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ABSTRACT

TERRAIN PROFILE ESTIMATION OVER A
SYNTHETIC TERRAIN BY USING PULSE-DOPPLER
RADAR

Onur Tan
M.S. in Electrical and Electronics Engineering
Supervisor: Prof. Dr. Orhan Arikan
June 2010

The systems used for terrain profile estimation arise when the safety flight issues
in civil flight transport and in military applications become important. These
systems are developed for the purpose of terrain avoidance and safe flight. In
this thesis, we study two techniques in estimating the terrain profile of the syn-
thetically generated terrain which is achieved by means of signal processing. The
estimation performance of the techniques is observed according to the results of
flight simulations realized on the simulation environment. In the simulations, an
aircraft with a pulse-Doppler radar scans a synthetic terrain according to the
scanning patterns to generate the received signals. The techniques that we pro-
pose, are applied to the output of the pulse-Doppler process. The first technique
is based on the usage of the first and the middle reflection range points in the
clutter received signal. An adaptive thresholding method is developed for robust
detection of these points. Accurate detection of these range points is crucial in
the estimation performance of the first approach. The other technique uses the

relation between the elevation angle 6 and the clutter received signal amplitude
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ratio of the two receiver antennas R1 and R2 in finding the 6 angles of the reflec-
tions in corresponding range values. In this approach, accurate estimation of the
angle of arrival is important on the performance of estimation. Especially for far
ranges, the errors in the estimation become more sensitive to the errors in the
elevation angle 6. Finally, over a set of synthetically generated terrain profiles,

the error performance of these two techniques are investigated and compared.

Keywords: Pulse-Doppler Processing, Fractal Methods, Synthetic Environments,

Terrain Maps, Terrain Avoidance, Pulse-Doppler Radars, Detection.
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OZET

SENTETIK ARAZI UZERINDE DARBE-DOPPLER RADARI
KULLANARAK YAPILAN ARAZI PROFILI KESTIRIMI

Onur Tan
Elektrik ve Elektronik Miihendisligi Boliimii Yiiksek Lisans
Tez Yoneticisi: Prof. Dr. Orhan Arikan
Hagziran 2010

Arazi profili kestirimi icin kullanilan sistemler, sivil ucak tasimaciligt ve
askeri uygulamalardaki giivenli ugug meselelerinin onemli hale gelmesiyle
bag gostermisgtir. Bu sistemler araziden kaginma ve giivenli ugus amaciyla
geligtirilmigtir. Bu tezde, sentetik olarak olusturulmug arazinin sinyal igleme
yardimi ile yapilan arazi profili kestiriminde iki teknik tizerinde ¢aligtik. Sim-
ulasyon ortaminda gerceklestirilen ugus simulasyonlarinin sonucglarina gore,
tekniklerin kestirim performansi gozlemlendi. Simulasyonlarda, darbe-Doppler
radarh bir ucak, alici sinyallerini olusturmak icin, tarama sekline gore sentetik
araziyi tarar. Onerdigimiz teknikler, darbe-Doppler islemenin ¢iktilar: tizerinde
uygulanmigtir. Ik teknik, yansima sinyalindeki ilk ve ortanca yansima mesafe
noktalarinin kullanilmasina dayanmaktadir. Bu noktalarin giirbiiz bir sekilde
saptanmasi i¢in bir uyarlanabilir egikleme methodu gelistirilmistir. Bu mesafe
noktalarin hatasiz saptanmasi, ilk yaklagimin kestirim performansinda ¢nemli
bir yer kaplar. Diger teknik, uygun mesafe degerlerindeki yansimalarin yiikselis

acisinl bulmada, 6 ile R1 ve R2 alici antenlerinin yansima sinyalleri biiytikliik
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orani arasindaki iligkiyi kullanir. Bu yaklagimda, gelme agisinin hatasiz kestir-
imi, kestirim performansi tizerinde 6nemlidir. Ozellikle uzak menzillerde, ke-
stirim iizerindeki hatalar, yiikselig acis1 6 iizerindeki hatalara daha duyarh hale
gelir. Son olarak, sentetik olarak olugturulmus bir takim arazi profilleri tizerinde,

bu iki teknigin hata performanslari incelenmis ve karsilastirilmigtr.

Anahtar Kelimeler: Darbe-Dopler i@leme, Fraktal Yontemler, Sentetik Ortamlar,

Arazi Haritalar1, Araziden Kaginma, Darbe-Doppler Radarlari, Saptama.
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Chapter 1

INTRODUCTION

The systems used in terrain profile estimation have been developed for the pur-
pose of safe flights. During the recent decades, the developments in the technol-
ogy also brings concerns about the safety issue. In civil transport, in military
applications, safe flight became important due to bad crashes resulted such as
loss of aircrafts and crews. There are various reasons for crashes such as bad
weather conditions, loss of pilot’s attention due to relatively featureless desert
terrain, etc. So, terrain profile information is needed to help the pilot for safe
flight. These systems detect the collision hazards along the flight path and the
pilot has been warned to reduce the risk of collision. For example, Ground Prox-
imity Warning System (GPWS) is used to alert the aircraft in civil transport in
danger of collision hazard [1]. In vertical situation display (VSD) systems, the
generated terrain profile information is displayed throughout a display in front
of the pilot [2]. These kinds of systems will be mentioned in chapter 2. There are
lots of patents developed in this area of terrain profile generation and display.
Radar signal processing techniques are used in the development of the terrain

profile estimation.



Radar signal processing is a very wide, wellrounded area used for detection,
tracking, imaging, etc [3]. In this thesis, pulse-Doppler radar systems are used for
the terrain profile estimation. Pulse-Doppler radar systems specifies the target’s
position and target’s doppler speed according to the radar platform by applying
pulse-Doppler processing techniques on the received signals [3, 4]. For our pur-
pose, target signals are the signals reflected from the terrain. In radar literature,

these echoes are called clutter.

In this thesis, we study how to estimate the terrain profile of a synthetically
generated terrain with optimum error values. Therefore, a simulation environ-
ment is created to achieve these goals. Simulation environment basically includes
the synthetically generated terrain, transmitted pulse shape parameters and an-
tenna pattern used in the simulations. A realistic synthetic terrain generation is
significant in the success of the techniques used in this thesis. So, we investigate
many techniques and synthetic terrain is generated realistically as possible as the
actual terrain shapes, to get reasonable and good results. In the simulations, ba-
sically an aircraft with a pulse-Doppler radar flies over the synthetic terrain. We
simulate the aircraft in the simulation environment according to the particular
scanning patterns for each technique. The aircraft scans the synthetic terrain
by transmitting pulses with its pulse-Doppler radar antenna and it receives the
corresponding echoes reflected from the synthetic terrain. These received signals
are processed for estimating the terrain profile of the synthetic terrain. In this
thesis, we developed two techniques. And these two techniques are based on
the processing of the received signals for the terrain profile estimation. As men-
tioned, they have their own scanning patterns during the simulations. For the
simulations, the transmitted pulse shape and the generated synthetic terrain are
created at the beginning. Generated synthetic terrain is scanned according to the
scanning pattern of these two techniques by transmitting the generated pulses.
Then, raw radar data is generated to be used in the generation of the received sig-

nals. These received signals are pulse-Doppler processed before applying the two



developed techniques over them. Until obtaining the pulse-Doppler processed
received signals, the same steps are applied in the simulations of each technique
with their particular scanning patterns. These techniques are applied over the
pulse-Doppler processed received signals for the estimation of the terrain profile.
First technique is based on the usage of the time of arrival information of the
echoes, on the other hand, the other technique is based on the usage of angle of
arrival information. Time of arrival information of the echoes are related with
the range of the echoes according to the aircraft position for the time of arrival
based terrain profiling technique. Angle of arrival information is the elevation
angle of the echoes according to the horizon for the angle of arrival based ter-
rain profiling technique. They will be discussed in detail. Finally, we compared
and investigated these two developed techniques with their error performances

in terrain profile estimation by means of the results of the simulations.

The outline of the thesis is as follows. Chapter 2 includes the related works
with the thesis in the literature. In chapter 3, the generation of the elements in
the simulation environment is mentioned. Chapter 4 is about two developed tech-
niques used in the terrain profile estimation and the estimation results. Chapter

5 concludes the thesis with a general summary of the results.



