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ABSTRACT
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Master’s thesis
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The impact of terrain on the performance of medium and long range surveillance systems must
be recognized in order to identify and improve their functionality where necessary. Measuring the
exact overall performance of these systems is particularly challenging because there are many
factors to consider. Terrain is one of the most significant limiting factors in the ability of ground-
based radars to detect targets at long distances.

This study examines the effect diffraction caused by natural obstructions, such as surface
shapes and vegetation, has on the site-specific radar systems. The phenomenon may significantly
weaken the radio waves, especially when the target is hidden below the visual horizon or in the
shadow area. To model the terrain, a terrain model has been created that combines three different
sets of terrain information in the direction of the transmitted radar signal.

The diffraction attenuation affecting the digital twin of a radar system was calculated and vi-
sualized using a constructed terrain model and two different diffraction models. The use of other
diffraction models was also evaluated based on individual circumstances. The resolution of the
terrain data used limited the more detailed modeling of the terrain and the use of other diffraction
models. However, the methods developed in the study provide a consistent way to determine the
magnitude of attenuation and the dominant terrain types of different terrain locations for different
propagation paths.
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TIVISTELMA

Robert Arajarvi: Tutkan asemapaikkakohtaisen suorituskyvyn mallintaminen digitaalisena kakso-
sena

Maisterin tutkinto

Tampereen yliopisto

Séahkotekniikka

Maaliskuu 2023

Maaston vaikutus keski- ja pitkinmatkan valvontatutkajarjestelmien suorituskykyyn on tiedos-
tettava, jotta niiden toimintakyky pystytdan tunnistamaan ja tarvittaessa parantamaan. Naiden jar-
jestelmien tarkka kokonais-suorituskyvyn mitaaminen on erityisen haasteellista, silld huomioitavia
asioita on paljon. Maasto on yksi merkittdvimmista rajoittavista tekijdistd maasijoitteisten tutkien
kykyyn havaita kohteita pitkilla etaisyyksilla.

Téssé ty0ssa tarkastellaan luonnollisten esteiden, kuten maan pinnan muotojen ja puuston,
aiheuttaman diffraktion vaikutusta paikkakohtaiseen tutkajarjestelmééan. llmié saattaa aiheuttaa
merkittdvaa vaimennusta radioaalloille etenkin silloin, kun kohde on nadkyméattémissa visuaalisen
horisontin alapuolella eli katvealueella. Maaston yksinkertaistamiseksi |ahetettédvan tutkasignaalin
etenemis-suuntaan on luotu maastomalli, joka yhdistda kolmea eri maastotietoa.

Tutkan digitaalisen kaksoseen aiheutuvan diffraktiovaimennuksen laskemiseen ja visualisoin-
tiin kaytettiin padasiassa rakennettua maastomallia, seké kahta eri diffraktiomallia. Myds muiden
diffraktiomallien kayttda arvioitiin tilannekohtaisesti. Kaytettyjen maastoaineistojen resoluutio ra-
joitti osittain esteiden tarkempaa mallinnusta ja sita kautta muiden diffraktiomallien hyédyntamista.
Tydssa kehitetyt menetelmat tarjoavat silti johdonmukaisen tavan selvittda vaimennuksen suuruu-
den ja maaston tyypin dominoivista maastonkohdista eri etenemisreiteille.

Avainsanat: digitaalinen kaksonen, diffraktion mallintaminen, tutka, maastomalli

Taman julkaisun alkuperaisyys on tarkastettu Turnitin OriginalityCheck -ohjelmalla.
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1. INTRODUCTION

Classical methods for measuring the performance of a radar system include testing its
maximum range, which is the farthest distance from which the transmitted signal can still
successfully detect a target by receiving its back-reflected echo. This result can only
be accurately obtained when the reflectivity of the target is known. When evaluating air
surveillance radar performance, other important metrics include the ability to accurately
determine the range and velocity of a target, as well as its ability to determine the target’s
direction. However, traditional methods for measuring a radar’s performance, such as
those mentioned, are no longer adequate in defining the capabilities of a radar system [1].

The dynamic performance of such systems is challenging to specify and even more diffi-
cult to quantify through practical trials. It is particularly challenging to estimate the relia-
bility of a single radar observation. Successfully transmitted, echoed, and received radio
signals which originate from the radar are referred to as radar observations. There are
many sources of error and other factors that add uncertainty to those signals. Finding
those sources and tackling their errors by adding a compensation value is usually the
most crucial aspect of making best use of any radar. Poor compensation may lead to bad
radar data quality or even into a situation where observations cannot be made in the first
place due to an insufficient echo signal.

The total reduction in strength of a radar wave as it propagates is the sum of multiple
factors such as terrain, temperature, humidity, and clouds. The radar equation is relatively
precise at describing different sources of attenuation. The various atmospheric events
that have an impact on the radio wave propagation can be studied and modeled with
physics. However, there are also other obstacles. Calculating all the reductive effects on
aradar signal, in a changing environment as the target moves, is challenging. Notably, the
attenuation caused to radio waves by the terrain is especially arduous to model precisely.

