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Abstrakt

Die Kalibrierung von satellitengestützten Radarsystemen spielt eine entscheidende Rolle

für präzise und zuverlässige Messungen. Zur Kalibrierung dieser Radarsysteme können

unter anderem Winkelreflektoren als Kalibrierreferenz verwendet werden. Fehler in der

Ausrichtung dieser Reflektoren führen zu Fehlern in der Kalibrierung, die es zu vermeiden

gilt.

In dieser Masterarbeit wird ein Messgerät zur Bestimmung der Ausrichtung und der Posi-

tion des Phasenzentrums von trihedralen und dihedralen Corner Reflektoren präsentiert.

Das Messgerät basiert auf einem GNSS-Empfänger zur Ermittelung der Position und des

Azimutwinkels und eines zwei Achsen-Neigungsmesser zur Bestimmung des Elevation-

swinkels und des Rollwinkels. Mit Hilfe des Real Time Kinematik (RTK) Verfahrens

kann die Position des Phasenzentrums der Corner Reflektoren mit einer Genauigkeit im

Bereich von einigen Millimetern bestimmt werden. Zur Bestimmung des Azimuts wird

eine Konfiguration aus zwei Antennen verwendet sowie das Inklinometer zur Bestimmung

der Elevation und des Rollwinkels mit einer Messungenauigkeit von weniger als 0,5 Grad.

Das Konzept und die Implementierung des Messgeräts werden näher erläutert. Mögliche

Fehlereinflüsse und verschiedene Evaluationsmethoden werden betrachtet und analysiert

und eine passende Strategie zur Validierung des Messgeräts wird ermittelt. Die Ergebnisse

dieser Validierung werden präsentiert und anschließend diskutiert.

Abstract

The calibration of satellite based radar systems is a crucial part for precise and reliable

measurements. For the calibration, corner reflectors are often used as reference. Misalign-

ments of these corner reflectors result in errors in the calibration.

In this master thesis, a measurement instrument for the determination of the alignment

and position of the phase center of trihedral and dihedral corner reflectors is presented.

The device uses a GNSS receiver for the determination of the position and the azimuth

and a dual axis inclinometer for the elevation and the roll angle of the corner reflector.

An accuracy of a few millimeters can be reached for the position of the phase center of

the corner reflectors using GNSS real time kinematic (RTK) positioning method. The

device uses a GNSS multiantenna configuration for the determination of the azimuth and

the dual axis inclinometer for the determination of the elevation and roll angle with an

uncertainty below 0.5 degrees. The concept of the developed device is described. Er-

ror influences and different evaluation methods are analyzed, and a suitable verification

strategy is selected. Finally, the results of the validation are presented and discussed.
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1 INTRODUCTION

1 Introduction

Today radar satellites play an important role in earth observation and cartography. The

radar images are used to observe and monitor climate dynamics and changes on Earth

like the melting of glaciers and the polar caps. Additionally, the structure of vegetation

like deforestation and canopy heights can be monitored to improve forest, fire and nature

protection. Another application is the reconnaissance of areas after natural disasters like

floodings and earthquakes providing an overview for rescue teams and crisis management.

Potential flooding or tsunami endangered areas can be identified and the generated maps

can be used for risk evaluation and risk mitigation. For geology, the radar satellites can

provide information about height changes after earthquakes and volcanic activities. In

case of cartography, radar satellites can provide a map of the Earth with an uniform

and precise height model which can be used for navigation especially for improving the

reliability of ground proximity systems and synthetic vision systems for airplanes. The

satellites can be operated independent of the illumination from the sun and weather

conditions like cloudiness due to radar imaging. This is an advantage over optical satellite

imaging. [10], [11]

In order to provide reliable and precise data for all these applications, calibration is needed

for the satellites. The DLR has established a SAR calibration centre which provides

calibration services for many national and international SAR missions, like the German

TerraSAR-X and TanDEM-X [10] or ESA’s Sentinel-1 system.