Chapter 2

RELATED WORKS

The systems that are in the literature, generally developed for the purpose of
the terrain avoidance and safe flight. They aim to detect and warn the collision
hazards along the flight path of the aircraft. Through these systems, aircrafts
can fly safely in various weather conditions in any time of the day. For example,
when flying relatively featureless desert terrain, a desert storm can cause a pilot
lose depth perception [5]. In these situations, it’s very crucial to show the terrain
elevation data in a display in front of the pilot, to prevent from bad results such

as loss of aircrafts and crews.

Figure 2.1: Scanning of the terrain with a pencil beam antenna pointed along

the flight path.



In the Honeywell Technology Center, a forward looking altimeter for the
terrain avoidance is developed. In Fig. 2.1, the terrain is scanned by the aircraft
with a pencil beam antenna, to reduce the risk of a collision. For this purpose,
the performance of the radar is tested in different terrains for different weather
conditions successfully [5]. The system works in the sense of transmitting and
receiving pulses. By processing received signals, the terrain profile information
is extracted. A pencil beam antenna is used to scan the terrain. Because, it’s
important to get a good resolution for detecting the terrain easily. By means of

this narrow beam, this resolution values can be obtained.

The system is tested successfully in different types of terrains including
ground, meadows, wheat fields, etc. It provides accurate information about the
low level flying hazards such as trees, poles, buildings. The only problem about
the system occurs in rainy weathers. Due to the strong reflections from the rain,

sometimes rainy areas can be detected as a hazard [5].

The other system that we come across, is the Ground Proximity Warning
System (GPWS). It’s generally used in civil flight transport to alert when the
aircraft is in danger of impacting terrain [1, 6, 7]. These systems are very im-

portant to warn the aircraft against the possible hazards in the landing path.

\\/

Terrain Field
from Markov Model

Alert issued here ,

\

Figure 2.2: The landing of the aircraft.



In Fig. 2.2, alert issued before the terrain field in the landing of the aircraft.
The early warnings are very important for the pilot to have some response time.
There are flight accidents, involving aircraft with a functioning GPWS. GPWS
sometimes couldn’t alert due to false alarms. Late warnings, in which pilot has
little time to respond, is another reason to these accidents. Lastly, due to the

poor pilot responses, these accidents can be occured [1, 6, 7].

Specifically, GPWS can operate by modelling the terrain statistically. The
terrain is modelled by using Markov statistic models. The probabilities of an
impacting terrain in the flight path are calculated according to these models,

and the pilot is warn by an alarm mechanism in case of necessity [1, 8].
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Figure 2.3: The markov chain propagation method.

The procedure for the markov chain propagation, includes tracking the prob-
ability that the terrain reaches different altitudes in the flight path. Consider
the case in Fig. 2.3 in which the terrain altitude is in state A. The transitions
from A to the states above the aircraft’s flight path will result in a collision, so

these transition probabilities combine to the terrain collision state [1, 8.

For instance, terrain in state B is above the flight path. That’s why it directly

goes into the terrain collision state. Being in the terrain collision state at each



step, is another way of telling the running probability that a collision with a

terrain has occured [1, §J.

There are lots of patents in the literature to provide the safe flight of the
aircraft. Through a display, the terrain profile along the flight path is reflected

to the pilot to minimize the risk of collision.
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Figure 2.4: The block diagram of the system developed in one of the patent.
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Figure 2.5: Three dimensional buffer.



In Fig. 2.4, the general block diagram of one of the patent is shown. Basically,
the system includes a memory, a processor and a display device. It shows the
steps that has to be achieved to display the terrain profile for the safe flight.
Radar control unite controls the transmitter and receiver. After transmitting
the pulses by the antenna, received signals are processed in a format to be stored
in a three-dimensional buffer. These processed signals are stored in a plane of
voxels in the three-dimensional buffer like in Fig. 2.5. The display device is

coupled to the processor for displaying the image [9].

In the patents, there are various ways of displaying the terrain profile for the
easy understanding of the pilot. Like in Fig. 2.6, there is a display in front of the
pilot showing the profile of the terrain. This terrain display format is crucial for

situational awareness of the pilot [10].

Figure 2.6: The pilot cabin.

A vertical situation display (VSD) provides a two-dimensional representation
of an aircraft, the aircraft flight plan and terrain under the aircraft. It simply
gives bird’s eye view of the terrain under the aircraft. Furthermore, the altitude
profile in the horizontal axes to the flight path is shown. In Fig. 2.7, we can see
the terrain image generated by VSD system in a flight deck display screen. The

relative position and height information of the flight according to the terrain can



be extracted. In this regard, a member of the aircraft crew can easily understand

the vertical situation of the aircraft relative to the terrain with a simple glance

at the display in Fig. 2.7 [2].
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Figure 2.7: The sample terrain image generated by VSD system.

The frequent display of the terrain elevation data in the flight path, is the ver-
tical display image in front of the aircraft as in Fig. 2.8. Vertical front view is the

most common display mode that we came across through out the literature [11].

Figure 2.8: Vertical front view.



Fig. 2.9 is a cathode ray tube display, in which it has the contoured terrain
elevation in the plan view and a corresponding vertical front view. This is another
display mode, showing the terrain elevation under the aircraft as well as aircraft
altitude. By means of this display, the relationship between the aircraft and the

terrain altitudes can be seen easily [11].
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Figure 2.9: The display of contoured terrain data with vertical front view.

To sum up, most of the systems are developed for providing the safe flight of
the aircraft. They try to minimize the risk level of collision and warn the pilot
to prevent the crashes. For this purpose, GPWS has some alarm mechanism to
warn the pilot and crew. The display of the terrain profile is another way of
informing the pilot about the terrain elevation along the flight path. Displaying
the terrain elevation data in the easiest and useful manner is very important such
that the pilot can have a good response. So, there are lots of different display
sytles of this data. Briefly, the main aim under these systems is helping the pilot

to provide a safe flight.

10



Chapter 3

SIMULATION
ENVIRONMENT

In this chapter, a simulation environment is formed up to run the simulations
for the developed techniques. Firstly, a synthetic terrain is needed such that
an aircraft can be simulated over it. In the simulation, the aircraft flies on a
specific altitude and scans the terrain by transmitting some pulses. Raw radar
data is generated as a result of the scans. By using these raw radar data results,
received signals are generated such that we can process them to estimate the
terrain profile. Briefly, this simulation environment is begun with generating
a terrain elevation data which should be realistic as possible as the real terrain
shapes. For this purpose, some techniques are investigated and compared so that

we can obtain good synthetic terrain results.

3.1 Related Work

There are basically two way of existing terrain generation. These are seperated

as, GIS (Geometric Information Systems) and fractal based techniques. In GIS

11



techniques, elevation data is derived from the real world measurements such as
using Satellite Imagery. On the other hand, fractal technique is a procedural
way in which the terrain is generated programmatically. It’s not easy to access
terrain data derived by GIS techniques. Thus, our focus is the fractal techniques,

in which the terrain can be generated synthetically.

Terrain generation is the computer representation and display of the natural
landscape features. Fractal techniques are used to attempt mimic nature as
closely as possible. It’s obvious that, there have been a great progress in this
area by looking the quality of games, computer graphics and films. So, here comes
the question ”"what’s fractal?”. A fractal is a complex shape that is produced
mathematically with recursion, and it results in an image that each part or
whole will look similar to another one. It’s a geometric pattern used especially
in computer modelling of irregular patterns and structures in nature that can not
be represented by classical geometry. In nature, terrains have generally irregular
shapes. Therefore, fractal methods are used for generating realistic landscapes

and terrain elevation data [12, 13, 14, 15].
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Figure 3.1: Obtaining snowflake by using fractal.

Fig. 3.1 is a simple example of showing what fractal looks like and how it
works. It’s aimed to get a snowflake shape from starting an equilateral triangle.
Basically, the process here is that the equilateral triangle gets repeated for as

much iteration as desired to reach a snowflake shape at the end [12].

The key concept of generating fractal terrain is self-similarity. An object is

said to be self-similar when magnified subsets of the object look like the whole and

12



to each other. Terrain is a self-similar object. For example, a jagged edge broken
rock in your hand has the same irregularities as the ridgeline on a distant horizon.
So, this self-similarity property allows us to use fractals to generate synthetic
terrain which still looks like terrain regardless of which scale it’s displayed [16,

17, 18]. Let’s have a look at the methods for generating synthetic terrains.

