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Abstract

In this thesis, an improved reference signal for making passive Synthetic Aperture Radar
(SAR) images is constructed by demodulating a Digital Video Broadcasting-Terrestrial
(DVB-T digital TV) signal received on a flying platform with a portion of the samples
missing. The quality of the reference signal affects the quality of the passive SAR image,
so the reference signal needs to be of good quality. Demodulating the DVB-T signal
received in the flying platform for constructing the reference signal makes the passive SAR
system less complex than using a receiver on an additional, stationary platform for that
purpose. A novel algorithm for demodulating a DVB-T signal with samples missing is
presented and is shown to work for constructing a good reference signal. Signals received
by the airborne SAR system LORA, developed by the Swedish Defence Research Agency
(FOI), are used. LORA cannot register received samples completely continuously but
about 1 % of the samples are missing. The demodulated signal is then manipulated and
modulated again to make a reference signal that is shown to suppress artefacts from the
signal structure in an example SAR image.

Synthetic aperture radar is a useful technology for making radar images. Passive SAR
does not transmit signals but instead use signals from other, possibly non-cooperative
transmitters. Passive SAR has some desirable characteristics compared to conventional
active SAR, for example, the cost and weight of the radar system may be lower as it
does not have a transmitter. A passive SAR may also use frequencies that are not
available for radar purposes and that may interact differently with the environment, e.g.
frequencies sufficiently low to penetrate foliage. The passive SAR image is produced using
measurements of received echo returns while the transmitter or the receiver is moving. In
addition to the measured of echoes, the corresponding (measured) positions of the antennas
are needed together with a measured reference signal from the transmitting source. The
SAR image is formed by correlating the received echo returns with the reference signal
which ideally should be the same as the transmitted signal (or an intentionally modified
copy of it). There are several different kinds of possible transmitters and signals available
for passive SAR. In this thesis, signals that comply with the digital TV standard Digital
Video Broadcasting-Terrestrial (DVB-T) are used. DVB-T signals are attractive for use
in passive radar since, for example, the transmitted power is high (tens of kilowatts),
signals are available in wide areas, in several countries and on several continents, their
bandwidth and frequencies and their use of Orthogonal Frequency Division Multiplexing
(OFDM) modulation which can be demodulated, decoded and corrected.

Keywords: passive radar, reference signal, passive Synthetic Aperture Radar (SAR), Digi-
tal Video Broadcasting-Terrestrial (DVB-T), Orthogonal Frequency Division Multiplexing
(OFDM), signal reconstruction, missing samples
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1 Introduction

A radar is a device that transmits electromagnetic signals and receives the echoes from
objects [1]. Radar was from the beginning an acronym for RAdio Detection And Ranging.

Radars are present everywhere in society, in many different types, with many different
abilities using a wide range of frequencies. There are many applications of radars. Radars
are widely used for remote sensing, for surveillance and detection of changes over time.
Examples of radar applications are radars used for missile defence, air traffic control,
police traffic surveillance and weather radars for making weather forecasts [2].

The electromagnetic signals interact differently with the environment (through e.g.
diffraction, reflection and attenuation [1]) depending on their frequency and polarisation,
and radars are designed for selected frequencies and polarisations depending on their
specific use, e.g. in all weather conditions or for foliage, ground or materials penetration.
Radars can also measure the phase history of the radar echoes and their radial velocity
(Doppler shift) [2]. This is used e.g. for detection of aircraft and missiles and for searching
and tracking airborne targets. Radars are mounted on many different kinds of platforms,
for example on spaceborne, airborne, naval and automotive platforms. With a synthetic
aperture radar, maps over the reflectivity of the terrain and stationary targets in the
terrain can be made and moving targets can be detected. With inverse synthetic aperture
radar, images over the reflectivity of different parts of a target, seen from different angles,
can be made. The radar antenna beamwidth is designed to be narrow (e.g. for tracking,
mapping and for good angular resolution) or wide (e.g. for searching and for strip-map
synthetic aperture radar) [1]. Radars are also designed to transmit the electromagnetic
signals continuously or in pulses or not transmit at all (passive radars). Passive radars are
used for e.g. air surveillance and have some advantages over conventional transmitting
radars but it still remains to find applications of passive radars where they provide a clear
advantage over conventional transmitting radars [3].

A passive radar is a radar that does not transmit itself but it uses echoes from radiation
transmitted from other (non-cooperative or to some extent co-operative) transmitter(s),
for example transmitters for Digital TV using the Digital Video Broadcasting-Terrestrial
standard (section 1.3 below).

A Synthetic Aperture Radar (SAR) is used for making two- or three-dimensional
images (section 1.2). Passive SAR is an emerging technology that can be used for mapping,
surveillance and detection [4].

For extracting information from the received echoes, a radar most often compares (cor-
relates) the received echoes with a reference signal which closely resembles the transmitted
signal (section 2.3).

The types of radars considered in this thesis are passive radar and passive synthetic
aperture radar (sections 1.1 and 1.2 below).

1.1 Passive radar

A transmitter used for passive radar may transmit broadcast or communication signals or
it may be another radar transmitting radar signals. If the receiver and transmitter are

1



separated such a long distance that the radar has significantly different properties from a
system with co-located receiver and transmitter, then it is also called a passive bistatic
radar. There are also bistatic radar systems with their own transmitters using bistatic
geometries. Early measurements with a passive bistatic arrangement using a broadcast
signal were reported already in year 1924 [3].

Passive bistatic radars have a number of desirable characteristics compared to radars
that transmit. The cost for a passive bistatic radar may be lower as the system does not
have its own transmitter and since it does not transmit any energy. Also the weight is
lower, which may be important for airborne systems. Since it does not transmit, it is
more difficult to detect and no permission for transmitting signals is needed so it may use
parts of the electromagnetic spectrum that are reserved for other uses than for radars.
Moreover, the radar cross section in bistatic geometry is different and could provide an
advantage, due to the separation of transmitter and receiver, against targets that are
designed for having low mono-static radar cross section.

Passive bistatic radars also have some disadvantages compared to conventional active
radars as the transmitted signal might not be intended for use in radars, for example the
signal modulation, the frequency band used by the signal, coverage of illumination and
emitted power are not optimised for radar use. Several different kinds of transmitting
systems, signals and standards have been subject of research for use in passive radar
applications, for example FM broadcast radio signals, analogue TV, digital TV and radio,
mobile telephony systems, Wi-Fi and space-borne systems like global navigation satellite
systems and satellite TV [3].

1.2 Synthetic aperture radar

A Synthetic Aperture Radar (SAR) is a radar that can produce an image by moving the
receiver or transmitter antenna relative to the area to be imaged while recording radar
echoes from several different positions along the path. An image is calculated from the
recorded radar returns from the different receiver (or transmitter) positions, thus making
up a synthesised aperture. The passive SAR image is produced using measurements
of received echo returns and their corresponding (measured) positions together with a
measured reference signal from a transmitting source and the positions of the source.