1.1 Introduction to the Microwave and Radar Institute of DLR

The Institute of Microwave and Radar of DLR researches and develops SAR based systems

and applications for ground, airborne and satellite remote sensing [12]. This thesis is writ-

ten in the ’Satellite SAR Systems’ department in the calibration group. The department

develops satellite based SAR systems and takes care of the operation and the calibra-

tion of the satellites. Tasks of the department contain, among others, the SAR systems

engineering, analysis of SAR system performances, calibration, and mission planning. [13]

The calibration group focuses on the development of reference targets such as transponders

and calibration methods and techniques for radar systems. The group provides various

calibration services like a calibration field for international SAR missions and analysis

tools. [13]

1.2 Motivation and Objective of the Thesis

As reference targets for the calibration of DLR’s radar satellites, corner reflectors are

used among others. They reflect the radar signal back to the radar satellite. The re-

flector must be aligned towards the direction where the radar satellite is located during

1







2 THEORETICAL FUNDAMENTALS

imaging. Therefore, the SAR can be used even at night which provides a huge advantage

over optical imaging systems. SAR is operated in the microwave bands which allows

the penetration of clouds, soil and other substances. With different polarization of the

electromagnetic radar pulse and reception of different polarizations of the radiated pulse,

the physical and electrical characteristics like roughness and geometry of the observed

objects or surfaces can be determined. [14], [2]

In the following chapter, a basic knowledge of the functionality of SAR is provided. For

a more detailed introduction to SAR it shall be referred to the sources [2], [14] and, [15].

2.1.1 Functionality of SAR

A SAR system often uses a pulse generator to generate radar pulses which are then

amplified and converted to the transmitting frequency by the sender. A circulator prevents

that signals from the sender are able to traverse to the receiver and that received signals

from the antenna traverse into the sender. The received echoes are filtered and amplified

by the receiver. Afterwards the signals are demodulated and digitalized with an analog

to digital converter (ADC). The data is then processed by a SAR processor which creates

a SAR image from the raw data. The whole radar system is controlled and monitored by

a radar control unit. [1]

This structure of a SAR system can be seen in the block diagram in figure 1.

Figure 1: Block diagram of a monostatic SAR-system [1]

The received power of the transmitted pulse in dependency of the object where the radar

signal is reflected can be explained with the general radar equation from [16]:

PE = SZE AW eff =
PS GS GE λ2

r σr

(4π)3 R2
Z R2

E Lges

(1)
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2 THEORETICAL FUNDAMENTALS

timevariant for positions in Europe. In order to provide stable coordinates for positions

in Europe, the European Terrestrial Reference System (ETRS) with the ETRF reference

frames is introduced which frame moves with the movement of the Eurasian plate. [20]

The ITRF and ETRF reference frames are described in more detail in [20].

The origin of the coordinate systems is Earth’s gravitational center of mass [5]. A posi-

tion in these ECEF coordinate systems can be described in cartesian coordinates and in

geodetic coordinates [21].

In the cartesian coordinate system, the Z-axis resembles the rotation axis of the Earth and

points from the center of mass to the north pole. The X-axis is defined on the equatorial

plane and points from the center of mass to the prime meridian defined by the Bureau

International de l’Heure (BIH). The Y-axis is defined by the right-handed coordinate sys-

tem formed by the X and Z-axis. [5], [6]

This coordinate system is displayed in figure 5 (a).

Another representation of a position on Earth’s geoid in the WGS84 model are geodetic

coordinates which form a polar coordinate system. A position on Earth’s surface P can be

expressed in the geodetic system by the latitude, longitude and height over the WGS84

ellipsoid. The latitude Φlat is the angle between the equatorial plane and the normal

vector on Earth’s surface at point P from the Earth’s center of mass in the range from

-90° (south pole) to +90°C (north pole). The longitude λlon is the angle between the

projected point vector P on the equatorial plane and the zero meridian in the range from

-180° to +180°. The height h is the height difference between point P and the projected

point P’ on the ellipsoid. [6]

The described geodetic coordinate system definition can be seen in figure 5 (b).

