattern of a large radio-telescope, it is common to use
external sources such as satellites or radio stars. The gain of the far-field radiation pattern
is estimated by measuring the noise temperature of the antenna as it points in different
directions. This method is outlined in [45]. This method was also used in the design of
the EISCAT VHF and UHF radar systems where Cassiopeia A was used [34, 35]. Only
the gain of the radiation pattern can be measured and it is thus not possible to obtain
a phase value. Also, the sources are typically weak and it is therefore not possible to
measure the active radiation pattern of the different antenna elements in an array.

An alternative is then to use satellites as the probe for the measurements. This was
done in [46] for a multiple beam antenna array. The main error source in this case was due
to time-varying refraction and absorption in the ionosphere. Satellite based transmitters
have also been studied in [47]. Controlled measurements was in this case found to be
hard to obtain due to errors in the estimated pointing direction of the antenna onboard
satellite.

3.2.2 Near-Field Measurements

The far-field radiation pattern can be estimated using measurements performed in the
near-field. The far-field pattern is in most cases transformed directly using methods which
are chosen based on the geometry in which the measurements have been performed. It is
also possible to use the near-field measurements to estimate the current distribution on
the antenna, this method is discussed further in Section 3.2.3. The most popular mea-
surement geometries are planar, cylindrical, and spherical. An overview which compares
these methods can be found in [11].

If the antenna is a large aperture antenna (e.g. reflector or array) it is convenient to
measure the near-field over the aperture of the antenna and assume that the radiation
from all other parts of the antenna is negligible, see Figure 3.3 (a). The far-field radiation
pattern will in this case be related to the measured near-field pattern via the two dimen-
sional fourier transform. Further information about the planar near-field measurement
method can be found in [48, 49].

For long narrow antennas (e.g. slotted waveguides) it is convenient perform the mea-
surements on a cylindrical surface since this will minimize the number of measurements
needed. This concept is shown in Figure 3.3 (b). The measured field is transformed to a
far-field pattern using a cylindrical wave expansion as described in [50].

The most general near-field technique which does not assume any knowledge about
the shape of the AUT is the spherical near-field method shown in Figure 3.3 (c). The field
is measured on a sphere and then transformed to a far-field pattern using a spherical wave
expansion [51]. This method is common for estimating the far-field radiation pattern of
horn antennas.

3.2.3 The Equivalent Electric/Magnetic Current Method

In the equivalent electric/magnetic current method the measured field is used to calculate
the electric or magnetic current on a surface enclosing the AUT [52, 53]. The method
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(a) (b)

(c)

Figure 3.3: Antenna measurements using planar (a), cylindrical (b), and spherical (c) mea-
surements.

have been verified using experimental data from planar near-field measurements over the
aperture of an antenna [54]. The approach of estimating the far-field of an antenna using
the current distribution have also been studied for large phased array antennas [55]. It
is possible to use both electric and magnetic current distributions to calculate the far-
field pattern from the measurements. Only the equivalent electric current approach is
described here, the equivalent magnetic current approach is however very similar.

The basic idea behind the equivalent electric current approach is to use the measured
electric field to calculate the electric current on a surface enclosing the AUT. Although
this method does not require any knowledge about the shape of the antenna, the per-
formance can in general be improved if the surface coincides with the antenna since the
number of parameters can then be reduced. This is particularly the case with wire-
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antennas in free space (e.g. Yagi-Uda antenna or dipole array) where the location of the
conductors is known.

It is assumed that the current distribution can be written as

J(r′) =
N∑

n=1

anfn(r′) (3.3)

where fn is some basis function describing the shape of the antenna and an is a complex
constant. Inserting this into the expression for the electric field yields

E(r) =

N∑
n=1

anGn(r) (3.4)

where Gn in the near field is given by (2.16) which yields

Gn,near = Ckη

∫∫
S′

[
fnCN1 − (fn · R̂)R̂CN2

] e−jkR

R
dS ′. (3.5)

In the far-field, Gn is given by

Gn,far = [I− (I · r̂)r̂] 1

r
ejkr (3.6)

with

I = Ckη

∫∫
S′

fn(r′)ejk(r′·̂r)dS ′. (3.7)

The measured electric field for a probe with the polarization vector p̂ will be

E(r) = E(r) · p̂∗ (3.8)

where p̂∗ is the complex conjugate of p̂∗. Inserting (4) into (7) yields

E(r) =

N∑
n=1

anGn · p̂∗. (3.9)

This is a linear system of equations which can be solved using a number of different meth-
ods. The choice of solution method should be based on the nature of the measurement
problem. This is discussed further in Section 3.4. The most important factors affecting
the performance of the method is the choice of basis function and how the probes are
distributed. The basis functions can be of the same type as in simulations done using
MOM or PEEC which is described in Section 2.2.2.

The accuracy of the solution to (3.9) will depend on the geometry of the measurement
setup. In general it is better to have the probes spread out as much as possible in order
to capture more radiating modes. The effect of an unfavorable geometry will be more
pronounced during measurements with poor signal to noise ratio.
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Monostatic Radar Bistatic Radar Multistatic Radar

Transmitter and
Receiver Transmitter

Receiver

Transmitters

Receiver

Figure 3.4: Observing a surface using monostatic radar (left), bistatic radar (middle), and
Multistatic radar (right).

3.3 Multistatic Radar

Unlike a monostatic radar, which uses the same antenna for both the transmitted and
received signal, a bistatic radar use antennas at different locations for transmitting and
receiving the signal [56]. A multistatic radar system consists of two or more components
(transmitters or receivers) [57]. These three concepts are shown in Figure 3.4. The
most common way of describing a bistatic radar system is by the angle between the
transmitter, reflecting object, and receiver. This is referred to as the bistatic angle. If
instead, a relatively smooth surface is observed by the radar, the scattering angle, which
is the angle between the direction of the specular reflection and the actual reflection is
of more interest. This is shown in Figure 3.5.

Since existing signals from other sources, such as TV-stations, satellites, and existing
monostatic radar transmitters can be utilized, no power need to be transmitted by a
bistatic or multistatic radar, which then can be made smaller and less expensive than
a conventional radar. This makes it suitable for applications with a limited power and
weight budget [38]. The fact that the radar does not transmit any signal also has an
obvious advantage from a covert point of view, in particular together with the geometric
diversity enabling detection of objects designed to be invisible to monostatic radars (e.g.
stealth aircrafts) [58]. Ionospheric and Atmospheric research can also benefit from a
multistatic radar system with at least three receivers since it enables measurement of a
flow in three dimensions.
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Figure 3.5: Bistatic radar geometry.

To get global coverage a space borne transmitter is desired. Different types of po-
tential transmitters has previously been analyzed in [59] where both communication
satellites in a low earth orbit (LEO) and GNSS satellites in a medium earth orbit (MEO)
have been considered. A great advantage of using GNSS is the large number of visible
satellites globally and the time precision nature of the signals.

3.3.1 Isorange and Isodoppler Surfaces

Figure 3.6 shows the path delay for reflections from different positions on the ground for
a bistatic radar. It can be seen that a reflected signal received by a radar at a height, h,
above the ground and delay δ relative to the direct signal can come from a point (x, y)
anywhere on a contour with constant delay (iso-range contour).

The equation for the iso-range contour is given by the intersection of the surface of
constant delay (iso-range ellipsoid) with the ground. This has been calculated before
for a space-borne receiver with the Earth modeled as an ellipsoidal surface [60]. These
calculations are included here for the simplified case when a flat surface can be assumed,
which is valid for a receiver at a relatively low height above ground.

The iso-range ellipsoid is given by

x′2

b2
+

y′2

a2
+

z′2

b2
= 1, (3.10)

where

a =
L + δ

2

b =

√
a2 − L2

4
.
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Figure 3.6: Path delay vs. position on ground. The elevation of the satellite is 58 ◦, pointing
in the direction of the positive y-axis. The receiver is at (x, y) = (0, 0) and the AGL is 300 m.

L is here the distance between the receiver and the transmitter, which are at the foci on
the y-axis [56].

The iso-doppler surface, from which any signal will have the same doppler shift with
respect to the receiver, has been calculated in [61] as all points that satisfy

1

λ
[vT · rT + vR · rR] = fD, (3.11)

where λ is the wavelength of the signal, vT and vR are the velocity vectors of the trans-
mitter and the receiver, respectively, rT and rR are the range vectors of the transmitter
and the receiver, respectively, and fD is the doppler frequency of the received signal.

The iso-range and iso-doppler contours will intersect at two points unless the iso-
doppler is tangential to the iso-range. This is shown in Figure 3.7 where the solid line
is the isorange ellipse. The dashed line is the isodoppler contours for a stationary re-
ceiver and the dotted line is the isodoppler contour for a dynamic receiver moving in the
direction of the positive x-axis.

A synthetic aperture can be created by using both range- doppler processing. The
range processing is done by integrating the signal coherently. Then care must be taken to
ensure that the phase of the reflected signal does not change with more than 90◦ during
the integration time. This can be compensated for by introducing a phase term ejkφ

where φ is the phase shift. The coherent sum of N complex valued correlation waveforms
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Figure 3.7: Isorange and isodoppler contours for a stationary and dynamic receiver. The re-
ceiver is at (x, y) = (0, 0) and the AGL is 300 m. The isodoppler contours for the dynamic
receiver assumes a receiver moving at a speed of 100 m/s in the direction of the positive x-axis.

can be written as

s(r, t) =
N∑

τ=1

sτ (δ, t)e
jkφ(r,τ) (3.12)

where sτ (r, t) is the correlation waveform at time τ within epoch t, δ is the time delay
of the reflected signal, and r is a coordinate in the ground plane. The obtained signal
be the sum of all signals reflected of the iso-range contour. The contributions from
these reflections will interfere constructively or destructively with the reflection actually
originating from the point r depending on the relative phase. This mix of signals will
produce a doppler beat frequency which is the difference in doppler-shift between the
contributing reflections. The contribution from reflections with different doppler-shifts is
found taking the Fourier transform of the signal in (3.12);

S(r, Δf) = F{s(r, t)}. (3.13)

The signal originating from the point, r, will have no relative doppler shift and is found
by taking the value at Δf = 0. This is equivalent to calculating the average of s(r, t).
The transmitter’s trajectory during the integration time is the synthetic aperture.
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3.3.2 Resolution

The resolution of a multistatic radar system is specified by the range and azimuth resolu-
tion vectors, which are directed perpendicular to the iso-range and iso-doppler contours,
respectively. These are not necessarily orthogonal to each other which have to be taken
into account when calculating the area of the resolution cell. These calculations have
been done analytically for a general bistatic geometry [62]. The area of the resolution
cell is

A =
|δr||δa|
sin ϕ

, (3.14)

where δr is the range resolution, δa is the azimuth resolution, and ϕ is the angle between
δr and δa. The range resolution can be found by

δr =
δτ

2 cos β/2
, (3.15)

where δτ is the width of the correlation waveform (293.05 m for the GPS C/A-code) and
β is the angle between rT and rR. The azimuth resolution is

δa =
δD

2ω
=

T−1

2ω
, (3.16)

where δD is the doppler resolution, T is the total length of the data set used for the
doppler processing, and ω is the angular speed of the satellite.

3.4 Measurements in the Presence of Noise

In any radio measurement system (e.g. antenna range or radar) the results will be
affected by a number of error sources. These error sources can be of both electrical
and mechanical origin. A presentation of the most important error sources found in
antenna test ranges can be found in [63, 64]. In recent years the accuracy of antenna
test ranges have improved significantly, and assessment of the error sources has become
more important. In [65] a method of evaluating the uncertainty of a given test range is
presented. The method is based on both simulations and measurements.

Perhaps the most obvious error source is the thermal noise always present in any
measurement. This is also the focus of this section and methods for mitigating this is
presented below. Another error source present in both antenna test ranges and radar
systems is unwanted reflections of surfaces (stray signals or clutter). If the measurements
involve the phase of the signal in addition to the amplitude, which is the case in both SAR
and near-field antenna measurements, the location of both the transmitter and receiver
must be known to within a fraction of a wavelength. An exception is bistatic radar
where it is sometimes possible to make a plane wave approximation. It is also necessary
to consider the polarization of the signal. It is then sufficient to know the location of the
receiver.
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If the behavior of the uncertainties is known to follow some pattern it is usually
possible to increase the accuracy of the results using an appropriate estimator [66]. The
measured field is then written as in (12) with w including all error sources. The measured
signal will, however, not always correspond directly to the electric field but instead be
proportional to the field due to the unknown gain in the AGC. In this case the measured
signal will be

S = a(E · p∗ + w) (3.17)

where a is the gain. In the following subsections the noise will be assumed to be ran-
dom, uncorrelated, and zero mean. Only the estimators used in the present research is
presented, for a more comprehensive treatment of estimation theory the reader is instead
referred to [66].

Two fundamentally different approaches of estimating a parameter are classical and
Bayesian estimation [66]. In the classical approach, the parameters of interest are as-
sumed to be deterministic but unknown. The Bayesian approach, on the other hand,
assumes some prior knowledge about the properties of the parameters, such as the dy-
namic behavior of the system. This knowledge can then be used to improve the estimation
accuracy. As a classical method the least squares estimator is chosen and the Kalman
filter is chosen as a Bayesian estimator. Both these methods are used extensively in the
fields of signal processing and control theory and are under certain conditions optimal. It
should however be noted that other methods may be more suitable in an implementation
where the properties of the signal are affected by hardware.

3.4.1 Averaging

The most intuitive means of increasing the SNR of a signal is to average the signal over a
period of time. The noise level will then increase at a lower rate than the signal strength.
In the case of a complex signal this can be done in two ways, coherent and non-coherent
averaging.

In coherent averaging all information about the signal is kept. This can double the
SNR in the best case. If either the transmitter of the receiver is moving it will be
necessary to adjust for the phase change. This gives

Sav =
1

N

N∑
n=1

Snejφn (3.18)

where φn is the phase of the signal. This is the same as the doppler processing used in
SAR.

If the expected phase change of the signal is not known a non-coherent integration
can be done. This is given by

Sav =
1

N

N∑
n=1

|Sn|. (3.19)

The improvement of the SNR will not be as good as for the coherent integration. Details
about the performance of coherent and non-coherent integration can be found in [67].
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3.4.2 Least Squares Method

The least squares (LS) estimator is convenient for solving a system of equations on the
form

Ax = b. (3.20)

This system will in general be over-determined and an exact solution cannot be found.
The LS estimator minimizes the square error by instead solving the normal equations:

AHAx = AHb (3.21)

where AH is the hermitian transpose of A. The error in x will be zero on average if
the measurements b are composed of a deterministic signal and a zero mean noise, see
chapter 6 in [66]. Further, it is the optimal minimum variance unbiased (MVU) estimator
if the error is white Gaussian noise (with zero mean). This is assumed in the simulations
presented in the next section but will not be the case in an implementation where the
noise is filtered and thus no longer completely white. Other estimators may then be more
appropriate, the LS estimator is nevertheless usable even in this case since the error will
be zero on average.

3.4.3 Kalman Filter

Since it is necessary to measure the performance of each antenna element continuously,
a Kalman filter can be used to reduce the errors induced by noisy measurements, see
chapter 13 in [66]. The Kalman filter has the advantage over the LS estimator that it
gives more accurate results if the noise is non-stationary since the properties of the noise
is estimated in the filter. Also, the Kalman filter is a sequential minimum mean square
error (MMSE) estimator. Thus, it may not provide a better estimate of the parameters
in all cases but, given a system such as described in this paper, the estimate will be
better on average.

The state xk at time k can be related to the state xk−1 at a previous time k−1 using

xk = Fxk−1 (3.22)

where F is the state transition model. The observations, zk are related to the state xk

by
zk = Hxk + εk (3.23)

where εk is the observation noise. The Kalman filter uses both the measurements at time
k and previous states to estimate the state at time k. From the state at time k− 1, (17)
can be used to predict the state at time k,

xk|k−1 = Fxk−1|k−1 (3.24)

where xk|k−1 is the predicted state at time k using measurements up to and including
time k − 1 and xk−1|k−1 is the estimated state at time k − 1 using measurements up to
and including time k − 1. The predicted estimate covariance is

Pk|k−1 = FkPk−1|k−1F
H
k + Qk−1 (3.25)
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where Pk−1|k−1 is the estimate covariance at time k − 1, Qk−1 is the covariance of the
process noise.

The measurement residual is the difference between the actual and the predicted
observations at time k, this is given by

ỹk = zk −Hkxk|k−1 (3.26)

In the same way, the residual covariance is the difference between the estimated and the
actual covariance of the observations at the time k. This is given by

Sk = HkPk|k−1H
H
k + Rk (3.27)

where Rk is the covariance of the noise in the observations at time k. The updated
estimate of the state can then be calculated using

xk|k = xk|k−1 + Kkỹk (3.28)

where Kk is the Kalman gain given by

Kk = Pk|k−1H
H
k S−1

k (3.29)

The estimate covariance is also updated for use in (3.25) in the next prediction

Pk|k = (1−KkHk)Pk|k−1 (3.30)

where 1 is the identity matrix.
If the measurement and process noise covariances are known, this information can be

used to improve the accuracy of the estimated current distribution.



Chapter 4

Applications

When assessing the performance of an antenna or a measurement system, either
through simulations or measurements, it is important to know what information is rele-
vant. This is particularly the case when describing the environment in which the system
operates since it is inherently complicated. Even though the systems considered in this
thesis does not differ in any fundamental way, the environment in which they operate
requires different simulation and/or measurement methods. A very relevant question is
whether it is appropriate to use simulations or measurements.

In this chapter the applications considered in the appended papers are presented.
The focus is on describing the principles behind each application rather than how to
optimize the performance in each case. Since this thesis is centered around assessing the
environment in which the system operates this is also emphasized.

4.1 Multistatic GNSS Radar

4.1.1 Global Navigation Satellite Systems

The U.S. Global Positioning System (GPS) is currently the only fully operational GNSS
and nominally consists of 24 satellites in 6 orbital planes in a nearly circular orbit with
a semi-major axis of approximately 26560 km [36]. To determine the 3D-position and
time of a receiver, trilateration involving at least four satellites is used. The distance to
the satellite is determined by measuring the travel time of the signal.