Even the most advanced radars are unable to identify what it is that is blocking the signal
path. Signals are echoed from a surface in different volumes depending on both the prop-
erties of the surface and the angle at which the signal hits it. The phenomenon where
waves meet matter and bend around it is called diffraction. If some obstacle causes large
enough diffraction to radio waves, the target behind it will simply not show for the radar.
This way attenuation by diffraction causes loss to radar performance. By pin pointing



sources of diffraction, their impact on observations and radar performance can be esti-
mated and better understood. For optimal calculations of diffraction, modeling the terrain
and the diffraction sources under the propagation path as closely as possible is the first
and most important step. Therefore, a terrain model of some kind is required.

In this work, the motivation was to create a more situation-independent method for model-
ing diffraction caused by the ground, as some existing models tend to simplify the terrain
too much. This type of data preparation and model construction is necessary for the ter-
rain data to be reusable and useful in the future, in situations beyond just determining if an
airship is above or below the radar’s shadow area. For this purpose, a terrain model was
created using three different spatial data materials. Information on terrain height, terrain
type and forest height was used for modeling the diffraction of the radar signal.

Three different approaches have been employed to calculate the diffraction caused by the
ground to a traveling radar signal. The first used solution for a site-specific radar, over the
spherical Earth was the knife-edge model. This classical model assumes obstacle as a
wall with infinite width that has a certain height value and which no signal can penetrate.
In this model, only the terrain point that causes the most interference to the radar signal
is considered as such a wall. In trans-horizon propagation, this might not always be the
best way to describe the terrestrial path and therefore the Bullington diffraction model was
used. It simplifies more terrain into a single knife-edge by taking into account obstacles
that limit visual horizon as viewed from both sides, producing an approximated diffraction
loss value as an output. In other words, terrain points with the greatest slope angles from
the radar’s position and from the target’s position are both required. While this solution is a
satisfactory approach in many situations where the disposition of the terrain is considered,
a more accurate determination for rounded obstacles is also implemented. Rounded and
smooth obstacles cause additional loss compared to a sharp ones. Therefore, the so
called cylinder model was being used where a cylinder is fit into the shape of dominant
terrain point.

In this thesis, the second chapter covers basic concepts on radio wave propagation but
also on diffraction and ways for its estimation on obstacles of different nature. In the
third chapter, the fundamentals of radar theory are discussed, including factors and phe-
nomena that influence with radar systems. The fourth chapter represents methods for
estimating amount of diffraction caused by ground and natural environment on radar sig-
nal paths. The fifth chapters shows results of these methods and sixth concludes findings
on that.



2. RADIO WAVE THEORY

2.1  Wave propagation

A wave is defined as a propagating dynamic disturbance in physics and in mathemat-
ics. Electromagnetic (EM) waves are created due to a periodic change of an electric
or a magnetic field. In an EM wave, such as light, the interaction between the electric
and magnetic fields allows the wave to be sustained and propagated, as described by
Maxwell’s equations. In free space, EM waves obey the inverse-square law [2]:

I o< — (2.1)

which states that the energy intensity, I, of an electromagnetic wave is proportional to
the inverse of the square of the distance, d, from the source. At typical distances from
a transmitter, the transmitting antenna can typically be approximated as a point source.
Doubling the distance of a receiver from a transmitter means that the power density of
the radiated wave at that new location is reduced to one-quarter of its previous value. In
practice, this rate of diminution varies greatly with different conditions.

2.2 Radio waves

EM waves with the longest wavelengths in the EM spectrum are called radio waves, typi-
cally with frequencies of 300 GHz and below. The behavior of radio waves as they travel,
or are propagated, into various parts of the atmosphere is called radio propagation. The
type of wave propagation is determined by the carrier frequency of a transmitted signal.
The frequencies of radar sets today range from about 5 MHz to about 130 GHz [3]. The
most common propagation method for Very High Frequency (VHF) waves, ranging from
30-300 MHz, and for wave lengths above them is Line-of-sight (LOS) propagation. The
propagation denotes radio waves which travel in a straight line from the transmitter to a
receiver. LOS transmission is used for medium-distance radio transmission, such as FM
radio, satellite communication, and radar. On the surface of the Earth it is limited to the
distance of the visual horizon. The area below the LOS is called shadowed region while
the area above it is considered the visible zone as demonstrated in Figure 2.1. If the



receiver is located below the line defined by the horizon, the method of propagation is
referred to as trans-horizon.

Optical line-of-sight

Radio waves

ptical hori

Mean sea level

Figure 2.1. Line-of-sight propagation

Radio waves traveling the LOS path through free space are affected by Free-Space Path
Loss (FSPL) which is primarily caused by signal energy spreading over larger areas at
increased distances from the source. It is defined as the signal attenuation that would
be observed if all absorbing, diffracting, obstructing, refracting, scattering, and reflecting
influences were sufficiently removed to have no effect on radio propagation. FSPL can
be derived from Equation 2.1 when transmitter is considered as an isotropic radiator [4]:

2
Ly, = (4 S d) , 22)

where d is distance from transmitter to receiver in meters and A is the wavelength in

meters. An isotropic radiator is a hypothetical antenna which represents the radio wave
source as a point source radiating in every direction with equal energy. It is used in
antenna design but cannot exist in reality. For radio applications this equation is more
convenient to be used in its decibel format [5]:

where d is distance in km and f is frequency of radio wave in MHz. Decibels are usually
represented by evaluating ten times the base-10 logarithm of the measured power ratio.
Electrical field strength is root-power quantity, therefore base-10 logarithm in this equation
is evaluated by a factor of twenty.