12



2 THEORETICAL FUNDAMENTALS

(a)

(b)

Figure 5: WGS84s geodetic and cartesian WGS84 coordinate systems :
(a) cartesian coordinate system [5] and

(b) geodetic coordinate system [6]

The geodetic coordinates can be converted to the cartesian coordinate system with the

following equations from [6]:
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2 THEORETICAL FUNDAMENTALS

with the PolaRx2 receiver:

baseline
length

heading
accuracy

pitch accu-
racy

1 m 0.30° 0.60°

3 m 0.10° 0.20°

10 m 0.03° 0.06°

Table 2: Accuracy of the attitude angles of DCM method determined by PolaRx2 receiver [9]

The second algorithm for attitude determination described in [9] is the quaternion based

Kalman filter. This method determines the attitude from the double-differenced carrier

phase measurements of multiple auxiliary antennas with quaternion parameterization.

Due to the requirement of the auxiliary antenna positions that shall be known apriori,

this algorithm cannot be used for the measurement instrument because the instrument

shall determine the position of the auxiliary antennas in perspective to the main antenna

by itself. Therefore, the algorithm is not covered in this thesis. For further information

about this algorithm refer to [9].
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4 DEVELOPEMENT OF THE ALIGNMENT MEASUREMENT INSTRUMENT

no mobile phone is available. The speaker of the display can be used as proximity sen-

sor to support the alignment process. The desired alignment angles can be entered, and

the speaker provides feedback how close the current alignment is to the desired one by

different pulse lengths which is not yet implemented.

4.1.3 Software Concept

The software of the measurement instrument shall follow a modular design to allow a reuse

in different projects. Therefore, for every major component such as the GNSS receiver,

the inclinometer, the display, the webserver’s interface and the environment sensor a own

module with a representative class is created. Additionally, a module for the calculation of

the corner reflectors azimuth, elevation and phase center is implemented. A main program

is used to redirect the data between the module’s classes and to control the operation of

the measurement instrument. The modules and classes are implemented in Python. In

figure 12, the classes with their most important methods and their relations between each

other is displayed. The functionality of each class as well as the concept of operation is

described in the following section.

Figure 12: UML class diagram of the measurement instrument

GNSS Receiver

The GNSS receiver class is used for the communication with the receiver from Septentrio.

The communication can be established over a serial connection via USB or by an ethernet

connection over USB. The ethernet connection has the advantage that it is much faster
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5 VALIDATION OF THE ALIGNMENT MEASUREMENT TOOL

5 Validation of the Alignment Measurement Tool

The validation of the alignment measurement tool is done in several steps. At first the

different errors influencing the accuracy of the instrument are analyzed and tried to be

avoided, mitigated or compensated wherever possible. From the remaining errors, an

uncertainty for the results can be predicted. After knowing the expected uncertainty of the

alignment and position determination, the strategy for the validation of the measurement

device is presented. Different validation methods are introduced, and a suitable validation

method is selected. The validation is separated in a component validation in which the

uncertainties of the individual components influencing the final alignment and positioning

accuracy (such as the inclinometer, the GNSS receiver and the optimizer used for the

determination of the transformation) are checked. An independent reference measurement

is performed. The setup and results of this reference measurement is shown. These results

are verified by a second independent measurement method to provide confidence and to

justify that the alignment determined by the reference method is valid. Finally, the results

and uncertainties of the alignment measurement instrument are provided and discussed, i.

e. by comparing them with the reference measurement’s values. All uncertainties provided

in the following chapters are given as 1σ standard deviation. If a different representation

format of the uncertainty is used, it is noted.

5.1 Instrument Error Estimation

The goal for the measurement instrument is to improve on the previous used alignment

method with magnetic compass and a digital inclinometer. At least the uncertainty of

the magnetic compass of 0.5° shall be reached for the azimuth angle and the uncertainty

of the inclinometer of 0.2° shall be achieved for the elevation angle. Before starting with

the validation, the error influences on the measurement instrument are estimated and the

uncertainty of the instrument is predicted.

The uncertainty of the measurement instrument is influenced by different error sources.