3.1.1 Midpoint Displacement In One Dimension

One-dimensional midpoint displacement is an algorithm to draw ridgelines, as
mountains appear on a distant horizon. The algorithm begins with a single hori-
zontal line and it repeats for a sufficiently large number of times. The algorithm
finds the midpoint of the line segment and replace the midpoint by a random
amount. Then, it reduces the range of random numbers. It repeats over this pro-
cedure for each line segment. It’s easier to understand with an example. Let’s
take a straight line between -1.0 and 1.0 in x axes. And the random number
range is initially set from -1.0 to 1.0. After the first iteration, the line at the top
in Fig. 3.2 is obtained. In second iteration, it has two lines that have the same
length. Random number range is decreased by half amount to -0.5 to 0.5. For
each of the midpoint, a random number is generated in this range and we obtain
the line at the middle in Fig. 3.2. Samely after third iteration, the line at the
bottom in Fig. 3.2 is obtained. It’s an easy example to understand the logic of

this algorithm [16].

13



Figure 3.2: An example illustration of midpoint displacement in one dimension

with three iteration.

The important point in specifying the roughness of the ridgeline is the param-
eter H. It is the value which determines how much the random number range
is reduced each time through the loop. The range can be reduced in each time
through the loop by multiplying it with H.27. By means of this, it can be
determined how jagged or smooth the ridgelines will be. In Fig. 3.3, the effect of
H values on the roughness of the ridgelines are shown. With larger H values,the
range is reduced more in each loop which is causing smoother ridgelines. With

lower H values, the jagged ridgelines can be obtained as seen in Fig. 3.3 [16].

H=028
H=05

///H=02
/

NS

Figure 3.3: The effect of H value on the roughness of the ridgeline.
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This is a simple fractal algorithm in one dimension. But it creates very
complex result which is the beauty of fractals. It also gives the possibility to
create more realistic and detailed images in 2D. Fig. 3.4 is the example of the

ridgeline obtained by using this algorithm.

Figure 3.4: The ridgeline obtained by midpoint displacement in one dimension.

3.1.2 Height Maps

A height map is the simplest way of generating a terrain. It’s a 2D array of
height values. Height maps can be obtained as physical measurements from the
actual terrain by Geological Survey from the various parts of the country and
used to create authentic landscapes. On the other hand, a height map could be
any arbitrary definition of heights. A gray scale image is another example of
height maps. Gray scale image is the instance of displaying the height map as
an image by assigning a colour to each height value. High points are assigned to
white, whilst lowers black in gray scale image. Fig. 3.5 (a) illustrates an image
of randomly generated clouds using a computer tool. It can be accomplished by
using fractals as well. Fig. 3.5 (b) is the resulting terrain using this gray scale

image [19, 20].
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(a) (b)

Figure 3.5: (a) A gray scale image height map; (b) the corresponding landscape

generated from the image height map.

3.1.3 Recursive Subdivison Methods

Recursive subdivision methods are based on generating a terrain by recursively
subdividing it into smaller pieces. It’s begun with the edge grid points defining a
square. And the region is subdivided according to the logic of the algorithm until
the suitable resolution is achieved. These methods are considered to be a fractal
due to the self-similarity property in their construction. In each subdivison, the
same logic of the algorithm is carried out. So recursion is inevitable. Also in each
subdivision, a random offset is added to the new vertices created. This allows a
variation in the terrain. In these methods, unwanted spikes in the new vertices
are prevented due to the proportionality. So, by means of these properties in the
nature of recursive subdivison methods, more realistic synthetic terrains can be

generated [19, 21, 22, 23].
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Triangular-Edge Subdivision

It’s the simplest subdivision method of generating fractal terrains. It takes each
grid as square and logically divides it into two triangles. The midpoint of each
triangle’s edge is set to a random amount. Fig. 3.6 (a) shows the four initial
grid points to begin the algorithm. In Fig. 3.6 (b), the red points are the new
midpoint values created after one iteration. These four created smaller squares
can be subdivided again. This procedure goes on until all pixels in the matrix
are set to a value. Thus, a 2D array indices are filled with height values which

becomes a generated fractal terrain [19, 24, 25].
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Figure 3.6: (a) The original data points shown in blue; (b) generated new points

in red after recursive subdivision.
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Figure 3.7: (a) Top view of generated terrain; (b) side view of generated terrain.

Fig. 3.7 (a) and (b) are respectively top and side views of generated frac-
tal terrain by using triangular-edge subdivision method. The problem for this
method is some visual artifacts, such as creases. Creases are the parallel lines
as can be seen quite clearly in Fig. 3.7 (a). They occur due to the no informa-
tion pass between adjacent triangles. This is the deficiency of the method in

generating fractal terrain [12, 19].

Diamond-Square Subdivision

In this algorithm, the midpoint is generated by averaging the four corners of
the surrounding square or diamond. And a random offset value is added to
the midpoint. Since subdivision does take values from neigbouring regions, it’s
context dependent. We can divide the algorithm into two steps as square and
diamond step. It begins with a square 2D array and has a dimension (2" + 1).
Initially, the four corners are set to a value and then the subdivision begins [12,

19].
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Figure 3.8: (a) The first diamond step showing half of each diamond; (b) the

square step; (¢) the next diamond step.

In square step, taking a square of four points, a value is generated at the
square midpoint where the two diagonals meet. This midpoint value is calculated
by averaging the four corner values, plus a random value. It gives us diamonds.
In diamond step, taking each diamond of four points, a value is generated at the
midpoint of the diamond again. This midpoint value is similarly calculated as
the square step, by averaging the four corner points of diamonds, plus a random
value. This step gives us squares. Subdivision continues until the all indices
of the 2D array has set to a value [16, 17, 20]. These steps can be seen easily
from Fig. 3.8. Fig. 3.8 a) is the first diamond iteration where the blue ones are
the current data points and red ones are the newly generated points. Fig. 3.8
b) is the square step generating the red points. Fig. 3.8 ¢) is the next diamond
step. The important point here is about the random value added in finding the
newly generated midpoints of the squares and diamonds. These random values
are selected from a range. If one square and diamond step can be thought as one
iteration, then at the end of each iteration this random number range should be
reduced by some factor. This random number range reducement is crucial in the
roughness of the generated terrain. It specifies how jagged or smooth will be the

terrain.
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Figure 3.9: (a) Top view of generated terrain; (b) side view of generated terrain.

Fig. 3.9 (a) and (b) are respectively top and side views of generated fractal
terrain by using diamond-square method. The problem of visual artifacts seen
in triangular-edge subdivision such as creases, are not seen in diamond-square
subdivision. It’s due to the effect of neighbouring values in the generation of the

midpoints of the diamonds and squares [12, 19].

Square-Square Subdivision

Square-square subdivion method is based on weighted averaging. As the name
implies, division is realized by generating the new points on a square that is
the half size of an existing square. This method is developed to eliminate the
visual artifacts. It has some kind of interpolation in finding the new points of the
square. Taken in the limit, these squares are getting smaller and naturally the
points get arbitrarily closer which causes biquadratic surface. And this method

will produce more smoother landscapes due to the interpolation [12, 19, 26].
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(a) (b) (c)

Figure 3.10: (a) Generating a new square vertices as weighted average of the
surrounding vertices; (b) the first square iteration; (c¢) the second square iteration

where the newly generated vertices become the new grid and the old grid is

discarded.

Fig. 3.10 a) shows that the vertices of the new square are generated by a
weighted average of the vertices of the original square. A random offset is also

added to this amount.

9a + 3b+ 3¢+ 1d
e= +

1
16 " (3.1)

3a +9b + e+ 3d
— -

/ 16

T, (3.2)

where the r is the random offset, e and f is the new vertices of the new square
and a, b, ¢, d are the vertices of old square shown as Fig. 3.10 a). The weighted
average of the vertices is calculated as in Eq. (3.1) and Eq. (3.2). The vertice has
more weight if it’s near to the newly generated vertice. Fig. 3.10 b) and ¢) are re-
spectively, the first and second iteration of the subdivision. The newly generated

vertices become the new grid, whilst the old grid is simply discarded [19].
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Figure 3.11: (a) Top view of generated terrain; (b) side view of generated terrain.

Fig. 3.11 (a) and (b) are respectively top and side views of generated fractal
terrain by using square-square method. The visual artifact problem is minimized
by means of the logic of the algorithm. And also, the generated terrain is very

smooth [12, 19, 27].