In a traditional GPS receiver, all low-level processing operations (correlation and
tracking) are performed in hardware using an application-specific integrated circuit (ASIC).
This solution is very computationally efficient and has been used extensively in bistatic
GNSS radar research [68], but provides limited flexibility. An alternative approach is
to use a software GNSS receiver where the hardware solutions used for the low-level
processing are replaced by programmable processing solutions. This way maximum flex-
ibility is ensured, which is important for multistatic GNSS radar operations where data
is recorded on at least two channels in parallel (direct and reflected signal). Particularly

35
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useful is the ability to slave the reflected channel to the direct, and thereby obtain an
accurate reference. It is also possible to perform post-processing of the recorded data,
which simplifies the execution of measurement campaigns since no analysis have to be
done in real time.

4.1.2 Multistatic GNSS Radar

Bistatic and multistatic GNSS radar data can be analyzed either by examining the re-
flected correlation waveform or by using bistatic SAR theory (see Section 3.3).

The shape and strength of the reflected correlation waveform is determined by the
roughness and dielectric properties of the surface, while the delay of the reflection with
respect to the direct signal gives information about the altitude of the receiver. The
possibility to use these properties for remote sensing with GNSS bistatic radar was first
presented in [60] as a possible means of measuring differences in ocean heights from a
satellite. It can also be used as an alternative or complement to conventional radar
altimeters for aircrafts [69, 70]. Other applications include remote sensing of ocean wave
height and wind speeds close to the ocean surface [71, 72, 73] and measurements of
soil moisture content [74]. Using the shape and strength of the correlation waveform
when analyzing is a relatively straight forward method which does not include overly
complicated computations. It is however limited to a region close to the specular point
and only a small number of well defined areas can thus be observed.

The concept of bistatic and multistatic SAR is not limited to the area surrounding
the specular point and can therefore be used to get a more comprehensive picture of the
observed surface. Bistatic and multistatic SAR has proven to be particularly useful for
detection of objects and irregularities on a surface [75, 76] but the possibility to use this
method for more general surface characterization have not yet been fully explored.

4.1.3 Measurement Campaigns

When performing a bistatic radar experiment the choice of measurement platform will
have a significant impact on the results. While a platform at a low height above ground
level (AGL) will receive more power than one at a higher AGL, the one at a higher AGL
will cover a larger area. A fast moving platform will cover a larger area in a shorter time
than a slower platform but will receive less power from a given area. In papers A and B,
both static and dynamic data have been analyzed. These measurement campaigns are
briefly described below.

Aircraft

During a data collection campaign in Iowa, USA, on July 1, 2005, researchers at the
University of Colorado (CU), Boulder, Colorado, USA recorded the direct and reflected
GPS IF signal from an airborne platform using zenith- and nadir-pointing antennas.
This data collection campaign is described in detail in [77]. The total length of this
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Figure 4.1: Sample direct and reflected waveforms of a bistatic radar system.

measurement is 102 minutes, the average speed was 75 m/s, the average altitude was
582 m, and the average AGL was 232 m.

The data from the direct channel provided information about the aircraft’s position
and velocity. The ground reflections were tracked by slaving the reflected channels’s
code and carrier tracking loop parameters to the direct channel. During post-processing,
additional correlators were added with 0.1 chip spacing from -1.1 to 16.1 chips delay on
the reflected channel to cover the delay for which the reflections were expected to produce
a correlation waveform. This corresponds to a ground distance of up to approximately
10.5 km for an aircraft at an AGL of 232 m and a satellite at 58◦ elevation, but can change
significantly for different elevation angles. Along with the expected shortest path specular
point reflections, instances of further delayed reflections, or secondary reflections, were
discovered. These backscattered reflections were transient, which implicates that they
are reflections off structures, vehicles, etc. at occasions when the geometry was correct
between the GPS satellite, aircraft, and reflecting body for a specular reflection. Figure
4.1 shows the correlation waveform for the direct and reflected channels normalized to
the maximum value of the direct channel. The direct signal (left) is phase locked and
since no reflected signals are expected on this channel the correlation waveform is only
shown between -1 and 1 chip. A clearly visible secondary peak with a delay of about
5 chips can be seen in addition to the primary reflection (with a delay of about 2 chips).
The small peak at 0 chip delay is the direct signal leaking in to the reflected channel.
This is likely due to the signal propagating around the body of the aircraft [78]. It will,
however, not affect the results since the delay between the direct and reflected signals is
too large.
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Direct patch antenna

Reflected 4−element array

300 m

Figure 4.2: The tower measurement setup. The inserted photo in the upper left corner show
the carriage on which the measurement equipment was mounted.

Tower

An experiment was carried out at the Boulder Atmospheric Observatory (BAO), outside
Boulder, Colorado, USA on April 4, 2006, see Figure 4.2. The purpose of this exper-
iment was to investigate the potential of using reflected GNSS signals as a multistatic
SAR system under more controlled circumstances than what is possible with an airborne
experiment. The BAO tower is a 300 m high tower used for atmospheric and remote sens-
ing research. Data was collected using a software GPS receiver with a zenith-pointing
RHCP patch antenna and a down looking four element LHCP antenna array pointing at
45◦ from nadir. The antenna array provided 15 dB of gain and also minimized unwanted
interference from a direct signal.

The data from the direct channel was post-processed using a commercial software re-
ceiver in order to obtain information about the position of the receiver and the satellites.
The data from the reflected channel was processed using MATLAB to obtain 1 ms corre-
lator dumps. A total of 73 correlators were used between -1.1 and 6.1 chips delay. Three
satellites with different elevation- and bistatic angles were processed (PRN 6, PRN 29,
and PRN 30). The specular point of these relative the tower and the area illuminated
by the antenna is shown in Figure 3. The range processing was done using 1 s coherent
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integration time. The area of the resolution cell is shown in Figure 4.4 as a function of
doppler processing time.

In Figure 4.5 the relative signal strength for the direct signal is shown for PRN 6. The
variations seen are likely due to multipath and coupling with nearby metallic structures.
These effects were seen for all analyzed satellites. None of the satellites that were analyzed
were blocked by any structure but it was not possible to mount the antenna on the top
of the carriage (see Figure 4.2). Since this variation does not affect the direct and the
reflected signal equally it is not possible to normalize the reflected data using the direct
channel.

4.2 Antenna Arrays

To increase the directivity of an antenna it is necessary to increase the electrical size
of the aperture. The most common way of doing this is to use a reflector. In many
cases it may, however, be advantageous to use an antenna array instead where the beam
is created by controlling the phase or time-delay of each antenna element. A number
of reasons for this exists. Firstly, an antenna array occupy less space than a reflector.
This is of particular importance in applications operating at low frequencies where the
physical size of the antenna is large, such as ionospheric radars [79]. Secondly, in an
antenna array it is possible to steer the beam of the antenna electrically or use multiple
beams. This is important for applications where the platform is dynamic and where
a number of signals needs to be detected simultaneously, such as when using a GNSS
receiver [80]. In this section a brief introduction to antenna arrays is given, for a more
comprehensive overview, see e.g. [21].

The basic principle of an antenna array is that the gain and phase of several antenna
elements is controlled in order to obtain an antenna with higher gain in a certain direction.
The far-field function Garray of the whole array, for a single frequency, is given by

Garray(r̂) =
N∑

n=1

AnGn(r̂)ejkr′·r̂ (4.1)

where An is a complex weight given to the nth element, Gn is the far-field function of
the element, and ejkr′·r̂ is the phase of the element due to its location r′ in the array [6].

There are two methods which can be used for creating the beam from the array.
The most well-known is phase shifting of the elements. In this case the bandwidth of
the antenna is assumed to be small enough for the relationship in (4.1) to be true for
the whole band. This method is simple to implement and gives good results for small
antenna arrays. For a large array the gain will however be reduced since the required
phase of An is proportional to the frequency. In this case it is better to use a true time
delay beam former in which the time delay is used instead of the phase shift. This is a
more intuitive approach since the difference in phase between two antenna elements is
due to the difference in travel time.

The beam forming process can be done using both analogue and digital means. If the
array is to have a fixed pointing direction and beam shape, the whole beam forming can
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Figure 4.3: Ground tracks of satellites for the BAO data collection.
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Figure 4.5: Relative power level for PRN 6 during the BAO data collection.

be implemented using cables of different lengths. This corresponds to a true time delay
beam forming. A steerable beam can be obtained using a network of cables (or equivalent)
of different lengths. Digitally, a true time delay beam former can be implemented using
finite impulse response (FIR) filters [81].

The performance of an antenna array will be affected by imperfections in the me-
chanical and electrical design of the antenna elements and the array. In [82] the effects
of randomly distributed errors in the position and orientation (rotation) of the antenna
elements as well as errors in the excitations were studied. It was found that the position
errors were most important and the errors in the radiating currents having a secondary
effect while the rotational errors were relatively unimportant. It was also found that the
degradation of the performance decreases with increasing size of the array. This is of
particular interest when designing large antenna arrays, such as the EISCAT 3D radar
described below. It could, on the other hand, be argued that for large antenna arrays
the consequences of even a small small error is larger than when a small antenna array is
used. Random errors in antenna arrays have also been modeled using the Monte Carlo
method [83, 84].

For all antennas with an electrically large aperture the effects due to the environment
must be taken into account. This is of particular importance in arctic environment where
uneven snow accretion on the antenna may cause large deviations in the beam shape and
pointing direction [85]. For an antenna array on ground level the accumulated snow over
time may also cause the antenna to become non-operational [86]. For this reason it is
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desired to have some system for continuous calibration of the antenna elements in the
array.

4.2.1 The EISCAT 3D Radar

Incoherent scatter radars, which listen for signals generated by incoherent scattering, have
since the 1960s been used to study the upper atmosphere and ionosphere [87]. Since the
signals to be detected are typically very weak these radar systems tend to involve large
antennas. An overview over radars currently in operation can be found in [79]. Most of
the systems uses large reflector antennas and operates at a frequency of a few hundred
megahertz. Two of the systems mentioned use arrays of dipole antennas, the Jicamarca
Radar in Peru and the MU Radar in Japan. This is also the configuration chosen for
the most recent system in operation, which is the Advanced Modular Incoherent Scatter
Radar (AMISR) which is located at the Poker Flat Research Range near Fairbanks,
Alaska, USA [88].

The European Incoherent Scatter Radars (EISCAT) involve a number of systems
that are currently in operation. The most well-known is the tristatic UHF radar, with
a transmitter in Tromsø (Norway), and receivers in Tromsø, Sondankylä (Finland), and
Kiruna (Sweden), which is capable of measuring the ion flow in three dimensions. There
is also a VHF radar in Tromsø, Norway which operates at 224 MHz and a radar at
Longyearbyen, Svalbard operating at 500 MHz. An updated radar system currently
under development, the EISCAT 3D radar, will be a tristatic system operating in the
210-240 MHz frequency range. An overview of the planned system design can be found
in [89]. Antenna arrays of up to 16000 Yagi-Uda antennas or dipoles will be used and the
system will be steered digitally to enable the use of multiple simultaneous beams. As a
part of this effort, a smaller antenna array, shown in Figure 4.6, operating at 224 MHz
have been built outside Kiruna, Sweden. This uses the VHF transmitter in Tromsø to
enable bistatic measurements of the ionosphere [90].

Due to the physical and electrical size of the antenna it is crucial to have good
knowledge of the phase and amplitude of the far-field of the antenna elements. It is thus
necessary to continuously estimate both the timing error of the front ends and the gain
and phase of the far-field radiation pattern. Two methods for estimating the timing error
can be found in [39] and [41]. A measurement system based on the equivalent electric
current method have been developed to estimate the far-field characteristics of the array.

4.2.2 GNSS Antenna Arrays

In GNSS, radio frequency interference (RFI) is a potential degrading factor due to the
low signal power of the received signal (typically 18 dB below the noise floor). In urban
environments multipath propagation is also a source of reduced accuracy in the obtained
position estimate. Adaptive antenna arrays have been proposed as a solution to these
problems due to their ability to not only increase the SNR but also to locate nulls in the
radiation pattern in certain, desired directions [80]. The use of adaptive antenna arrays
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Figure 4.6: The EISCAT 3D test array outside Kiruna, Sweden.

with GNSS receivers have received significant attention recently, particularly attractive
is the use of the combination of software receivers with antenna arrays [91]. An antenna
array designed for use with GNSS receivers can, in most cases, be considered to operate
in a narrow band and it is therefore sufficient to use phased array beam forming.

For similar reasons as in the EISCAT 3D radar it is necessary to have good knowledge
of the amplitude and phase of far-field radiation pattern. In particular if cancelation of
sources of interference is desired. In most cases this can easily be done by characteriz-
ing the antenna array using measurements in an anechoic chamber. This is, however,
not always feasible. In for example a reconfigurable antenna array it will be necessary
to estimate the far-field pattern after each reconfiguration. Also, antennas exposed to
precipitation can change their coupling characteristics during operation. In such cases it
would be necessary to continuously estimate the characteristics of the antenna array.

A method for calibration of GNSS antenna arrays using live signals was proposed in
[92]. This method used a stationary receiver to estimate the phase center of each antenna
element. This method agreed well with results obtained from measurements performed
in an anechoic chamber. As stated previously, it is important to know the performance of
the hardware involved in addition to the antennas since this affects the measurements in
a similar way. This was studied in [93] with a focus on assessing cross-talk between and
phase consistency of the front-ends used in the array. A complete antenna array GNSS
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Figure 4.7: The basic setup of a passive RFID system.

receiver was demonstrated in [94] which used a dynamic calibration scheme to estimate
the far-field radiation pattern of the antenna array.

4.3 Radio Frequency Identification

Radio frequency identification (RFID) is a system consisting of some data carrying device
(a transponder) which communicates with a reader using magnetic or electromagnetic
field coupling [10]. This definition is loose and a large number of different versions exists.
The operational frequency of different RFID systems range from 125 kHz to several
gigahertz. The systems can be either active or passive and use either radio-waves or
magnetic field coupling for the communication with the reader antenna.

In an active RFID system, each transponder contains its own power source. The
transpnders in a passive system, on the other hand, does not contain any power source
on its own but relies on power being transferred from the reader antenna. This power
transfer is in the vast majority of all passive RFID systems done by inductive coupling
where the reader and transponder act as a transformer. The data transfer is done by
changing the impedance of the transponder which will affect the current induced in the
reader antenna. This is illustrated in Figure 4.7. An introduction to passive RFID
systems can be found in [95] and [96].

RFID systems are popular for use in industrial environments for tracking of goods
in a manufacturing chain. In heavy industries where the system is subject to large
disturbances it is advantageous to use a low frequency, which is less sensitive. This is
because the field strength at this low frequency fall of as the distance from the reader
to the power of three. Thus, the field strength is much higher in the interrogation zone
than at the location of the source of the disturbance. An emerging application of RFID
systems, which is also the application considered in paper F and G, is the use of RFID
to trace iron ore pellets in a distribution chain [97]. The RFID reader antennas are
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here placed at key locations in the distribution chain while the transponders are located
among the pellets. A key question in the design of the RFID reader antenna is then
how good it performs in cases when there is little or no control over the position and
orientation of the transponders.

As seen there is a need of knowing the performance of the RFID system in a realistic
environment in order to choose an appropriate design. Ideally, this should be done using
a simulation instead of measurements since the design of the reader antenna tend to vary
with each setup. In [98], problems arising when simulating RFID systems were addressed.
It was found that simple models in general are not accurate enough while accurate models
are too complicated and time consuming and therefore not feasible. In [99] a system
model taking both the reader antenna and receiver chain for a 2.45 GHz RFID system
was proposed and evaluated. In higher frequency bands multipath propagation is an issue
and the free space assumption is therefore not always valid. An extended Friis formula
taking this into account was proposed and evaluated in [100]. Yet another issue when
designing RFID transponders is physical damage. In [101] this was studied statistically
using a large number of simulations of damaged antennas. A method for characterizing
a complete RFID system with transponders at arbitrary locations was proposed in [102].
This method uses a combination of controlled measurements in free space conditions with
a statistical model to obtain a complete characterization of the system. A model which
takes both the position and orientation of the transponder, as well as the properties of
the reader antenna and circuitry into account is suggested in paper G.
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Chapter 5

Summary of the Papers

5.1 Multistatic GNSS Radar

5.1.1 Paper A - Measurement of Backscattered GPS Signals

Authors: Tore Lindgren, Eric Vinande, Dennis M. Akos, Dallas Masters, and Penina Ax-
elrad.
Presented at: IEEE/ION PLANS Conference, San Diego, California, USA, 2006.

Summary
This paper describes a technique utilizing GPS bistatic radar to detect objects with

a significant cross section. The technique uses ground reflections with longer path delay
than the shortest path specular reflection. Data was collected from in July, 2005, over
Iowa, USA, using a commercial off-the-shelf (COTS) software receiver and post-processed
using an in-house tool. Regions with ground reflections were overlayed on aerial imagery
to identify possible sources.

Personal Contributions
The analysis of the measurement results. The measurement campaign and the low

level processing was done by the co-authors.

5.1.2 Paper B - A multistatic GNSS Synthetic Aperture Radar

for Surface Characterization

Authors: Tore Lindgren and Dennis M. Akos.
Published in: IEEE Transactions on Geoscience and Remote Sensing.

Summary
In this paper the traditional bistatic GNSS radar and the bistatic SAR concepts are

fused into a more generic multistatic GNSS SAR system for surface characterization.
This is done by using the range and doppler processing techniques on signals transmitted
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by multiple satellites to determine the angular dependence of the surface reflectivity. The
method has also been tested experimentally and these results are presented.

Personal Contributions
The concept, theoretical work, and measurements together with Dennis M. Akos.

Low level processing done by Dennis M. Akos.

5.2 Antenna Array Measurements

5.2.1 Paper C - Performance of a Yagi Antenna During Snowfall

Authors: Tore Lindgren and Jonas Ekman.
Presented at: International Symposium on Antennas and Propagation, Taipei, Taiwan,
2008.

Summary
Precipitation in the form of snow could severely degrade the performance of the

planned EISCAT 3D radar antenna array. In this paper the performance of the antenna
elements, crossed yagi antennas, is studied using both simulations and measurements.
The results shows that during snowfall the performance of the antenna is degraded, and
under severe conditions the antenna becomes non-operational. To guarantee operability
of the system, the effect of snow cover should be taken into account when designing the
final antenna.

Personal Contributions
The theoretical work, and measurements. Input and knowledge provided by Jonas Ek-

man.