A passive SAR does not transmit itself but uses signals from illuminators of opportunity
that possibly do not co-operate. Passive SAR has some desirable characteristics compared
to conventional active SAR since no electromagnetic energy is transmitted, for example
the cost and the weight for the radar system may be lower as it does not have a transmitter
and it may use frequencies that are not available for radar purposes that may interact
differently with the environment, e.g. frequencies sufficiently low to penetrate foliage.
Moreover, passive SAR facilitates covert operation, not revealing that the area is under
surveillance. The transmitter or the receiver is moving and the passive SAR uses bistatic
geometry. Possible configurations to mention include [5] fixed transmitter on the ground
and the receiver on an aircraft, transmitter on a satellite or aircraft and the receiver on
the ground and transmitter on a satellite and the receiver on an aircraft. When using an
airborne system, most often the system is flown along a linear or in some cases circular
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path [5]. In systems with a moving receiver, the echo signals from the target area could be
collected with a fixed antenna pointing broadside to the platform path (stripmap mode)
or with an antenna steered towards a fixed location or target area (spotlight mode).

The airborne SAR research system LORA (chapter 5, developed by the Swedish
Defence Research Agency (FOI)) has been used for both active and passive stripmap
SAR. LORA cannot register received signals completely continuously but about 1 % of
the samples are missing which is a problem that is discussed in this thesis. LORA was
originally designed for active SAR using transmitted pulses, so there was no need for
registering received signals continuously. Samples are stored in data packets together
with descriptive information about each pulse. Samples are thrown away during the time
the descriptive information is stored.

1.3 Digital TV in passive radar

A large amount of research has been carried out on passive radar using signals for digital
TV. One digital TV standard that has been exploited is Digital Video Broadcasting-
Terrestrial (DVB-T) from European Telecommunications Standards Institute [6]. Digital
TV signals have several properties that are attractive for use in passive radar. The
bandwidth of one signal is about 7.6 MHz (for 8 MHz channels [6]), giving a best
resolution for passive SAR of about 20 m in range. The transmitted power is high (tens
of kilowatts) and the frequency is in the UHF-band, typically between 470 and 860 MHz
[7]. The DVB-T standard is in use worldwide, in several countries on several continents.
It uses Orthogonal Frequency Division Multiplexing (OFDM) modulation with error
correcting coding and resembles band-limited noise [7]. The transmitted signal can be
reconstructed, for use as reference signal, by demodulating (extracting the subcarrier
symbols) and decoding the received signal (using the in-built error correcting coding),
then coding and modulating the signal again.

1.4 This thesis

In this thesis, a reference signal for passive SAR based on DVB-T signals is constructed
for making passive SAR images. The DVB-T signal is reconstructed close to as it was
when it was transmitted by demodulating the signal received in the LORA system’s
wide-beam antennas mounted on a flying aeroplane. The signal recorded by LORA misses
a portion of the samples and these samples are reconstructed with a novel algorithm for
reconstructing missing samples that is also presented. The reference signal is constructed
by correcting the demodulated signal and then modulating it again with and without
manipulating the signal for decreasing artefacts from the signal structure. Examples of
passive SAR images calculated with the constructed reference signal with and without
manipulation for decreasing artefacts are shown. The objective of this work is to improve
the quality of passive SAR images by improving the reference signal constructed from
signals received in the aeroplane.
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2 Passive Radar basics

A bistatic radar is a radar where the transmitter and the receiver are separated a significant
distance. This chapter provides basics of passive radar, specifically Passive Bistatic Radar
(PBR). A frequently used alternative term is Passive Coherent Location (PCL). An
introduction to passive bistatic radar is given in [5][7][3].

A bistatic geometry is shown in figure 2.1 for one transmitter, one receiver and one
target. A segment of an ellipse indicating constant bistatic distance (range) is also shown.
The baseline is a straight line (of length L) between the transmitter and the receiver.
The distance (range) between the transmitter and the target is here denoted RT , and the
distance between the target and the receiver is RR. The target’s velocity vector (v⃗) is
also shown. The bistatic angle β is the angle between the transmitter and the receiver
seen from the target. The bistatic speed is measured in the direction of the bisector of
the bistatic angle [5].

Figure 2.1: Geometry for passive bistatic radar. The bisector of the bistatic angle β
is shown with a straight, dashed line. The curved, dashed line indicates the rotational
ellipsoid with constant bistatic range at the target.

The definition used here for bistatic range is (RT +RR −L), see figure 2.1. The range
resolution in Cartesian coordinates for bistatic range in a direction with an angle ϕ (not
shown in the figure) to the bisector is given by [5] (with misprint in [5] corrected)

∆R =
c

2B cos(β/2)cosϕ
(2.1)

where c is the speed of light and B is the bandwidth of the signal. The Cartesian velocity
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resolution for the target along the bisector (Vb = v cos δ) for stationary transmitter and
receiver is [5][7]

∆Vb =
λ

2T cos(β/2)
(2.2)

where λ is the wavelength of the signal and T is the integration time.
The detection of targets in passive bistatic radar is based on correlation of the signal

from the transmitter (reference signal) and the return signal from the area of interest
containing the echoes (surveillance signal). In many systems, the reference signal is
measured with a directional antenna pointing towards the transmitter [7]. Some passive
bistatic radar systems do not have separate antennas (or digitally formed beams) for the
reference signal and the surveillance signal, but instead they are contained in the signal
measured with the same antenna (element).

In either way, the direct signal (directly from the transmitter) is often present in the
received surveillance signal through the surveillance antenna’s main or side lobes and it
is often strong compared to the echoes reflected from targets in the area of interest. In
order to be able to detect weak targets, the receiver measuring the surveillance signal
needs to be able to measure both very strong and very weak contributions in the received
signals so its dynamic range needs to be high [7].

Assume that the bistatic range r(t) as a function of time can be expanded in a Taylor
series with its time derivatives of different orders at time t = 0 [7]:

r(t) = R+ V t+
At2

2
+ ... (2.3)

where R is the bistatic range, V is the bistatic velocity and where A is the bistatic
acceleration. The reflected radio frequency echo signal xRF

e from a point object can then
be written [7]:

xRF
e = Re

{
CRF

e · xr
(
t− r(t)

c

)
exp

(
i2πfc

(
t− r(t)

c

))}
(2.4)

where xr(t) is the transmitted signal in complex baseband representation (low centre
frequency before up-converted to radio frequency, see below), CRF

e is the relative amplitude
of the echo from the object, and fc is the upconversion frequency of the transmitted radio
frequency signal.