Uninfluenced radio waves travel in a straight line on the surface of the Earth but as a form
of EM radiation, like light waves, they are affected by many phenomena. In the earth’s at-
mosphere, EM waves are generally bent or refracted downward. This reduces the shadow
region but causes errors in the measurement of range and altitude simultaneously. The
effect of the earth and its surrounding environment also leads to variability and distortion
of the radio signal.



2.3 Fresnel zones

A Fresnel zone is one of the infinite number of concentric ellipsoids of revolution that
define volumes in the radiation pattern of a circular aperture. These zones are a result
of the interaction of waves with the aperture. Radio waves traveling in a straight line
from the transmitter to the receiver may commonly meet obstacles near the LOS path.
Radio waves reflected off by these objects may arrive out of phase with the signals that
travel directly and reduce the power of the received signal. This can be seen in Figure
2.2 where s, is a reflected signal inside the first Fresnel zone, ry is the radius of the
first Fresnel zone on the obstacle’s location, d; is the distance from the transmitter to the
obstacle, and d, is the distance from the obstacle to to the receiver, which is the opposite
end of the path. Theoretically, there are infinite amount of Fresnel zones but the first
one defines the critical area for an unobstructed LOS. Fading of the received signal can
increase significantly if a radius of the first zones becomes blocked more than 40 percent
at any point along the path. If 50 percent of the zone is being blocked, signal loss will be
0.5 or 6 dB. This can be illustrated with Fresnel equation 2.6 by defining v = 0.

Figure 2.2. Three first Fresnel zones pictured between a transmitter on the left and a
receiver on the right.

Fresnel zone radius for radio waves at any point along the line-of-sight path can be calcu-
lated [6] as:

ndldQ)\

2.4
di +dy (2:4)

Ty =
where d; is distance in kilometers between the transmitter and a point of interest, d is
distance in kilometers between the point of interest and the receiver, and n is the Fresnel
zone number. How much of the Fresnel zone is being blocked by an obstacle does not
tell the absolute truth about the proportion of signal fading. The proportion of sent signals
detected by receiver, when being in an obstacle’s shadow, depends also largely on the
shape of the obstacle.



2.4 Diffuse reflection and scattering

EM waves are reflected if they meet an electrically conducting surface. If the matter is
a conductor, electric charges are free to move in the matter and then essentially all the
wave energy is re-radiated. Radio waves are reflected by objects commensurate with their
wavelengths. When waves are reflected from rough terrain, such as natural surfaces, it is
called diffuse reflection. It is essentially reflection of waves from a surface in such a way
that a ray incident is scattered at many angles. The roughness can be conceived as the
variation in surface height since the scattering is specular only over small local regions.
This form of reflection is particular important for the remote sensing of the Earth’s surface
using Synthetic Aperture Radar (SAR). On the other hand, if the surface is smooth, then
the EM wave’s angle of reflection equals to its angle of incidence and the reflection is
referred as being specular [7].

When EM waves are reflected from small particles in the air, the reflected beam is scat-
tered, or diffused. Distributed water droplets and dust particles diffuse radar energy
through absorption, reflection, and scattering so less energy hits its target. The trans-
mitted energy is broken up into many beams that are reflected in all directions. The
higher the frequency of the radio wave, the more it is affected by weather conditions such
as rain. Although these phenomena should be taken into consideration when calculating
total attenuation, for a radio path, diffraction has more potential to cause attenuation to
the radio signals.

2.5 Diffraction

Diffraction refers to various phenomena that occur when a wave encounters an object or
an opening and consequently travels to places which are not in the direct line-of-sight. It
can be explained by Huygens-Fresnel principle, which states that all points on a wave-
front can be considered as points for the production of secondary wavelets, which sub-
sequently combined to produce new waves in new directions [8]. When a radio wave
encounters an obstacle that is small in comparison to its wavelength, the wave has a
natural tendency to bend around it. This bending is called diffraction and it causes a
part of the wave energy to divert from the normal LOS path. Another theory that explain
diffraction is quantum mechanical theory. Wave functions propose that particles such as
photons and electrons can exhibit wave-like behavior and also exhibit diffraction effects.

Although diffracted energy is usually weak, it can be detected by a suitable receiver. The
principal effect of diffraction extends the radio range beyond the visible horizon as seen
in Figure 2.1. It should be noted that intensity of the radio field is affected not only in the
shadow zone but also in the visible part around the tangent ray by diffraction. Most of the
time, radio waves encounter one or more separate obstacles and it is useful to estimate



the losses caused by such obstacles. For calculating such loss, it useful to idealize the
form of those obstacles.

2.6 Knife-edge diffraction

The EM field in the shadowed region can be calculated by vectorially combining the con-
tributions of all secondary sources described in Section 2.5. This process can be difficult
due to the large number of sources involved. However, an approximation can be used
that works well in most cases. The Knife-Edge Diffraction (KED) model assumes a sin-
gle sharp edge with a thickness much smaller than the wavelength that separates the
transmitter and receiver. The edge is assumed to have certain height but infinite width.
Additionally, no signal can penetrate the obstruction causing some of the rays emitted
from the transmitter to not reach the receiver. Above the obstruction, an imaginary plane
can be considered in line with it. A point on this plane can be seen as Huygen’s secondary
source of wavelets, which combine to form waves propagating toward the receiver. This
geometry is illustrated in Figure 2.3 where H is Huygen’s secondary source, Tx is the
transmitter, Rx is the receiver, d; is distance from the transmitter to the obstacle with-
out height, d, is distance from the obstacle to the receiver without height, and h is the
obstacle height from the line-of-sight path.