3.2 Generated Fractal Terrain

After comparing many fractal techniques for generating a realistic synthetic ter-
rain elevation data, we decided to use the diamond-square subdivision method
for this purpose. In choosing this method, we have some considerations. First
of all, the generated terrain has to be similar to a natural landscape as closely
as possible. This means that visual artifacts, such as creases have to be reduced
as much as possible. The roughness of the surface has to be close to the actual
landscape. To sum up, all of these considerations with an easy implementation
of the algorithm, the diamond-square method corresponds our requirements in

generating a realistic fractal terrain. So, we decided to use this method.
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Side view of the generated terrain
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Figure 3.12: Three-dimensional side view of the generated fractal terrain.
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Top view of the generated terrain

3000

2500

N
o
o
o

—
N
o
o

1000F

y direction (meter)

500
o 135

%000 500 0 500 1000
x direction (meter)

Figure 3.13: Top view of the generated fractal terrain.

Respectively, three-dimensional and top view of the sample generated syn-
thetic terrain are shown with a (3,3) meter resolution in Fig. 3.12 and Fig. 3.13.
Height changes between 30 and 90 meter for this sample synthetic terrain. As
you can see, it’s a very realistic landscape in overall aspect. The patches are
small areas in the synthetic terrain. Fig. 3.14 shows the patches by zooming a
region in the three-dimensional view. They are so realistic with their roughness
as in the nature. Patches are important for the simulations. Because in each
scan, each reflection is modelled as coming from a patch. The size of the patches

are specified by the resolution.
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Figure 3.14: View of patches by zooming a region in the synthetic terrain.

3.3 Pulse-Doppler Processing

In simulation environment, a realistic synthetic terrain is generated. An aircraft
can be simulated on this synthetically generated terrain by transmitting and
receiving radar pulses. In the simulations, a pulse-Doppler radar is used for this
purpose. In this section, a brief introduction is made to the transmitted signal
shape and commonly used signal processing techniques on the received signals
for the pulse-Doppler radars. This is mainly because of the fact that typical
surveillance aircrafts carry pulse-Doppler radars, and here we investigate their

usefulness for the terrain profiling.

1 ) 3 N,

Figure 3.15: The signal structure used in the simulations.
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Fig. 3.15 shows the signal structure that is used in the simulations. Here,
N, is the number of pulses that is transmitted by the antenna of pulse-Doppler
radar. The time interval between the pulses is defined as ”Pulse Repetition
Interval” and symbolized as Tpgr;. In the simulations, for every time duration of
T,, a pulse is transmitted and in the next duration of Tpg; — T, the receiver gets
the echoes from the environment. So, the maximum and minimum distances of
the echoes reflected from the synthetic terrain are calculated as in Eq. (3.3) and

Eq. (3.4) [3, 28]. Here, ¢ is the symbol for the light speed.

T, = : (3.3)
C
2Rmax
TPRI - Tp = c (34)
— T
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Figure 3.16: (a) LFM envelope sample; (b) LFM waveform sample; (¢) LEM

frequency sample.
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The pulse shape in Fig. 3.15, is modulated by LFM (Linear Frequency Mod-
ulation) which is a commonly used modulation scheme in pulse-Doppler radars.
LFM is also known as chirp modulation. Fig. 3.16 shows the LFM envelope,
waveform and frequency sample. It has a constant envelope over time. In LFM
modulation, frequency varies linearly with time over bandwidth B. For example,
in Fig. 3.16, it has an increasing frequency. LFM have been heavily used in radar
applications. For example, in demodulation of the received signals, matched fil-
tering is used which will be discussed later. By means of LFM signal, the side-

lobes of the matched filtered output of the received signal are decreased [3, 29].

pulses
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Figure 3.17: Generated pulse shape.

Fig. 3.17 shows a portion of the transmitted signal shape generated to be

used in the simulations. This signal can be formulated as in Eq. (3.5).

Np—1 .
() = X a(t — iTprr)cos(2r(t — iTppy) fo + 22 TenE), (3.5)
=0

where N, is the number of pulses transmitted, a(t) is the pulse shape which is

zero except [0, 7)) interval, Tpg; is the pulse repetition interval, 7}, is the pulse
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duration, f, is the carrier frequency and [ is the bandwidth [3]. Tpgr; and 7T,
values can be set to adjust the range interval of the reflections. In our simulations,

reflections come between 500 and 4000 meter range values.

In pulse-Doppler radars, pulse-Doppler processing is applied on the received
signals. Pulse-Doppler processing consists of pulse compression which is usually
matched filtering, and FFT techniques. By means of this processing, the doppler
shift-range plane is obtained. These are commonly used in radar signal process-
ing [3]. Let r(n) be the received signal for n = 1,2, ..., N”(T”a—m;m, where N,
be the number of pulses, Tpr; be the pulse repetition interval, 7}, be the pulse

length and T, be the sampling period of the analog signal. From that r(n)

signal, the R matrix is formed such that

Tprr — 1,

Tsamp

(Tprr — T))

Tsamp

Rli,f] = r[(i—1) 4, i=1,2,u N, j=1.2,.., (3.6)
In Eq. (3.6), R[4, j] shows the i row and the j* column of the R matrix.

Each row of the R matrix is matched filtered and pulse compression is realized.

Matched filtering is a commonly used technique on radar signal processing for
the pulse compression. It’s the optimal linear filter in demodulating the received
signal for maximizing SNR (signal to noise ratio) in the presence of AWGN (a

white gaussian noise). The impulse response of the matched filter is

H(f) = kS™(f)exp(=j2m fta), h(t) = ks*(ta — 1), (3.7)

where s(t) is the input signal, k is a constant and ¢4 is a time value to make h(¢)

casual. The choice of t4 does not effect SNR value [30].

So, for the LEFM modulated pulses used in the simulations ,the matched filter

is defined as
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L (3.8)

Tsamp

h(”) - p*(_nTsamp); n = 1, 2, ceey

where p*(t) is the complex conjugate of the LEM pulse, T}, is the pulse duration

and T4mp 1s the sampling period.

After matched filtering each row of the R matrix in Eq. (3.6), Y matrix is

calculated as in Eq. (3.9).

Y[i,] = R[i,:] % p*(—nTsamp), i =1,2,..., N,. (3.9)

By taking the column-wise F'/F'T of the Y matrix like in Eq. (3.10), an unam-
biguous function A matrix is obtained. It’s the doppler shift-range plane which
has the information about the radial speed and range of the clutter according to
radar. In radar literature, clutter is named as the echoes returned from ground,

sea, rain, animals etc [3].

T
Al jl = FFT(Y[.j]), j=1,2,..., /L +1. (3.10)

’
Tsamp

So, by means of this pulse-Doppler processing on the received signals, it can
be extracted the necessary information about the clutter from the doppler shift-
range plane. These clutter information can be processed to estimate the terrain

profile.

Lastly, the antenna pattern used in the simulations, have a sinc shape over
the elevation and the azimuth directions. Antenna gain changes according to the
sinc function from the center of the beam to the sides through the elevation and

azimuth angles.
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Chapter 4

TERRAIN PROFILE

In this chapter, the detailed description of the techniques used for estimating
the terrain profile is mentioned. Simulations are run on the created simulation
environment mentioned in chapter 3 for applying these techniques. We compare
these techniques with their estimation performance, in obtaining the optimum
error results. Fig. 4.2 shows the general structure of the simulations in a block

diagram.

Viewpoint

>

 Eevotion

Figure 4.1: Azimuth and elevation angles.
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Figure 4.2: The general block diagram of the simulations.

Firstly, a synthetic terrain and the transmitted signal are generated in sim-
ulation environment to be used in the simulations. There is a pulse-Doppler
radar antenna mounted on the aircraft. It scans the terrain by transmitting an
LFM pulse train. Antenna has a beamwidth in azimuth and elevation angles.

Azimuth and elevation angles are defined according the viewpoint of an eye, as
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in Fig. 4.1. For each technique, there is a particular scanning pattern which
will be discussed in detail during the techniques. Pulse-Doppler radar antenna
beam illuminates the generated synthetic terrain according to the scanning pat-
tern. There are reflections from the patches of the synthetically generated terrain
where antenna beam illuminates. Raw radar data generation block produces the
necessary raw radar data from these reflections to be used in the generation of
the received signals. Received signal generation block uses these raw radar data
and the transmitted signal for generating the received signals. These necessary
raw radar radar data are respectively the distance, the area, the grazing angle,

the azimuth and the elevation angle of the patch.

