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Abstract

Bistatic GNSS radar has received increased attention in recent years within both the radar
and the GNSS communities. Its major advantages are that it has complete earth coverage
and that more information is available due to the geometric diversity of the transmitters.
Also, the receiver in a multistatic radar system does not have to transmit a signal,
which enables development of low power and low cost equipment. This thesis describes
contributions made to multistatic GNSS radar algorithms for surface characterization
and object detection.

By analyzing the strength and shape of the reflected signal’s waveform properties of
the surface and the height above ground can be determined. In addition to this primary
reflection, transient secondary reflections can be found in bistatic GNSS radar data.
These are due to reflections in buildings and other structures only when the geometry
between the GNSS satellite, measurement platform, and the reflecting body is correct.
An algorithm to detect these reflections and determine the location of the reflecting
object has been developed and tested experimentally.

Previously, significant effort has been put into develop the synthetic aperture radar
(SAR) theory to include the bistatic situation. These algorithms are here developed
further into a more generic multistatic GNSS SAR system for surface characterization.
This is done by using range and doppler processing techniques on signals transmitted by
multiple satellites to determine the angular dependence of the surface reflectivity. The
developed algorithm have also been tested experimentally.
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Chapter 1

Introduction

Multistatic radar using Global Navigation Satellite System (GNSS) signals is a powerful
remote sensing tool. The main motivation for this claim is the additional information
available due to geometric diversity when using several transmitters or receivers. Also,
the receiver in a multistatic radar system does not have to transmit a signal, which
enables development of low power and low cost equipment. GNSS signals are ideal for
use in such a system due to the built in timing of the signals. The signals are however
very weak (well below the noise floor), and the questions this thesis will focus on are
hence; How weak a signal can be detected using a multistatic GNSS radar and how is
the geometric diversity used most effectively? Can multistatic GNSS radar be used for
object detection?

1.1 Multistatic Radar

Unlike a monostatic radar, which uses the same antenna for both the transmitted and re-
ceived signal, a bistatic radar use non co-located antennas for transmitting and receiving
the signal [1]. A multistatic radar system consists of at least three components (trans-
mitters or receivers). These three concepts are shown in Figure 1.1. The most common
way to describe a general bistatic radar system is by the angle between the transmitter,
reflecting object, and receiver, 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 1.2.

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 [2] - [3]. They can also be used as an
alternative altimetry system for aircrafts and satellites [4].

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

3
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Figure 1.1: Observing a surface using monostatic radar (left), bistatic radar (middle), and
Multistatic radar (right).
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Figure 1.2: Bistatic radar geometry.



1.2. Global Navigation Satellite System 5

a conventional radar. This makes it suitable for applications with a limited power and
weight budget [5].

The fact that the radar does not transmit any signal has an obvious advantage from
a covert point of view, in particular together with the geometric diversity enabling detec-
tion of objects designed to be invisible to monostatic radars (e.g. stealth aircrafts) [6].
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.
A well established tristatic radar for ionospheric research is the EISCAT radar in Tromsø
(Norway), Sondankylä (Finland), and Kiruna (Sweden) [7].

The transmitter in a multistatic radar system can be dedicated, as is the case in the
EISCAT radar. Alternatively, signals from transmitters used for other purposes, such as
TV-stations and satellites for communication and navigation, can be utilized. These are
often called ”signals of opportunity” since they are not controlled by the radar operator,
and the radar system is consequently called a ”hitchhiking radar”. To have a dedicated
transmitter is clearly an advantage since the signal can be fully controlled by the operator.
These systems are, however, costly which greatly limit their use, in particular when a
large number of transmitters and receivers is desired. Ground based systems such as
TV-stations and mobile telephone networks transmits strong signals which can be used
for radar purposes. The geometric diversity is however limited since the transmitter is
located close to the ground, which also limit their use geographically. To get global
coverage a space borne transmitter is desired. Different types of potential transmitters
has previously been analyzed in [8] 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.

1.2 Global Navigation Satellite System

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 MEO
(eccentricity less than 0.02) with a semi-major axis of approximately 26560 km [9]. To
determine accurate 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.