Figure 2.3. Knife-edge diffraction scenario.

The path loss due to diffraction in the knife-edge model is controlled by the Fresnel’'s
diffraction parameter v, which measures how deep the receiver is within the shadowed
region. It is defined [9] as:




where h is the height of the obstacle above the line-of-sight in meters and distances d;
and d, are in kilometers. If the obstacle is below the straight path line, then h is negative
and if the Fresnel diffraction parameter v is below -1, there is hardly any loss. For the
parameter, a value of zero means that the transmitter, receiver and tip of the obstruction
are all in line and the electric field strength is reduced by half, or the power is reduced to
one fourth of the value without the obstacle.

For calculating the exact diffraction loss, Fresnel cosine and sine integrals have to be
evaluated at KED-point but it is computationally expensive. Simpler approximation is
developed for J(v), where v is greater than -0.78. The equation for obtaining this value
in decibels [10] is:

J(v)=6.9420-log,, (/(¥—0.1)2+14+v—0.1), (2.6)

where v is Fresnel parameter from Eq. 2.5. For v values smaller than -0.78, the answer
oscillates on both sides of zero with a small margin and therefore it is justified to as-
sume those results as loss being zeros. This model can also be evaluated over multiple
obstacles [11]. However, as proposed in [12] the model should be used as a first ap-
proach for planning purposes since it is easier to implement in computer code than many
other diffraction models. It suggest that, when the accuracy is of paramount importance,
preference should be given to the cascaded cylinder model.

2.7 Bullington diffraction

In some trans-horizon scenarios, multiple obstacles may cause significant diffraction to
propagating waves. The Bullington model reduces obstacles above the LOS path, from
transmitter to receiver, into a single equivalent knife-edge. The location of the edge is
the point at which the extended lines joining the transmitter and receiver to their respec-
tive dominant obstacles meet. The most dominant obstacle causes a greater angle of
elevation, as viewed from the transmitter or from the receiver, when compared to other
obstacles in the direction of interest. In Figure 2.4, where the terrain above the LOS is
pictured between Tx and Rx, E, describes the equivalent KED point. Darker colored ob-
stacles are the ones contributing to creating the fictional obstacle in red. Obstacles in
lighter gray do not contribute to this diffraction model. The distance to the Bullington point
from the transmitter is achieved [13] by:

hrs - hts + Srm ' dp
Stm + Srm

dy = ; (2.7)

where h, is height of receiver, h; is height of transmitter, d,, is the total path distance
from transmitter to receiver, .S, is the slope of the straight line path to a receiver’s horizon



point and S;,, is the slope of the straight line path to a transmitter’s horizon point. Heights
are in meters Above Mean Sea Level (AMSL) and distances are in kilometers. In the
same way, a unit for both horizon slopes is written in meters per kilometers (m/km). With
the distance to the Bullington point d;, the KED parameter associated with the effective
knife-edge obstruction can now be evaluated [13] as:

(2.8)

hes(d, — d h,sd 0.002
ubz(hts+stmdb—t(f’ o) + ”)-\/

d, A-dy - (dy — dy)

Finally the diffraction loss in decibels is achieved with L; = J(v,) from Eq. 2.6. The
Bullington diffraction model is best suited for analyzing trans-horizon propagation. When
transmitter’s and receiver’s horizon are located in the same point, the model yields a result
equivalent to that of a normal knife-edge diffraction.

é
-
%
.

Figure 2.4. lllustration of Bullington diffraction model. The blue line depicts the path of
propagation. The darker obstacles contribute to the creation of the imaginary red obsta-
cle, which determines the height of the edge. The light gray obstacles are not involved in
modeling the diffraction in this case.

2.8 Fresnel-Kirchhoff diffraction

The Fresnel-Kirchhoff integral is a deterministic, field integral based model for wave prop-
agation. It was first introduced in optics to mathematically formulate diffraction based
upon Huygens’ principle and was later applied to obtain accurate evaluations of radio
communication links to estimate diffraction past obstacles such as irregular terrain but
also path loss caused by buildings in urban and suburban areas [14]. Unlike in knife-edge
model, here diffraction can also be modeled for a 2-D object which has certain x and y
dimension bounds. For a received electric field presented as Ej, the Fresnel-Kirchhoff
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diffraction formula [15] can be represented as:

Eh j/"le LT 2 /'Uyl LT 2

—=1-= —Jj=z7)d —Jjzy ) d 2.9

£, > exp(—j5a°) do . eap(—jzy°) dy (2.9)
The integral bounds in Cartesian coordinates are vy, , = Z[, v2/r; and Vyoy =

Yjo,1] \/5/7"1 where 7 is radius of the first (n = 1) Fresnel zone at the obstacle obtained
from Eq. 2.4. The relative magnitude change is F' = | E},/Ey|, or, expressed in decibels
as L, = 20 - log,, F'. For arbitrary terrestrial paths, Fresnel-Kirchhoff theory can be ap-
plied although results require repeated numerical calculation. It can closely reproduce
diffraction for few exact geometries [16].