5.2.2 Paper D - A Measurement System for the Complex Far-

Field of Physically Large Antenna Arrays under Noisy
Conditions Utilizing the Equivalent Electric Current Method

Authors: Tore Lindgren and Jonas Ekman.
Submitted to: IEEE Transactions on Antennas and Propagation, 2009.

Summary
Precipitation in the form of snow or rain could severely degrade the performance

of large antenna arrays, in particular if knowledge about the beam shape and pointing
direction in absolute numbers is necessary. In this paper, a method of estimating the
far-field of each individual antenna element using the equivalent electric current approach
is presented. Both a least squares estimator and a Kalman filter was used to solve the
resulting system of equation and their performance was compared. Simulation results
shows that the estimated far-field for one antenna element is very accurate if there is no
noise on the signal. During noisier conditions the Kalman filter gives less noisy results
while the systematic errors are slightly larger compared to the least squares estimator.
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Personal Contributions

The concept, theoretical work, and simulations. Input and knowledge provided by
Jonas Ekman.

5.2.3 Paper E - Estimation of the Complex Far-field of an An-
tenna Array using Live GNSS Signals and the Equivalent

Electric Current Method

Authors: Tore Lindgren, Staffan Backén, and Dennis M. Akos.
Presented at: 13th World Congress of the International Association of Institutes of Nav-
igation, Stockholm, Sweden, 2009.

Summary

When using antenna arrays with GNSS receivers both the gain and the phase of the
far-field radiation pattern may be distorted due to coupling effects. This problem can
often be solved in the design process of the antenna or by measurements in a measurement
range. This is, however, not always possible and it is then necessary to characterize the
antenna using live measurements. In this paper the equivalent electric current method
is used to estimate the gain and phase of the far-field of an antenna array for a GPS
receiver. In the method, the complex far-field pattern of an antenna is estimated using
the distribution of the electric current, which is described using suitable basis functions.
The method was evaluated using data collected by a 7-element GPS antenna array. The
results indicate that the method works satisfactory.

Personal Contributions

The concept and theoretical work. Measurements and GPS/INS processing by Staffan Backén
and Dennis M. Akos

5.3 Simulation of Radio Frequency Identification Sys-

tems

5.3.1 Paper F - Design and Evaluation of RFID Systems using
the Partial Element Equivalent Circuit Method

Authors: Tore Lindgren and Jonas Ekman.
Presented at: International Symposium on Antennas and Propagation, Taipei, Taiwan,
2008.

Summary

Systems based on radio frequency identification (RFID) techniques are finding new
markets and uses. For maximal readability, RFID-systems have to be tailored to its spe-
cific environment. In this paper, the partial element equivalent circuit (PEEC) method
is used to analyze an RFID-system with reader, tag, and additional electronic circuitry.
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The results show how the method can be used to match antennas with discrete, exter-
nal components and study the backscattered energy from the tag. The simulations are
very fast which allows for studying multiple locations of the tag in order to tailor the
RFID-system.

Personal Contributions
The concept and simulations. Theoretical work by Jonas Ekman.

5.3.2 Paper G - Monte Carlo Simulation of an RFID System

with Moving Transponders using the Partial Element Equiv-
alent Circuit Method

Authors: Tore Lindgren, Björn Kvarnström, and Jonas Ekman.
Submitted to: IET Microwaves, Antennas, and Propagation, 2009.

Summary
When designing an RFID system it is important to take both the position and the

movement of the transponders into account. In this paper, a simulation method which
enables description of a complete RFID system including moving and rotating transpon-
ders as well as a complex, industrial environment is presented. By using the Partial
Element Equivalent Circuit method to calculate the magnetic field generated by the
reader antenna and describing the transponders using a magnetic dipole, it is possible
to use the Monte Carlo method to describe the dynamic behavior of the complete sys-
tem. The method is in this paper used to describe the difference in performance between
two different reader antennas and these results are also compared to measurements of
similar systems operating in an industrial environment. The difference in performance
between the two systems is similar in both the simulations and the measurements. A
small discrepancy was seen between the results from the simulations and the measure-
ments which is for the most part due to the limited read rate of the RFID systems used
in the measurements.

Personal Contributions
The concept and simulations, theoretical work done in collaboration with Jonas Ek-

man. Measurements and statistical analysis by Björn Kvarnström.

5.4 Related Work not included in the Thesis

This section provides references to related work done by the author that is not included
in this thesis.

5.4.1 Non-specular Point Reflections in GNSS Bistatic Radar

Authors: Tore Lindgren, Dennis M. Akos.
Presented at: ESA/Estec Workshop on GNSS Reflections, Noordwijk, Netherlands, 2006.
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This paper presents an overview of non-specular point reflections found in bistatic
GNSS data. A part of this paper was extended and is presented as the journal paper B.
Results from this paper can also be found in Section 4.1.3.

5.4.2 A picosecond accuracy timing system based on L1-only
GNSS receivers for a large aperture array radar

Authors: Gustav Stenberg, Tore Lindgren, and Jonny Johansson.
Presented at: ION GNSS 2008, Savannah, Georgia, USA, 2008.

This paper presents a timing solution for the proposed EISCAT 3D radar. Although
this is directly relevant to the phase of the measured far-field the theory is different from
the focus of this thesis.

5.4.3 EISCAT 3D - a next-generation European radar system

for upper atmosphere and geospace research

Authors: G. Wannberg, H. Andersson, R. Behlke, V. Belyey, P. Bergqvist, J. Borg,
A. Brekke, J. Delsing, L. Eliasson, I. Finch, T. Grydeland, B. Gustavsson, I. Häggström,
R. A. Harrison, T. Iinatti, G. Johansson, J. Johansson, J. Johansson, C. La Hoz, T. Laakso,
R. Larsen, M. Larsmark, T. Lindgren, M. Lundberg Nordenvaad, J. Markkanen, I. Mart-
tala, I. McCrea, D. McKay, M. Postila, W. Puccio, T. Renkwitz, E. Turunen, A. van Eyken,
L. G. Vanhainen, A. Westman, and I. Wolf.
Submitted to: Radio Science, 2009.

This paper presents an overview of the EISCAT 3D radar system. The contributions
constitutes of a summary of the results from paper D.
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Chapter 6

Conclusions

In this thesis the question of how to characterize the effect of the environment on
the radio wave received by an antenna have been studied for three different applications.
A number of measurement and simulation methods have been presented and evaluated
for the different applications. Since these methods have been the focus of this thesis no
conclusions about the implications of the measurement and simulation results have been
made, other than needed to determine that the method gives correct results.

The main research question asked in this thesis was: How can the effect of the envi-
ronment on the radio wave received by an antenna be characterized? This question was
divided into three sub-questions. The answers to these questions are given below and
summarizes the contributions of this thesis to the answer to the main research question:

1. Can radio-waves scattered in non-specular directions be used for surface character-
ization?

The answer to this question is yes. This is shown in paper A and paper B
where the concept of multi-static GNSS radar is studied. Notably, in paper B
it was found that there is information to be found in signals scattered in non-
specular directions and using these may lead to a more comprehensive picture
of the surface that is studied.

2. How can the far-field radiation pattern of an antenna larger than a wavelength be
estimated using noisy signals?

This question is important to address in cases where the antenna is affected
by the environment, which is seen in paper C. The results from paper D
and paper E together shows that the equivalent electric current method can
be used to estimate the complex far-field of an antenna array using noisy
measurements. In particular, the results show that the method is general and
can be used with the probes located in both the near-field and the far-field of
the antenna under test for different types of antenna arrays.
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3. Can the effect of moving antennas be taken into account in a system simulation?

It was shown in paper G that it is possible to take the effect of moving antennas
into account in a system simulation. This was demonstrated for a passive
RFID system operating at 125 kHz. For the RFID community these results
are important since they enable characterization of the system in terms of
number of detected transponders without the need of measurements. The
results can be further expanded to other applications assuming that a suitable
model of the transmit and receive antennas can be found.

In conclusion, it is in this thesis shown that it is not only possible, but also feasi-
ble, to characterize the effect of the environment on a radio measurement system. The
characterization can be done using both measurements and simulations. Which method
that is most suitable depends on the application. On the one hand, measurements are
often preferred since since continuous monitoring of a system is then possible. It is, on
the other hand, sometimes necessary to characterize the system and environment a priori
using simulations. This would be the case when determining the signal strength of a
transponder in an RFID system since the weakest signals will not be detected by the
reader.

In the context of simulations and measurements of radio measurement systems oper-
ating in challenging environments a number of interesting areas in need of further studies
have been identified. Studying the antenna measurement problem from an estimation
theory point of view could give new insights in how to improve the measurement results
under challenging conditions, this area is only touched briefly here. Also, estimating the
orientation of the antenna array from the measurements would be attractive since this is
in some applications unknown. This is particularly interesting for the GNSS community
where such a solution could improve the performance of a combined GNSS antenna ar-
ray receiver and INS. Similar problems exists in the multi-static GNSS radar community
where the height of the surface being studied is usually not known but only assumed
to be known from some other source (e.g. digital elevation model, DEM). Being able
to study both the location and orientation of the surface and its properties (roughness,
reflecting objects, etc.) would be necessary for a complete characterization.

The Monte Carlo simulation approach for moving RFID transponders could probably
be extended to include general problems with moving antennas regardless of operational
frequency. This is a clear topic for further studies.
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Measurement of Backscattered GPS Signals

Tore Lindgren, Eric Vinande, Dennis Akos, Dallas Masters, and Penina Axelrad

Abstract

This paper describes a technique utilizing GPS ground reflections (GPS bistatic radar)
to detect objects with a significant radar cross section located on the surface of the
earth. GPS bistatic radar has been shown to be effective as a radar altimeter and for
characterization of the reflection surface but has thus far not been shown to be effective
for object detection. The technique uses ground reflections with longer path delay than
the shortest path specular reflection. Data was collected using a COTS software receiver
and post-processed using an in-house tool. Regions with ground reflections were overlayed
on aerial imagery to identify possible sources.

1 Introduction

The use of GPS signals as a passive radar system is becoming increasingly popular as an
alternative to radar altimetry. Previously, GPS bistatic radar has been used for aircraft
altimetry [1]-[3], remote sensing of ocean parameters [4], measurement of soil moisture
content [3], and object detection [2]. Thus far, the focus has been on using the shortest
path specular reflection.

This paper presents results from an airborne GPS bistatic radar experiment. The
focus is on how this method can be used as a means of detecting objects on the ground.
The technique described make use of further delayed reflections to detect objects. In
this section a summary of the data collection campaign and an introduction to the GPS
bistatic radar concept is given.

1.1 Bistatic GNSS Radar Concept

Unlike monostatic radar where a single system transmits and receives reflected radio
frequency (RF) energy, bistatic radar uses geographically separated radar transmitters
and receivers. In GPS bistatic radar the transmitter is the GPS satellite and the receiver
is located on another satellite or airborne platform. This technique compares the direct
and ground-reflected signals received from the GPS satellite for remote sensing purposes.
This is shown in Figure 1 where a reflecting object is also present. The correlation
delay between the two paths when combined with the GPS satellite elevation angle gives
a measure of the aircraft’s height above ground level (AGL). The strength and shape
of the reflected signal’s correlation waveform provides insight into the ground surface’s
reflection properties.
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Figure 1: Bistatic GPS radar concept with a GPS satellite, specular area, reflecting object, and
a GPS receiver.

1.2 Data Collection Summary

During data collection campaigns over the summers of 2004 and 2005, researchers at the
University of Colorado (CU), Boulder, digitally sampled the direct and reflected GPS
spectrum from an airborne platform using zenith- and nadir-pointing antennas. These
campaigns were conducted in support of ongoing bistatic radar research at CU. The focus
of this paper is data collected on July 1, 2005, over Iowa. Figure 2 shows the ground
track of this test flight. The total length of this measurement is 102 minutes. A skyplot
with the satellites analyzed is shown in Figure 3.

Raw RF samples were collected using a dual input NordNav software receiver from
both the direct- and ground-reflected signals with zenith- and nadir-pointing antennas.
This data collection campaign is described in detail in [5]. The data from the direct
channel provided information about the aircraft’s position and velocity. The ground
reflections were tracked by slaving the reflected channels’s code and carrier tracking loop
parameters to the direct channel.

During post-processing, additional correlators were added with 0.1 chip spacing from
-1.1 to 16.1 chips delay on the reflected channel to cover the delay for which the reflections
were expected to produce a correlation waveform. This corresponds to a ground distance
of up to approximately 9 km for an aircraft at an altitude of 582 m and a satellite at 58 ◦

elevation, but can change significantly for different elevation angles, see Section 2.2 for
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Figure 4: Correlation waveforms for direct (left) and reflected (right) channels.

a more detailed analysis. Along with the expected shortest path specular point reflec-
tions, instances of further delayed reflections, or secondary reflections, were discovered.
These backscattered reflections were transient, thus implicating them as reflections off
structures, vehicles, etc. only when the geometry was correct between the GPS satellite,
aircraft, and reflecting body. Figure 4 shows the correlation waveform for the direct and
reflected channels normalized to the maximum value of the direct channel. The direct
signal (left) is phase locked and since no reflected signals are expected on this channel the
correlation waveform is only shown between -1 and 1 chip. A clearly visible secondary
peak with a delay of about 5 chips can be seen in addition to the specular reflection (with
a delay of about 2 chips). The chipping rate is 1.023 MHz which gives a wavelength (chip
width) of 293.05 m. The small peak at 0 chip delay is the direct signal leaking in to
the reflected channel. This could be either signal propagating around the aircraft body
or cross talk in the front end. This does not have a major contribution to the results
due to the delay between the direct and reflected signals. By studying the strength and
duration of the secondary reflection it is possible to get insight into the reflecting object’s
characteristics and size.

2 Data Analysis

2.1 Peak Detection and Threshold

The object of this study is to examine the possibility of using secondary reflections to
detect object on the ground. Since it is an initial study, only the strongest and most
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obvious secondary reflections have been considered. The conditions used are therefore
strict and selected in order to eliminate the risk of mistaking noise for actual secondary
reflections. Thus, there is a significant potential for refinement of these. The conditions
used can be summarized as:

Strength of Secondary Reflection

The first and most obvious criteria is the strength of the secondary reflection compared
to the average noise. By manual inspection of the data it was found that a strength of 5 σ
(5 times the standard deviation of the noise) above the noise floor is suitable (see Figure
5 B). As noise floor an average of the correlation waveform between 5.8 and 16.1 chips
was used. This was chosen to include some reflected power but no significant secondary
reflections.

Secondary Peak Clearly Distinguishable from Shortest Path Reflection

To simplify the detection of secondary reflections and the subsequent analysis only those
peaks clearly distinguishable from the shortest path reflection were considered. To achieve
this, the minimum value between the two peaks must be at least 5 σ below the secondary
reflection (see Figure 5 A), σ was defined in the same way as previously.

Strong Specular Reflection

A strong shortest path reflection was also required. An arbitrary threshold of 15 σ above
the noise floor was set for this reflection, σ and the noise floor was defined in the same
way as previously. This reflection also had to be stronger than the direct signal leakage
on the reflected channel.

Continuity

The same reflection had to be seen in at least two consecutive epochs. This reduced the
risk of having reflections of vehicles and small objects.

2.2 Position of Reflecting Object

By looking at a secondary reflection from one satellite it is possible to determine the
coordinates on the ground where this could have come from. The information needed
to do this is the direction vector of the satellite (azimuth and elevation) and the height
above ground level (AGL) of the measurement platform, in this case the aircraft. A good
approximation of the AGL is given in [2],

h ≈ δ1

2 sin θel

, (1)

where h is the AGL, δ1 is the path delay of the shortest path reflection (see Figure 6)
and θel is the elevation angle of the satellite. The specular point can also be calculated



74 Paper A

0 5 10 15
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4
PRN 10

Delay (chips)

N
or

m
al

iz
ed

 P
ow

er

>5σ >5σ

A B

Figure 5: Threshold used when detecting secondary reflections.

using a digital elevation map [3]. This gives a more accurate estimation of AGL than the
one given in (1). It was, however, only done for one satellite (PRN 29). By using the
path delay δ2 between the secondary and specular reflection (see Figure 6) it is possible
to calculate possible coordinates of these reflections. It turns out that this is an ellipse
given by

x2

a2 sin2 θel

+
(y − yc)

2

a2
= 1, (2)

where

yc =
δ2 + h sin θel

sin θel tan θel

a =

√
δ2
2 + 2δ2h sin θel

sin2 θel

,

z is calculated from (1). In (2) a flat surface has been assumed and the elevation
and azimuth of the satellite has been assumed to be the same at both the aircraft and
the reflecting object (see Figure 7). Also, the azimuth is in the direction of the positive
y-axis.

Figure 8 shows the path delay for reflections of different positions on the ground. The
aircraft is at (x, y) = (0, 0) and the AGL is 232 m, which is the average AGL of the
aircraft used for the data collection. The elevation of the satellite was set arbitrarily to
58 ◦, pointing in the direction of the positive y-axis (see Figure 8). It can be seen that
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the path delay increases more rapidly for signals reflected from behind the aircraft (as
seen from the satellite) than for signals reflected off objects in front of the aircraft.

3 Results

The analysis described in the previous section was done for five satellites with relatively
high elevation angles, PRN 6, 10, 18, 21, and 29. How the results depend on the averaging
time used and some examples of detected objects are presented in the following two
subsections. The last subsection presents some interesting results not analyzed in detail
here but that are important and should be included in the future.

3.1 Averaging Time

Since the measurement platform is dynamic the characteristics of the secondary reflec-
tions found will depend heavily on the averaging time. The average speed of the aircraft
was 75 m/s and the average altitude was 582 m. For large averaging times the aircraft has
time to move a considerable distance during the averaging and thus, only large objects
should be detected and many of the smaller objects seen using shorter averaging times
will not be seen. The noise seen in the correlation waveforms should be considerably
lower than for shorter averaging times which makes it easier to detect objects. Figure 9
shows the total number of secondary reflections found in the data set (for the satellites
analyzed) as a function of averaging time. It can be seen that the number of secondary
reflections decreases rapidly for high averaging times (a). A tendency to decreasing num-
ber of secondary reflections can also be seen in (b) for low averaging times. A maximum
occurs for averaging times between 20 and 30 ms, which corresponds to a movement of
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Table 1: Ground covered by an airborne measurement platform.