The maximum achievable uncertainty is limited by the specified accuracies of the used

sensors as well as the fitting error of the optimizer. The accuracy of the GNSS receiver

used for the attitude angles depends on the baseline length, i. e. the distance of the

measurement antennas. For an one meter baseline, an accuracy of 0.15° (heading) and

of 0.25° (pitch / roll) is specified [31]. For a baseline of 5 meters an heading accuracy of

0.03° and pitch / roll accuracy of 0.05° can be expected. The measurement instrument

is validated with 1.5 meter corner reflectors because it is the most common reflector at

DLR’s calibration test field. The outer edge length of the baseplate of this corner reflector

amounts to 1.5m ·
√

2 ≈ 2.12 meters. By adding the length of the fixations which is 2 · 0.5

meters, an entire baseline length of about three meters is reached. For this baseline length

the accuracy of the GNSS receiver for the heading can be expected as 0.05° and 0.08°

42







5 VALIDATION OF THE ALIGNMENT MEASUREMENT TOOL

accuracy of the measurement instrument. The methods are compared, and a suitable

strategy is selected.

5.2 Strategy of Validation

The strategy for the validation of the measurement instrument consists of a single com-

ponent validation and an end-to-end validation. The single component validation verifies

the performance of the individual components such as the inclinometer, the GNSS re-

ceiver, and the optimizer for the transformation of the virtual reference corner reflector

model. These components provide the limits of the reachable uncertainty. Mainly the

inclinometer which provides the worst uncertainty of 0.6° over temperature is analyzed

in more detail. The least square optimizer is tested with different error functions in a

theoretical simulation and a practical test. For the GNSS receiver, the tolerances of the

attitude angles and the position are estimated by the receiver itself and provided in the

datasheet. The determined tolerances are provided to the user as accuracy estimation for

the current alignment via the web interface. These estimated tolerances are compared

with the device validation’s results.

In the device validation, the noise, repeatability and the deviation to the independent

reference measurement is evaluated. Therefore, the instrument is mounted on the corner

reflector and the alignment angles are determined as well as the corner reflector’s phase

center position. To validate these values, reliable reference measurements must be con-

ducted. To validate the position, a precise GNSS receiver called GS16 from Leica is used.

With this receiver a horizontal uncertainty of 8 millimeters and a vertical uncertainty of

15 millimeters can be reached for RTK measurements which is slightly worse than the

uncertainties of the used GNSS receiver from Septentrio. [35]

As a reference measurement for the alignment angles of the corner reflector, a validation

method would be to use a gyro compass for the determination of the azimuth angle and

a digital inclinometer for the determination of the elevation angle. The elevation angle

must be calculated from the measurement of the pitch angle of the baseplate by applying

the bore sight offset of 35.26°. Unfortunately, the elevation angle measurement is largely

influenced by the deformation of the corner reflector. This error must be compensated by

measuring the deformation of the corner reflector and calculating the pitch offset. The

available digital inclinometer at DLR provides an uncertainty of 0.2° and is therefore in

the same range as the expected uncertainty of the measurement instrument’s elevation

angle measurement.

The gyro compass aligns with the meridian and allows the determination of the north

south direction. The compass is not magnetic and therefore not influenced by magnetic

materials nearby as well as it detects the true north’s direction. In [36] a MEMS gyro

compass is described which reaches a noise accuracy of 2 milliradians which is equivalent
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ally, this method allows the determination of the corner reflectors phase center position.

This method is also suitable for the validation of the measurement instrument.

The third method using the tachymeter for measuring the three vertices of the reflector

is selected as reference method for the device validation and the fourth method is used

to verify the results of the third method in order to make sure that the reference mea-

surement provides correct reference values for the alignment. In the following chapter the

results of the validation are presented and discussed.

5.3 Results of the Validation

In this chapter, the results of the validation are presented. First, the component vali-

dations setup and results are provided. The single component validation consists of the

validation of the inclinometer’s accuracy over temperature and the stability of the values

over time. The GNSS receiver’s estimated accuracy is trusted and therefore not addition-

ally validated. The error influence of the optimizer for different optimizer error functions

is checked with simulations and a practical test. The error function with the best results

is selected for the measurement instrument’s application. Afterwards, the setup and re-

sults of the reference measurements for the corner reflector are presented. The results of

the alignment and position of the measurement instrument are compared to the reference

measurements’ values. The uncertainty and repeatability of the alignment and position

measurement of the measurement instrument is checked and compared to the estimated

uncertainties defined in chapter 5.1. Finally, the results are discussed.