2.9 Rounded obstacle

The knife-edge alone is not always the best way to model a dominant obstacle. If the
obstacle is characterized as a single rounded or smooth obstacle, it can cause additional
loss. To calculate the loss caused by a smooth obstacle, the knife-edge obstacle at-
tenuation should be calculated, and the additional loss term then added. However, the
radius of such obstacle’s curvature has to be known. The additional loss due to smooth
characteristics L., in decibels can be defined [17] by

Lep,=75-/m-

>

: (2.10)

where R is radius of curvature. Natural shapes of terrain are rarely cylinder-like. Effec-
tive radius is estimated by fitting a parabola to the obstacle’s profile. In Figure 2.5 such
a cylinder, with R representing its effective radius, lays between the transmitter and the
receiver. Its size and shape defines a KED point above the obstacle. ITU-R P.526-15 of-
fers solution for calculating cylinder parameters for any multipoint obstacle [10]. However,
information on ground topography is required.

2.10 Total losses

To summarize, the total diffraction loss L, caused by single object can be calculated in
decibels [10] as

Lqy=J()+ Leg, (2.11)

where J(v) is the Fresnel-Kirchoff loss due to an equivalent knife-edge and L., is addi-
tional loss due to rounded obstacle from Eq. 2.10.
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Figure 2.5. Rounded obstacle diffraction.

To obtain the total loss for entire path L,, in decibels the FSPL has to be also considered
by

L,=L;+ Ly, (2.12)

where L; is the loss relative to a free space and L, loss due to a diffraction. The loss rel-
ative to free space may be divided into losses of different types, as described by Eq. 2.3.
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3. RADAR THEORY

3.1 Radar measurements

A radar is an electromagnetic measuring device that is used for detecting, locating, and
tracking objects. It uses radio waves to measure distance, direction, and velocity of an
object, usually referred to as a target, by observing the echoes from them. In fact, when
a radio wave encounters any matter, a small part of its energy is scattered back and can
be then detected by the radar’s receiver. Distance measurement is based on calculating
the time difference between transmitted and received wave. The velocity, on the another
hand, can be determined by measuring the Doppler shift of the echo produced by a
moving target. This is done by comparing the frequency of the received signal to the
frequency of the transmitted signal. Modern radars also have a capability of imaging
and identifying targets. Different radar systems are widely used in all kind of applications
thanks to their versatility and the advanced potency of their computational units.

A typical radar consists of a transmitter, an antenna, a receiver, a signal processor, and a
display. There are different types of radars and they can be classified according to, for ex-
ample, physical relationship between the transmitting and receiving antennas, the wave-
forms they transmit or by their primary mission. Since this thesis is about how ground
diffraction affects a radar’s performance, the emphasis is placed primarily on monostatic
long and medium range air surveillance radar systems operating at Ultra High Freguency
(UHF) ranging from 300 MHz to 3 GHz, as well as systems operating in the L and S
bands. The Institute of Electrical and Electronics Engineers (IEEE) has designated these
bands for the frequency ranges from 1 to 2 GHz and from 2 to 4 GHz, respectively. In air
surveillance systems, the antenna is located relatively close to the surface of the earth. In
a monostatic radar, unlike in a bistatic radar, the transmitter and receiver share a common
antenna. In this work the radar is represented to always face in the direction of the target,
although the radio wave beams can also be steered elsewhere with a 360-degree rotating
antenna with many air surveillance radars. In contrast, with Active Electronically Scanned
Array (AESA) the beam of radio waves can be electronically steered to point in different
directions without moving the antenna. Radar beams will be explored more thoroughly in
Section 3.1.5.
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3.1.1 Range measurement

Measurement of distance is made possible by the properties of radiated electromagnetic
energy. Based on the method of transmitting energy, the most popular type of radar is
the pulsed radar. The other type of radar is the Continiuos-wave radar (CW radar), which
detects individual objects based on the Doppler effect. The pulsed radar transmits a
short radio pulse with very high pulse power which is focused in one direction only by
the directivity of the antenna, and propagates in this given direction with the speed of
light. The actual range of a target from the radar along the LOS path is known as the
slant range. Since the radar pulse must travel to the target and back before detection,
the round trip time has to be divided by two in order to achieve the time for it to go one
direction [18]. Therefore the formula for the slant range R in meters can be presented [7,
p. 27] as
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where ¢, is speed of light and ¢ is the measured runtime in seconds. Due to high speed
of radiated energy, radar timing is usually expressed in microseconds. The distances as
well as slant ranges are usually expressed in kilometers.

3.1.2 Range resolution

The target resolution of a radar is its ability to distinguish between targets that are very
close in either range or bearing. Bearing in radar applications is the determination of the
direction. It describes the horizontal angle between the direction of an object and another
object or between a line pointed directly at the target and the true north. In the latter
case, it is called the "true bearing" which is measured in a clockwise direction from true
north. Modern radar sets take on this task, and with the help of GPS satellites, determine
the north direction independently. Two different targets can be on the same bearing but
at different ranges. In classical radar systems, the degree of range resolution depends
mainly on the pulse width of the transmitted pulse. Other factors are the type and size
of the target, and the efficiency of the receiver and indicator. For the radar to be able to
achieve a good range resolution, an extremely short pulse is required. For example, if the
pulse duration is 1us, the pulse length is approximately 300 meters long. If the distance
between two targets on the same bearing is less than half of the pulse width, which
means less than 150 meters, the reflected waves from both targets will be combined into
one composite wave. Therefore only a one relatively large target will be seen on the radar
indicator or display.