Averaging time 10 m/s 75 m/s 150 m/s

20 ms 0.2 m 1.5 m 3 m

300 ms 3 m 22.5 m 45 m

800 ms 8 m 60 m 120 m

the aircraft of 1.5 to 2 m. Table 1 shows the distance traveled for some different aircraft
speeds and averaging times. The speeds were chosen to be representative for some differ-
ent aircrafts, 75 m/s was the average speed of the aircraft used in this data collection and
10 m/s is a typical speed for a high-altitude balloon. The number of objects detected is
expected to increase significantly if the averaging time could be increased with respect
to covered ground. A slow moving or static platform would therefore be a more efficient
solution.

Of interest is also to study how these secondary reflections are distributed for different
averaging times. This is done in Figure 10 for 20 ms (a), 300 ms (b), and 800 ms (c)
averaging times. The colored ellipses correspond to the area where the reflecting object
can be found for a given PRN (see Section 2.2). In (a) the secondary reflections are fairly
well distributed while they are concentrated to the lower part of the flight in (b) and (c).
This is due to a larger number of large structures in this part.

3.2 Detection of Objects

Urban Reflections

In Figure 11 the possible sources of secondary reflections are shown for an urban area,
in this case Des Moines, Iowa. The averaging time is 20 ms, the color of the ellipse
represents the same satellites as in Figure 10. As expected, the ellipse representing the
possible sources of secondary reflections intersects with many structures. It is therefore
not realistic to determine which building is the reflector.

Rural Reflections

Of greater interest is to study the secondary reflections in a rural area. This is shown in
Figure 12 (for PRN 21). The averaging time is 20 ms. The specular point is shown as a
colored ’+’ and the position of the aircraft as a yellow ’x’. It can be seen that the ellipse
representing a possible secondary reflection intersects with a farm in this figure. There
are more than one possible source in this case and from the imagery available it is not
possible to determine which is the actual source of the reflection. To identify a unique
object on the ground this would have to be seen in several different satellites. The ellipses
representing the area where the reflection could come from would then intersect over the
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Figure 9: Number of secondary reflection found versus averaging time.

object, reflections from three satellites would give a unique position of the object. No
instances of this was found, probably due to the fact that only the strongest reflections
have been analyzed. The geometry between the satellite, reflecting object, and aircraft
is not likely optimal for different satellites.

3.3 Multiple Reflections and Short Path Delay

Instances of multiple secondary reflections was also seen, which is shown in Figure 13.
This was only seen for one satellite (PRN 10) and only for averaging times lower than
80 ms. Also, it was only seen during a short period in the beginning of the data set,
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Figure 10: Secondary reflections overlayed on aerial imagery for different averaging times.
Image courtesy of the USGS [6].

over the urban area. In this analysis, only one peak was used. These multiple reflections
would, however, be more frequent if the threshold were set lower.

If the secondary reflection has a short path delay relative the specular reflection the
two peaks can be difficult to distinguish, and the path delay is also harder to estimate.
This was found in several cases, one example (PRN 6) is shown in Figure 14. The
averaging time is here 20 ms. Since these reflections have a shorter path delay they can
be expected to be significantly stronger than reflections occuring farther away. These
have not been analyzed here but should be included in future analyzes.
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Figure 11: Possible reflecting objects in an urban area (Des Moines, Iowa). The color of the
ellipse represents the same satellites as in Figure 10. Image courtesy of the USGS [6].

4 Conclusion

A method of detecting objects on the ground using secondary reflections with GPS
bistatic radar have been presented. The focus has been on finding a possible source
of the reflection given a path delay of the signal. The possible sources of a secondary
reflection are represented by an ellipse. By using reflections from multiple satellites it
should be possible to find a more accurate position estimate of the source. Since only the
most obvious secondary reflections has been analyzed effort should be put into finding
weaker reflections. This can be done by using a high-gain antenna and by having a slower
moving or static measurement platform, enabling longer averaging times. By taking a
static measurement (e.g. from a tall tower instead of an aircraft) both the geometry and
the possibility of finding weaker signals could be studied under controlled circumstances.
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Figure 13: Multiple secondary reflections.
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A Multistatic GNSS Synthetic Aperture Radar for

Surface Characterization

Tore Lindgren and Dennis Akos

Abstract

Bistatic Global Navigation Satellite System (GNSS) radar have received increased atten-
tion in recent years within both the radar and the GNSS communities. In this paper
the traditional bistatic GNSS radar and the bistatic Synthetic Aperture Radar (SAR)
concepts are fused into a more generic multistatic GNSS SAR system for surface charac-
terization. This is done by using the range and doppler processing techniques on signals
transmitted by multiple satellites to determine the angular dependence of the surface
reflectivity. The method has also been tested experimentally and these results are pre-
sented.

1 Introduction

Bistatic and multistatic radar, in which the transmitters and receivers are separated,
are useful tools for remote sensing of surfaces. When using Global Navigation Satellite
Systems (GNSS) as the source of illumination, there are two main approaches. The first
is to make a detailed analysis of the specular reflection. Detailed information about land
and sea surfaces in a limited region can then be obtained by analyzing how a surface
scatters energy in different directions [1]. The second approach is to use the concept of
bistatic synthetic aperture radar. This is not limited to the specular reflections, making
it particularly useful for detecting surface structures and objects [2]. In this paper these
two concepts are fused into a more generic multistatic synthetic aperture radar (SAR)
system for surface characterization, which is also tested experimentally.

Bistatic and multistatic radar systems have certain advantages over a conventional
monostatic radar. By making full use of the geometric diversity, detailed information
about the properties of a surface can be obtained [1] - [5]. It can also be used as an
alternative altimetry system for aircrafts and satellites [6]. Since existing signals from
other sources, such as TV-stations, satellites, and existing monostatic radar transmitters,
can be utilized, no power needs to be transmitted by such a system which then can be
made smaller and less expensive than a conventional radar. This makes it suitable for
applications with a limited power and weight budget [7]. The fact that the radar is
completely silent has an obvious advantage from a covert point of view, in particular
together with the geometric diversity enabling detection of objects designed to make
such detection difficult (e.g. stealth aircrafts) [8].
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Figure 1: Bistatic radar geometry. θ is the elevation angle of the incoming signal and ψ is the
scattering angle, defined here as the angle between the direction of the specular reflection and
the direction of the observed non-specular reflection.

The U.S. GPS system is the only fully operational GNSS and nominally consists of 24
satellites in 6 orbital planes in a nearly circular (eccentricity less than 0.02) Medium Earth
Orbit (MEO) with a semi-major axis of approximately 26560 km [9]. Major advantages
of using GNSS signals for multistatic radar purposes are the global coverage and the
time precision nature of the signals. Also, there are usually a large number of satellites
visible to the receiver which increases the geometric diversity of the radar system, making
detection of ground features easier. A major challenge is the low power of the signals,
the maximum direct signal level is not expected to exceed -123 dBm [9], and will be
considerably lower for a reflection. It is, in general, not a problem to detect a specular
reflection from the ground or from large, flat surfaces such as buildings [10]. The main
interest in this paper is, however, in the reflectivity of the ground in other directions than
specular.

The radar system considered in this paper consists of a set of transmitters in GPS
orbit and a receiver located close to the ground. This is depicted in Figure 1. The
amount of energy scattered from a surface depends on the scattering direction relative
to the incident direction, with most energy being scattered in the specular direction. To
calculate the energy scattered from a specific area on a surface both the delay and the
doppler properties of the reflection with respect to the direct signal must be analyzed.
This is done in Section 2. An experiment was carried out at the Boulder Atmospheric
Observatory (BAO) outside Boulder, Colorado, USA, in order to validate the algorithm,
with results described in Section 3. Finally, conclusions are given in Section 4.

2 Data Collection and Processing

The algorithm presented here uses the delay and doppler properties of the reflected signal
to retrieve a maximum amount of information about the observed object or surface. It is
largely based on [2] and [11] but has been adapted to work with longer continuous data
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Figure 2: Data collection setup.

sets during which the satellites have time to move considerably. For a general multistatic
radar experiment the following operations are performed:

1. Data collection: Binary GPS data is collected using a dual channel software GPS
receiver.

2. Low level processing: Complex correlator waveforms are calculated for the reflected
data and the positions of the receiver and the satellites are calculated using the
direct data.

3. Range processing: The correlation waveforms are analyzed with respect to the
expected delay of a reflection.

4. Doppler processing: The correlation waveforms are analyzed with respect to the
expected doppler of a reflection relative to the direct signal.

2.1 Data Collection

In a traditional GPS receiver, all low-level processing operations (correlation and track-
ing) are performed in hardware using an ASIC. This solution is very time-efficient and
has been used extensively in bistatic GNSS radar research [12], but provides limited flex-
ibility. An alternative approach is to use a software GPS receiver where the hardware
solution used for the low-level processing is replaced by a programmable processing solu-
tion. This way maximum flexibility is ensured which is important for multistatic GNSS
radar operations where data is recorded on at least two channels in parallel (direct and
reflected signal). Particularly useful is the ability to slave the reflected channel to the
direct, obtaining an accurate reference.

The data is recorded using a dual channel software GPS receiver. A generic dual
channel software receiver design is shown in Figure 2. The channel used to record the
direct GPS signal uses a right-hand circularly polarized (RHCP) antenna. A left-hand
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circularly polarized (LHCP) antenna is used for the reflected channel. Both the direct
and the reflected signals are converted to an intermediate frequency (IF) in separate front
ends driven from the same clock. The IF signal is sampled at 16.3676 MHz using 4 bits
and stored on a disk for post-processing. A detailed discussion of the hardware of this
receiver can be found in [7].

2.2 Low Level Processing

The signal structure of the GPS-system is based on Code Division Multiple Access
(CDMA) and is sent on two different frequencies. For this application, only the civilian
GPS-signal (coarse/acquisition or C/A-code) in the L1 band (1575.42 MHz) is consid-
ered, although there are several more options with existing and future GNSS systems
that will have more potential. The C/A-code is a 1023 bit (referred to as chips) long
pseudorandom noise (PRN) code unique to each satellite, enabling the use of the same
frequency for all satellites.

The binary data on the direct channel is processed using a software receiver. This
provides information about the receiver position and time and the satellite position.
It also produces a conversion between sample number and time of week (TOW). The
reflected channel is slaved in time and frequency to the direct channel, i.e. the parameters
used when tracking the direct channel are used when calculating the correlator waveform
of the reflected channel. In the ideal case, this would have a triangular shape, but
due to the limited bandwidth of the hardware used for the data collection (typically
2 MHz for a narrow band L1 front end) it will have a somewhat rounded peak. One
correlator waveform is calculated for each millisecond and is used in the range and doppler
processing. By slaving the reflected channel to the direct channel these will automatically
be synchronized. Also, large continuous data sets can be processed.

2.3 Range Processing

Due to the low power of the received signal that is expected for non-specular reflections,
a long coherent integration time of the reflected signal is desired in order to reduce the
noise. This is typically not a problem since the reflected channel is slaved to the direct.
Care must, however, be taken to ensure that the phase of the reflected signal does not
change with more than 90◦ with respect to the direct. This can be compensated for by
introducing a phase term ejkφ where k is the wave number and φ is the phase shift. The
coherent sum of N complex valued correlation waveforms can be written as

s(r, t) =
N∑

τ=1

sτ (δ, t)e
jkφ(r,τ), (1)

where sτ (r, t) is the correlation waveform at time τ within epoch t, δ is the time
delay of the reflected signal, and r is a coordinate in the ground plane. The phase
φ(r, τ) depends on the change in the satellite-reflection-receiver geometry and not only
on the delay of the reflected signal. A different coherent sum should therefore be done
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for different points on the observed surface. A signal, reflected from a surface, that is
received by a radar at a height h above the ground and with a delay δ relative to the
direct signal can come from a point (x, y) anywhere on a contour with constant delay
(iso-range contour). The iso-range contour is the intersection of the observed surface with
the surface of constant delay. The latter is called the iso-range ellipsoid and is described
in [11]. The equation for the iso-range contour has been calculated before for a space-
borne receiver with the Earth modeled as an ellipsoidal surface [6]. These calculations
are included here for the simplified case when a flat surface can be assumed, which is
valid for a receiver at a relatively low height above the ground.

The iso-range ellipsoid is given by

x′2

b2
+

y′2

a2
+

z′2

b2
= 1, (2)

where

a =
L + cδ

2

b =

√
a2 − L2

4
,

where c is the speed of light and L is the distance between the receiver and the
transmitter, which are at the foci on the y-axis. If the reflection is known to originate
from a point close to the receiver compared to L, which is the case for all non space-borne
receivers, (2) can be approximated with a paraboloid.

x′2

2cδ
+

z′2

2cδ
= y′ + cδ, (3)

where the receiver is located at the origin. Rotating this around the x-axis with the
elevation angle θ gives

x2

2cδ
+

(−y sin θ + z cos θ)2

2cδ
= y cos θ + z sin θ + cδ. (4)

The reflection is assumed to come from a flat surface located at z = −h gives

x2

2cδ
+

(−y sin θ − h cos θ)2

2cδ
= y cos θ − h sin θ + cδ. (5)

This can be expanded and simplified to the form

x2

sin2 2θ
+ y2 + yA + B = 0 (6)

A =
2h cos θ

sin θ
− 2cδ cos θ

sin2θ

B =
h2 cos2 θ

sin2θ
+

2cδh

sin θ
− 2cδ2

sin2θ
.
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Rearranging this into the form (y − p)2 − q gives

x2

α2
+

(y − yc)
2

α2/sin2θ
= 1 (7)

yc = (cδ − h sin θ)
cos θ

sin2 θ

α =

√
cδ2 − 2cδh sin θ

sin2 θ
.

h is the height above ground and θ is the elevation of the satellite transmitting the
signal.

2.4 Doppler Processing

The signal, s(r, t), in (1) will be a sum of the signals reflected off the ground along the
iso-range contour given in Equation (7). The contributions from these reflections will
interfere constructively or destructively with the reflection actually originating from the
point r depending on the relative phase. This mix of signals will produce a doppler beat
frequency which is the difference in doppler-shift between the contributing reflections.
The contribution from reflections with different doppler-shifts is found taking the Fourier
transform of the signal in (1);

S(r, Δf) = F{s(r, t)}. (8)

The signal originating from the point, r, will have no relative doppler shift and is
found by taking the value at Δf = 0. This is equivalent to calculating the average of
s(r, t). The received power, S, after doppler processing using tn seconds of data is then

S(r, 0) = t−1
n

∫ tn

0

s(r, t)dt (9)

The iso-doppler surface, from which any signal will have the same doppler shift with
respect to the the point r, has been calculated in [13] as all points that satisfy

1

λ
[vT · rT + vR · rR] = 0, (10)

where λ is the wavelength of the signal (for the GPS L1 band approximately 19.03 cm),
vT and vR are the velocity vectors of the transmitter and the receiver, respectively, and
rT and rR are the range vectors of the transmitter and the receiver, respectively. Here a
stationary receiver is used, which will eliminate the second term in (10). We then have:

1

λ
vT · x = 0. (11)

The iso-range and iso-doppler contours will intersect at the point r and also at another
point unless the iso-doppler is tangential to the iso-range. The power reflected from a
small area on the ground can be calculated using (1) and (8).
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Figure 3: Specular points of selected satellites in relation to the tower. The coordinate system
is a local east-north-up system with the receiver located at the origin.

3 BAO Tower Experiment

An experiment was carried out at NOAA’s Boulder Atmospheric Observatory (BAO)
outside Boulder, Colorado, USA on April 4, 2006. The purpose of this experiment is
to investigate the potential of using reflected GNSS signals as a multistatic SAR system
under more controlled circumstances than what is possible with an airborne experiment.
The BAO tower is a 300 m high tower used for atmospheric and remote sensing research.
Data was collected using a software GPS receiver with a zenith-pointing RHCP antenna
and a down looking four element LHCP antenna array pointing at 45◦ from nadir. The
antenna array provided 15 dB of gain and also minimized unwanted interference from a
direct signal. The IF data (IF frequency = 4.1304 MHz) was sampled at a frequency of
16.3676 MHz using 4 bits/sample. The bandwidth of the receiver is 3 MHz.

The data from the direct channel was post-processed using a software GPS receiver
in order to obtain information about the position of the receiver and the satellites. The
data from the reflected channel was processed using MATLAB to obtain 1 ms correlator
dumps. A total of 73 correlators were used between -1.1 and 6.1 chips delay. Three
satellites where chosen for processing with different elevation- and bistatic angles were
processed (PRN 6, PRN 29, and PRN 30). The specular point of these relative the tower
and the area illuminated by the antenna is shown in Figure 3. The range processing was
done using 1 s coherent integration time.

3.1 Results

The results from the measurements are shown in Figure 4 for 20 s doppler processing
time, Figure 5 for 50 s doppler processing time, and 6 for 100 s doppler processing time.
The received power is shown as a function of the scattering angle, ψ, from the specular
reflection described in Figure 1. This is a simplified way of presenting the data since the
scatter properties of a surface depends on both the elevation and azimuth of the scatter
direction. It is here shown in this way because of the small number of satellite signals
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Figure 4: Measurement results for PRN 6, 29, and 30 using 20 s of data for the doppler
processing. The power is normalized to the maximum observed power.

processed.
In all three cases it can be seen that the received power from PRN 30 is considerable

stronger than the power received from both PRN 6 and PRN 29. This is expected
since the reflection from PRN 30 is closer to the specular direction. It can be seen that
the reflection from this satellite is significantly stronger and less noisy for the lowest
scattering angles. Also, the power received from PRN 6 is somewhat stronger than the
one received from PRN 29. This indicates that PRN 6 contain some reflected energy and
could therefore be used when characterizing the surface. This is uncertain for PRN 29
for which all the seen energy could be due to noise.

The results obtained using longer doppler processing time (Figure 5 and 6) is signifi-
cantly less noisy than the results obtained using shorter doppler processing time (Figure
4). This enables observation of finer structures in the reflected data. Since the resolution
of the radar system is increased as the doppler processing time is increased, a longer pro-
cessing time also makes it possible to detect smaller spatial variations and irregularities
[11]. A long doppler processing time does, however, require a more accurate knowledge
of the receiver position to avoid smearing of the data. This could complicate this type
of processing.
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Figure 5: Measurement results for PRN 6, 29, and 30 using 50 s of data for the doppler
processing. The power is normalized to the maximum observed power.