Z
[ 3

Elevation Angle

Figure 4.3: The illustration of the necessary raw radar data in axes .
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Fig. 4.3 shows the schematic of the raw radar data collected between the
antenna beam and a single patch. These raw data are used in generating the
received signal as mentioned. Antenna transmits and receives the signal with
an antenna pattern and gain. Antenna pattern used in the simulations, has
a digital sinc shape which is periodic with 27 around the center of the beam
through the azimuth and elevation angle. Received signal is another version of
the transmitted signal that has some delay, energy and phase shift on it. The
energy of the received signal is different than the energy of the transmitted signal.
Antenna transmits the signal with different gain values according to the different
azimuth and elevation angles using its pattern. RCS (radar cross section) is the
measure of how detectable an object is with radar [3]. By using the RCS value of
the patch, it can be found the certain amount of the energy reflected back from
the patch. So, patch area and grazing angle are necessary to find the effective
RCS value of the patch. There are phase shifts due to doppler effect and delay.
We also need these raw radar data in finding these phase shifts. Elevation and
azimuth angle is used in finding the doppler frequency, and distance is used in
finding the delay time. We add random phase shift to the received signal to make
the simulations more realistic. Briefly, received signal generation block uses the
data generated by the raw radar data generation block and the transmitted signal
for obtaining the received signal. Pulse compression and FFT block diagrams do
the pulse-Doppler processing on the received signals as mentioned in chapter 3.3.
As a result of this processing, the necessary clutter information can be obtained
from the doppler shift-range plane, to be used in the estimation of the terrain
elevation data. This clutter received signal information is processed by using
time of arrival based terrain profiling technique and angle of arrival based terrain

profiling technique to estimate the terrain profile.
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4.1 Terrain Profile Estimation Technique Based

on Time of Arrival Information

This is the first technique that is used in estimating the terrain profile. As
the name implies, the time of arrival information of the signal is used in the
estimation of the terrain profile. It’s applied on the pulse-Doppler processed
received signal as shown in Fig. 4.2. There is a particular scanning pattern of
the simulations for each technique and the raw radar data has been generated
according to this scanning pattern. Before going into details for time of arrival
based terrain profiling technique, let’s mention about the scanning pattern of

this technique used in generating raw radar data.
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Figure 4.4: (a) The side view of the scanning pattern; (b) the top view of the

scanning pattern.
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Fig. 4.4 (a) and (b) show the pulse-Doppler radar antenna beams in the
scanning pattern of the simulations made for time of arrival based terrain profiling
technique. Accordingly, we have simulated aircraft flying straight, in 100 meter
altitude, in y direction with constant 52 m/sec speed over the generated synthetic
terrain. Radar antenna has a pencil beam in elevation and azimuth angles. These
0 and ¢ angles which are the beamwidth of the antenna, are very small about 1
degree. With this pencil beam, aircraft scans the synthetic terrain in o degree
angle range by turning the main antenna beam direction small amounts, like 2
degree, in each update. One scan is described as the complete scan of the «
degree. For each update of the main antenna beam direction in one scan, the
raw radar data is gathered to generate the received signal that is received from
that corresponding angle. In these scans, antenna works as transceiver such
that transmits and receives at the same time. The radar antenna transmits the
generated signal form in Fig. 3.15 with NV pulses in each update. The parameters
of this signal form like 7, Tppr; are adjusted to receive echoes between 500-4000
meter range. Briefly, this scanning pattern is used in raw radar data generation

for time of arrival based terrain profiling technique.
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Figure 4.5: Doppler shift-range plane of a sample received signal.
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Figure 4.6: Zoomed view of the clutter in Fig. 4.5.
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Figure 4.7: A sample clutter received signal.

In Fig. 4.5, the pulse-Doppler processed received signal sample can be seen in
doppler shift-range plane. As it’s mentioned before, received signals are generated
for each angle update in a scan by using the corresponding generated raw radar
data. By using pulse-Doppler processing on these received signals, the dopler
shift-range plane can be obtained like in Fig. 4.5. This plane shows the location of
the echoes with their doppler and range bins. These echoes in the simulations are
clutter received signals that are reflected from the patches of the synthetic terrain.
When it’s zoomed to the clutter in this plane like in Fig. 4.6, the doppler and
range values of the clutter can be easily seen. Doppler shift values of the clutter
are around 52 m/sec as expected. Because, during the simulations, aircraft is
simulated with a 52 m/sec constant speed and the synthetic terrain is moveless.
Since the doppler shift of the echoes from the synthetic terrain according to
the aircraft is related with the relative velocity and the elevation angle between

them, this is an expected result. By using these doppler shift-range planes for
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each received signals, the corresponding clutter received signals are obtained.
We can see in Fig. 4.6 that the clutter received signals spreaded over the doppler
bins around 52 m/sec. We have used the maximum clutter received signal in the
corresponding doppler bin as the detection signal in the estimation of the terrain
profile. Fig. 4.7 shows the the maximum clutter received signal taken from the
corresponding doppler bin of the Fig. 4.6. These clutter received signals will be
used to estimate the terrain profile and time of arrival based terrain profiling
technique is about the processing of these signals in the estimation of the terrain

profile.

4.1.1 Edge Detection With An Adaptive Thresholding

The clutter received signal in Fig. 4.7 consists of the noise and the signal part.
The aim here is to detect the edges of the signal part with an adaptive thresh-
olding by seperating it from the noise part. By means of this edge detection,
the first and the middle reflection range points in the signal part can be found.
These reflection range points will be used in estimating the terrain profile. These
reflection ranges are related with the time of arrival of the echoes. That’s why
the technique is based on time of arrival information. Let’s mention how an
adaptive threshold value is selected to detect the edges. The energy of the noise
part is rather smaller than the energy of the signal part as it can be seen from
Fig. 4.7. In setting the threshold value firstly, the signal is seperated to the win-
dows with specified length and the mean energies of the signals in these windows
are calculated. The size of the windows is a parameter in the algorithm. Fig. 4.8
shows the window energies of the clutter received signal. The maximum window
energy is highly probable in the signal part of the signal. So, the median value of
the window energies is taken. Because the median window energy is highly prob-
able in the noise part. This window in the noise part can be used in setting the

threshold value for detecting the edges. For this purpose, the maximum energy
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value is chosen from that window with median energy. The threshold value is set
to a k£ multiple of this maximum energy value. Here, k is a constant parameter.
Since the window with median energy is in the noise part, £ multiple of the max-
imum value of energy in that window has highly probable larger magnitude than
the noise magnitude. And it has also smaller magnitude than the energy values
in the maximum energy window. So, this value which is set as threshold, can be
used to detect the edges of the signal part. Here, the window size and k constant
are parameters and we try to use the optimum values of these parameters where

this detection algorithm works well.

-5 Window energies of the signal
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Figure 4.8: Window energies.

Fig. 4.9 is the figure of clutter received signal whose edges are detected with an
adaptive threshold value. As it can be seen from the figure, the edges are detected

with this adaptive thresholding method and the main part of the signal is shown
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after this detection. The signal part is between 800 and 1050 meter range values
approximately. This means that the echoes according to the aircraft position
come from the range values between 800 and 1050 meter. Here, 800 meter is the
first reflection range point and the middle reflection range point is the middle of
the main signal part which is 925 meter here. These first and middle reflection
ranges are found by means of this adaptive thresholding method. They will be

used in estimating the terrain profile.
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Figure 4.9: Edges detected clutter received signal and the detected part of that

signal.

Rarely in this adaptive thresholding, there are some false detections due to
the noise level exceeds the threshold value before the edges of the clutter received
signal as shown in Fig. 4.10. Since this thresholding method is adaptive and it’s

realized with some parameters, these rare false detections occur. Although the
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optimum parameter values are used, the algorithm can fail like this. But this

problem in the algorithm is solved too. A correlation is observed between the

detected range values of an angle in a scan and the detected range values of

its neighbour angles in the same scan and consecutive scans.

Fig. 4.11 is an

example figure of the clutter received signal and its neighbour clutter received

signals with some consecutive scans and consecutive angles. The observation is

the existence of a correlation with the clutter received signal under test and the

neighbour clutter received signals. We have focused on how much reliable this

correlation value is. Therefore, we have looked at correlation coefficient values

with consecutive scans and angles.
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Figure 4.10: False detection with adaptive thresholding.

42

4000



Figure 4.11: Clutter received signal in correlation with its neighbour clutter

received signals.