However, in pulse radar systems the range resolution of the radar system depends on
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the pulse duration instead of a pulse width. Pulse compression is a method for improving
the range resolution in those systems. The transmitted pulse is modulated after which
correlation is done between the received signal and the transmitted pulse. The ability to
compress the pulse depends on the bandwidth of the transmitted pulse. By default, the
radar receiver needs at least the same bandwidth to process the full spectrum of the echo
signals. Range resolution d R can be calculated [7, p. 785] from the equation
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where B is the the bandwidth of the transmitted pulse in Hertz. Pulse compression, or
intra-pulse modulation, combines the energetic advantages of very long pulses with the
advantages of very short pulses. The method allows very high resolution to be obtained
with long pulses. Theoretically a 0.05 m slant range resolution could be achieved with a
bandwidth of 1 GHz [3].

The internal modulation of the transmission pulse is carried out to improve the range res-
olution when the transmission pulse duration is relatively long. A frequency comparison
between the transmitted and received signals can be then made in the received echo,
allowing for localization of the reflecting object within the pulse. The Pulse Compression
Ratio (PCR) is the ratio of the time duration of the uncompressed transmitted pulse to the
duration of the compressed pulse. For further calculations, the time-bandwidth product is
introduced, the derivation of which results from the ratio of the different resolutions [3] as

pop= 0 T2 _p T, (3.3)

(co/2B)
where 7 is pulse duration in seconds. The range resolution of a pulse modulated radar
can be then achieved by multiplying PC R with R from Equation 3.2.

3.1.3 Signal processing

The signal processor is the component of a radar system that is responsible for distin-
guishing targets from clutter based on their Doppler content and amplitude character-
istics. In electronic systems, particularly in radar systems, clutter refers to unwanted
echoes. These echoes may be returned from various sources such as the ground, sea,
rain, atmospheric turbulences, and chaff, which is a type of countermeasure used to mis-
lead radar systems. The Doppler content refers to the shift in frequency of the reflected
radar signal caused by the movement of the target, while the amplitude characteristics
refer to the strength or intensity of the reflected signal. Radar’s detector uses these char-
acteristics to filter out unwanted signals and focus on detecting the desired targets. In
addition to any clutter that may be present, there will also always be noise present. The
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total signal that must be distinguished from the target return is the combination of clutter
and noise. Noise filtering will be covered more in Section 3.2.1. The signal processing
chain of a radar is illustrated in Figure 3.1.
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Figure 3.1. A block diagram of radar signal processing chain [3].

As the range from the pulse radar to a target is computed using the time between the
transmitted and received pulse, it is necessary to detect the pulse edge in order to main-
tain its accuracy. Modern radars use matched filter techniques. The receiver in a radar
system is equipped with a filter bank designed to detect the received signal at different
Doppler velocities. The Doppler velocity refers to the speed and direction at which the
target is moving relative to the radar system. The correlation peak of the received signal
from the target is used in order to determine the range and Doppler velocity of the target.
The Doppler filter bank produces the Doppler spectrum for a target, which can be used for
target recognition. For example, when identifying a helicopter, the peak of the signal from
the rotor blades and the target’s radial velocity can be used to determine the Doppler
spectrum peaks. This same effect can also be applied to other air platforms, such as
jet engines, by analyzing the frequency shift of the signal reflected from the compressor
blades.

Upon receiving the output from the radar detector, the plot extractor’s role is to identify
and group together threshold crossings that are believed to be from the same target by
correlating the hits. The plot extractor can evaluate the energy of a plot based on the
distribution of hit amplitudes across the beamwidth. This plot energy parameter can be
used to distinguish between different types of targets based on the amount of EM radiation
that is scattered back and movement characteristics. The parameter is often passed on
to the plot processor for further analysis. The plot processor combines primary plots
from different primary radar channels or sources to create a single, most accurate plot.
The plot extraction and plot processing elements are the final stage in the primary radar
sensor chain. The plot combiner combines primary and secondary radar plots and can
include a scan-to-scan correlator to eliminate false or repeated returns. The radar signal
processing chain may also include a sensor tracker and a multiple sensor tracker. A
sensor tracker combines multiple plots of a target from a single radar sensor into a single
track, while a multiple sensor tracker merges tracks from multiple radar sensors to provide
a more comprehensive view of the target. The multiple sensor tracker is used to improve
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the accuracy and reliability of radar tracking by combining data from various sources.

3.1.4 Accuracy of the range measurement

Range accuracy is the radar’s ability to measure the position of a target. The theoretical
maximum accuracy with which a distance can be measured depends on the accuracy
of the run time measurement. With a pulse radar, the run time is generally measured
from the rising edge of the transmit pulse to the rising edge of the echo signal. The
accuracy of the distance measurement essentially depends on the noise or rather on the
size of the noise in relation to the impulse. This is described by the Signal to Noise Ratio
(SNR). Radar measurement error is usually dominated by components dependent on it.
For a SNR of considerably higher than 1, the expected range measuring error o i can be
calculated [3] with the equation
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where B is the bandwidth of the radar waveform, and SN R is the signal-to-noise ratio

(3.4)

of the received signal from Eqg. 3.6. Bandwidth is the difference between the upper and
lower cut-off frequencies of the radar receiver in Hertz. The radar receiver must be able
to process the signal bandwidth of the backscattered pulse.