4 Conclusion

The use of GNSS signals as transmitters for a multistatic SAR system has been investi-
gated and demonstrated experimentally. The observed surface can be characterized by
studying the power scattered in different directions. By using longer data segments when
doing the doppler processing and calculating the doppler beat frequency the resolution of
the system can be increased. The results from the BAO tower experiment is encouraging
since it demonstrates that it is possible to use the multistatic SAR concept to determine
properties of a surface. This enables the use of reflected GNSS signals for remote sensing
in environments where a non-uniform surface otherwise limit its use.

Further work include the use of more satellites and different signals and frequencies.
Of particular interest is the upcoming launch of the European GALILEO system and the
new L2c signal on the modernized GPS satellites. Also, multistatic GNSS SAR should
be studied using dynamic platforms such as airplanes or high altitude balloons.
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Figure 6: Measurement results for PRN 6, 29, and 30 using 100 s of data for the doppler
processing. The power is normalized to the maximum observed power.
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Performance of a Yagi Antenna During Snowfall

Tore Lindgren and Jonas Ekman

Abstract

Precipitation in the form of snow could severely degrade the performance of the
planned EISCAT 3D radar antenna array. In this paper the performance of the antenna
elements, crossed yagi antennas, is studied using both simulations and measurements.
The results shows that during snowfall the performance of the antenna is degraded, and
under severe conditions the antenna becomes non-operational. To guarantee operability
of the system, the effect of snow cover should be taken into account when designing the
final antenna.

1 Introduction

Antennas operating in an arctic environment may have their properties degraded sig-
nificantly due to snow falling on the antennas. This could cause severe problems for
applications where high accuracy is crucial, such as antenna arrays. In this paper, the
performance of a dual polarized crossed yagi antenna during snowfall is investigated using
both measurements and simulations.

The antenna studied here is currently used as an antenna element in the EISCAT 3D
test array, which is used to test radar hardware for the planned upgrade of the EISCAT
radar in northern Scandinavia [1]. It consist of 48 crossed yagi-antennas operating at
224 MHz with 6 MHz bandwidth and have separate channels for both polarizations.
The array is a receiving antenna for the EISCAT VHF transmitter in Tromsø, Norway.
The final EISCAT 3D radar antenna is expected to have several thousands of elements,
which means that even a small error in the individual antenna elements may results in a
significant error in the beam shape and pointing direction.

The performance of antennas during different weather conditions, particularly snow-
fall, have received significant attention. The effect a snow cover have on the input
impedance of an antenna element in an array was studied experimentally in [2] where an
array of dipoles was cover with snow layers of different depths. It was here found that
the performance of the antenna array was degraded successively with increasing depth
of the snow layer. The effect of snow accretion on reflector antennas have long been of
interest in the Nordic countries. This was studied in [3] where it was found that the
beam shape and pointing direction can be severely distorted under such conditions. The
investigation presented in this paper is limited to the effect a snow cover could have
on the reflection coefficient of the antenna. This was measured during a snowfall and
compared to meteorological data from the same period. The measured results are also
compared with simulations done using the method of moments (MOM).
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2 Dielectric Properties of Snow

Most work on determining the dielectric properties of snow has been done by the remote
sensing community, where the main interest is the permittivity, which is important when
determining refractive index and reflection coefficient. In [4], a theoretical model of the
permittivity of snow is presented with the snow being modeled as a mixture of ice grains,
water, and air. For dry snow the single most important factor affecting the permittivity
is the density [5]. The permittivity of snow is complex, although the imaginary part
is often neglected [6] since it is considerably smaller than the real part. It is, however,
included here for completeness. A more comprehensive model including both the real and
imaginary parts and their dependence on factors such as frequency, density, water content,
temperature, and pollution effects is presented in [7]. So far only the permittivity of snow
has been considered although limited information on the conductivity can be found in
the literature [8]. The permeability can be assumed to be very close to unity.

In this paper, the interest is in the performance of snow covered antennas and only
the permittivity is considered. The real part of the permittivity depends mainly on the
density and water content, although both temperature and pollution have a certain effect.
The latter factors are, as mentioned above, included in the model presented in [7] but
will be neglected here for simplicity. The relative permittivity, εrS

, of snow is in [7] given
by

Re{εrS
} = 1 + 1.7ρd + 0.7ρ2

d + 8.7W + 70W 2, (1)

where ρd is the relative density of snow compared to water, and W is the water content by
volume. For the imaginary part, only the frequency and water content is of importance,
and this relationship is given by

Im{εrS
} =

f
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(
0.9W + 7.5W 2

)
, (2)

where f is the frequency. From Equation 1 it is found that the real part of the relative
permittivity has a maximum of about 3.7 for heavy and wet snow (density of 600 kg/m3

and 10 % water by volume) while the imaginary part is significantly lower with a max-
imum of 0.037. It should be noted the most heavy and wet snow is most likely to stick
to surfaces and objects why this is also of most interest here.

3 Simulations

In this Section the antenna’s performance when influenced by snow is simulated using
a commercial MOM software. The antenna is a dual polarized crossed yagi-antenna
consisting of a feed element, which is a folded dipole, a reflector element, and three
parasitic elements. The polarizations have an offset of about 0.33 m (corresponding to a
phase-shift of approximately 90◦ at 224 MHz. In this paper only one of the polarizations
have been studied. It is assumed that the supporting bar have a negligible effect on the
properties of the antenna.
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Figure 1: The simulated return loss of a crossed yagi antenna covered with snow.

In the simulations the snow has been modeled as a complex dielectric medium as
described above assuming a density of 600 kg/m3 and a water content of 10 % (by
volume). The real and imaginary parts of the relative permittivity is then 3.7 and 0.037,
respectively. This snow is heavier and contains more liquid water than the snow that
typically falls during winter but it should have the most severe effect on the antennas as
it have a large permittivity. It is also expected that this is the type of snow that would
stick most efficiently to the antennas.

In Fig. 1 the simulated return loss is shown for a bare antenna and an antenna
covered with 0.5 mm and 1 mm of snow uniformly distributed on all conducting parts.
The operating band of the antenna is shifted significantly down in frequency even for
thin layers of snow. This is consistent with analytical results for an antenna covered with
a dielectric material with large real part of the permittivity [9]. The lowest return loss
should decrease when the antenna is covered with a dielectric. This can be seen for a
thin coating of snow but as the thickness of the snow coating is increased the effect is
reduced by limited bandwidth of the balun. It should be noted that in reality, the snow
will be distributed on one side of the wires only instead of coating the entire wire and
the simulations therefore gives a conservative estimation.

4 Measurements

The return loss of the antenna was measured continuously on January 18-21, 2008, in
Lule̊a, Sweden. During this period, a considerable amount of snow fell and the tempera-
ture oscillated around 0◦C which resulted in a very heavy and wet snow/rain mix. In Fig.
2 the return loss of the antenna is shown for a frequency of 224 MHz (top right). It is
also shown as a function of frequency (left) for two selected occasions marked in the plots
to the right. In addition, the center frequency and bandwidth of the antenna is shown
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Figure 2: The measured return loss at 224 MHz (S11), bandwidth (BW), center frequency (fc),
and precipitation during snowfall. To the left the return loss is shown as a function of frequency
for two selected occasions. These are marked in the plots to the right with dashed and dash-dotted
lines, respectively.

as well as the measured precipitation at a meteorological station in Lule̊a (this data was
provided by the Swedish Meteorological and Hydrological Institute). Before any snow fell
on the antenna the bandwidth was 6 MHz and the band was centered around 224 MHz.
At the onset of the snow (close to midnight on January 19) the return loss is increased
dramatically and the antenna is non-operational during this period. The reason for the
increased loss is that the whole band of the antenna is shifted downward in frequency
until it is entirely outside of the desired band. This behavior can be seen in the plots
of the center frequency and bandwidth. In the plot of precipitation there seem to be a
discrepancy between the start of the snow as indicated by the antenna measurements
and the measured precipitation. This is most likely due to the distance between the
meteorological station and the location of the antenna measurements.
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5 Discussion and Conclusions

The return loss of an antenna when covered by snow has been simulated using models of
the permittivity of snow. It was also measured during a period with significant snowfall.
The results shows clearly that snow covering antennas could alter the characteristics of
an antenna significantly which could be serious problem in cases when it is important
that the antenna is operational continuously.

Possible solutions to the problem are to place the antenna in a radome. This is,
however, not practical in the EISCAT radar due to the physical size of the antenna. For
the same reason heating the antenna elements is not a realistic option. To be able to
have continuous operation of the antenna it should therefore 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 operational band.

So far, only the return loss of a single yagi-antenna have been studied. It is, of course,
important to study the radiation pattern of the antenna and the characteristics of the
antenna when placed in an array.
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A Measurement System for the Complex Far-Field

of Physically Large Antenna Arrays under Noisy

Conditions Utilizing the Equivalent Electric Current

Method

Tore Lindgren, Jonas Ekman, and Staffan Backén

Abstract

Precipitation in the form of snow or rain could severely degrade the performance of
large antenna arrays, in particular if knowledge about the beam shape and pointing
direction in absolute numbers is necessary. In this paper, a method of estimating the
far-field of each individual antenna element using the equivalent electric current approach
is presented. Both a least squares estimator and a Kalman filter was used to solve the
resulting system of equation and their performance was compared. Simulation results
shows that the estimated far-field for one antenna element is very accurate if there is no
noise on the signal. During noisier conditions the Kalman filter gives less noisy results
while the systematic errors are slightly larger compared to the least squares estimator.

1 Introduction

Large antenna arrays operating in an arctic environment may have their performance
significantly degraded as the properties of the individual antenna elements change due
to weather effects, in particular snowfall [1]. This could cause severe problems in ap-
plications where knowledge about the gain and pointing direction of the main beam of
the antenna array is needed in absolute numbers. Good knowledge about each antenna
element’s active radiation pattern can significantly improve the performance of the beam-
forming process. In this paper, the method of calculating equivalent electric current in
order to estimate the far-field of the antennas [2, 3] is used and adapted to the situation
when the antenna array consists of relatively simple antenna elements (e.g. dipoles or
yagi-antennas) but where the whole antenna array is physically and electrically large.

The antenna array considered here is the planned EISCAT 3D incoherent scatter
radar [4] which is an upgrade of the existing tristatic EISCAT UHF radar in northern
Scandinavia. The radar system will consist of one main transmit/receive site and multiple
receive-only sites at 90-280 km from the main site. Each site will have an antenna array
consisting of up to 16000 antenna elements operating in the 210-240 MHz frequency
band. Since the ESCAT 3D radar will be a multistatic radar with a very narrow beam,
the pointing direction of the beam must be known with good accuracy. The maximum
allowed timing error between any two antenna elements in the array has been found to
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be 160 ps [5]. The timing error is composed of jitter in the local oscillator and in the
analog-to-digital converter (ADC), errors introduced in the clock distribution system,
and changes in the phase of the far-field pattern of the antenna elements [6]. Since
the radar will operate continuously the far-field of the antenna elements will need to be
measured regularly. In particular, the measurement system must be able to detect any
changes in the phase characteristics. The following limiting factors of the measurement
system have been identified due to the specific application of ionospheric radar and the
physical and electrical size of the system:

• The signals of interest to the users of the system are very weak [7]. The probes used
for the measurements should therefore be located outside the field-of-view of the
antenna array, as much as possible, in order to minimize interference and diffraction
effects that could degrade the performance of the radar.

• The beamforming of the antenna array will be digital with each antenna element
sampled individually. With up to 16000 antenna elements it is essential to keep the
calculations to a minimum. Thus, the number of probes used for the measurements
should be minimized.

• It is not practical to place the probes in the far-field of the antenna array due
to the physical size of the antenna. Hence, the calibration system must be able
to accurately measure the phase of the far-field with probes located at varying
distances from the antenna elements.

As a result of the limiting factors mentioned above some of the conventional mea-
surement methods may not be suitable for the type of antenna system considered in this
paper. The far-field pattern of large aperture antennas is traditionally measured using
radio sources such as quasars or distant galaxies [8]. With this approach it is possible to
get accurate gain and phase characteristics of the antenna. The typical signal strength
is, however, too low to be detected by the individual antenna elements in an array. A
similar technique, described in [9], uses spacecrafts as receivers for signals transmitted by
the Antenna Under Test (AUT). To apply this to the EISCAT 3D radar, the spacecraft
would need to act as the transmitter since not all sites will have transmitting capabilities.
A major drawback of such a calibration system is that it is unlikely that a spacecraft can
be dedicated to the radar and the calibration of the radar would therefore rely on sig-
nals transmitted for other purposes (signals-of-opportunity). Although the measurement
methods discussed above are not suitable as a sole calibration system they could be a
valuable complement to a measurement system located in the near-field of the antenna
array.

The far-field of an antenna can also be estimated using measurements in the near-field.
This typically requires more calculations than the far-field techniques. A comprehensive
overview of near-field measurement techniques can be found in [10]. The methods de-
scribed assume that all measured points lie on the same surface (planar, cylindrical, or
spherical) within a fraction of a wavelength. This may not be possible to achieve in the
EISCAT 3D radar due to the size of the system. The method described in this paper is
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instead based on the equivalent current approach where the antenna is replaced by an
equivalent electric and/or magnetic current, which is described in [2]. A clear advantage
is that the equivalent current approach is less sensitive to non-ideal probe positions al-
though than traditional near-field measurement methods. It was shown in [11] that the
current measurement technique gives accurate results when estimating the far-field of
large antenna arrays.

In this paper measurement system using the equivalent electric current method for
the EISCAT 3D antenna array is described. To reduce the size of the matrices in the
system of equations to be solved, the near-field of each antenna element is measured
separately, with the probes used as test transmitters. This is possible since all elements
will have a separate front-end. The method presented has been simulated in order to
illustrate the performance of the approach.

2 The Measured Electric Field

2.1 The Electric Field due to the Current Distribution on One

Antenna

The electric field E at a point r in the near-field of an antenna with an electric current
distribution can be calculated [12] using

E(r) = Ckη

∫∫
S′

[
JCN1 − (J · R̂)R̂CN2

] e−jkR

R
dS ′ (1)

with
Ck = − jk

4π

CN1 = 1 + 1
jkR

− 1
(kR)2

CN2 = 1 + 3
jkR

− 3
(kR)2

(2)

where S ′ is the surface of the antenna, J = J(r′) is the electric current at the point r′ on
the antenna, R = |r− r′|, R̂ = (r− r′)/|r− r′|, and η =

√
μ0/ε0 ≈ 377 ohms is the wave

impedance in free space.
The current distribution can be expanded using basis functions according to

J(r′) =

N∑
n=1

anfn(r′) (3)

where an are constants and fn(r′) are suitable basis functions. The near-field integral (1)
can then be written as

E(r) =

N∑
n=1

anGn(r) (4)

with

Gn = Ckη

∫∫
S′

[
fnCN1 − (fn · R̂)R̂CN2

] e−jkR

R
dS ′ (5)
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where fn = fn(r′) and Gn = Gn(r).

The field measured at the point r will be affected by the polarization properties of
the probes. Therefore,

E(r) = E(r) · p̂∗ =
N∑

n=1

anGn · p̂∗ (6)

where p̂∗ is the complex conjugate of the polarization vector p̂ which describes the
polarization of the probe.

2.2 The Difference Between Two Antennas in an Antenna Ar-
ray

The expressions above relates the current distribution, described using basis functions,
to the electric near-field. Of interest when implementing the beamforming algorithms is
the difference in the amplitude and phase of the far-field between two antenna elements,
as this will affect the direction of the beam. Also, calculating this difference enables the
use of signals-of-opportunity, where the absolute phase is not known, in the estimation
process. One antenna element could then be temperature controlled (i.e. free from snow)
and used as a reference element. To calculate the difference in the measured electric field
between two antenna elements, p and q, (7) is rewritten as

E(q)(r)− E(p)(r) =
N∑

n=1

(
a(q)

n G(q)
n − a(p)

n G(p)
n

) · p̂∗ (7)

Assuming that p is the reference element and q is the AUT, the constants a
(q)
n can be

written as

a(q)
n = a(p)

n + δn (8)

where δn is the difference between a
(p)
n and a

(q)
n . This makes it possible to write (9) as

ΔE =

N∑
n=1

(
a(p)

n (G(q)
n −G(p)

n ) + δnG
(q)
n

) · p̂∗ (9)

where ΔE = E(q)(r)− E(p)(r). If the the reference element is assumed to be unaffected

by the environment the term a
(p)
n (G

(q)
n −G

(p)
n ) will be known, with G

(p)
n and G

(q)
n given

by (5). The only remaining unknowns are then the constants δn. Using matrix notation
(9) is rewritten as

Gδ = ΔE − (G−G(p))a(p) (10)

where

G = G(q) · p̂∗. (11)
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3 Estimating the Current Distribution on the An-

tennas

There are several methods that can be used to solve the system of equations in (10).
In the original work on the equivalent current technique by Petre and Sarkar [2] the
conjugate gradient (CG) method was used [13]. This method results in a stable solution
and it is also computationally efficient, which is crucial when large matrices are involved,
such as when aperture antennas are analyzed. In the present paper the antenna elements
in the array are crossed Yagi-antennas, which can be modeled using a relatively low
number of unknowns. Thus, the number of probes used for the measurements are kept
to a minimum, which also reduces the computational load.

The performance of the measurement system is in this paper evaluated under noisy
conditions. The observed field strength is modeled as

ΔEobserved = ΔEtrue + w (12)

where w is the measurement noise. The noise is assumed to be zero mean and uncorre-
lated between measurements. The coefficients ap of the reference element are assumed to
be known a priori since the reference element is unaffected by the environment. Including
this into the equation does therefore not affect the properties of the noise. The system
of equations can thus be written as

Gδ = b (13)

with

b = ΔE − (G−G(p))a(p) + w. (14)

Two fundamentally different approaches of estimating δ are classical and Bayesian
estimation [14]. In the classical approach, the parameters of interest are assumed to be
deterministic but unknown. The Bayesian approach, on the other hand, assumes some
prior knowledge about the properties of the parameters, such as the dynamic behavior
of the system. This knowledge can then be used to improve the estimation accuracy. As
a classical method the least squares estimator is chosen and the Kalman filter is chosen
as a Bayesian estimator. Both these methods are used extensively in the fields of signal
processing and control theory and are under certain conditions optimal (see the following
two subsections). It should however be noted that other methods may be more suitable
in an implementation where the properties of the signal are affected by hardware.