In the reception process, the received real-valued signal is, in most systems, down-
converted in one or several steps from the radio frequency band to a signal with lower
centre frequency, where the centre frequency after the last down-conversion step often is
of the same order of magnitude as the bandwidth of the signal or less (baseband signal).
If the samples in the baseband signal are complex-valued (i.e. they are represented by
complex numbers), then it is called complex baseband signal. The up- or down-conversion
in frequency (corresponding to the factor exp(i2πfct) in 2.4) is often done in hardware by
mixing with a sinusoidal signal from a local oscillator possibly followed by filtering [8]. If
complex baseband is used, then the sinusoidal signal from the local oscillator is shifted 90
degrees out of phase for the imaginary part of the complex baseband signal. A complex
baseband signal can also be calculated in software from a real baseband signal.
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After down-conversion and assuming that the bistatic range r(t) can be approximated
with the first two terms in its Taylor expansion (i.e. r(t) ≈ R+V t) during the integration
time and that the baseband signal xr in equation 2.4 is not influenced by the change in
bistatic range during the integration time, then the complex baseband signal from the
object can be written [7]

xe(t) = Ce · xr
(
t− R

c

)
· exp

(
i2π

V

λ
t

)
(2.5)

where Ce is a complex scale factor which is constant during the integration time. The
reflected signal in baseband in this model is assumed to be equal to the transmitted
baseband signal, xr(t), but scaled (first factor in equation 2.5), delayed (second factor)
and Doppler-shifted (third factor).

The cross-ambiguity function is a cross-correlation between the received signal and
the complex conjugate of the reference signal shifted by the distance (or corresponding
delay) R in bistatic range and shifted by V in bistatic velocity (or frequency), see also
section 2.2. The cross-ambiguity function in baseband between the received surveillance
signal xs(t) and the reference signal xr(t) can be written [7]):

ψ(R, V ) =

T/2∫
−T/2

xs(t) · x∗r
(
t− R

c

)
· exp

(
− i2π

V

λ
t

)
dt (2.6)

where T is the integration time. The cross-ambiguity function is evaluated over some
intervals in bistatic range and in bistatic velocity corresponding to the area of interest,
creating a range-velocity diagram. A target in the area will give a strong correlation
in equation 2.6 which then can be found by searching the range-velocity diagram for a
correlation peak. The evaluation of the cross-ambiguity function corresponds to matched
filtering and Doppler processing in active, pulsed radar [7].

2.1 Radar range equation

The radar range equation is fundamental for radars as it describes the relationship between
the main system parameters and the ability to detect a target. It elaborates the Signal-
to-Noise Ratio (SNR), which is the ratio between the power of the received signal Pr and
the power of the noise Pn. The bistatic radar range equation can be written [3][5][7]

SNR =
Pr

Pn
=

PtGt

4πR2
T

σb
4πR2

R

Grλ
2

4π

TB

kBTsBL
(2.7)

where parts of the last factor assume matched filtering, see below. The received signal
power is proportional to the power of the transmitted signal Pt. It is assumed that the
target is in the far field so that the power transmitted from the transmitter towards
the target is approximately distributed with constant power over a solid angle in that
direction. For a constant solid angle, the illuminated area will increase proportionally to
the square of the distance from the transmitter. Hence, the power reaching the target
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is inversely proportional to the square of the distance between the transmitter and the
target RT (and to factor 4π for the area of the sphere). The gain of the transmit antenna
Gt is the ratio between the power density received at the target and the power density at
that distance if the total transmitted power had been transmitted isotropically. The gain
Gt also includes a reduction for power losses on the way between the antenna input and
the output in the atmosphere. A part of the signal power reaching the target is reflected
from the target into the direction of the receiver. This part is proportional to the bistatic
radar cross section σb of the target (in that direction), which is expressed as an area and
depends on the size, shape and materials of the target and on the polarisation of the
signal and on how the target is rotated relative to the transmitter and the receiver. The
signal power reflected from the target into the direction of the receiver is spread similarly
to the transmitted signal explained above, so that the power reaching the receiver is
inversely proportional to the square of the distance between the target and the receiver
RR (and factor 4π). The power received in the receiver antenna is proportional to the
effective area of the antenna in the direction towards the target. The effective area is the
physical antenna aperture area reduced by various losses. The relationship between the
effective area Ae, the wavelength of the signal λ and the receiver antenna gain Gr can be
written [8][9]

Ae =
Grλ

2

4π
. (2.8)

In all objects, charged particles exhibit random thermal motion and emit electromagnetic
waves of different frequencies and polarisation [8][1]. These electromagnetic waves are
called thermal noise. The noise is generated both externally in the surroundings of the
radar and internally by randomly moving electrons in the radar system. At frequencies
below the order of 1 GHz, man-made noise can dominate over the thermal noise while
at higher frequencies, the thermal noise of the radar receiver is often the dominating
received noise [7]. The thermal noise power spectral density (noise power per frequency)
in the radar receiver is proportional to the system noise temperature Ts with Boltzmann’s
constant kB as the proportionality constant. The power of the thermal noise Pn over the
receiver effective bandwidth B can then be written kBTsB [9].

The power of the received signal Pr in equation 2.7 is also decreased by various losses
L which include losses from the atmosphere, the receiver and the signal processing [9].

An echo signal contribution from a target is integrated coherently in the cross-ambiguity
function 2.6, while contributions from the noise are uncorrelated with the reference
signal and are integrated incoherently. The number of samples, for which the different
contributions are integrated coherently or incoherently, is proportional to the integration
time T , thereby giving a proportional gain in the SNR. Increasing the signal bandwidth
will also increase the power of the received signal proportionally if the signal’s power
spectral density is about the same, if a matched filter is used and assuming that the
receiver effective bandwidth is increased accordingly so that it is kept slightly larger than
the signal bandwidth. So the signal processing gain is proportional to the time-bandwidth
product which then can be written as the product TB, which corresponds to the number
of independent samples of the noise. In the next section, it is shown how the SNR can be
calculated if the receiver effective bandwidth and the signal bandwidth are not about the
same.
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2.2 Matched filter

Receiver noise can often be accurately modelled with a normal (Gaussian) distributed
random variable with zero mean added to each sample of the sampled signal, additive
white Gaussian noise, with all frequency components having the same weight (white).
Knowledge of the value of the white noise at one instant of time gives no knowledge of the
value of the white noise at another instant of time. The linear shift-invariant (invariant
to delays) operator that maximizes the SNR for a signal with white noise is the matched
filter. The matched filter is the time-reversed complex conjugate of the transmitted signal.
By cross-correlating the received signal with the matched filter, the delay, phase and
amplitude of the signal reflected from a point target can be estimated.

Assume the noise is additive, zero mean white Gaussian noise n(t) (in case of a
complex-valued signal, the real and imaginary parts are independent and identically
distributed). The response of a linear filter, with impulse response h(t), to the signal
reflected from a stationary point target can then be written

y(t) =

∫ (
beiϕx(τ − td) + n(τ)

)
h(t− τ)dτ (2.9)

where x(t) is the transmitted and reflected signal, b is the amplitude of the received signal,
ϕ is the phase relative to the transmitted signal and td is the time delay, see also [10][11].
Let R be the distance to the point target, then td = 2R/c and ϕ = −4πR/λ where c is
the speed of light and λ is the wavelength of the transmitted signal. Equation 2.9 can be
transformed to the frequency domain, where the SNR can be calculated as [10]

SNR =

b2
∣∣∣∣ ∫ X(ω)H(ω)dω

∣∣∣∣2
2πN0

∫
|H(ω)|2dω

(2.10)

where N0 is the power spectral density of the noise.