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 [9], consequently the length of one chip is then 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 every 1 ms coherent sum. In the ideal
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case, this would have a triangular shape, 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. A major challenge when observing reflected GPS signals is the low power
levels involved. The maximum direct signal power is not expected to exceed -123 dBm
[9], and will be considerably lower for a reflection.

In a traditional GPS receiver, all low-level processing operations (correlation and
tracking) are performed in hardware using an ASIC. This solution is very computationally-
efficient and has been used extensively in bistatic GNSS radar research [10], but provides
limited flexibility. An alternative approach is to use a software GPS receiver where
the hardware solutions used for the low-level processing are replaced by programmable
processing solutions. This way maximum flexibility is ensured, which is important for
multistatic GNSS radar operations where data is recorded on at least two channels in par-
allel (direct and reflected signal). Particularly useful is the ability to slave the reflected
channel to the direct obtaining 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.

1.3 Multistatic GNSS Radar

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

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 [4] 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 [11]-[12]. Other applications include remote sensing of ocean
wave height and wind speeds close to the ocean surface [13]-[15] and measurements of
soil moisture content [16]. 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 [3],[17] but the possibility to use this
method for more general surface characterization has not yet been fully explored.
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1.4 Summary of Research

To find an answer to the research question stated above this thesis is focused on secondary
and non-specular reflections in multistatic GNSS radar. The main results from this
research have been presented in [18]-[20]. The emphasis is on the high level algorithms
used in bistatic and multistatic radar and SAR. The low-level processing, i.e. the tracking
of the signal and generation of correlation waveforms, is mostly well-know theory [9] and
is touched only briefly. Also, no attempt is made to interpret the results of the analysis
other than needed to verify the algorithms since this is the topic of many other papers
[2].

1.4.1 Research Contributions

Measurement of Backscattered GPS Signals

Authors: T. Lindgren, E. Vinande, D. M. Akos, D. Masters, and P. Axelrad.
Presented at: IEEE/ION PLANS Conference, San Diego, California, USA, 2006.

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.

Non-specular Point Reflections in GNSS Bistatic Radar

Authors: T. Lindgren, D. M. Akos.
Presented at: ESA/Estec Workshop on GNSS Reflections, Noordwijk, Netherlands, 2006.

In this paper the impact of using different measurement platforms with different
qualities is discussed. Data collected during three different measurement campaigns
were used in this study. The data collected over Iowa, USA, in July, 2005, which were
from a low flying airplane (low altitude and high dynamics), a data set collected from a
stratospheric balloon outside Boulder, USA, in April, 2006 (high altitude, low dynamics),
and a data set collected at the Boulder Atmospheric Observatory (BAO) outside Boulder,
USA, in April, 2006 (low altitude, stationary).

A multistatic GNSS Synthetic Aperture Radar for Surface Characterization

Authors: T. Lindgren, D. M. Akos.
Submitted to: IEEE Transactions on Geoscience and Remote Sensing.

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.

1.4.2 Organization of Thesis

In Chapter 2 the geometrical relationships are introduced. The power budget of a bista-
tic radar is addressed, the isorange and isodoppler contours are formulated, and the
resolution that can be obtained with a bistatic radar is discussed. The techniques used
to process the multistatic radar data are outlined in Chapter 3. This also includes the
data collection and low level processing. In Chapter 4 the measurement campaigns are
described. The results from these are presented in Chapter 5 and Conclusions are given
in Chapter 6.



Chapter 2

Geometry

In this chapter the basic geometrical relationships used in a bistatic radar is presented.
These are the power budget in a bistatic radar system, which is based on the bistatic
radar equation, the contours of constant range and doppler shift of the signal, and the
resolution that can be obtained with bistatic SAR.

2.1 Bistatic Radar Power Budget

A major difference of using GNSS satellites as transmitters for multistatic radar purposes
compared to other transmitters (e.g. LEO communication satellites and monostatic radar
transmitters) is the low power of the signals involved. It is generally not a problem to
detect a specular reflection from the ground or from large, flat surfaces such as buildings
[18]. Here, the main interest is in the reflectivity of the ground or an object in other
directions than the specular. An analysis of the power budget of a general bistatic radar
system is therefore motivated.