The errors in the estimated radiation pattern of the antenna elements will consist
of a random- and a systematic part. For a small antenna array the random part could
be expected to have the largest influence on the beam-forming if the systematic error is
small. This might not be the case for large antenna arrays, where the random error will
be averaged over the array. In this case a small systematic error could have more severe
consequences on the beam-forming than random variations over the array. This need to
be kept in mind when comparing the results from the least squares (LS) estimator with
the Kalman filter.
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3.1 Least Squares

In the (LS) estimator the square error is minimized using

δ = (GHG)−1GHb (15)

where GH is the hermitian transpose of G. The error in δ will be zero on average if
the measurements b are composed of a deterministic signal and a zero mean noise, see
chapter 6 in [14]. Further, it is the optimal minimum variance unbiased (MVU) estimator
if the error is white Gaussian noise (with zero mean). This is assumed in the simulations
presented in the next section but will not be the case in an implementation where the
white noise is filtered and thus no longer completely white. Other estimators may be
more appropriate, the LS estimator is nevertheless usable even in this case since the error
will be zero on average.

3.2 Kalman Filter

Since it is necessary to measure the performance of each antenna element continuously,
a Kalman filter can be used to reduce the errors induced by noisy measurements, see
chapter 13 in [14]. The Kalman filter has the advantage over the LS estimator that it
works even if the noise are non-stationary since the properties of the noise is estimated in
the filter. Also, the Kalman filter is a sequential minimum mean square error (MMSE)
estimator. Thus, it may not provide a better estimate of the parameters in all cases but,
given a system such as described in this paper, the estimate will be better on average.

The performance of the AUT relative to the reference antenna at a given time, k, is
in this case described by the state

xk =

[
δk

δ̇k

]
(16)

where δk are the coefficients describing the difference in the current distribution on the
AUT and the reference antenna element at time k, from (13), and δ̇k are the time deriva-
tives of these coefficients. Assuming that there is a linear change of δ between time k−1
and k, the state xk is related to the previous state xk−1 with

xk = Fxk−1 (17)

where

F =

[
1 Δt · 1
0 1

]
(18)

where 1 is the identity matrix and Δt is the time between k − 1 and k. Further, the
observations, bk at time k can then be related to the state using

bk = Hxk + wk (19)

where wk is the noise and
H = [G 0] (20)
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where G is given by (5). The Kalman filter uses the previous state xk−1 and the obser-
vations bk to estimate the current state xk. This is given by

xk = (1−KkH)Fxk−1 + Kkbk (21)

where the Kalman gain Kk is given by (22). Rk and Qk−1 in 22 are the measurement-
and system covariance matrices. If these matrices are known or are possible to estimate
they are used in the Kalman filter to weight the signals. The system covariance matrix
Qk contains the information about the uncertainties affecting the estimated state xk. In
an implementation of the measurement system this would, in addition to errors induced
in the updating process, also include error sources related to the AUT. These could be
both electrical, such as crosstalk and limited accuracy in the timing between front-ends,
and mechanical, such as variations in the position of the AUT (e.g. due to wind).

The observation covariance matrix, Rk, includes information about uncertainties re-
lated to the observations. These are mainly caused by error sources affecting the probes.
Apart from electrical and mechanical errors similar to the ones affecting the AUT, the
main error is the thermal noise on the observation. There may also be a polarization
error due to non-ideal probes.

All the uncertainties discussed here will have the effect of an amplitude and phase-shift
of the far-field pattern of the AUT. The estimated far-field pattern of a given antenna
element will thus include all other error sources in addition to the effect of snowfall, which
is the desired information.

4 Numerical Results

In this section, the performance of an implementation of the method described above
is assessed using numerical data from simulations using the Numerical Electromagnetics
Code (NEC) [15]. In the simulations, all effects due to mutual coupling between nearby
antenna elements (e.g. scan blindness) have been neglected. These effects can be taken
into account when performing the measurements by using additional basis functions and
careful selection of the probes used at a given time.

Kk = Pk|k−1H
HS−1

k Kalman gain

Sk = HPk|k−1H
H + Rk residual covariance

Pk|k−1 = FkPk−1|k−1F
H + Qk−1 predicted estimate covariance

Pk|k = (1−KkH)Pk|k−1 updated estimate covariance

(22)
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Feed points

(a)

(b)

Figure 1: The proposed measurement system setup (b) and antenna element (a). The number
of antenna elements plotted is in the figure for clarity lower than in the actual system. The
probes are in (b) denoted by ’◦’.

4.1 System Setup

The antenna array considered here is similar to the EISCAT 3D test array outside Kiruna,
Sweden. The antenna elements are the same crossed Yagi-antennas as the ones analyzed
in [1], these are also shown in Fig. 1. The measurement system is designed with the
final radar system in mind, where the size of the antenna array could be on the order of
125-by-125 m. The antenna elements are mounted at an elevation angle of 55◦ and also
rotated 45◦ with respect to its own axis. It should be noted that this system setup is
only considered in order to define realistic locations of the probes. It is thus not designed
with any array parameters in mind.

The probes are assumed to be mounted on 150 m high towers which are spread out
around the antenna array. Although there may be some interference due to reflections
from the towers this effect should be small since there are no towers in the main beam
direction of the antenna array. There are three probes on each tower at 50, 100, and
150 m. This setup is shown in Fig. 1.
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Figure 2: The far-field amplitude (a) and phase (b) for the antenna element in middle of the
array. The probes are assumed to be noise free.

Fig. 2 shows the simulated far-field (solid line) of one antenna element and the far-
field estimated using the equivalent electric current method (dotted line) for the element
in the middle of the array in Fig. 1. This element is assumed to be used as the reference
element and it is therefore temperature controlled and free from snow. The reference is
the results from a full NEC-2 simulation while, for the estimation, only the field calculated
at the probe locations was used. It can be seen that the results for both the amplitude
and phase is accurate for the considered element. Only the results for one polarization
is shown (the lower of the ones shown in Fig. 1 (a).

Since the position of the probes relative to the AUT will be different for different
antenna elements in the array, the error introduced in Fig. 2 could vary between the
antenna elements. This is shown in Fig. 3 for the main beam direction of the antenna
element (along the y-axis with an elevation angle of 55◦. The error is significantly larger in
the middle, front part of the array. This is because there are no probes in the main beam
of these antenna elements. This numerical error can be reduced when implementing
the methods as discussed previously (e.g. using the CG method to solve the normal
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Figure 3: The estimated far-field amplitude (a) and phase (b) error in the direction of the main
beam of the antenna elements for different positions in the array.

equations if the LS estimator is used). The main interest here is however to compare
the LS estimator with the Kalman filter during noisy conditions. For this reason, the
simulations are performed for an element in the middle of the array where the numerical
errors in this case is small.

4.2 Modeling Snow Covered Wire Antennas

The snow is in this paper modeled as a dielectric medium with a complex permittivity
using a model proposed in [16]. The relative permittivity, εs, of snow is in the model
given by

Re{εs} = 1 + 1.7ρd + 0.7ρ2
d + 8.7W + 70W 2 (23)

where ρd is the relative density of snow compared to water, and W is the water content by
volume. For the imaginary part, only the frequency and water content is of importance,
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and this is given by

Im{εs} =
f

109

(
0.9W + 7.5W 2

)
(24)

where f is the frequency. The imaginary part of the relative permittivity is often neglected
but is included here for completeness. This model is empirical and only the effects of the
density of dry snow, the water content, and the frequency are included even though the
effect of both temperature and pollutants may be added to the model if desired. Also,
numerous other models have been proposed, see e.g. [17, 18, 19].

Since the parameters affecting the permittivity of snow can vary quickly with changing
conditions it is not feasible to take every possible situation into account. Instead a worst
case scenario was adopted. The water content is assumed to be 10 % by volume and the
density 600 kg/m3. This corresponds to wet and heavy snow, which have the highest
effect on the antennas. The real part of the relative permittivity is in this case 3.7 while
the imaginary part is 0.037. The snow-covered antenna elements are modeled in the same
way as insulated wire antennas. This can be done by a modification of the impedance
matrix as described in [20].

4.3 Performance During Snowfall under Noise-free Conditions

Simulations were done for a test case to compare the performance of the LS estimator
method with the Kalman filter approach. These simulations were done for one antenna
element located in the left, back corner of the antenna array shown in Fig. 1 with the
antenna element located in the middle of the array used as the reference element. In
this simulation the signal is assumed to be noise-free. For correctly defined covariance
matrices, the Kalman filter will in this case give the same result as the LS solution since
there is no need to use the previous state in the estimation process. Hence, only the
results for the LS solution is shown here.

The test scenario that is used both here, in the noise-free, and in the noisy conditions
considered later is shown in Fig. 4. At the time T = 10, there is the onset of the snowfall.
The thickness of the snow layer increases gradually until there is a 0.5 mm thick layer of
snow covering the antennas. In the simulations, the snow covers all wires of the antennas
completely. This will most often not be the case in reality where the snow will cover only
the top part of the wires. The simulation is divided into four different periods in order to
evaluate the performance of the measurement system under different dynamic situations.

In Fig. 5 the amplitude of the difference between reference antenna’s and the AUT’s
far-field is shown. The estimated far-field difference here gives accurate results. There
is a small bias during the period when there is a constant snow layer on the antennas.
This bias is, however, well within the acceptable limits of the system.

4.4 Performance During Snowfall under Noisy Conditions

In the simulations considered here, the signal transmitted by the probes is assumed to
be noisy. The noise is assumed to have a gaussian distribution with zero mean. Since
the amplitude of the signal received by the antenna elements will depend on both the
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Figure 4: The thickness of the snow layer as a function of time. The letters (a) to (d) denotes
periods used for the analysis of the results.
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Figure 5: Performance of the least squares solution during snowfall.

distance to the probes and the antenna gain in the direction of the probes the signal-to-
noise ratio (SNR) will vary significantly between different probes. The SNR for the AUT
considered in this section varies from less than -7 dB to over 32 dB for different probes.

To evaluate the performance, the complex error in the estimated far-field was cal-
culated. This can be seen in Fig. 6. Four different periods were analyzed. The letters
(a), (b), (c), and (d) in the Figure are denoted by the same letters in Fig. 4. To create
these plots, a total of 100 simulations were used. The numerical values are also shown in
Table 1, where the amplitude of the mean error is used to compare the systematic errors
induced by the estimation methods. The standard deviation is used as a metric of the
precision. During all periods, the Kalman filter gives more precise results than the least
squares solution, which is the result of the averaging over time. During period (c) and
(d) there is, however, a larger systematic error in the Kalman filter while the bias in the
LS estimator is slightly larger in period (b). The difference in the amplitude of the mean
error is statistically significant for periods (b), (c), and (d).
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Figure 6: The complex error induced due to the noise on the test signal (ε denotes the error).
The four subplots (a) to (d) refers to the corresponding periods shown in Fig. 4. The units are
V/m.

5 Conclusions

The measurement system presented in this paper uses the equivalent electric current
method to estimate the far-field of an antenna element in a physically large antenna
array. The method enables continuous measurements of the performance of all antenna
elements in array without the need of locating any probes in the main beam of the antenna
array. Also, using the difference of the far-field between two elements it is possible to
incorporate far-field sources, which may be at an unknown distance from the antenna
element, into the system of equations and retain the phase information. The simulations
shows that, in some cases, the Kalman filter gives a larger systematic error than the
LS estimator. The LS estimator might therefore be more suitable in spite of its larger
random variations. On the other hand, a Kalman filter can be used to estimate the state
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Table 1: Accuracy of the estimated electric field difference.
Standard deviation

Period Least squares Kalman Filter
(a) 0.047 V/m 0.030 V/m
(b) 0.047 V/m 0.036 V/m
(c) 0.047 V/m 0.024 V/m
(d) 0.047 V/m 0.040 V/m

Amplitude of mean error
Period Least squares Kalman Filter
(a) 0.016 V/m 0.016 V/m
(b) 0.024 V/m 0.018 V/m
(c) 0.032 V/m 0.038 V/m
(d) 0.023 V/m 0.031 V/m

of the antenna array in more general terms, where calibration systems further down the
receiver chain may be included. This is a topic that should be studied further.

Although only one test scenario has been considered the results from the simulations
shows that by using this type of measurement system, it is possible to improve the knowl-
edge about the far-field characteristics of an antenna. This means that the availability
of the radar system and the quality of the scientific measurements can be increased.
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Estimation of the Complex Far-field of an Antenna

Array using Live GNSS Signals and the Equivalent

Electric Current Method

Tore Lindgren, Staffan Backén, and Dennis Akos

Abstract

When using antenna arrays with GNSS receivers both the gain and the phase of the
far-field radiation pattern may be distorted due to coupling effects. This problem can
often be characterized in the design process of the antenna or by measurements in a
measurement range. This is, however, not always possible and it is then necessary to
characterize the antenna using live measurements. In this paper the equivalent electric
current method is used to estimate the gain and phase of the far-field of an antenna
array for a GPS receiver. In the method, the complex far-field pattern of an antenna is
estimated using the distribution of the electric current, which is described using suitable
basis functions. The method was evaluated using data collected by a 7-element GPS
antenna array. The results show agreement between the model and measured results.

1 Introduction

When using antenna arrays with GNSS receivers it is crucial to know the phase and
amplitude of each antennas element’s active radiation pattern, i.e. the radiation pattern
of the antenna element including all coupling effects. This is particularly important if
the exact location of the antenna elements is unknown or if large coupling effects can
be expected. If the phase and amplitude of the far-field radiation pattern is known or
can be estimated the performance of the beam-former can be increased. In this paper a
method of characterizing an antenna array using live GNSS signals and the equivalent
electric current method is presented.

Using satellite signals to estimate the radiation pattern of antennas has previously
mostly been associated with large radio telescopes where few other options exists [1].
For most antennas, however, the performance is measured in an anechoic chamber where
the environment can be controlled more accurately. For small antennas (e.g. microstrip
antennas) the measurements can be done in the far-field, while for larger antennas a
near-field system might be necessary [11]. In the equivalent electric- or magnetic current
method [3] the measured field is transformed into an equivalent electric- or magnetic
current distribution on the antenna. This method has previously been used successfully
to characterize the far-field of aperture antennas. It has also been shown to be an efficient
method for diagnosis of small printed antennas [4].
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In an antenna array several sources of errors that affects the phase and amplitude of
the measured far-field radiation pattern can be identified. Apart from antenna related
effects, such as mutual coupling between elements and imperfect knowledge about the
antenna elements’ phase center, the measurements can be distorted by differences and
crosstalk in hardware and cabling. In [5] a calibration system estimating these parameters
by injecting a test signal in the cables was proposed for use in antenna arrays for mobile
base stations. This may not, however, be suitable in a GNSS system where it is common
to use active antennas. An alternative method can be found in [6] where the antenna array
was calibrated using successive phase shifts between the antenna elements. This method
enables calibration of the whole antenna array in a short time using power measurements
only.

In this paper the equivalent electric current method is used with live GNSS signals to
estimate the active far-field radiation pattern of the antenna elements in an antenna array.
The performance of the method have previously been assessed using simulations of noisy
measurements in large antenna arrays [7] where the probes were assumed to be in the
radiative near-field zone of the antenna elements and the antenna elements were relatively
simple Yagi-antennas at known locations. This enabled an accurate description of the
antenna with a low number of basis functions. In the present paper the measurement
method as adapted to the situation where the probe (i.e. the GPS satellite) is located
in the far-field. Also, the the antenna elements are microstrip antennas on a surface and
the exact location of the phase centers is assumed to be unknown. The antenna array
used in this paper have previously been used in [8].

2 The Electric Field due to the Current Distribution

on one Antenna

The electric field E at a point r in the far-field of an antenna with an electric current
distribution J can be calculated using

E(r) =
1

r
e−jkr [IJ − (IJ · r̂)r̂] (1)

with

IJ = Ckη

∫∫
S′

J(r′)ejk(r′·r̂)dS ′ (2)

where S ′ is the surface of the antenna, r′ is a point on the antenna, and η =
√

μ0/ε0 ≈
377 ohms is the wave impedance in free space [9].

The current distribution can be expanded using basis functions according to

J(r′) =
N∑

n=1

anfn(r′) (3)

where an are constants and fn(r′) are suitable basis functions. The basis functions may
be of different types but must describe all aspects of J(r′). The far-field integral (1) can
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then be written as

E(r) =
N∑

n=1

anGn(r) (4)

with

Gn =
1

r
e−jkr [In − (In · r̂)r̂] (5)

where

In = Ckη

∫∫
S′

fnejk(R′·r̂)dS ′ (6)

where r is the distance between the phase reference point of the antenna and the ob-
servation point and r̂ is a unit vector defining the direction to the signal source from
the phase reference point. The phase reference point does not have to be located at the
phase center of the antenna. In an antenna array it may on the contrary be convenient
to use the same phase reference point for all antenna elements.

To correctly model the system, the polarization of the incoming wave must be taken
into account. Therefore, the measured field E is given by

E(r) = E(r) · p̂∗ =

N∑
n=1

anGn(r) · p̂∗ (7)

where p̂∗ is the complex conjugate of the polarization vector p̂ which describes the
polarization of the antenna. In GPS, the signal will be right-hand circular polarized in
which case the polarization vector is given by

p̂ =
1√
2
(ϕ̂− jθ̂) (8)

where ϕ̂ and θ̂ are the azimuthal and polar unit vectors, respectively.

3 The Difference Between Two Antenna Elements in

an Array

The expressions in the previous section relates the current distribution, described using
basis functions, to the electric far-field. Of interest when implementing the beamforming
algorithms is the difference in the amplitude and phase of the far-field between two
antenna elements, as this will affect the direction and shape of the beam. To calculate
the difference in the measured electric field between two antenna elements, p and q, (7)
can be rewritten as

E(q) −E(p) =

N∑
n=1

(
a(q)

n G(q)
n − a(p)

n G(p)
n

) · p̂∗. (9)

Since the satellites are located in the far-field of the antenna array, Gn will be identical
for the different antenna elements except for a phase term. If the bandwidth of the
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antenna array is large the time delay of the signal must also be taken into account. This
can however be neglected for narrow band antennas.