Using the Cauchy-Schwarz inequality, the maximum SNR is attained when H(ω) =
αX∗(ω), where α is an arbitrary constant. This is the matched filter in the frequency
domain. Transforming back to the time domain gives

h(t) = αx∗(−t) (2.11)

which is the matched filter in the time domain.

If the receiver effective bandwidth Br and the signal bandwidth Bs are not about
the same, a simple indication of how the SNR can be estimated is given by noting that
the integrand in the integral in the numerator in equation 2.10 is non-zero inside a
frequency band of width less than or equal to the minimum of Br and Bs. In that case,
the numerator and the SNR scale quadratically with the minimum bandwidth of Br and
Bs, while the denominator scales with Br.
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2.3 Reference signal

As the results of evaluating the cross-ambiguity function (equation 2.6) depends on the
reference signal, it is important that the reference signal has good quality, and is as
clean as possible [5], with high SNR and without (possibly Doppler-shifted) multipath
contributions. In many passive radar systems, the reference signal is measured with a
directional antenna directed towards the transmitter. In some types of signals frequently
used for passive radar, the transmitted signal is generated from a digital source and
contains redundant information so that it is possible to correct and reconstruct the
transmitted signal without the contribution from delayed echo signals and receiver noise.
If the reference signal is demodulated (and maybe also decoded) with few uncorrected
errors, a clean reference signal could be obtained by (coding and) modulating the signal
again.

If the reference signal is not a radar signal, there might be features in the signal that
could give rise to undesirable artefacts in the cross-ambiguity function, e.g. sidelobe peaks
[5]. If the quality of the reference signal is sufficient, it might be possible to suppress
these artefacts by manipulating the reference signal, thereby creating a mismatched filter.

Important characteristics to take into account when comparing different sources of
illumination for passive radar include frequency, bandwidth, area coverage, signal strength,
if the signal characteristics for passive radar purposes varies with time and the number
of available transmitters visible in the same time. The characteristics for passive radar
of broadcast and communication signals that use analogue modulation depend on the
program contents transmitted at the moment.

3 Passive Synthetic Aperture Radar

The passive SAR image is produced using measurements of received echo returns and
their corresponding (measured) positions together with a measured reference signal from
a transmitting source and the positions of the source. The positions of the moving (and
stationary) receiver or transmitter antennas need to be measured or known with high
accuracy in order to calculate a SAR image. The accuracy needs to be better than of the
order of a wavelength in order to avoid defocusing, if not compensated for in other ways.

For an airborne receiver, signals from additional transmitters may be received on
altitude compared to on ground level. It may also be that some of these signals received on
altitude uses the same frequency band, giving co-channel interference [5]. There may also
be contributions from several different transmitters at different locations that transmit
the same signal (but differently delayed at reception) if Single Frequency Network is used.

Often, there is a straight signal path from the transmitter to the receiver, making the
direct signal (used for reference) very strong in the received signal. If a non-directional
antenna is used for measuring the reference signal, then there will be contributions present
from echoes with different signal paths giving rise to Doppler spreading, which can give
inter-carrier interference if a multiple carrier signal is used. If the reference signal is
received along with the surveillance signal in an airborne receiver, and the reference signal
is demodulated and decoded with few uncorrected errors, then a clean reference signal
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can be obtained without the need for a separate reference signal receiver platform, thus
making the SAR system less complex. The strong direct signal is often significant in the
surveillance signal, compared to the echoes, even if a directional antenna is used for the
surveillance signal (discussed in section 5.2).

In a bistatic SAR image, some features may be different from what are seen than in
monostatic SAR [5]. For example, there might be shadows from two directions from the
same object in the bistatic SAR image, one in the direction from the transmitter and one
in the direction from the receiver. The reflections from dihedral and trihedral corners
between horizontal ground and vertical tree trunks or walls of buildings may also be less
strong than in monostatic geometry [5], because of the non-zero bistatic angle (β in figure
3.1). This can be an advantage for example for finding targets in forests [12].

Figure 3.1: Passive SAR geometry with stationary transmitter (on tower) and moving
receiver (in aeroplane). An echo signal path and the direct signal path from transmitter to
receiver are shown (arrows).

For a stationary transmitter, the resolution in (one-way) range along the bisector of
the bistatic angle is [4]

∆R =
c

2B cos(βm/2)
(3.1)

where βm is the bistatic angle of a target when the receiver is in the middle of the synthetic
aperture, and where c is the speed of light and B is the signal bandwidth. The best
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resolution is when βm = 0.

The azimuth resolution in the direction of the velocity vector of the receiver relative
to the target is [4]

∆A =
λ

2ωETd
(3.2)

where ωE is the effective angular speed of the receiver relative to the target, Td is the
radar dwell time on the target and λ is the wavelength of the centre frequency. The
resolution in range and azimuth thereby depends on the target’s position relative to the
transmitter and the receiver positions.

4 Digital Video Broadcasting-Terrestrial

The digital TV standard Digital Video Broadcasting-Terrestrial (DVB-T) from Euro-
pean Telecommunications Standards Institute [6] uses Orthogonal Frequency Division
Multiplexing (OFDM) modulation with 6817 parallel carriers in one symbol in the 8K
transmission mode [6]. Out of the 6817 carriers, only 6048 are used for carrying data,
which is pseudo randomly coded for each carrier. The rest, called pilot carriers and Trans-
mission Parameter Signalling (TPS) carriers are there for helping decoding the signal (e.g.
in multipath environments) and the pilots are sent with slightly higher average power.
The frequency separation between two carriers in the 8K mode is 1/Tu, where Tu = 0.896
ms is the duration of the useful part of the symbol. There is also a 2K mode with shorter
symbol duration, giving a larger frequency separation between adjacent carriers. The
DVB-T 8K mode signal is specified for a Doppler tolerance for high-speed reception,
while the 2K mode has a Doppler tolerance making ”extremely high” [6] speed reception
possible. The DVB-T 8K mode is specified for being used with a single transmitter and
in small, medium and large single frequency networks. Between each symbol (in time
domain), a guard interval, which equals the cyclic continuation of a fraction ( 14 ,

1
8 ,

1
16

or 1
32 ) of the useful part of the later symbol, is inserted. The required carrier-to-noise

ratio (a measure of signal quality) to achieve a certain bit error rate for different choices
of transmission parameters is given in [6]. The DVB-T standard specifies signals that
allow 6 MHz, 7 MHz and 8 MHz spacing between TV channel centre frequencies. The
nominal bandwidth of the 8K mode in the 8 MHz channel, which is mainly used in this
thesis, is about 7.6 MHz.

The DVB-T standard has been further developed to the standard DVB-T2 [13], and
there has been migration towards this standard in some countries [7]. The DVB-T2
standard is more complex and flexible than the DVB-T standard which means that
demodulation (and modulation for reference signal in passive radar) is more difficult.

The number of transmitted DVB-T and DVB-T2 signal frequency bands in Sweden
decreased from up to six in some transmitter locations to one or two when the largest
pay television company Boxer stopped broadcasting in the terrestrial network in January
2025 [14] but instead moved to other distribution technologies. The number of available
DVB-T and DVB-T2 signal frequencies with good ground level power in most areas in
Sweden then decreased to one or two. Also, the commercial TV channel TV4 stopped
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broadcasting in the terrestrial network in Sweden in January 2026 [15] but instead use
other technologies for distribution.