The reflected power received by a multistatic radar system can be written as

PR,refl =
PTGT

4πr2
· σAGR,refl

4πR2
, (2.1)

where PT is the power transmitted by the GNSS satellite, GT is the gain of the
transmitting antenna, r is the distance between the satellite and the reflecting surface,
GR,refl is the gain of the receiving antenna on the reflected channel, σ is the reflectivity
per unit area, A is the area of the reflecting surface (the resolution of the radar), and R
is the distance between the reflecting surface and the receiver. The distance between the
satellite and the reflecting surface can be assumed to be approximately the same as the
distance between the satellite and the receiver (plane wave approximation). The received
direct power can then be found from

PR,dir =
PTGTGR,dir

4πr2
, (2.2)

9
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where GR,dir is the gain of the receiver antenna of the direct channel. Normalizing
the received reflected power to the direct power level and rewriting yields

PR,refl =
σAGR,refl

4πR2GR,dir

. (2.3)

This equation enables a comparison of the reflectivity of different parts of a surface
and also of the reflectivity of a specific part of a surface in different direction. The
distance, R, between the antenna and the surface is found by comparing the position of
the receiver with a digital elevation map or height data (from e.g. analysis of specular
reflection [11]), if flat terrain can be assumed.

Figure 2.1 shows the received reflected power normalized to the direct power vs.
position on ground for a bistatic radar receiver. The receiver is located at (x, y) = (0, 0)
and the height above ground level (AGL) is 300 m. The elevation of the satellite was
set arbitrarily to 58 ◦, pointing in the direction of the positive y-axis. The gain of the
reflected and the direct antenna is assumed to be identical. Also, both the reflectivity and
the area of the reflecting surface is unity. For this geometry, the reflected power cannot
be expected to exceed -16 dB for (relative the direct signal) and will be considerably
lower for reflections at larger distances from the receiver.

2.2 Isorange Contour

Figure 2.2 shows the path delay for reflections from different positions on the ground for
the same geometry as Figure 2.1. 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 [4]. 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 AGL.

The iso-range ellipsoid is given by

x′2

b2
+
y′2

a2
+
z′2

b2
= 1, (2.4)

where

a =
L+ δ

2

b =

√
a2 − L2

4
.

L is here the distance between the receiver and the transmitter, which are at the
foci on the y-axis [1]. If the reflection is known to originate from a point close to the
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Figure 2.1: Received reflected power normalized to the direct power vs. position on ground for
a reflector with σ = 1 and A = 1 m2. 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. The
gain of the reflected antenna is assumed to be identical to that of the direct antenna.

receiver compared to L, which is the case for all non space-borne receivers, (2.4) can be
approximated with a paraboloid.

x′2

2δ
+
z′2

2δ
= y′ + δ, (2.5)

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

x2

2δ
+

(−y sin θ + z cos θ)2

2δ
= y cos θ + z sin θ + δ. (2.6)

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

x2

2δ
+

(−y sin θ − h cos θ)2

2δ
= y cos θ − h sin θ + δ. (2.7)
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Figure 2.2: 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.

This can be expanded and simplified to the form

x2

sin2 2θ
+ y2 + yA+B = 0 (2.8)

A =
2h cos θ

sin θ
− 2δ cos θ

sin2θ

B =
h2 cos2 θ

sin2θ
+

2δh

sin θ
− 2δ2

sin2θ
.

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

x2

α2
+

(y − yc)
2

α2/sin2θ
= 1 (2.9)

yc = (δ − h sin θ)
cos θ

sin2 θ

α =

√
δ2 − 2δh sin θ

sin2 θ
.

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

The iso-doppler surface, from which any signal will have the same doppler shift with
respect to the receiver, has been calculated in [21] as all points that satisfy

1

λ
[vT · rT + vR · rR] = fD, (2.10)

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, rT

and rR are the range vectors of the transmitter and the receiver, respectively, and fD is
the doppler frequency of the received signal. Here a stationary receiver is used, which
will eliminate the second term in (2.10).