43



Correlation coefficient function c(k,l)
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Figure 4.12: Correlation coefficient function between the first reflection range

points of the clutter received signals.

r(k, 1) = E(t(io, jo)t(io + k, jo + k)), (4.1)
1 igtm  Jjodm .. . .

i=ig—m j=jo—n

ok, 1) = 155, (4.3)

where k corresponds to consecutive scan number, and [ corresponds to consecu-

tive angle number.
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Here in Fig. 4.12, the correlation coefficient function that is plotted according
to the formulas Eq. (4.1), Eq. (4.2) and Eq. (4.3) is shown. The correlation
coefficient between the first reflection range point of a clutter received signal
under test and the first reflection range point of its neighbours in £ and [ axes,
is very close to the maximum value 1. It means that there is a high correlation
between them. So, this high correlation provides us a reliable information. If
there is a false detection, it can be verified by comparing this false detected range
of the clutter received signal with its correlated neighbour signal’s first reflection
range points. By means of this correlation, the rare false detections in adaptive

thresholding can be checked and corrected.

x 107 Clutter received signal
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Figure 4.13: Clutter received signal with the first reflection range point (in red)

and the middle reflection range point (in yellow).

This adaptive thresholding algorithm detected the edges of the clutter re-
ceived signal successfully. The first and the middle reflection range points, shown

in Fig. 4.13 with red and yellow marks, are used in estimating the terrain profile.
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The first reflection range point is the first edge point and the middle reflection
range point is the middle range point between two edges of the main part of the

signal.

TRANSITION TRANSITION
TO THE GROUND TO THE GROUND
COORDINATES FROM THE COORDINATES FROM THE
FIRST REFLECTION POINTS MIDDLE REFLECTION POINTS
( : )

2D INTERPOLATION

GROUND COORDINATES
TERRAIN PROFILE

Figure 4.14: The general block diagram of time of arrival based terrain profiling

technique.

Fig. 4.14 shows the general block diagram of time of arrival based terrain
profiling technique in transition to the terrain elevation data from the first and
the middle reflection range points. Since these range points are the ranges of
the echoes from the synthetic terrain, we have used them to estimate the terrain
profile. In transition to the ground coordinates from the first and the middle
reflection range points, some geometrical calculations are used. Since the infor-
mation like the flight altitude, the antenna beam direction with elevation and
azimuth angle, the aircraft position, etc. are known during the simulations, it’s
easy to transit into the ground coordinates from the first and the middle reflec-
tion ranges with some easy geometrical calculations. What we’ve done is, putting
height values to the corresponding x-y indices for each clutter received signal’s

first and middle reflection range points.
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Figure 4.15: Transformation to the ground coordinates z-y-z by using the first

and the middle reflection range points.

Fig. 4.15 is a sample illustration of the transformation to the ground coordi-
nates z-y-z by using the first and the middle reflection range points. As aircraft
flies straight along y direction, we put height values to the corresponding z-y
indices for both the first and the middle reflection ranges. It includes simple
geometrical calculation in transition from these range values to the ground coor-
dinates. As it can be easily seen in Fig. 4.15, the height values seem like scattered
sticks irregularly in the ground. The next step is, interpolating these irregularly
scattered height values to the indices of a regular matrix. 2D interpolation is

used to achieve this step.
Ng
g(kAz, IAy) = > Wi1:Z;, (4.4)
i=1
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2D Interpolation of these scattered height values to a regular matrix is realized
by Eq. (4.4) and Eq. (4.5). It basically weights the heights for finding height
values of the regular matrix indices. In Eq. (4.4), g(kAx,lAy) is the regular
matrix with indice (k,l) and resolution (Ax,Ay) that is obtained from the 2D
interpolation of the scattered height values. Here, Z is the scattered height
values shown in Fig. 4.15. To find the height value of g(kAz,lAy) indice, in a
window of size Ny, every scattered Z; value multiplied with a weight W} ;; and
these weighted Z; values are summed. Here, the window size Ny is a parameter.
Eq. (4.5) is the formula of finding every corresponding weight value Wy, ; for

each Z; value. ) is the representation of the distance between the

location (z;,y;) of Z; height and the (kAxz,lAy) indice of the regular matrix. It’s
obvious from the equation that the nearer Z;’s to the (kAx,/Ay) indice of the
regular matrix has larger weight values naturally. Consequently, with this 2D
interpolation, the height values in a regular matrix in the ground coordinates are
obtained. These height values in the regular matrix are namely the estimated
terrain profile of the synthetic terrain. Let’s have a look at what results we have

obtained from the simulations by using time of arrival based terrain profiling

technique.

4.1.2 Results

In this part, the results of the simulations by using time of arrival based terrain
profiling technique are shown and investigated. The terrain profile is estimated
for both the first and the middle reflection ranges. Their error performance is
compared and the overall estimation performance is individually analyzed. The

simulations are realized by an aircraft, flying straight along y direction, with
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52 m/sec constant speed, in 100 meter constant altitude, over the synthetic

generated terrain that has

mentioned before.
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Figure 4.16: The side view of the synthetic terrain part, in the same location

with the estimated terrain profile in Fig. 4.17.
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Figure 4.17: The side view of the estimated terrain profile obtained by using the

first reflection range points.

Fig. 4.16 and Fig. 4.17 are respectively, the synthetic terrain and the esti-
mated terrain results located in the same x-y location that is obtained with the
usage of the first reflection range points. This is the result of many scans, ob-
tained during the simulations by the aircraft flying straight along y direction, in
100 meter altitude, with 52 m/sec constant speed. In Fig. 4.17, the estimated
terrain is figured only according to the results of all scans, not according to the
last position of the aircraft. We can see that the general shape of the synthetic
terrain in Fig. 4.16 is conserved in the estimated terrain profile with the usage

of first reflection range points in Fig. 4.17. Using the first reflection range points

20




has a good performance in obtaining the general shape of the synthetic terrain.
We have also looked at the error performance of that estimation which is more

crucial.

Top view of the height difference between estimated and synthetic terrain
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Figure 4.18: The top view of the height difference between the synthetic and the

estimated terrain in Fig. 4.16 and Fig. 4.17.

Fig. 4.18 is the top view of the height difference between the synthetic and
the estimated terrain for analyzing the error performance of that estimation with
the first reflection range points. The mean error of the height difference is found
as 12 meter and the maximum error of the height difference is found as 22 meter,
for the simulations in 100 meter flying altitude. As you can see from the figure,
around (-70m, 1500m) region, there is a hole in the shape of the synthetic terrain.
Since in the simulations the antenna beam can not illuminate all of the depth
of the hole, the maximum error occurs here. But it’s not so important. The

mean error performance is more crucial. We can say that the estimated terrain
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from the first reflection range points has a successful estimation performance in
conserving the general shape of the synthetic terrain and in the mean error value
according to the flight altitude. We have also looked the performance of the

middle reflection range points in estimating the terrain profile.
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Figure 4.19: The side view of the synthetic terrain part, in the same location

with the estimated terrain profile in Fig. 4.20.

o2



Estimated terrain profile with the middle reflection range points
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Figure 4.20: The side view of the estimated terrain profile obtained by using the

middle reflection range points.

Fig. 4.19 and Fig. 4.20 are respectively, the synthetic terrain and the esti-
mated terrain results located in the same z-y location, obtained with the usage
of the middle reflection range points. Similarly, this is the result of many scans
obtained by the aircraft flying straight along y direction, in 100 meter altitude,
with 52 m/sec constant speed and the estimated terrain in Fig. 4.20 is figured
only according to the result of the all scans, not according to the last position
of the aircraft. The general shape of the synthetic terrain in Fig. 4.19 is con-
served again successfully, in estimated terrain profile with the middle reflection

range points in Fig. 4.20. But it has an improvement in the error performance of
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the estimation of the middle reflection range points usage according to the first

reflection points usage.

Top view of the height difference between estimated and synthetic terrain
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Figure 4.21: The top view of the height difference between the synthetic and the

estimated terrain in Fig. 4.19 and Fig. 4.20.