3.1.5 Azimuth and elevation measurement

A radar transmits energy in the form of EM waves and if the reflected waves are received
again at the place of their origin, there is an obstacle in the propagation direction. The
ability of the radar antenna to concentrate transmitted energy in a particular direction is
called directivity. An antenna with high directivity is called a directive antenna. By mea-
suring the direction in which the antenna is pointing when the echo is received, azimuth
and elevation angles from the radar can be determined. Azimuth, elevation and range are
then mapped from the local to the global reference frame by using the knowledge of the
orientation and position of the radar. Azimuth angle is defined as the angle parallel to the
horizon and north is typically set as zero. Elevation is the angle between the horizontal
plane and the line-of-sight and therefore the reference direction is in the direction of the
horizon. Elevation angle is positive above the horizon and negative below the horizon. Az-
imuth, Elevation, Range (AER) location representation is used to describe observation’s
location based on observation angles and range made by a sensor.

The antennas of most radar systems are designed to radiate energy in a one-directional
lobe or beam that can be moved in bearing simply by rotating the antenna. Essentially,
this radar beam is just a sector described by the points at which the transmitted power
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was reduced by half but which contains nearly 80 percent of all the transmitted energy.
The shape of the beam is such that the echo signal strength varies in amplitude as the
antenna beam moves across the target. The point of maximum echo is when the beam
points directly at the target. This point is determined by the detection circuitry or visually
by the radar operator. When energy is directed into a single direction, most antennas
will generally have sidelobes in addition to the mainlobe. This is because an antenna’s far
field radiation pattern is a Fourier Transform of its aperture distribution. The term aperture
refers to the physical size of the antenna or, in the case of the radar, the effective that is
used to transmit and receive radar signals. The sidelobes of a radar antenna represent
unwanted radiation in undesired directions. Although the power density in the sidelobes
is typically much lower than that in the main beam, in the worst case scenario, the energy
radiated from these directions can be falsely interpreted as a legitimate observation. The
illustration of a antenna radiation pattern is shown in Figure 3.2 where the main axis
of main lobe of the antenna is G,,,., as in maximum gain, and 65,5 is the half power
beamwidth of the antenna.

Figure 3.2. A antenna radiation pattern.

As a use-case example, guidance radar systems are based on following the point of max-
imum echo. A radar antenna is positioned to face the point of maximum signal return and
maintained at that position either manually or by automatic tracking circuits. For instance,
some older target tracking radars use a conical scan to determine the exact target direc-
tion. The idea is to move the radar beam slightly off center from an antenna’s central
axis and then move the radar antenna toward the area with the strongest echo signal
strength [19]. However, soon after it was replaced by monopulse technique which uses
additional encoding of the radio signal to provide more accurate directional information.
Monopulse radars tackles problems seen in conical scanning radar systems, which can
be confused by rapid changes in signal strength. The beam is split into parts and then
the two resulting signals are sent out of the antenna in slightly different directions. The re-
flected signals are then amplified separately and compared to each other when received.
The main advantage is that changes in target position or heading will have no effect on
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the comparison since the comparison is carried out during one pulse. This method is also
used in passive radar systems [20].

With rotating search radar, target angular position may be measured with similar tech-
niques as used in early tracking radars, by finding the center of a series of pulse returns
as the antenna sweeps past the target. The measurement accuracy in each angular co-
ordinate is characterized by the root-mean-square (rms) measurement error, o 4, given
by the root-sum-square (rss) of the three error components. One of these components is
SNR-dependent random angular measurement error which usually dominates the radar
angle errors. It is random, with a standard deviation given for monopulse radar [7, p. 706]
by

0
OAN = ,
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where 0 is the radar beamwidth in the angular coordinate of the measurement, and &, is
the monopulse pattern difference slope. The value of k), is typically 1.6.

(3.5)

3.1.6 Radar equation

Thermal noise is always present at the radar’s receiving antenna. This noise competes
with the reflected EM waves from the target that the antenna tries to detected. Also, since
the radar’s receiver is an electrical device with randomly moving electrons, it generates
its own internal thermal noise that competes with the received target signal. The interac-
tion between a monostatic radar and a target can be modeled with the monostatic radar
equation. The equation can be formatted into many different forms depending on the
use-case. To best describe the correlation of received signal .S to background noise N
for systems using a modulated pulse it should be written [7, p. 75] as:

P-Gy-G,-N-o-n,-PCR

N pr—
SN (4m)3 - R*-k-T,-B-L,

(3.6)

where P, is the peak radio frequency power, G; is the gain of the transmit antenna,
G, is the gain of the receiving antenna, A is the wavelength of the transmitted signal,
o is the target’s Radar Cross-Section (RCS), n, is the number of Coherent Processing
Intervals (CPls), PC'R is the pulse compression ratio from Eq. 3.3, R is the range to
the target, k is the Boltzmann’s constant, 7} is the system noise temperature, B is the
instantaneous bandwidth of the radar, and L, is the system loss factor. L, also includes
all the loss factors that disturb the EM waves. It bears internal attenuation factors of
the radar set on the transmitting and receiving paths Lp, fluctuation losses during the
reflection L, and atmospheric losses during propagation of the EM waves to and from
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the target L 4;,,. High-frequency components, such as waveguides, filters and also a
radome, generate internal losses. For a given radar set this loss is relatively constant and
also easily measured. Atmospheric attenuation and reflections at the Earth’s surface are
permanent influences.