Assuming that the phase reference point are at the location of element p, the matrix
G

(q)
n can be written as

G(q)
n = ejk(R(q)·r̂)Gn. (10)

Thus, (9) can be written as

ΔE =

N∑
n=1

(a(q)
n ejk(R(q)·r̂) − a(p)

n ejk(R(p)·r̂))Gn (11)

with
ΔE = E(q) −E(p). (12)

In matrix notation this can be written as

Gδ = ΔE (13)

where
δ = a(q)

n ejk(R(q)·r̂) − a(p)
n ejk(R(p)·r̂). (14)

Equation (13) can be solved for δ using the least squares estimator,

δ = (GHG)−1GHb (15)

where GH is the hermitian transpose of G and b is the observation given by

b = ΔE + w (16)

where w is the thermal noise. The constants δ in (15) describes the difference between the
current distribution on the two antennas. It can thus be used to describe the difference
in the active radiation pattern between the antenna elements in the array.

4 GNSS Antenna Array Setup

Figure 1 shows an overview of the hardware used for the measurements. In addition to
the GPS L1 antenna array a reference system consisting of a dual frequency (L1 and
L2) wide band receiver and an IMU was used as a reference system. Both the antenna
array and the reference system were mounted in a vehicle at approximately the positions
shown in the figure. A comprehensive description of this hardware can be found in [8].

The antenna is a seven element array with the antenna elements mounted in a circle
on a disc. The elements are commercial, low-cost, active patch antennas designed for
operation in the GPS L1 band (1575.42 MHz). They were mounted on an aluminum disc
in a circle with 0.1 m radius as shown in Figure 2. In [8] this array was found to produce
substantial phase- and amplitude errors in parts of the radiation pattern which indicates
that the coupling between the antenna elements is significant.
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Figure 1: Measurement hardware setup. The IMU, reference antenna, and antenna array is
located approximately at the location shown in the figure.

Figure 2: Photo of the antenna array on the roof of the car.

The signal received from each antenna was sampled by individual front ends using
a sampling rate of 16.3676 MHz and an intermediate frequency (IF) of 4.1304 MHz
and two bit quantization. The front ends were synchronized using a common clock
to ensure that the signal was sampled at the same time. The front-ends used for the
measurements is discussed in detail in [10]. The IF data was recorded on a laptop and
the processing of the data was done using an in-house MATLAB software receiver. One
of the channels was used as a reference and all the other channels were slaved to this one.
The phase measurements will thus be close to zero for the reference element regardless
of the direction to the satellite and the phase measurements in the other channels will
be the phase relative to the reference element. The amplitude will, however, vary for
all antenna elements including the reference. A total of 571.6 s of data was used with a
10 Hz update frequency. Four satellites were used for the calibration.



132 Paper E

right

forward

up
1

2

3

45

6
7

Figure 3: Schematic design of the antenna array. The overlayed grid shows the relative location
and size of the basis functions.

5 Measurement Results

In the measurements it was assumed that the antenna array is located on a planar surface.
The current was assumed to be distributed over a square with sides of length 450 mm.
The surface was divided into 50 mm large square segments as show in Figure 3.

Each segment was further assumed to have a constant current distribution with a 90◦

phase shift between the x- and y-direction of the currents to obtain a circular polarization.
The basis functions can thus be written as

fn =

⎧⎨
⎩

(ŷ−jx̂)√
2

x ∈ [xn, xn + 0.05]
y ∈ [yn, yn + 0.05]

0 otherwise
(17)

where xn and yn are the x- and y-coordinates of the lower left corner of the nth segment.
The far-field radiation pattern of each segment is shown in Figure 4. Only the radiation
pattern in one plane is shown since the amplitude of the radiation pattern of the segment
is nearly rotationally symmetric. The phase will however vary for different azimuth
angles. The active far-field pattern of the elements in the array is thus here represented
by an aperture with a current distribution described by pulse basis functions.

When determining the size of the basis functions there is a tradeoff that needs to be
considered. Clearly, by reducing the size of each segment (and increasing the number of
segments) it is possible to more accurately describe fine details in the far-field radiation
pattern. On the other hand, a too fine mesh will lead to less averaging which can
increase the errors due to noise. Also, since the measurements does not completely cover
the whole hemisphere a too fine mesh may cause large errors in directions where there
are no measurements. Care must therefore be used when using this model to describe
the field in directions where there are no measurements. The model is also sensitive in
low elevation angles where small changes in the current on the aperture can lead to large
changes in the phase and amplitude of the field. This is due to the low antenna gain in
these directions.

Figures 5 and 6 shows the amplitude and phase error as a function of the amount of
data used. The estimation process was here done using a fraction of the data set spread
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Figure 4: Far-field radiation pattern for one basis function (5-by-5 cm square current distribu-
tion).

out evenly. This corresponds to the case when the calibration is done continuously during
operation (online calibration). Such a scheme would be useful if external error sources,
such as snow loading of the antenna elements, are expected to affect the performance
of the antenna array. The amplitude error is calculated using the average amplitude of
element 1 as a reference value. It can be seen that the errors are large if less than 2 %
of the data is used. If more data is used, the mean error is low, less than -20 dB for
the amplitude and less than 0.1◦ for the phase. For both the amplitude and the phase
the standard deviation is significantly larger than the mean. It is about -10 dB for the
amplitude and between 5◦ and 10◦ for the phase for all elements except element 1, which
performs better. This is most obvious when looking at the phase errors. It is due to the
fact that there are no phase variations for this antenna element.

Sometimes it is desired to calibrate the antenna array before use (offline) or avoid
calibration during certain circumstances (e.g. urban canyon with heavy multipath). This
situation was tested by using only the first part of the measurements for calibration and
then evaluating the performance using the last part. This is shown in Figures 7 and 8
where up to 350 s of data was used for the calibration and the performance was evaluated
using the last 171.6 s. During the first 100 s the vehicle was stationary which lead to
a very unstable calibration since the satellites did not move significantly during this
time. As the vehicle started to move the performance improved and the model worked
satisfactory if at least 200 s of data was used. In this case the performance is similar to
the online calibration case.
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6 Conclusions

In this paper a technique for estimating the complex radiation pattern of a GNSS antenna
array using the equivalent electric current method and live measurements have been
presented. The performance of the method have also been demonstrated experimentally.
The results shows that the method is useful, in particular for online characterization of
the array. The results for offline characterization is also promising although not fully
tested here. Of importance in the field of GNSS antennas is the fact that the method
works in situations with poor SNR compared to traditional antenna measurement ranges.

The method is general since it is possible to use both signal sources in the near-field
and in the far-field. Furthermore, any type of antenna can be assessed. The latter prop-
erty is particularly interesting since it enables description of conformal antenna arrays.
Even though knowledge about the shape and geometry of the antenna is not strictly
necessary the performance of the method is improved significantly if the basis functions
used corresponds to some physical property of the antenna. If, for example, a conformal
antenna is characterized it would make sense to use basis functions shaped in a similar
manner as the antenna array.

Future work include more extensive tests to validate the technique for use in offline
characterization. Also, the performance during heavy multipath conditions should be
assessed. The results presented here shows that is possible to use the equivalent electric
current method and live GNSS signals to improve the knowledge about both the gain
and relative phase of the individual antenna elements in a GNSS antenna array.
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Figure 5: Amplitude error of the estimated far-field as a function of amount of data used. The
data is evenly distributed over the whole data collection and the analysis is made on the whole
data.
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Figure 6: Phase error of the estimated far-field as a function of amount of data used. The data
is evenly distributed over the whole data collection. The analysis is made on the whole data.
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Figure 7: Amplitude error of the estimated far-field as a function of amount of data used. The
x-axis shows the amount of data used from the beginning of the dataset. The analysis is made
on the last 171.6 s.
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Figure 8: Phase error of the estimated far-field as a function of amount of data used. The
x-axis shows the amount of data used from the beginning of the dataset. The analysis is made
on the last 171.6 s.
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Design and Evaluation of RFID Systems using the

Partial Element Equivalent Circuit Method

Tore Lindgren and Jonas Ekman

Abstract

Systems based on radio frequency identification (RFID) techniques are finding new
markets and uses. For maximal readability, RFID-systems have to be tailored to its spe-
cific environment. In this paper, the partial element equivalent circuit (PEEC) method
is used to analyze an RFID-system with reader, tag, and additional electronic circuitry.
The results show how the method can be used to match antennas with discrete, exter-
nal components and study the backscattered energy from the tag. The simulations are
very fast which allows for studying multiple locations of the tag in order to tailor the
RFID-system.

1 Introduction

When designing a radio frequency identification (RFID) system an accurate model of both
the circuits and the electromagnetic properties of the antennas is desired. A magnetically
coupled RFID system operating at low frequency is typically modeled using an equivalent
circuit where the reader and transponder antennas are represented by an inductance. The
inductance of the antennas can be calculated using either analytical expressions [1] or
using a simulation software [2, 3]. In this paper, the partial element equivalent circuit
(PEEC) method [4] is used to make a combined model of both the antennas and the
circuits of the system.

The PEEC method is based on the integral formulation of Maxwell’s equations which
enables modeling of the whole system without having to discretize the air between the
antennas. The conductors and dielectrics are represented by inductances, capacitances,
and resistances, which makes it possible to add external components to the circuit. A
combined circuit and electromagnetic solution can therefore be performed and the same
equivalent circuit can be used in both the frequency and the time domain. This paper
focus on modeling RFID reader antennas in the 125 kHz frequency band. The PEEC
model is presented in more detail in Section 2. The procedure for designing and evaluating
a RFID system using PEEC is described in Section 3. Finally, conclusions are given in
Section 4.
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2 The Partial Element Equivalent Circuit (PEEC)

Method

This section gives an brief summary of the classical, orthogonal PEEC formulation. For
further information, see [4].

The classical PEEC method is derived from the equation for the total electric field at
a point written as

�Ei(�r, t) =
�J(�r, t)

σ
+

∂ �A(�r, t)

∂t
+∇φ(�r, t) (1)

where �Ei is an incident electric field, �J is a current density, �A is the magnetic vector
potential, φ is the scalar electric potential, and σ is the electrical conductivity, all at
observation point �r. By using the definitions of the scalar and vector potentials, the
current- and charge-densities are discretized by defining pulse basis functions for the
conductors and dielectric materials. Pulse functions are also used for the weighting
functions, resulting in a Galerkin type solution. By defining a suitable inner product,
a weighted volume integral over the cells, the field equation (1) can be interpreted as
Kirchhoff’s voltage law over a PEEC cell consisting of partial self inductances between
the nodes and partial mutual inductances representing the magnetic field coupling in the
equivalent circuit. The partial inductances shown as Lp11 and Lp22 in Fig. 1 are defined
as

Lpαβ =
μ

4π

1

aαaβ

∫
vα

∫
vβ

1

|�rα − �rβ |dvαdvβ. (2)

Figure 1 also shows the node capacitances which are related to the coefficients of potential
pii while ratios consisting of pij/pii leads to the current sources in the PEEC circuit. The
coefficients of potentials are computed as

pij =
1

SiSj

1

4πε0

∫
Si

∫
Sj

1

|�ri − �rj| dSj dSi. (3)

There is also a resistive term between the nodes, defined as

Rγ =
lγ

aγσγ

. (4)

In (2) and (4), a is the cross section of the rectangular volume cell normal to the current
direction, γ and l is the length in the current direction. Further, v represents the current
volume cells and S the charge surface cells. For a detailed derivation of the method,
including the nonorthogonal formulation, see [5].

As seen, the PEEC method is a framework for creating electric equivalent circuit
representations of general electromagnetic problems. If a quasi-static approximation is
valid, the PEEC:s can be solved to obtain the current- and potential distribution in
a free/commercial SPICE-like solver with support of additional electrical components.
Thus, allowing for a mixed circuit/electromagnetic solution suitable when studying RFID
systems. However, for the full-wave case when retardation in electromagnetic couplings
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Figure 1: Metal strip with 3 nodes and 2 cells (a) and corresponding PEEC circuit (b).

are of importance, the circuit equations [6] have to be formulated and solved in a spe-
cialized solver.

3 Design Example

The antennas studied in this paper are RFID reader antennas operating in the 125 kHz
frequency band. This is a popular frequency for use in industrial environments due to its
immunity to damping from dielectric materials [7]. There is however, still a possibility
that metallic objects located close to the antenna interfere with the measurements and
the RFID system therefore needs to be designed uniquely for each application. In this
Section, the PEEC method is used in the design process of RFID reader antenna for
passive tags operating in an industrial environment.

The application considered is a typical industrial situation, where the RFID tags are
placed among raw material that is transported on a conveyor belt. It is then advantageous
to let the conveyor belt run through the antenna, since this is a region where the magnetic
field of the antenna is strong, which makes detection of the tags more likely. The antenna
considered here consists of two identical square coils connected in parallel, where the
region of interest is inside the coils. The distance between the coils is 1 m. This design
will expand the region in which the tags can be detected, thereby further increasing the
probability that the tags are detected. This is important since, in this application, the
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Figure 2: PEEC modeling results: The potential at the end of the coil vs. size of the capacitance
connected between feed and end.

orientation of the tags cannot be controlled.

The tag used in the simulations is assumed to be a square coil with 100 turns and a
wire with a square cross section of 0.1× 0.5 mm. The length of the side of the innermost
turn is 25 mm and the outermost turn has a side with length 56 mm. The two ends of
the coil are connected via a capacitance of 1.4 nF, in order to make a matched circuit.
A realistic tag will have a significantly more complex circuitry than just a capacitor, but
the model used is chosen since the main interest is in comparing the backscattered energy
using different reader antennas.

3.1 Matching of the Antenna

An illustration of the RFID system as well as a schematic overview is shown in Fig. 3
(a). The antenna is fed be a voltage source at one end of the coils and the other end is
connected via a 50 Ω resistance to ground. This end is also where the voltage is measured,
i.e. a voltage probe is placed here in the simulations. The two coils are connected to each
other with a small resistance (of neglectable size) and the ends of the coils are connected
to each other via a capacitance as shown in Fig. 3 (a). The size of the capacitance is
chosen in order to maximize the energy dissipated by the coils. This means that the
voltage measured with the probe should be minimized. Due to the mutual inductance
between the two coils the size of the capacitance will depend on the distance between the
coils. In Fig. 2 the simulated potential vs. capacitance is shown for a distance of 1 m
between the coils. It can be seen that choosing a capacitance of 15.5 nF will maximize
the energy that is dissipated.
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Figure 3: PEEC modeling results: Left - An RFID reader antenna using two coils connected in
parallel. The tag is moved along the dotted line located in the center of the two coils. The width
of the wires are 0.1 mm for both the reader and the tag. Right - the potential at the end of the
coil with a tag present.
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3.2 Backscattered Energy from the Tag

In Fig. 3 (b) the energy backscattered by the tag is shown. The backscattered energy
is seen as the difference of the potential measured by the reader when the tag is present
compared to when tag tag is absent, and using a 1 V voltage source. The coils are
located at -0.5 and 0.5 m, as seen in Fig. 3 (a), which corresponds to the two maxima
seen in the figure. Using this type of antenna the region where the tag can be detected
is increased without adding any extra circuits. This region can be further extended by
using additional coils connected in parallel. This will, however, require another size of
the capacitance in order to obtained a matched circuit.

4 Discussion and Conclusions

This paper shows the applicability of the PEEC method in studying RFID-systems. It
is shown how external lumped components can be optimized for, in matching RFID-
system antennas and how backscattered energy from the tag can be studied. Further,
the simulations are so fast that optimization for different readers and tags are easily
performed for optimal readability. One advantage with using the PEEC method is the
equivalent circuit formulation allowing for the presented RFID-systems to be further
studied for it’s time domain characteristics using the same program.

The next step is to study more complex RFID-systems using the nonorthogonal PEEC
formulation.
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Monte Carlo Simulation of an RFID System with

Moving Tags using the Partial Element Equivalent

Circuit Method

Tore Lindgren, Björn Kvarnström, and Jonas Ekman

Abstract

When designing an RFID system it is important to take both the position and the
movement of the transponders into account. In this paper, a simulation method which
enables description of a complete RFID system including moving and rotating transpon-
ders as well as a complex, industrial environment is presented. By using the Partial
Element Equivalent Circuit method to calculate the magnetic field generated by the
reader antenna and describing the transponders using a magnetic dipole, it is possible
to use the Monte Carlo method to describe the dynamic behavior of the complete sys-
tem. The method is in this paper used to describe the difference in performance between
two different reader antennas and these results are also compared to measurements of
similar systems operating in an industrial environment. The difference in performance
between the two systems is similar in both the simulations and the measurements. A
small discrepancy was seen between the results from the simulations and the measure-
ments which is for the most part due to the limited read rate of the RFID systems used
in the measurements.

1 Introduction

The electromagnetic properties of a device may be significantly altered due to movement
of one or more components. This is of particular concern to the RFID-community where
the readability of the RFID transponders depends strongly on their orientation and
position with respect to the reader antenna. Typically, the orientation, position, and
movement of the transponder is known with some statistical distribution. It is therefore
desired to have a model capable of predicting the performance of a system in terms of
the probability that a transponder is detected by the reader or some other statistical
property of interest.

The ability to predict the performance of an RFID system in a realistic environment
have gained significant attention recently. This is of particular concern for the process
industry, where there is little or no control over the orientation, position, and movement
of the transponders. Consider for example [1] where the use of RFID systems to trace
iron ore pellets in a product chain is evaluated experimentally. The results indicate that
RFID systems can be used for this type of application. In [2] the readability of RFID
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transponders when placed on different types of goods was investigated experimentally.
In that study, a 100 % read rate was never achieved regardless of configuration. Similar
results were obtained in [3], where measurements in an anechoic chamber was compared
to measurements in a warehouse environment. Improving the reliability of RFID systems
by using redundancy (i.e. multiple reader antennas) was suggested and evaluated exper-
imentally in [4]. The performance of an RFID transponder is also affected when located
close to a metallic surface, this effect was quantified in [5] using Finite Element Method
(FEM) simulations and measurements. A method to characterize a UHF RFID system
is proposed in [6]. This method uses a combination of free space measurements of the
readability of transponders and statistical models of fading due to e.g. multipath effects.

Although the focus of the investigations presented in [2] - [6] have mainly been in the
UHF band (typically 860-960 MHz), the problems are similar in the low frequency bands
(125 and 134.5 kHz). This was assessed in [7] where a reader antenna design suitable for
an animal identification system was proposed. The studies mentioned so far have relied
heavily on measurements to analyze the performance of an RFID system in a realistic
environment. Sources of errors i simulations of RFID systems is presented in [8]. Careful
interpretation of simulation results is called for due to the fact that simulations often
need to be simplified in order to reduce the computational time.