Fig. 4.21 is the top view of the height difference between the synthetic and the
estimated terrain for analyzing the error performance of the estimation with the
middle reflection range points. This time, the mean error of the height difference
is found as 6 meter and the maximum error of the height difference is found
as 21 meter for the simulations in 100 meter flying altitude. The same reason
with the previous result of the first reflection range points, the maximum error
occurs around (-70m, 1500m) hole region. But the mean error performance of
the middle reflection range points usage has obvious improvement according to

the first reflection range points usage. The mean error of the middle reflection
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range points usage decreased to 6 meter from 12 meter which is the mean error
of the first reflection range points usage. We can conclude that both usage of
the first and the middle reflection range points in time of arrival based terrain
profiling technique has a good performance in estimating the terrain profile with
similar shape and small error results. But the middle reflection range points
usage has better performance in mean error values. We can explain this mean
error improvement in the middle reflection range points usage. The antenna has
illuminated an area of the synthetic terrain and echoes come back from that
area. We have used the antenna’s middle beam point’s elevation and azimuth
angle in transition to the ground coordinates, since we can’t know the exact
elevation and the azimuth angles of the echoes. The echoe that has come from
the area of the antenna’s middle beam point illumination is more probably in
the middle reflection range of the clutter received signal rather than the first
reflection range. That’s why the middle reflection range points usage has better
mean error performance in the estimation. Thus, time of arrival based terrain
profiling technique is successfully fulfilled and let’s have a look at the angle of

arrival based terrain profiling technique.

4.2 Terrain Profile Estimation Technique Based

on Angle of Arrival Information

Angle of arrival based terrain profiling technique is the other technique that
is used in estimating the terrain elevation data. Similarly, it’s applied on the
pulse-Doppler processed received signal as shown in Fig. 4.2. It has a particular
scanning pattern too, that the raw radar data has been generated accordingly.
Before going into details for angle of arrival based terrain profiling technique,
let’s mention about the scanning pattern that is used in generating raw radar

data. In this technique’s simulations different from time of arrival based terrain
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profiling technique, the antenna does not behave like a transceiver antenna. The
transmitter antenna and receiver antennas are seperate. Fig. 4.22 (a) and (b)
shows the transmitter antenna beams in the scanning pattern of the simulations
made for angle of arrival based terrain profiling technique. Accordingly, we have
simulated aircraft flying straight in 170 meter altitude, along y direction, with
constant 52 m/sec speed. This time, the beamwidth of transmitter antenna 6
and ¢ angles are different. 6 angle in elevation is around 10 degree. On the
other hand, ¢ angle in azimuth is very small around 1 degree. Aircraft scans
the synthetic terrain by turning the transmitter antenna beam direction small
amounts like in Fig. 4.22 (b), and in each update, the raw radar data is gathered
to generate the received signal that is received from that angle. Samely, N
pulses are transmitted in the generated signal form like in Fig. 3.15. Briefly, this
scanning pattern is used in raw radar data generation for angle of arrival based

terrain profiling technique.
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Figure 4.22: (a) The side view of the scanning pattern; (b) the top view of the

scanning pattern.
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Figure 4.23: Receiver antennas in a scanning pattern.

In angle of arrival based terrain profiling technique, two receiver antennas R1
and R2 with same antenna pattern are used. R1 antenna is looking forward and
R2 antenna is looking downward with some elevation angle. The elevation angle
0 is different for transmitter and receiver antennas, but they have the same angle
¢ in azimuth direction. The transmitter antenna illuminates the synthetic terrain
and echoes from the synthetic terrain are received by R1 and R2 antenna. In
Fig. 4.23, the schematic of these receiver antennas that are receiving a reflection
from a single patch is shown. As you can see in Fig. 4.23, the amplitude of the
reflection from a surface point is different for R2 and R1 antennas. They received
these reflections with different gain values. The logic behind this technique is,
trying to obtain elevation angle 8 of the reflections by using the ratio of different

R2

observed reflection amplitudes £ of R2 and R1 antennas. Here in Fig. 4.23,

the elevation angle 6 for a single surface reflection point is shown, and there is

a relation between this % amplitude ratio of the received echoe by R2 and R1
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antennas and the elevation angle # of the echoe. If this relation is known, then
it will be used to find elevation angle 6 values of the echoes. By this way, for
all echoes, the elevation angle # can be found and then it’s easy to estimate the
terrain elevation data from these 6 values. Since the technique tries to find the
elevation angle 6 values of the echoes in the estimation of the terrain profile, it’s

based on angle of arrival information.

So, we have searched the relation between the received signals ratio by R2
and R1 antennas and the corresponding elevation angle 6. The received signals
received by R2 and R1 antennas are firstly pulse doppler processed like discussed
in chapter 3.3. And then, the clutter received signals for R2 and R1 antennas are
found from the corresponding bin of doppler-range matrix. In finding the relation
between the amplitude ratio % of these clutter received signals and the elevation
angle 0, we’'ve put a single surface patch points to a specified range and to the
different # angles which are changing with very small increments. Then, for each
patch in different 6 angles, raw radar data is generated. By using this raw radar
data, the received signals received by R2 and R1 antenna are generated. And
the clutter received signals are generated by using pulse-Doppler processing on
the received signals of R2 and R1 antennas. Thus, the clutter received signal
amplitude ratio % for the corresponding elevation angle # can be found. By this
way, it’s formed a look-up table between this amplitude ratio % and elevation
angle #. In forming this look-up table, 6 angles are being changed with very

small increments. But for finding the values beside the look-up table, some

interpolation is used.

This look-up table is used as reference in the simulations for estimating the
terrain profile. In simulations over the synthetic terrain, the raw radar data is
generated for R2 and R1 antennas. Then, the corresponding received signals
are formed and they are pulse-Doppler processed. The clutter received signals

are obtained from the doppler-range matrix of these pulse-Doppler processed
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received signals for both R2 and R1 antennas. And the ratio between the clutter
received signals of R2 and R1 antenna is calculated for all of the ranges. Fig. 4.24
shows a sample of the clutter received signals for R2 and R1 antenna and the
ratio between them according to the range values. Since we have a look-up table

including the relation between 6 angle and clutter received signal amplitude ratio

R2

1> 1t’s easy to find the corresponding 6 elevation angles for the ratio values in

different ranges. If a ratio value is among the two ratio values in look-up table,
the 6 angle corresponding to it is found by interpolating 6 angles of those two
ratio values. Then, for all ratio values the corresponding 6 angles are found as
shown in Fig. 4.24. So, we have # angles over the corresponding range values.
Now, we can find the corresponding height values for all ranges by using some
geometrical calculations. Since the flight height and the 6§ angles of the echoes
are known, the height of the echoe in the corresponding range can be found like

in Eq. (4.6).

h(R) = H + R.sin(0), (4.6)

where h(R) is the height value of the clutter in the R range, H is the flight height,

R is the range and 6 is the elevation angle of the clutter. We take the 6 values

below the horizon as negative, and the 6 values over the horizon as pozitive.

Briefly, angle of arrival based terrain profiling technique is based on estimating

terrain profile by using the elevation angle information of the echoes. This angle
R2

information is found by means of the relation between £7 ratio and 6 elevation

angle. Let’s have a look at the results obtained by this technique.
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Figure 4.24: The clutter received signal samples for R2 and R1 antennas and

their ratio.
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4.2.1 Results

Terrain profile estimation result
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Figure 4.25: The estimation of the terrain profile without noise and with different

SNR values.

Here in Fig. 4.25, the estimation results without noise and with SNR values
are shown. The synthetic terrain is shown in blue. The red one is the noiseles
estimation, the green one is the estimation with 10 dB SNR value and the light
blue one is the estimation with 20 dB SNR value. As it can be seen, the noiseless
estimation is very similar with the synthetic terrain profile all over the range.
Estimations with 10 dB and 20 dB SNR values are still good estimation results.
They have some distortions which increase for far ranges. The distortions in

far ranges for the 10 dB and 20 dB SNR estimations can be explained as the
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big changes in height values through small changes in elevation angle 6. The
sensitivity for 6 angle in finding the height value increases for far ranges. Small 0
angle error causes big height errors in far ranges. Since the noise in 10 dB and 20
dB SNR values affect # angle and these distortions in far ranges occurs. Though
the estimations are said to be good. The noiseless estimation has the best result

naturally.
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Figure 4.26: The standard deviation of the estimated terrain profiles in Fig. 4.25

according to the range.

Fig. 4.26 is the standard deviation values according to the range for Fig. 4.25.
The noiseless estimation has a very little standard deviation from the synthetic

terrain. 10 dB and 20 dB SNR estimations has standard deviations smaller than
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10 meter until 3000 meter range and has some peak deviations after 3000 meter
range. But still they have reasonable and good estimation results for 170 meter

flight altitude.
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Figure 4.27: The estimation of the terrain profile for a synthetic terrain including

a hill, without noise and with different SNR values.