Figure 2.3 shows the doppler shift of the reflected signal relative to the direct signal.
The geometry is again the same as in Figure 2.1. In the dynamic case the receiver is
assumed to be moving with a speed of 100 m/s in the direction of the positive x-axis. It
can be seen that the relative doppler shift for a stationary receiver is very low, typically
less than 1 Hz for reflections close to the receiver. Several seconds of data is thus needed
in order to distinguish reflections with different doppler shifts. In the dynamic case,
however, the relative doppler shift is on the order of hundreds of hertz and here the
amount of data could be well below one second.

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 2.4 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.

2.4 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 [22]. The area of the resolution
cell is

A =
|δr||δa|
sinϕ

, (2.11)

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 cosβ/2
, (2.12)
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Figure 2.3: Relative doppler shift vs. position on ground. The receiver is at (x, y) = (0, 0) and
the AGL is 300 m. The doppler shift for a stationary receiver is shown on the top while the
bottom shows the doppler shift for a receiver moving at a speed of 100 m/s in the direction of
the positive x-axis.
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Figure 2.4: 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.

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

δa =
δD
2ω

=
T−1

2ω
, (2.13)

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.
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Chapter 3

Radar Processing Techniques

The algorithm presented here uses the delay and doppler properties of the reflected signal
to retrieve maximum amount of information about the observed object or surface. It is
largely based on [1] and [3] but have been adapted to work with longer continuous data
sets during which the satellites has 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.

Instead of using the SAR technique presented above the waveform can be analyzed
in order to determine the AGL of the receiver or finding objects located on the ground.
In this case the algorithm is:

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.

17
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Reflected LHCP
Antenna

Direct RHCP
Antenna

Front−end

Front−end

Clock
Storage
device

Correlation and
post processing

Figure 3.1: Data collection setup using a dual channel software receiver.

3. Detecting strong reflections: The reflections in the data are detected using a set of
thresholds (typically comparing the strength of the reflection with some measure-
ment of the noise).

4. Analyzing the reflection: The primary reflection is used to determine the AGL.
Information about a detected secondary reflection can then be used to determine
possible locations of reflecting objects.

In both the algorithms presented above it is assumed that the distance between the
receiver and the ground is small compared to the distance between the receiver and the
transmitter. The ground is also assumed to be completely flat.

3.1 Data Collection and Low-Level Processing

The data is recorded using a dual channel software GPS receiver. A generic dual channel
software receiver design is shown in Figure 3.1. The channel used to record the direct GPS
signal uses a right-hand circularly polarized (RHCP) antenna and a left-hand circularly
polarized (LHCP) antenna is used for the reflected channel. Both the direct and the
reflected signals are mixed down to an intermediate frequency (IF) in separate front
ends, which both use the same clock. The IF signal is sampled and stored on a disk for
post-processing. A detailed discussion of the hardware of this receiver can be found in
[5].

The signal structure of the GPS-system is based on CDMA and is sent on two
different frequencies. For this application, only the civilian C/A-code in the L1 band
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(1575.42 MHz) is considered, 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 (re-
ferred to as chips) long 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 COTS 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. One correlator waveform is calculated for each millisecond and
it is used in the range and doppler processing. By slaving the reflected channel to the
direct channel these will automatically be synchronized. Also, this enables processing of
long continuous data sets.

3.2 Range Processing

Due to the low power of the received signal 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 in frequency and time
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 (k = f/c)
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), (3.1)

where sτ (r, t) is the correlation waveform at time τ within epoch t, δ is the 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 computed for different
points in the ground plane.

3.3 Doppler Processing

The signal, s(r, t), in (3.1) will be a sum of the signals reflected off the ground along the
iso-range contour given in Equation (2.9). 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 by taking the
Fourier transform of the signal in (3.1);



20 Radar Processing Techniques

S(r,Δf) = F{s(r, t)}. (3.2)

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 (3.3)

The noise in the radar system can be estimated from measured data by looking at the
power in the correlation waveform at a delay of -1.1 chips. This is before the direct signal
has entered the antenna and any power seen here will be due to thermal noise only. The
noise is effectively reduced by the coherent integration in (3.1). When doing the doppler
processing, the noise will be further reduced by a factor T . The reflected signal power
will, however, decrease in the same way due to the decreased resolution cell area so no
improvement in the signal to noise ratio will be obtained.