4.1 DVB-T in passive radar

The OFDM modulation is relatively advantageous for passive radar applications as it
resembles band-limited noise [7]. However, the DVB-T signal also contains pilot carriers
and the cyclic continuation (guard interval), which give rise to artefacts in the cross-
ambiguity function [16][17].

The transmitted signal can be reconstructed, for use as reference signal, by demodu-
lating and decoding the received signal (using the in-built error correcting coding), then
coding and modulating the signal again. However, some parts of the transmitted signal
that might be desirable in a reference signal, for example from non-linearities in the
transmitter, may also be removed in that process. In general, as long as the transmitter
equipment transmits a signal that fulfils the requirements in the standard defining the
signal, the signal can vary within the specified allowed limits of these requirements, see
also [7]. For example, the drift between the local oscillator in the transmitter relative to
the local oscillator in the receiver is taken into account in the remodulation for creating a
reference signal [17].

Demodulating the DVB-T signal received makes it possible to improve the reference
signal (section 2.3) for passive SAR by removing multipath echoes and noise but also to
decrease artefacts that will be present in the SAR images when DVB-T signals are used
in passive radar. These artefacts can be decreased by manipulating the reference signal
so that it becomes a mismatched reference signal. Also, by using a transmitted signal
with good quality, the (usually very strong) direct signal present in the surveillance signal
can be suppressed, so that the effects of the direct signal in the images can be reduced.

In order to be able to demodulate and decode the received DVB-T signal with few
uncorrected errors, a minimum ratio between the power of the signal and the power of
the noise (carrier-to-noise ratio) is needed [6], depending on the parameters used by the
transmitter for the transmission. In addition to noise, delayed multipath echoes may be
present in the received signal depending on receiver antenna beam width. Also, if the
receiver is moving these multipath echoes can give rise to Doppler spreading and spread
power to adjacent carriers in inter-carrier interference, making the signal more difficult
to demodulate depending on receiver antenna beam width, platform speed and centre
frequency. If the receiver is flying on high altitude, other transmitters using the same
frequency band might be present (e.g. in a single frequency network) and could interfere,
making the signal additionally more difficult to demodulate.

The ambiguities in the cross-ambiguity function [16] from pilot carriers and guard
intervals arise at certain positions in range (delay) and Doppler shift [17]. These ambigui-
ties give rise to artefacts in the passive radar image. The artefacts from the pilots can
be suppressed by using a mismatched reference signal where the power of the pilots has
been reduced by a factor of 9

16 [17] (as mentioned earlier, the pilots are transmitted with
slightly higher average power than the data carriers).

The use of synthetic aperture will limit the effect of the artefacts from pilot carriers
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as is discussed in [4] for the back-projection algorithm for SAR image formation. This is
because of the range and phase variations of the artefacts are different from those of real
targets so that the back-projection algorithm will severely defocus the artefacts [4][18].
An expression for how the quadratic phase error depends on the wavelength, the platform
velocity, the range and the aperture time in a quasi-monostatic case is given in [18]. There
it is found that the quadratic phase error in the cases shown is much higher than about
π/4 required for defocusing, and that DVB-T signal demodulation, suppressing pilots and
modulation again might not be necessary for synthetic aperture radar. Below, in section
5.5, an example of suppressing the pilot carriers in a SAR image from LORA is shown.

Several different techniques have been presented to improve construction of a reference
signal from a DVB-T signal received with an airborne platform, for example using several
antennas (as in section 5.4 below) or using expansion in basis functions [19].

5 Passive SAR with the LORA system

The radar system LORA (LOw frequency RAdar) is an experimental radar system
designed and built by the Swedish Defence Research Agency (FOI). It is installed in an
aeroplane and uses two unique, specially designed antenna booms which are mounted
outside the front of the aeroplane.

The LORA system could be operated in two different configurations, with two different
pairs of booms requiring partly different hardware [20][21]. One pair of booms was reused
from the older SAR system CARABAS II and is for frequencies in the range 20-90 MHz
where each boom carries a biconical antenna. Inside each antenna boom in the other pair
(configuration for VHF and UHF bands) are five wide-beam antenna elements, out of
which three antenna elements are used for receiving radar echoes, and the other two are
used for transmitting signals (in active mode). The antenna elements in one of the booms
are for frequencies in the range 200-400 MHz while the antenna elements in the other
boom are for frequencies 400-800 MHz. Reflectors along one side of the fixed, biconical
antenna elements in both booms direct them down towards the left of the aircraft. The
LORA system uses frequencies within one 80 MHz band at a time, but can change 80
MHz band from pulse to pulse. The possible LORA 80 MHz bands have centre frequencies
(fcLORA) of 270, 320, 400, 480, 560, 640, 720 and 800 MHz. The receiver in the LORA
system has eight separate channels. At reception, the signals from the antenna elements
are selected with switches and down-converted with selected centre frequencies to signals
with bandwidth of 10 MHz and then sampled and registered in 12-bit real-valued samples
at a rate of 25.6 MHz. The possible centre frequencies of the 10 MHz bands can be
written fcLORA − 1.28 MHz+mLORA · 5.12 MHz, where mLORA is an integer so that the
frequency is within the 80 MHz band. The LORA system can simultaneously sample
and register up to eight different signals each with individual centre frequencies selected
within the same 80 MHz band. The registration is designed for active radar mode where
the echo signal from each pulse is saved in a data packet of up to 4096 samples, and along
with each pulse some information about the pulse (time, used frequency etc.) is registered
together with the data. For the demodulation of DVB-T signals, it is needed to take into
account that the received signal is undersampled so that the high frequencies become low

13



frequencies in the sampled signal and vice versa and that there is a non-integer number
of samples with LORA’s sample rate during the useful part of one DVB-T symbol (Tu).

A Global Positioning System (GPS) receiver and an inertial measurement unit are
also integrated in the LORA system and used for making measurements along the flight
path so that the positions and orientations of LORA’s antenna elements can be calculated
with high accuracy.

The LORA system uses stripmap collection, so the aeroplane is typically flown along
a straight (flight) path with its fixed antenna beam(s) pointing broadside. Further
descriptions of the LORA system can be found in [22], [20] and [21].

Several measurement campaigns with LORA with the 20-90 MHz antenna boom pair
or the VHF and UHF antenna pair have been performed over the years. Campaigns for
experiments with LORA in configuration for mono-static, active SAR [22], for experiments
with LORA in bistatic SAR arrangement together with other airborne systems [23],
experiments with LORA in passive SAR configuration [24][25][26][20], comparison between
active and passive SAR [27][21], combined with airborne moving target detection [28],
and campaigns with several arrangements [24][29]. Experiments with LORA in both
active and passive SAR modes have been made during the same flight [21], and also
intermittently (every few seconds) during the same run.