Fig. 4.27 is the estimation results of noiseless, 10 dB and 20 dB SNR values for
a synthetic terrain that has a hill. As you can see, there is a hill in altitude of the
flight altitude around 2900 meter range. The results are very acceptable for both
10 dB and 20 dB SNR estimations and noiseless estimation. The estimations
are very consistent with the synthetic terrain and the hill shape, especially the

noiseless estimation.

64



Standard deviation

Estimation error standard deviation

[ [ [ [ [ [
14~ =
—Noiseless estimation
12- SNR=10dB estimation 1
SNR=20dB estimation
10-
8l !
6, il
4 |
\
2, _
0:-—.4-__'_‘ fﬁ\_—-—/_\ = |

| | | | | | | | | | |
800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800
Distance (meter)

Figure 4.28: The standard deviation of the estimated terrain profiles in Fig. 4.27

according to the range.

Fig. 4.28 is the standard deviation values according to the range for the
Fig. 4.27. The standard deviation naturally increases around the hill for three
estimation. But it’s very reasonable, because the error values are around 10
meter near to the hill for the 170 meter flight altitude. When thinking of a hill
in 2900 meter range, this can be thought as a good estimation result. Because
the error will get better as the aircraft comes closer to the hill and the pilot has

a response time to prevent a crash.
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Figure 4.29: The estimation of the terrain profile for a synthetic terrain including

a hill, without noise and with different SNR values.

In Fig. 4.29, the estimation results are shown for synthetic terrain including
a hill. This time, hill is closer than the hill in Fig. 4.27. It’s around 1800 meter
range and in altitude of the flight altitude. We can see that the estimations are
similar to the synthetic terrain profile. Similarly, before the hill there are some
little deviations for three estimations which is not so important. They quickly
fit to the synthetic hill shape. All of the estimations follow the shape of the

synthetic terrain.
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Figure 4.30: The standard deviation of the estimated terrain profiles in Fig. 4.29

according to the range.

Fig. 4.30 is the standard deviation values according to the range for the
Fig. 4.29. The standard deviations similarly increases around the hill. Standard
deviation values are so reasonable such as 8 meter around the hill. In other
ranges rather than the range of the hill, the deviations are very good smaller
than 2 meter for three estimations. The synthetic terrain with closer range hill is
estimated as the synthetic terrain with far range hill. The shape of the synthetic
terrain around hill and other ranges is conserved for all of the estimations. And
the errors are very reasonable for all estimations considering the flight altitude

of the aircraft.
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Angle of arrival based terrain profiling technique is successfully fulfilled as
time of arrival based terrain profiling technique. All over the range values, esti-
mations fit to the synthetic terrain shape with reasonable error results. Naturally,
noiseless estimation has the best performance. But the performance of 10 dB
and 20 dB SNR estimations is also very acceptable. They are very similar to the
noiseless estimation in close ranges. Though far ranges, their estimation errors
are in reasonable level. The peak deviations in far ranges for 10 dB and 20 dB
SNR estimations, are due to the sensivity of the # angle in finding height value.
The small changes in # angle causes big height differences in finding height values
for far ranges. That’s why there are some distortions for 10 dB and 20 dB SNR
estimations in far ranges. But still these distortions are very acceptable. For syn-
thetic terrain shapes including two hill in different ranges, the estimations are
very successful again. They fit to the hill shape. Around the hill, the standard

deviation increases in a very reasonable manner considering the flight altitude.

Time of arrival based terrain profiling technique and angle of arrival based
terrain profiling technique are both successful in estimating the terrain profile. In
time of arrival based terrain profiling technique, there is one antenna behaving as
transceiver. On the other hand, angle of arrival based terrain profiling technique
has a transmitter antenna and two receiver antennas. Using less antenna is the
advantage of time of arrival based terrain profiling technique over angle of arrival
based terrain profiling technique. But angle of arrival based terrain profiling
technique generates more sensitive and less erroneous terrain profile estimations.
It also gets those results in a wider range than time of arrival based terrain
profiling technique. They both have advantageous and disadvantageous sides
over them. But overall, both techniques give reasonable estimations with good

error values.
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Chapter 5

CONCLUSION

The systems used in terrain profile estimation become very important in civil
transport, in military applications for providing safe flight to the pilot and the
crew. In this thesis, the terrain profile estimation of a synthetically generated
terrain is obtained using signal processing with two developed techniques. A
simulation environment is formed to run the simulations and to observe the esti-
mation performance of the techniques. In the simulations, the synthetic terrain
is scanned with an aircraft that has a pulse-Doppler radar mounted on it. The

performance of two techniques is compared according to the simulation results.

Time of arrival based terrain profiling technique is the first developed method
in estimating the terrain profile. In this technique, the synthetic terrain is
scanned with a pencil beam antenna. The technique is based on the usage of
time of arrival information of the echoes for the estimation of the terrain profile.
It processes the pulse-Doppler processed received signals to find the first and the
middle reflection range points and uses them to estimate the terrain profile. The
first and the middle reflection range points in clutter received signal are related
with the time of arrival of the clutter. For finding the first and the middle reflec-

tion ranges in the clutter received signal, an adaptive thresholding algorithm is
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developed. In this algorithm, the edges of the clutter received signal is detected
and the signal part is seperated from the noise part. We observed rare false
detections naturally, due to the usage of adaptive threshold. Since these rare
false detections affect the performance of the technique, a way is proposed to
prevent them. We observed a high correlation between the first reflection ranges
of the neighbour clutter received signals in the same and the consecutive scans.
This correlation information helps us to prevent the false detections. From these
range points, the transition to the ground coordinates is realized and by using
2D interpolation the estimated terrain profile is obtained. We observed that
both the usage of the first and the middle reflection range points has success-
fully estimated the synthetic terrain profile shape with reasonable error results.
The middle reflection range points usage has better performance in mean error
values according to the first reflection range points usage. The elevation and
the azimuth angle of the antenna’s middle beam point is used in the transition
to the ground coordinates from the range points. Since the reflection that has
come from the antenna’s middle beam point illumination area is more probably
in the middle reflection range of the clutter received signal rather than the first

reflection range, the middle reflection range usage gives better mean error results.

Angle of arrival based terrain profiling technique is the other developed
method in estimating the terrain profile. This technique is based on the an-
gle information of the echoes in the estimation of the terrain profile. It uses the
relation between the elevation angle # and the clutter received signal amplitude
ratio % of the two receiver antennas R1 and R2 to find the elevation angle 6 of
the clutter in the corresponding range. We generated a look-up table specifying
the relation between the clutter received signal amplitude ratio % and the eleva-
tion angle # of the clutter. By using this look-up table and the amplitude ratio of
the clutter received signals, the 6 angles of the clutter can be found all over the

range. From these € angles, the estimated height values are found in the corre-

sponding ranges by means of some geometrical calculations. The estimations fit
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to the synthetic terrain with very reasonable error results. Noiseless estimation
has the best error values as expected. In the synthetic terrain without a hill,
the estimation is very good with the deviation 2 meter all over the range. 10 dB
and 20 dB SNR estimations have also very reasonable results. There are some
peak deviations from the synthetic terrain for far ranges in these 10 dB and 20
dB SNR estimations. The reason is that the small changes in 6 angle causes big
height differences in finding height values for far ranges. The affect of the noises
in 10 dB and 20 dB SNR values in specifying the 6 angle for far ranges cause
these distortions. But these distortions are in reasonable level. The estimations
for synthetic terrains including two hills with an altitude of flight altitude in
different ranges, have also fit to the shape of the synthetic terrain around hill
and other ranges. The deviations around the hills increase in acceptable borders

considering the flight altitude.

To conclude, time of arrival based terrain profiling technique and angle of
arrival based terrain profiling technique have succesfully estimated the synthet-
ically generated terrain. There is a trade-off between these techniques. Time of
arrival based terrain profiling technique uses less antennas than angle of arrival
based terrain profiling technique which is important in total cost of the hardware
and mounting of these antennas to the aircraft. Angle of arrival based terrain
profiling technique gives better estimation results in a wider range than time
of arrival based terrain profiling technique in considering the error values. But
in overall, two techniques give reasonable and reliable estimation results in the
consequence of the simulations. Our future work will consist of developing the
estimations with minimal hardware costs and reflecting those estimations to the

pilot cabin for helping the pilot in a best way to prevent the crashes.
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