The purpose of this paper is to present a simulation method capable of describing the
performance of an RFID system, operating in an industrial environment, in statistical
terms. The approach chosen is similar to the one used in [9], where the Monte Carlo
method is used to assess the effects of physical damage on antennas. In the present paper,
the Partial Element Equivalent Circuit (PEEC) method (see [?]-[10]) is used to calculate
the current in, and the magnetic field created by the reader antenna. This method
is based on the integral formulation of Maxwell’s equations which enables modeling of
the whole system without having to mesh the air between the antennas. Further, the
conductors and dielectrics are represented by inductances, capacitances, and resistances,
which makes it possible to include additional lumped circuitry into the simulation. The
feasibility of using the PEEC method to describe an RFID system have previously been
studied in [11] and [12]. It is here expanded to also include the problem of correctly
describing the performance of an RFID system as the transponders rotates and move
randomly through the reader. This can be simulated effectively using the Monte Carlo
method. Using this approach, the number of PEEC simulations is minimized, which
reduces the simulation time, while at the same time a large number of relative orientations
and positions of the reader and transponder may be analyzed. The focus in this paper is
on RFID systems operating in the 125 kHz band, the results can however also be applied
to higher frequencies. The study is here done for two different type of RFID reader
antennas and the simulations are compared to the results from measurements on similar
systems.
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Figure 1: The basic function of an inductively coupled RFID system. The voltage ’Vout’ is the
signal used to detect a transponder.

2 Theory

The basic principles of an inductively coupled RFID system is shown in Fig. 1. As
the transponder comes close to the reader antenna, the voltage ’Vout’ will change due
to the mutual inductance between the coils. The simulation approach in this paper is
largely based on [11] where this effect was simulated using PEEC for different transponder
locations in the vicinity of the reader antenna. It is here adapted to the situation in which
a very large number of transponder locations and orientations needs to be simulated and
were a complex environment must be taken into account. It is then necessary to minimize
the number of electromagnetic simulations by using some suitable approximation in order
to reduce the computational load. This is done by approximating the transponder using
a magnetic dipole which can be moved around in the interrogation zone of the reader.
Since the effect of the transponder on the magnetic field created by the reader antenna is
small, the analysis of the reader and the transponder can be completely decoupled. When
the properties of the transponder is known, the strength of the signal received by the
reader can be calculated using traditional circuit theory. Thus, only one electromagnetic
simulation per reader antenna needs to be performed. The approach assumes that the
transponder is small compared to the reader antenna and that the voltage induced by
the transponder in the reader circuit is small.

2.1 The Partial Element Equivalent Circuit (PEEC) Method

This section gives an brief summary of the classical, orthogonal PEEC formulation. For
further information, see [13].

The classical PEEC method is derived from the equation for the total electric field at
a point written as

Ei(r, t) =
J(r, t)

σ
+

∂A(r, t)

∂t
+∇φ(r, t) (1)

where Ei is an incident electric field, J is a current density, A is the magnetic vector
potential, φ is the scalar electric potential, and σ is the electrical conductivity, all at
observation point r. By using the definitions of the scalar and vector potentials, the
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current- and charge-densities are discretized by defining pulse basis functions for the
conductors and dielectric materials. Pulse functions are also used for the weighting
functions, resulting in a Galerkin type solution. By defining a suitable inner product,
a weighted volume integral over the cells, the field equation (1) can be interpreted as
Kirchhoff’s voltage law over a PEEC cell consisting of partial self inductances between
the nodes and partial mutual inductances representing the magnetic field coupling in the
equivalent circuit. The partial inductances shown as Lp11 and Lp22 in Fig. 2 are defined
as

Lpαβ =
μ

4π

1

aαaβ

∫
vα

∫
vβ

1

|rα − rβ|dvαdvβ. (2)

Fig. 2 also shows the node capacitances which are related to the coefficients of potential
pii while ratios consisting of pij/pii leads to the current sources In in the PEEC circuit.
The coefficients of potentials are computed as

pij =
1

SiSj

1

4πε0

∫
Si

∫
Sj

1

|ri − rj| dSj dSi. (3)

There is also a resistive term between the nodes, defined as

Rγ =
lγ

aγσγ

. (4)

In (2) and (4), a is the cross section of the rectangular volume cell normal to the current
direction, γ and l is the length in the current direction. Further, v represents the current
volume cells and S the charge surface cells. For a detailed derivation of the method,
including the nonorthogonal formulation, see [14]. As seen, the PEEC method is a
framework for creating electric equivalent circuit representations of general electromag-
netic problems. If a quasi-static approximation is valid, PEEC:s can be solved to obtain
the current- and potential distribution in the studied structure using a free/commercial
SPICE-like solver with support of additional electrical components. Thus, allowing for
a mixed circuit/electromagnetic solution suitable for studying RFID systems. However,
for the full-wave case when retardation in electromagnetic couplings are of importance,
the circuit equations [15] have to be formulated and solved in a specialized solver.

2.2 Approximation of the Transponder

A simple RFID transponder can be modeled as a current loop and a capacitor. The
electric current in the loop can be interpreted as a magnetic dipole with a dipole moment

m = NSItn̂, (5)

where N is the number turns in the loop, S is the area enclosed by the loop, It is
the current in the loop, and n̂ is the normal to the area enclosed by the loop. If the
transponder is small compared to the reader antenna, the magnetic field created by the
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Figure 2: Metal strip with 3 nodes and 2 cells (top) and corresponding PEEC circuit (bottom).

reader can be assumed to be constant over the whole transponder. It is then possible to
calculate the magnetic interaction energy, Urt, using

Urt = m ·B(r) (6)

where B(r) is the magnetic field at the point r created by the reader antenna [17]. Using
the mutual inductance, M , between the reader and transponder, the magnetic interaction
energy can also be written as

Urt = MIrIt (7)

where Ir is the current in the reader coil. Using (6) and (7) the mutual inductance
between the reader and the transponder can be written as

M =
NS

Ir

n̂ ·Br(r). (8)

The current Ir is given by the PEEC-simulation of the system.
By inspection of Fig. 1, the voltage induced by the reader in the transponder is

Vtransponder =
jωM

1 +
ZLt

Zt

(9)

where M is given in (8), ω is the angular frequency, ZLt
is the impedance of the coil

in the transponder and Zt is the impedance of the transponder. The impedance ZLt
of

the transponder antenna (denoted as Lt in Fig. 1) is typically modeled as an inductance
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in series with a resistance and the impedance Zt of the transponder is modeled as a
capacitance in parallel with a resistance.

The voltage induced by a transponder in the coil of the reader antenna will depend on
the current that is induced in the transponder by the reader antenna. This relationship
can be written as [16]

Vind = jωMIt = − ω2M2Ir

ZLt
+ Zt

. (10)

The transponder communicates with the reader antenna by changing its load, Zt.
This is done either by adding an extra resistor in parallel with the circuit (ohmic load
modulator) or by adding a capacitance in place of the resistor (capacitive load modulator).
This is shown in Fig. 1 for a capacitive load modulator. In both of these cases both the
amplitude and the phase of the voltage, Vind, induced in the reader coil is changed. To
determine the readability of the transponder, it is therefore necessary to calculate the
difference in the induced voltage Vind with the modulator on or off. The signal strength
can thus be written as

Vind = −ω2M2Ir

[
1

ZLt
+ Zt,1

− 1

ZLt
+ Zt,2

]
(11)

where Zt,1 and Zt,2 are the transponder impedances when the load modulator is connected
and unconnected respectively.

2.3 System Simulation

The parameter of interest when designing an RFID system is the detection rate of RFID
transponders. In order for a transponder to be detected by the reader circuit, two criteria
must be fulfilled. Firstly, the magnetic field at the location of the transponder must be
sufficiently strong to meet the transponder’s power needs. Secondly, the voltage induced
by the the transponder in the reader circuit must be high enough during a long enough
time to be detected over the noise. Thus, in order for a successful detection of an RFID
transponder the voltages in (9) and (10) must be above some threshold value for a certain
period of time.

As can be seen above, the voltage induced by an RFID transponder in a reader de-
pends on both the magnetic field at the location of the transponder and the orientation of
the transponder with respect to the field. By using the magnetic dipole approximation
only one simulation of the reader antenna and circuitry is needed in which the mag-
netic field in the vicinity of the reader antenna is calculated. The read rate of RFID
transponders can then be estimated using a Monte Carlo simulation.

The Monte Carlo method is suitable when the system to be simulated consists of a
large number of particles who’s behavior (location, speed, rotation, etc.) can be described
using statistical mechanics [18]. In the case of an RFID system, this can be applied by
assuming that each RFID transponder is a magnetic dipole as described above. At a
given time, t, the transponder will be located at a point, r, and oriented in the direction
n̂. A transponder’s starting position and orientation at time t0 and the subsequent
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positions and orientations at time tn is determined using knowledge about the statistical
distribution of the transponders’ position, velocity, and orientation.

The simulation of a complete RFID system using the proposed method is outlined in
Fig. 3. In the first step the performance of the reader antenna and circuit is simulated
using PEEC. In the second step the transponder is modeled as described in Section 2.2.
A random starting position and orientation of the transponder is then chosen from an
appropriate distribution and the induced voltages in the transponder and reader antenna
is calculated using (9) and (10), respectively. This is repeated for updated positions of
the transponder until it has left the vicinity of the reader antenna. The procedure is
repeated for new starting positions and orientations until there is sufficient confidence in
the results.

The procedure outlined above is general and requires detailed information about both
the reader and transponder circuitry and the construction of the transponder antenna.
If this information is not available, the procedure can be simplified by only analyzing
some parameter of interest (e.g. the maximum voltage induced by each transponder in
the reader circuit). The method could then still be an powerful means of comparing
different antenna geometries even if the knowledge about the system is limited. This is
the approach used in the later sections of this paper.

3 Simulations

The method presented above was used to simulate and compare the performance of two
different antenna configurations for a system operating in an industrial environment. In
this system, the transponders are placed among iron ore pellets on a conveyor. The
purpose of the analysis is to compare two different antenna configurations to determine
which is most likely to detect most transponders. As indicated earlier, the focus is on
performing a qualitative analysis of the differences between the antenna geometries rather
than describing the properties of each antenna in absolute numbers.

The two antenna configurations are shown in Fig. 4. The transponders are assumed to
move on a straight line through the gray region in the middle of the figures (in random
position in this region). Also, it is assumed that the transponders are oriented in an
arbitrary direction without rotating. In the first design (a) the reader antenna is mounted
around the conveyor and is shaped in order to get as close as possible to the pellets where
the transponders are located. This antenna is compared to the second design (b), in which
the entire reader antenna is located under the conveyor. The antenna is bend slightly as
a saddle in order to move the conductors closer to the pellets.

In the measurement presented in the next section the transponders used were 22 ×
4 mm. The actual coil in the transponder is slightly smaller than these dimensions. The
transponders are assumed to be matched to 125 kHz and modulated using a capacitive
load. In the simulation, 300 loops of coil with a diameter of 4 mm was used. It is assumed
that this coil have an internal resistance of 5 Ω. Further, the load of the transponder
is assumed to be 5 kΩ. This choice does, however, not affect the final results since all
induced voltages are normalized to the maximum obtained value.
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Simulate the current in and magnetic
field created by the reader antenna

Create a model of
the transponder

Calculate the initial position and
orientation of the transponder

Calculate the voltages induced in the
transponder and in the reader antenna

Update the position and
orientation of the transponder

Calculate the voltages induced in the
transponder and in the reader antenna

Have the tranponder left the
vicinity of the reader antenna?

Yes

No

Is there confidence
in the results?

Yes

No

Done

Figure 3: Flowchart of the simulation procedure.

For the PEEC-simulation, only the center frequency, 125 kHz, of the band was consid-
ered although there is in reality a bandwidth of about 6 kHz. Also, the relatively simple
reader circuit shown in Fig. 1 have been used. This is not the same as the one used in the
measurements where the circuitry is significantly more complex. These approximations
are motivated by the fact that the property of interest is the shape and orientation of
the reader antennas.

Fig. 5 shows how the voltage induced by the transponder in the reader antenna
changes as the transponder moves through the read area. The transponder is here as-
sumed to move on a straight line in the upper part of the region shown in Fig. 4. The
voltage is shown for both antennas for the case when the transponder is oriented perpen-
dicular to the plane spanned by antenna 1 (xz-plane in Fig. 4) and when it is oriented
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Figure 4: Two different RFID reader antenna configurations. In (a) the reader antenna is
mounted around the conveyor as a loop and in (b) the reader antenna is mounted below the
conveyor as a saddle. The transponders move on a straight line through the gray region.

perpendicular to the the plane spanned by antenna 2 (xy-plane in Fig. 4). It can be seen
that the induced voltage is strongest when the transponder is oriented perpendicular to
the reader antenna which is expected since they are in this case most likely oriented along
the magnetic field lines. In the case when the transponder is oriented in the same plane
as the reader antennas the induced voltage is significantly lower.

The full Monte Carlo simulation was done for 20000 transponders with different ori-
entation and position of the transponders as described above. It is here assumed that
the speed of the transponders is low so that there is enough time for the reader circuit to
detect them. The parameter of interest is in this case the maximum induced voltage for
each transponder. This is shown in Fig. 6 for the reader antenna mounted around the
conveyor (a) and for the reader mounted below the conveyor (b). The induced voltage
is here normalized to the maximum detected value since the main interest is in com-
paring the two antenna configurations. This also simplifies the comparison between the
simulations and the measurements presented in the next section.
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Figure 5: The induced voltage for different location of the transponder in Fig. 4. Results
(a) and (b) is for the antenna mounted around the conveyor with the transponder oriented
perpendicular to- and in the plane of the antenna, respectively. Results (c) and (d) is for the
antenna mounted below the conveyor with the transponder oriented in- and perpendicular to the
plane of the antenna, respectively.

The spread of the maximum signal strength is clearly larger when antenna 1 is used
compared to antenna 2. This is due to the fact that this antenna gives a strong, evenly
distributed field in the region where the transponders are located. Furthermore, the
direction of the field does not change significantly which means that the orientation of
the transponders greatly affects the induced voltage. Since the transponders are oriented
randomly a large spread is expected for this antenna geometry. Antenna 2 will produce
greater variations in the direction of the field along the path of the transponder and
the orientation of these will therefore be somewhat less important to the received signal
strength. This is the reason for the more collected distribution. It can also be noted that
the maximum detected signal strength is lower for antenna 2 than for antenna 1. This is
due to the slightly larger distances between the transponder and the antenna.

4 Measurements

The measurements were performed on June 2, 2009 at the LKAB facility in Kiruna,
Sweden using the similar antenna systems and transponders as described in the previous
section. During the measurements a total of 64 transponders were dropped among the
raw material (iron ore pellets) on a conveyor. The speed of the conveyor is about 3 m/s.
The two antennas were located at a relatively large distance from each other and the
coupling between them is therefore negligible. Once on the conveyor, the transponders
do not rotate and thus it can be assumed that the orientation of the transponders is the
same in both measurements.

Of the transponders dropped on the conveyor about 64% were detected by antenna 1
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Figure 6: Histogram of the normalized maximum induced voltage found by Monte Carlo sim-
ulation. The top figure (a) is for the case when the antenna is mounted around the conveyor
and the bottom figure (b) is for the case when the antenna is below the conveyor.

and 61% by antenna 2. This difference was found to be well within the error margin
and does therefore not lead to any conclusion. The distribution of the maximum signal
strengths does however differ considerably between the two antenna configurations, which
can be seen in Fig. 7. This was also verified using a one-way ANOVA test [19] which
showed that there is a significant difference with 95% confidence in the mean value of
the maximum detected signal strengths between the two antennas.

The difference between the distributions is similar to what was seen in the simulations,
with antenna 1 having a more dispersed distribution than antenna 2. Obviously, only
the detected transponders reported any maximum signal strength and therefore no very
weak transponders are seen in the measurement results. Also, a transponder which gives
a signal which is above the threshold of the reader circuit may still be missed if it is
in the vicinity of the reader antenna for too short time. Therefore, fewer of the weak
transponders will be detected, which will result in the peak being shifted towards higher
values.



164 Paper G

0 0.2 0.4 0.6 0.8 1
0

5

10

15

20

Normalized signal strength

N
um

be
r 

of
 tr

an
sp

on
de

rs

(a)

0 0.2 0.4 0.6 0.8 1
0

5

10

15

20

Normalized signal strength

N
um

be
r 

of
 tr

an
sp

on
de

rs

(b)

Figure 7: Histogram of the normalized maximum induced voltage found by measurements. The
top figure (a) is for the case when the antenna is mounted around the conveyor and the bottom
figure (b) is for the case when the antenna is below the conveyor.

The measurements were also performed using a smaller 12 mm transponder. In this
case antenna one detected only 14% of the transponders while antenna two did not detect
any transponders. The main reason for this is that the coil in the 12 mm transponder
is smaller and therefore interacts more weakly with the reader antennas, for both these
measurements the same type of distribution could be expected. The results are also
consistent with the results seen in both simulations and measurements for the 22 mm
transponders, with the threshold of the circuit being above the maximum signal strength
seen for antenna 2, in which case very few transponders would be detected in antenna 1.
If, on the other hand, the size of the transponders would be increased, it could be expected
from the simulation results that antenna 2 performs better in terms of number of detected
transponders since the threshold may then be below the peak seen in the distribution in
Fig. 6 (b).
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5 Conclusions

A method based on the PEEC and the Monte Carlo methods which can be used to de-
scribe the performance of complex RFID systems with moving and rotating transponders
have been presented. The method have been used to compare two different antenna con-
figurations and it has been shown that the results are similar to the ones obtained using
measurements in an industrial environment. Due to the magnetic dipole approximation
used, the method is best suited for situations where the dimensions of the transponders
are much smaller than the reader antenna.

Although it is not strictly necessary to use the PEEC method to obtain the magnetic
field created by the reader antenna, it is advantageous in this application since the integral
formulation makes it efficient in situation when the structures contain a lot of air. Also,
the ability to include circuits in the simulation is convenient when simulating passive
RFID systems. In other applications other methods could be more suitable. This is
something that should be studied further.

Being able to describe the behavior of a RFID system in statistical terms is advan-
tageous since it gives a means of predicting the read rate of a given antenna. To obtain
the signal strength in absolute numbers would however require detailed information of all
parts of the system, including transponder, reader circuits, noise levels, etc. Even though
this information may not be available the simulation method is still a powerful tool that
qualitatively can describe the different properties of the available antenna configurations.
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