3.4 Primary and Secondary Reflections

The AGL of the receiver can be determined either by using a digital elevation map for the
area where the receiver is located or by using the geometry of the satellite-ground-receiver
system. A good approximation of this is given in [12],

h ≈ δ1
2 sin θel

, (3.4)

where h is the AGL, δ1 is the path delay of the primary reflection (see Figure 2.2)
and θel is the elevation angle of the satellite. If a secondary reflection has been detected
the possible locations of the source of this is calculated using equation 2.9.



Chapter 4

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 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 this chapter three different data collections are discussed and initial results are
presented, this is also published in [18]-[20]. In Section 4.1 data collected using an
aircraft is presented, a platform with relatively high dynamics at a low height. This is
compared with data collected from a high altitude balloon in Section 4.2, a platform with
low dynamics. Data was also collected with the receiver mounted on a 300 m high tower,
which is presented in Section 4.3. Although it can be somewhat more difficult to see any
real application for a completely static platform it is ideal for testing purposes, when it
is desired to have controlled circumstances.

4.1 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
campaign was conducted in support of ongoing bistatic radar research at CU. Figure 4.1
shows the ground track of this test flight. The total length of this measurement is
102 minutes, the average speed was 75 m/s, the average altitude was 582 m, and the
average AGL was 232 m. A skyplot with the satellites that were analyzed is shown in
Figure 4.2.

Raw RF samples were collected using a dual input 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 [23]. The data from the direct channel
provided information about the aircraft’s position and velocity. The ground reflections
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Figure 4.1: The ground track of the aircraft for the data collection campaign on July 1, 2005
in Iowa, USA. Image courtesy of the USGS [25].
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Figure 4.3: Sample direct and reflected waveforms of a bistatic radar system.

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, see Chapter 2 for
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 4.3 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 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 is likely due to the signal propagating around
the body of the aircraft [24]. This effect 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.
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Figure 4.4: The measurement setup for the balloon data collection. Photo courtesy of Stephan
Esterhuizen.

4.2 Balloon

In this section data collected from a high altitude balloon on 22-April, 2006 outside
Boulder, Colorado, USA, is presented briefly. To record the IF samples a small, low-cost
software receiver, CUSR, developed at the University of Colorado was used. The CUSR
and the data collection, is described in detail in [5]. A total of 16 min of data from direct
and reflected channels was recorded in four segments spread out during the 3 h flight.
These were at the altitudes 8, 15, 22, and 26 km. The payload used for this experiment
are the two boxes in the lower left of Figure 4.4.

Due to the high altitude of the measurement platform additional correlators were
added with 0.1 chip spacing from -1.1 to 101.1 chips delay for the lower segments and
out to 201.1 chips delay for the higher two segments. The correlation waveforms were
non-coherently averaged over 1000 ms. Significant variations in the signal strength of the
direct signal was seen and is shown in Figure 4.5 for PRN 5 at 26 km altitude. It can be
seen that the variations are periodic with a period of approximately 10 s. The reason for
this has not been investigated in detail but a possibility is that it is related to movements
of the cord on which the payload is mounted, see Figure 4.4. These movements could
cause the antenna gain in a certain direction in the sky to vary. When comparing the
signal strength of the reflected signal with the direct signal for a certain geometry changes
in gain that are due to movements and tilt of the antennas must be taken into account.
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Figure 4.5: Relative signal power for PRN 5 at 26 km altitude for the balloon data collection.

4.3 Tower

An experiment was carried out at the BAO tower on April 4, 2006, see Figure 4.6. The
purpose of this experiment 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 sensing 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 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 COTS software 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 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 4.7. The range processing was done using 1 s coherent
integration time. The area of the resolution cell is shown in Figure 4.8 as a function of
doppler processing time.
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Figure 4.6: The tower measurement setup. The inserted photo in the upper left corner show
the carriage on which the measurement equipment was mounted.
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Figure 4.7: Ground tracks of satellites for the BAO data collection.
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Figure 4.8: Area of the resolution cell for PRN 6, 29, and 30 as a function of doppler processing
time.