5.1 The LORA airborne SAR system in passive mode

Since the first experiments with LORA in passive mode in year 2012 [24], measurement
campaigns in several different locations have been carried out by FOI where the illuminators
have been TV broadcasting transmitters that transmit DVB-T or DVB-T2 signals.

In LORA, it is not always possible to select the receiver centre frequency so that it
coincides with the DVB-T signal centre frequency. In Sweden, the DVB-T and DVB-T2
centre frequencies can be written (474 +mDVB · 8) MHz (see also [6]), where mDVB is
an integer, which means that not all broadcast DVB-T or DVB-T2 bands are close to
the possible LORA centre frequencies. For the measurement campaigns, if possible, the
recorded digital-TV signals were chosen so that there were at least two different TV signals,
transmitted from the same location with sufficient power in area of interest, preferably
transmitted using the DVB-T standard and not the DVB-T2 standard, completely within
LORA’s feasible 10 MHz bands within the same of LORAs 80 MHz bands (so that they
could be recorded simultaneously).

During some of the field experiments with LORA, the direct DVB-T signal was
recorded with a separate, stationary receiver on the ground connected to a directional
antenna. The direct signal could then be recorded with high carrier-to-noise ratio so that
it was easy to demodulate with few uncorrected errors and not necessary to decode.

As a reference signal for making passive SAR images, either the recorded signal from
the flying platform was used to correlate with (in autocorrelation) or, in the case of a
ground receiver, the signal recorded from the ground receiver was used to correlate with.
Demodulating the DVB-T signal recorded by LORA makes the SAR system less complex
as there is no need for a ground receiver.

As mentioned above for LORA in active mode, along with each pulse some information
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about the pulse (time, used frequency etc.) is registered together with the data. Also in
passive mode, because of the hardware, this pulse information needs to be registered along
with the data, thus replacing 40 measured samples. This means that the LORA system
cannot save samples completely continuously but, at the best, for every 4096 samples,
4056 samples are registered and 40 consecutive samples (about 1 %) are thrown away
and are missing. During the useful part of one DVB-T symbol (Tu), between 200 and
240 samples are missing. The portion of missing samples is about 1 %, but although the
positions of the missing samples are known, it is challenging to demodulate the signal even
if the signal is recorded from a stationary platform. If the missing samples are represented
by values different from the received but not recorded (missing) samples, the carriers will
spread in frequency so that the separation in frequency between the carriers might be
decreased and the carriers will interfere with each other (also power from strong signals in
adjacent frequency bands (possibly other DVB-T signals) could interfere to small extent in
frequency domain through convolution). Demodulating a DVB-T-signal with the missing
samples set to zero was investigated in paper A. An algorithm for reconstructing the
missing samples was proposed in paper B, see section 5.3.

If the missing samples are replaced by zeroes in the LORA signal and it is auto-
correlated without being demodulated, then the 1 % missing samples will decrease the
result of the auto-correlation with between about 1 and 2 %, depending on whether the
missing samples overlap or not.

There are additional challenges to demodulate a DVB-T signal recorded on a flying
platform. The signals are received in LORA’s wide-beam antenna elements and contain
frequency shifted multipath (Doppler) contributions from echoes that, although they are
weaker, could make the carriers spread in frequency. The DVB-T signals that have been
recorded with the LORA system use the DVB-T 8K mode signal which is specified for a
Doppler tolerance for high-speed reception [6]. The maximum Doppler frequency shift
can be approximated with fc · v/c, where fc is the DVB-T signal centre frequency, v is
the receiver speed and c is the speed of light. When recording DVB-T signals, the LORA
platform has been flown with ground speeds mostly between 120 m/s and 160 m/s.

For the example in section 5.4, the ground speed is about 160 m/s and the DVB-T
centre frequency is 594 MHz (received with LORA 10 MHz band with centre frequency
594.56 MHz), giving a maximum Doppler shift spread of about ±317 Hz. The maximum
total Doppler spread is 2fc ·v/c ≈ 634 Hz which is about 57 % of the frequency separation
between two carriers in the 8K mode 1/Tu = 1/0.896 · 10−3 ≈ 1120 Hz as mentioned in
chapter 4. The Doppler spread makes the carriers lose their orthogonality and interfere
with each other. The strengths of the signal contributions within this Doppler spread
depends on the distance to the echoing objects, their bistatic radar cross section, the
receiver antenna gain pattern (factors in equation 2.7) and the direction of the antenna
which also depends on the velocity of the wind where the aeroplane is flown.

In addition, when recording DVB-T signals, the LORA platform has been flown at
altitudes mostly between 2800 m and 3800 m above ground where signals from transmitters
further away within the same DVB-T frequency band might also be received and interfere,
for example if single frequency network is used. On the ground, these signals from
transmitters further away normally have lower signal strength. During a guard interval
(cyclic prefix), the signal travels a distance of cTu/Ng where Ng is the denominator for
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the guard interval duration. If two identical signals are transmitted at the same time, but
one of them travels more than cTu/Ng longer distance to the receiver than the other, then
when the start of the useful part of a symbol in the first signal is received, the second
signal will still carry the previous symbol, giving rise to inter-symbol interference. For
example, with the shortest guard interval of 1/32, this distance is only cTu/32 = 8.4 km.
Strong signal contributions from multipath echoes or single frequency network signals
with delays longer than the guard interval make demodulation more difficult.

In the case of no ground receiver, it can be expected that the demodulated, corrected
and modulated reference signal will be better than if the signal itself is used as reference
signal since noise and multipath echoes with different Doppler shifts from a large area
will be removed.

5.2 Effects of improving the reference signal quality

As written above, for the LORA SAR system with no directional antenna, both the
surveillance signal and the reference signal are received with the same wide-beam an-
tenna(s). For SAR image formation, either the surveillance signal(s) received in the
wide-beam antenna(s) is used in autocorrelation or the signal recorded in a separate
ground receiver with directional antenna is used as reference signal in cross-correlation
with the surveillance signal(s). With a sufficiently good or improved reference signal that
resembles the transmitted signal, the correlations can be improved, thereby improving
image quality and target detections. If the reference signal can be demodulated with few
uncorrected errors, then noise, Doppler spread multipath clutter and interfering signals
received on the altitude of the aeroplane can be removed from the reference signal. The
artefacts from the pilots can also be suppressed by reducing the power of the pilots in the
reference signal (sections 4.1 and 5.5).

Improving the reference signal can also improve the suppression of the often very
strong contribution from the direct signal in the surveillance signal. The contribution
from the direct signal in the surveillance signal is often so strong that it is visible in
the passive SAR image, thus suppressing the direct signal in the surveillance signal can
improve the image [4]. An objective could be to suppress the strength of the direct signal
to about the same level as the receiver noise [5]. Suppressing the interference from the
direct signal in the surveillance signal can be done by subtracting the reference signal
(multiplied with a constant) from the surveillance signal [7]. However, if the reference
signal differ from transmitted signal then some target echo information could get lost
too. There are several different algorithms for this [7][4], and some of them benefit from
an improved reference signal. Several other means for suppressing the interference from
the direct signal exist including steering the beam with an antenna array, using physical
shielding of the antenna and using different polarisations [5].