5.3.1 Results of Single Component Validation

During the single component validation, the main components influencing the uncertainty

of the alignment and positioning of the developed measurement instrument are rechecked

for their accuracy. These components are the inclinometer, the GNSS receiver and the

optimizer.

Inclinometer Validation

The inclinometer is checked due to its low accuracy of 0.6° over the specified temperature

range from -40°C up to 85°C. An operating temperature range of -10°C up to 70°C is

expected. The inclinometer’s achievable accuracy is checked in a thermal test in which

two 2-NSDOG2-021 inclinometers from TE Connectivity are validated. In this test the

two inclinometers are mounted on a wooden plank to avoid a change of the angles due to

thermal expansion of the mounting surface. The plank is placed inside a climate chamber

and the pitch and roll angles are measured over temperature. A temperature sensor is

placed near both inclinometers in order to get the exact temperature at the components.

The measured data is evaluated relative to the mean pitch and roll value at 25°C. The
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5.3.2 Results of Instrument Validation and Discussion of the Results

In this chapter, the results of the instrument validation are presented and discussed. The

measurement setup is explained for each measurement. Firstly, the setup and results of

the measurement methods selected in chapter 5.2 as reference methods is explained. These

methods are used to provide the alignment of the corner reflector with a higher precision

as the measurement instrument. The alignment determined by these reference measure-

ments is assumed as the ’true’ alignment of the corner reflector in order to determine the

deviation of the measurement instrument’s measurements to the actual alignment. After-

wards the reference alignement angles and the predicted uncertainties from chapter 5.1

are compared to the results of the measurement instrument and the results are discussed.

The same comparison is performed for the validation of the phase center position. The

reference for the position is determined by a commercial GNSS receiver (Leica GS16) with

a high precision.

Reference Measurements

For the first reference measurement, the tachymeter TS16 from Leica Geosystems is used.

It provides an accuracy for the measured distances of two millimeters [38]. The tachymeter

is oriented to north with the GNSS receiver GS16 from Leica. The GS16 receiver is placed

on a pole with a prism. The tachymeter is aligned to the prism mounted on the GNSS

receiver and the position of the GNSS receiver is measured with the tachymeter. By

knowing at least three points and their relative position to the tachymeter, the posi-

tion of the tachymeter as well as the orientation of the tachymeter can be triangulated.

With the tachymeter oriented, all points measured with the tachymeter can be given in

ETRF/ITRF coordinates. The oriented tachymeter can be pointed to markers which are

placed on the edges near the vertices of the corner reflector. A corner reflector with a

low elevation angle is selected to avoid uncertainties by the tilted markers. The width of

the laserbeam of the tachymeter which is used to measure the positions is not infinites-

imal small. When hitting a plate that is not orthogonal to the laserbeam, the position

can variate due to not knowing at which position inside the beam is measured. This is

an additional error source. The three dimensional uncertainty of the measured points is

estimated by the tachymeter as 3 millimeters. From the coordinates of the three vertices

a plane is calculate as well as the normal vector on the plane. As described in chapter

4.1.3, the normal vector’s direction is equal to the direction of the bore sight of the cor-

ner reflector whose alignment angles can be calculated with projections. The described

measurement setup is displayed in figure 22.
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(a)

(b)

Figure 22: Reference measurement setup
(a) tachymeter with GNSS receiver for position determination

(b) markers on corner reflectors corners

To verify the described reference measurement and to avoid error due to (potentially)

bended corner reflector edges, the tachymeter is placed close to the corner reflector and

measures points on the surface of the corner reflector. The tachymeter’s position is deter-

mined with the GNSS receiver in the same way as described in the reference measurement.