In Figure 4.9 the relative signal strength for the direct signal is shown for PRN 6.
The variations seen are likely due to multipath and coupling effect 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 4.6). Since this variation does not affect the direct
and the reflected signal equally it has to be kept in mind when analyzing the results.
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Figure 4.9: Relative power level for PRN 6 during the BAO data collection.



Chapter 5

Measurement Results

In this chapter the results from the processing of the measurements presented in the
previous chapter will be presented. These results are also published in [18] - [20]. In
Section 5.1 the results from the aircraft and balloon data is presented. The processing
of these data sets have specifically targeted detection of large objects (structures) on the
ground and therefore only range-processing has been done. In Section 5.2 the results
from processing the tower data using both range and doppler processing is presented.
Here the objective is to present a means of characterizing the surface that is observed by
the radar.

5.1 Detecting and Locating an Object

5.1.1 Detecting a Secondary Reflection

The purpose of this study is to examine the possibility of using secondary reflections to
detect objects on the ground. Since it is an initial study, only the strongest and most ob-
vious 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 reflec-
tions. Thus, these conditions can be refined if detection of weaker secondary reflections
is desired. The conditions used can be summarized as:

• Strength of Secondary Reflection

The first and most obvious criteria is the strength of the secondary reflection com-
pared 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 5.1 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.

29
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Figure 5.1: Threshold used for detection of obvious 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 consid-
ered. To achieve this, the minimum value between the two peaks must be at least
5 σ below the secondary reflection (see Figure 5.1 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 described earlier. 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 re-
duced the risk of having reflections of vehicles and small objects that may not be
stationary.

The sample waveform shown in Figure 5.1 is a very clear example of a secondary
reflection. It passes all thresholds with good margin. An attempt was made to use the
same thresholds on the balloon data but no obvious secondary reflections was detected.
By inspecting the correlation waveforms manually, two good candidate waveforms were
found, as shown in Figure 5.2.
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Figure 5.2: Candidate secondary reflections at 15 km and 26 km altitude for the balloon data
collection.

Instances of multiple secondary reflections were also seen in the Iowa data, which is
shown in Figure 5.3. This was only seen for one satellite (PRN 10) and only for averaging
times shorter than 80 ms. Also, it was only seen during a short period in the beginning
of the data set, over the urban area. In this analysis, only one peak was used. These
multiple reflections would, however, be more frequent if the thresholds 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 5.4. 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 that occur farther away. These
have not been analyzed here but should be included in future analyses. The examples
above of likely, or even obvious reflections seen by manual inspection of the data shows
that there is a considerable potential for refinement of the algorithm used to detect the
secondary reflections.

5.1.2 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
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Figure 5.3: Double peak from multiple reflections seen in the Iowa data.
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Figure 5.4: Peak close to the primary reflection seen in the Iowa data.
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Table 5.1: 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

was 75 m/s and the average AGL was 232 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 5.5
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 for a decreasing
number of secondary reflections for lower averaging times can also be seen in (b), al-
though this is not as pronounced as the trend in (a). A maximum occurs for averaging
times between 20 and 30 ms, which corresponds to a movement of the aircraft of 1.5 to
2 m. Table 5.1 shows the distance traveled for some different aircraft speeds and aver-
aging times. The speeds were chosen to be representative for some different 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 the amount
of ground covered by the aircraft. 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 5.6 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. 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.

5.1.3 Detection of Objects

In Figure 5.7 the possible sources of secondary reflections are shown for an urban area,
in this case Des Moines, Iowa, USA. The averaging time is 20 ms, the color of the ellipse
represents the same satellites as in Figure 5.6. 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.

Of greater interest is to study the secondary reflections in a rural area. This is shown
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Figure 5.5: Number of reflections vs averaging time for the Iowa data collection campaign.

in Figure 5.8 (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 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 the aircraft is likely not optimal for different satellites.