5.3 Reconstruction of missing samples

As discussed above (section 5.1), it is desirable to demodulate the recorded signal with
few uncorrected errors in order to be able to create a clean radar reference signal that
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can suppress the artefacts from the signal structure. As samples are missing in the data
sampled by LORA, it makes it more difficult to demodulate the DVB-T signals. It was
shown with simulations in paper A (summary in section 6.1) that with about the same
amount of missing samples as in the LORA system and above, the bit error rate of the
decoded DVB-T symbols increases rapidly with the amount of missing samples even if no
noise is present. Reconstruction of the transmitted signal before missing the samples is
therefore desirable.

For a linear time-invariant communication channel, complex exponentials at different
frequencies separated by an integer multiple of the reciprocal of the interval length
are orthogonal [30], which is utilised in OFDM. Taking into account, as a part of the
communication channel, that samples are missing makes the communication channel
time-variant but preserves linearity. A lot of research about reconstruction of missing
samples was found (for example [31]), but not for OFDM signals.

In paper B, an algorithm for reconstruction of missing samples in OFDM signals is
proposed, and a summary is found in section 6.2. The proposed algorithm makes use of
the OFDM signal structure with many parallel carriers, treats the real and imaginary
parts of the complex amplitudes of the data carriers separately, and optimises the missing
samples so that the data carriers’ real and imaginary parts with highest absolute values
come close to a square circumscribing the constellation. The algorithm was developed
using basic ideas from continuous optimization, numerical analysis, signal processing and
probability theory together with very simple observations from looking at diagrams over
spread carriers in QAM-constellations. Some of the work and ideas behind the algorithm
proposed in paper B is described below. As there are several different factors that make
demodulation of the LORA signal difficult (section 5.1), it was assumed that the error
correcting codes would be needed to take care of other distortions of the signal so that
trying to recover or estimate the missing samples could be worthwhile doing. Since the
data in the symbols change randomly from DVB-T symbol to symbol, and the data
carriers make up a lot of the contents in a symbol, it was assumed that a successful
solution would need to operate on one symbol at a time and that using statistics over
several symbols would be less useful. Among standard methods for estimating missing
samples in band-limited signal is the method of least squares ([31]). It was found that
the band-limitation property of the measured signal (before missing samples) was not
sufficient for solving the problem with the method of least squares as the condition number
increase extremely rapidly with the number of missing samples. However, it was quickly
found that there was enough information left (after missing samples) in the signal for
solving the problem. That was found by creating an optimisation problem with an object
function and the missing samples as unknowns. The created object function depended
simply on the maximum absolute value of the real and imaginary parts of all data carriers
in the constellation diagram. The algorithm used for solving this optimisation problem
converged to a solution but very, very slowly. In order to try to decrease the convergence
time at least a factor of one thousand times, the method of least squares was tried
again but this time exploring an idea of adding extra equations in the object function
where quite certain, but not completely certain, real or imaginary parts of the complex
amplitudes of the measured data carriers were treated as certain, in order to improve the
condition number but still leave the pilot and TPS carriers for their intended uses (like
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channel compensation). In this way, information about the outermost, peripheral points
in the constellation of data carriers together with the band-limitation property is used in
a continuous optimisation. The complex amplitudes are separated in real and imaginary
parts which are treated individually and differently depending on their absolute values.
This is the algorithm proposed in paper B, summarised in section 6.2.

5.4 Demodulation of signals recorded in aircraft

The proposed algorithm for reconstruction of missing samples was applied to a real DVB-T
signal transmitted in the 8K mode and received with the flying LORA system. Signals
from three antenna elements with missing samples were combined and demodulated (the
subcarrier symbols were extracted but not decoded). Before the proposed algorithm
was applied, the start of each DVB-T symbol needed to be found (time synchronisation)
together with the frequency shift needed to put the OFDM subcarriers on integer frequen-
cies in the frequency domain (frequency synchronisation), also taking into account that
LORA has a non-integer number of samples per DVB-T symbol. After synchronisation in
time and frequency, the signal was transformed to the frequency domain and equalised.

In figure 5.1 below, preliminary results from demodulating and recovering samples
from a DVB-T symbol received with the flying LORA system are shown. The signal is
recorded when LORA is flown with a ground speed of about 160 m/s and the DVB-T
centre frequency is 594 MHz. The signals from three receiver antennas have been combined
in a simple, non-optimal way, and the algorithm for recovering missing samples was used
in only one iteration. The results have later been improved by improving the method for
combining the receiver signals and running more iterations. A DVB-T symbol measured
by LORA misses between 200 and 240 real-valued samples. The particular symbol shown
in figure 5.1 misses 240 samples which are more difficult to accurately estimate than 200
missing samples.

(a) With signal from one
receiver

(b) With signals from three
receivers combined

(c) With three receivers
and recovered samples

Figure 5.1: Constellation diagram from one DVB-T symbol received by the flying LORA
system. The demodulation is based on (a) the signal from one receiver, (b) signal from
three receivers combined in a simple, non-optimal way, (c) the same combined signal after
first iteration with the algorithm for recovering missing samples proposed in paper B.

18



5.5 Using demodulated signal as reference signal

The signal demodulated in the previous section was improved by rounding the complex
amplitudes in the constellation diagrams to their nearest ideal constellation point. This
rounded signal was then also manipulated by decreasing the power of the pilot carriers.
Then the demodulated, rounded and possibly manipulated signal was modulated to
baseband again for use as a reference signal. Before being used as a reference signal, the
DVB-T symbols were synchronised in time and shifted back in frequency, again taking into
account that LORA has a non-integer number of samples per DVB-T symbol (previous
section).

Figure 5.2 shows how a passive SAR image using the same LORA signal is improved
in two steps. The images show the absolute value of the (complex valued) results of the
correlations for an area of 4.1x4.1 km. The SAR image integration time is 2.8 s.

In figure 5.2a, the signal received in the flying LORA system has been autocorrelated,
i.e. correlated with itself. The received signal contains noise, clutter from multipath
echoes with different Doppler shifts from a large area and also artefacts from the structure
of the DVB-T signal itself.

In figure 5.2b, the signal received in the flying LORA system has been cross-correlated
with the demodulated, rounded and modulated reference signal. The reference signal was
created by equalising and demodulating the signal using the pilot carriers so that the
underlying constellation becomes visible, then rounding the complex amplitude of each
carrier in the DVB-T frequency band to the nearest ideal constellation point and then
finally modulating the signal again with the same delay and frequency shift (including
Doppler shift) as in the received signal.

Figure 5.2c shows the result of cross-correlation between the received signal and the
reference signal where the demodulated and rounded complex amplitudes of the pilot
carriers have been multiplied by 9

16 before modulating the signal again. The power of
the pilots is thereby reduced to the same average power as for the data carriers in the
transmitted constellation. It is visible that the strong artefacts that together resemble
a sector of circle segments in figures 5.2a and 5.2b have been reduced by reducing the
power of the pilot carriers.