The angular resolution for the measurement is selected as 1.5°. With all the points on the

corner reflector’s surface measured, an ideal trihedral corner reflector can be fitted to the

data. After fitting, the deformation of the reflector can be determined from the deviation

from the ideal reflector. From this ideal corner reflector the alignment can be determined.

This method is superior to the first reference because the alignment is determined based

on almost 1000 points instead of only three points which can easily influenced by errors

such as measurement noise. Due to that, the alignment determined with the surface mea-
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6 Summary and Outlook

A measurement instrument for the determination of the alignment of trihedral corner

reflectors as well as for the determination of the corner reflector’s phase center position

is successfully developed. It uses a GNSS receiver for the determination of the position

and the azimuth angle of the corner reflector and a two axis inclinometer for the determi-

nation of the elevation and the roll angle of the corner reflector. A web interface can be

used on a mobile phone in order to comfortably view the alignment angles and the phase

center position and to enter information about the reflector such as the reflector id or

the site name leading to a more time efficient way for the alignment of corner reflectors.

The instrument automatically determines the size of the corner reflector by evaluating

the baseline length between the main and the auxiliary antenna. When the size cannot

be determined automatically, it must be entered over the web interface. The alignment

values can be stored inside an internal database and can be pushed to DLR’s database

when it is connected by ethernet to DLR’s intranet. The process of synchronizing the

values with DLR’s database has not been implemented so far due to missing specification.

The measurement instrument is validated with trihedral corner reflectors. The results of

the validation look promising. A precise determination of the alignment below 0.5° which

is the initial goal for the instrument can be achieved. For the azimuth angle an uncer-

tainty of 0.2° could be reached which is slightly worse than the accuracy as specified by

the used GNSS receiver. For the elevation angle an uncertainty of 0.25° can be reached

which is slightly worse than the expected accuracy of the inclinometer in the operating

temperature range.

For the phase center position, the three dimensional uncertainty is approximately 0.03

meter which is worse than the initially expected accuracy of about 0.01 meter from spec-

ification but still acceptable. The accuracy estimated by the receiver can be achieved.

When comparing the measurement to a reference measurement performed by a much more

precise GNSS receiver, the deviation from this position is still in the estimated accuracy

of the GNSS receiver used in the measurement instrument. In table 12 the specification

of the developed measurement instrument is given.

In order to extend on the presented measurement instrument, it needs to be validated

with dihedral corner reflectors to use it for the alignment of these type of corner reflectors

as well. A concept for the usage of the measurement instrument with the dihedral corner

reflector is provided. The reference model for the dihedral corner reflector is implemented

which can be used with the optimizer in order to transform the model to the ENU frame.

Algorithms for the calculation of the attitude angles and the dihedral corner reflector’s

phase center position are implemented but not tested. In order to start the validation for

the dihedral corner reflectors, fixations for the antennas need to be built and the dimen-

sions of the fixations need to be added to the configuration file in order to attach them to
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the dihedral corner reflector. In the web interface, an option for the corner reflector type

has already been added to switch between the calculation algorithms for the trihedral and

the dihedral corner reflector.

Another improvement for the measurement instrument would be to the ability to add

a desired alignment angle in the web interface and the measurement instrument to pro-

vide visual and auditive feedback how close the current alignment is to the desired one.

Therefore, the web interface and the display can be used for visual indication as well as

the speaker installed in the display can be used for auditive feedback. A function for the

output of pulses on the display’s speaker is already implemented. If the speaker of the

display is not loud enough an external speaker can be installed as well.

property value
azimuth angle 0...360° +/- 0.2° (3σ)
elevation angle -90...+90 +/- 0.25° (3σ)
position uncertainty (3D) +/- 0.03 m (3σ)
position reference system ETRS89/DREF91
communication interfaces Wi-Fi, ethernet, USB
supply voltage 7.2 V ... 14 V
current consumption typ. 1.9 A
typical runtime 7.81 hours
operating temperature -10°C ... 70°C
size housing (l x w x h) 0.25 m x 0.3 m x 0.1 m
weight ≈ 3 kg

Table 12: Specifications of the developed measurement instrument for corner reflector
alignment
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