5.2 Ground Characterization

In the previous sections only specular reflections (primary and secondary) have been
considered. To make a more complete characterization of the ground the multistatic
GNSS SAR algorithm outlined in Chapter 3 was used on the data collected at the BAO
tower (see Section 4.3).

The results from the measurements are shown in Figure 5.9 for 20 s, 50 s, and 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 1.2. 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 processed.
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Figure 5.6: Secondary reflections overlayed on aerial imagery for different averaging times.
Image courtesy of the USGS [25].

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. Also the power received
from PRN 6 is somewhat stronger than the one received from PRN 29. A structure in
the data can be seen for PRN 30 and PRN 6 (two separate peaks). This is most clear
for PRN 30 for 50 s integration time. A maximum in the power level expected for
a scattering angle of 0 ◦, where there is a specular reflection. Here this maximum is
instead at approximately 10 ◦, which is seen clearly in Figure 5.9 for 100 s integration
time. The reason for this is not known but a number of possible explanations exists:
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Figure 5.7: Reflections in an urban area (Des Moines, Iowa, USA). Image courtesy of the USGS
[25].

• The ground has been assumed to be completely flat and homogeneous. Irregularities
and metallic objects could then cause a stronger reflection at a point at some
distance from the specular point. There are metallic objects in the ground below
the BAO but the exact location of these is not known.

• The height of the receiver above the ground has been assumed to be exactly 300 m.
This may not be be accurate since the antenna is mounted on a carriage about
4 m high. Also there was a distance between the direct and the reflected antennas
which cause an error in the position estimation.

• A variation was seen in the direct signal level that is probably due to multipath
and coupling between the antenna and the tower structure. These effects could also
exist for the reflected signal.

These effects have to be taken into account when analyzing data from a multistatic
SAR system. The two peaks seen in all three figures for PRN 6 is entirely due to variations
in the direct signal strength. Care must therefore be taken when analyzing reflected data
and the environment in which the antennas are located should also be investigated.

PRN 29 is at a lower elevation angle than the other satellites, and the measurements
from this satellite can therefore be expected to contain more noise than PRN 6 and
PRN 30. PRN 6 is stronger than PRN 29 and it should therefore contain some reflected
energy and can be used when characterizing the surface. This is uncertain for PRN 29
for which all the seen energy could be due to noise.
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Figure 5.8: Reflections in a rural area seen in the Iowa data. Image courtesy of the USGS [25].
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Figure 5.9: Results from SAR processing of the BAO tower data.



Chapter 6

Conclusions and Future Work

Algorithms using GNSS signals as transmitters in a bistatic and multistatic radar sys-
tem has been developed and demonstrated experimentally. In particular, reflected and
scattered power with longer pathdelay than the direct signal has been studied. These
signals are typically significantly weaker than the primary, specular, reflection and are
therefore more challenging to detect. By enabling detection of such signals GNSS bistatic
and multistatic radar systems can be used more effectively for both object detection and
surface characterization.

The shape of the correlation waveform has previously been used for characterizing
surfaces. The most important applications and research areas are oceanography (wave
height and surface wind speed) and soil moisture determination. Here the possibility to
use the correlation waveform for object detection is studied. In this study only obvious
secondary reflection were analyzed and possible locations of the objects were compared
to aerial photos. By using reflections from multiple satellites it should be possible to find
a more accurate position estimate of the reflecting object.

Bistatic GNSS SAR has been used successfully for object detection. This concept has
here been expanded into a more generic multistatic GNSS SAR for surface characteriza-
tion. 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 GNSS SAR concept to determine properties of a surface.

Future 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, a civilian signal on the L2 frequency band (1.2276 GHz), which will
be broadcast by the modernized GPS satellites. Also, multistatic GNSS SAR should be
studied using dynamic platforms such as airplanes or high altitude balloons.

In this thesis the reflected signal has been assumed to be left hand circularly po-
larized, i.e. all power change polarization when reflected of a surface. In reality, the
amount of energy that change polarization depends strongly on surface properties and
the geometry of the system. Future data-collection campaigns should therefore include
both polarizations (LHCP and RHCP) for the reflected signal.
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