The image in figure 5.2d shows the absolute value of the difference between the absolute
values of each point with (figure 5.2b) and without (figure 5.2c) pilot suppression. The
absolute difference has then been decimated from 2048× 2048 points to 128× 128 points
by taking the maximum value of 16× 16 points in order not to miss individual strong
elements in the image. Each picture element then covers an area of 32× 32 m.

The colour scales in these images in figure 5.2 have been given upper limits that are
lower than the strongest pixels. It is visible that the change shown in figure 5.2d could
be of about the same order of magnitude as the values shown in figure 5.2b and that
suppressing the pilots gives a noticeable effect in this example. It has not been further
analysed which ambiguities from the DVB-T signal that give rise to the artefacts in figures
5.2a and 5.2b that are changed by suppressing the pilots.
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(a) Autocorrelation (b) Cross-correlation, corrected signal

(c) Cross-correlation, suppressed pilots (d) Absolute change due to pilot suppression

Figure 5.2: Passive SAR images from LORA showing the absolute values of the results
from (a) auto-correlation (b) cross-correlation with demodulated, corrected and modulated
signal (c) cross-correlation with corrected signal in which the power of the pilot carriers
has been reduced (d) absolute difference between the absolute values of each point from
cross-correlations with and without pilot suppression.

6 Summary of Appended Papers

6.1 Paper A

In paper A, it is shown with simulations that missing samples (or rather, corresponding
samples set to zero) in DVB-T symbols increase the deviations in the constellation diagram,
thus making demodulation more difficult. It is shown with simulations that with about
the same amount of missing samples as in the LORA system (i.e. about 1 %) and above,
the bit error rate of the decoded DVB-T symbols increases rapidly with the amount of
missing samples even if no noise (except quantisation errors) is present. Diagrams over
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how the bit error rate increases with the amount of added white Gaussian noise for no
missing samples and for 28 missing samples per 4096 samples are shown.

In the simulations, an existing implementation of DVB-T signals in the GNU Radio
tools was used in which a simulated DVB-T signal was generated. The generated signal
was then resampled to the LORA sampling rate where a variable amount of white Gaussian
noise was added and a variable number of consecutive samples were set to zero every 4096
samples (to resemble the LORA system in passive mode). The signal was then resampled
back to the sampling rate used by the DVB-T implementation in the GNU Radio tools,
where it was demodulated and decoded using hard decision. The resulting decoded signal
was then compared with the generated signal, and the results are described in paper A.

6.2 Paper B

In this paper, an algorithm is proposed for reconstruction of an OFDM signal (in particular
a DVB-T signal) in which various portions of samples are missing. The proposed algorithm
optimises the unknown missing samples with the method of least squares, using an objective
function in the frequency domain. The objective function works on the useful part of
one DVB-T symbol at a time and consists of the weighted sum of two parts. The first
part is the energy in frequencies outside the DVB-T band and outside any other strong
signal in the sampled data. The second and novel part uses data carriers spread to the
outermost, peripheral regions of the constellation of data carriers. In the algorithm, a
circumscribing square is defined to be the smallest square that circumscribes the ideal
QAM constellation grid (pilot and TPS carriers excluded). A second square is defined
to be concentric to the circumscribing square and of chosen size (which is a real, scalar
parameter of the algorithm). The second part of the objective function is the sum of the
square of the shortest distances (along the real or imaginary axes) to the circumscribing
square for all data carriers spread outside the concentric square. The circumscribing
square thus stands for the desired values of the real or imaginary parts of data carriers
outside the concentric square. In this way, there is a non-zero probability that a desired
value for the real or imaginary part of a data carrier outside the concentric square is not
correct, that is, the associated extra equation is incorrect. Mathematical expressions for
the ratio of the incorrect to correct extra equations are derived for a channel with white
Gaussian noise, and it is shown that this ratio is constant along the side of the concentric
square. See also section 5.3 above for more information about the algorithm.

The second part of the objective function is shown with simulations to improve the
accuracy of the algorithm by improving the condition number, which is shown to be
improved more than a factor ten thousand millions compared to using the least square
method with the first part only.

The algorithm is evaluated both with simulated signals and with a real signal measured
with LORA connected to a stationary directional antenna. The algorithm is shown to
significantly improve the DVB-T signal with only a few (one or two) iterations. The
result of the algorithm is also further decoded using several other algorithms (for example
the Viterbi decoding algorithm for the convolutional codes) showing that the proposed
algorithm gives significant improvement.
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Graphs are shown how the condition number (with respect to matrix inversion of the
system of linear equations in the method of least squares) is improved several orders
of magnitude when the number of extra equations in the second part of the objective
function is increased. Graphs are shown how the number of extra equations is related to
the chosen size of the concentric square for different values of SNR in simulations with
white Gaussian noise added.

Graphs are also shown how the Root Mean Square (RMS) errors and the ratios of
data carriers closer to another constellation grid point than the correct one, decrease after
one and after two iterations with the proposed algorithm. The results also show that the
algorithm is not very sensitive to a small portion of incorrect extra equations among the
correct ones.

Results are shown from simulations of a passive radar where the same received signal,
with target echoes and samples missing, is used as input for both reference and surveillance
signal. Signals reconstructed with the proposed algorithm, with and without reduced
pilot carriers, are used as reference signal in cross-correlations with the received signal.
The result from using reconstructed signal and a signal with no samples missing, no noise
and no targets are very similar. A strong ambiguity peak in the cross-ambiguity function
of the (8K mode) DVB-T signal was shown to be suppressed when pilot carriers were
reduced.

Results are also shown from when the algorithm is applied to a real measured signal
received by the LORA system connected to a stationary, directional antenna where
e.g. multipath effects are present, requiring time and frequency synchronisation and
equalisation using pilot carriers. The estimated RMS error is shown to decrease in two
iterations.

After simulations with further decoding, graphs show the minimum SNR, the maximum
portion of consecutive missing samples and the number of iterations (1, 2, 3 and 6 iterations)
required for achieving less than one uncorrected error event per hour after even further
decoding.

7 Conclusions and Future Work

Construction of a reference signal for passive Synthetic Aperture Radar based on demod-
ulating DVB-T signals missing a portion of the recorded samples has been investigated
and reported in this thesis. A novel algorithm for demodulating a DVB-T signal with
samples missing has been discussed and has been shown to work for constructing a good
reference signal. The reference signal was constructed by demodulating a DVB-T signal
received on the flying LORA platform and examples of constellation diagrams of the
demodulated signal were shown. The demodulated signal was then improved by rounding
each carrier to the nearest ideal constellation point and decreasing the power of the pilot
carriers. Then it was modulated again to make a reference signal that was shown to
suppress artefacts from the signal structure in a SAR image example.

A number of factors that influence the ability to demodulate DVB-T signals recorded
with a flying platform have been discussed. Other improvements that can be made in the
passive SAR images by making a reference signal from demodulating the received DVB-T
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signal have also been discussed.
Future work may include improving the demodulation of the signal shown in section

5.4, possibly by decoding the signal using the in-built error correcting codes. Algorithms
using the demodulated signal for suppressing artefacts in the passive SAR image from
interference from the strong direct signal may also be implemented.
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