RCS of a reflector is described as a ratio to an idealized reference reflector. The projected
area of an equivalent isotropic reflector has an RCS of exactly one square meter. It is
measured in units of decibel per square meter (dBsm) and is important quantity in radar
performance calculations. RCS of a target depends on the physical geometry of the
target, the direction of the illuminating radar, frequency of the radar transmitter, and the
electrical properties of the target’s surface. It will not change as function of range nor as
a function of height, but it will differ fiercely even with a small transition in the illumination
angle of the radar with respect to the target’s position.

3.1.7 Bias errors

Understanding and minimizing radar biases is crucial part for achieving better quality
observations. While radar measurement error is largely dependent on SNR, other error
sources to radar systems exist as well. The position and orientation of the radar may
easily cause error when local bearing and range measurement are transformed into a
global reference frame. A bias offset of 0.01° between the world coordinate system and
the local radar coordinate system can cause an error of dozens of meters at a distance
of a hundred kilometers. The nature of analog sensors causes the error to vary in each
instance of time. Therefore it becomes necessary to perform a real-time analysis of the
error. Usually, this means performing an independent error mapping for each type of
detection after which compensations are done in X, Y and Z dimensions but also in Yaw,
Pitch, Roll (YPR) positions for the target. The range bias is applied to all targets seen by
a sensor as a translation. Although, to find absolute range bias, we need more than one
sensor.

Some of these errors can be compensated locally but in multi-sensor tracking most of
them must be corrected by fusion center where the final decision about target presence
is made. In this type of centralized detection model, fusion center is a place where raw
observations from sensors are sent to. In track fusion, a common approach to bias error
correction is to estimate the bias errors, both offset and scale biases. This is done dy-
namically by approximating the local measurements from their state estimates and then
subtracting them from each other. It gives a measurement of the biases which is inde-
pendent of the states [21].
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3.2 Performance calculation

There are several non-radar dependent factors contributing to the radar measurements
that have to be considered when simulating its performance. The ability to receive ob-
servations can suffer due to the state of the atmosphere but also because of challenging
terrain along terrestrial path. The performance of ground-based radar against low-flying
targets has always been limited by land clutter. Modern pulsed radars still encounter dif-
ficulties in detecting small targets due to the overwhelming clutter signals and imperfect
waveform stability. Although clutter cancellation techniques are implemented, the radar’s
ability to detect small targets remains severely limited by residual land clutter. Resid-
ual clutter refers to the radar reflections that are generated by stationary objects on the
ground, such as trees, and buildings [22]. However, there are several metrics that can be
used to estimate the performance of a radar in such environments.

3.2.1 Detection threshold and probability of detection

If the signal power of reflected EM waves from the target is assumed to be much greater
than the noise power, the target echo signal can be revealed by setting an amplitude
threshold. The amplitude threshold is set above the noise level so that every signal
greater than that gets detected. However, even with the threshold in place, there is still
a chance that noise alone might cross the threshold, giving rise to the possibility of a
false alarm. The target-plus-noise signal is a random variable that can drop below the
amplitude threshold at any given time, resulting in the probability that it will not be de-
tected. Due to the randomness of these signals, the detection performance of a radar
is described through probabilities, the most important being the Probability of Detection
(PD). It describes the probability of the target-plus-noise signal exceeding the amplitude
threshold. The other important metric used to evaluate the performance is the Probability
of False Alarm (PFA), which is the probability for the noise alone spiking above the thresh-
old. Both probabilities increase or decrease together when the threshold is changed. To
increase PD while at the same time lowering the probability of false alarm, the target
signal power has to be increased relative to the noise power [7].

A radar’s detection threshold is decided as a compromise between the desired PD at
certain SNR, and on the other hand, the acceptable rate of false detections. If SNR
is low, observations will fluctuate up and down more. At the same time, the high SNR
can cause clearly higher point in observations. With a high signal to noise ratio, target
detection at longer distances becomes easier [23].
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3.2.2 Limiting factors

Radio waves are not solely affected by their divergence as they travel or by the diffraction
caused by meeting an obstacle. In reality, when these waves are propagated in the Earth’s
surface or atmosphere, they will also be affected by several other mechanisms, such as
magnetic storms, sky noises, sun-spots, but also atmospheric events like rain, clouds,
snow, hail, fog, humidity, and wind. Some attenuation due to absorption by atmospheric
gases, mostly oxygen and water vapor, is always present and should be included in the
calculation of total propagation loss at frequencies above about 10 GHz. Although the
rainfall affects propagation only at frequencies above 5 GHz in free space, it is found to
affect the propagation even at low frequencies of VHF and UHF bands within the forest
environment due to the accumulated rain water on the foliage medium [24].

The target is challenging to detect when an obstacle in the path of propagation blocks
the direct LOS path. A rounded surface, like the top of a grassy hill, for example, can
obliterate the signal. On the other hand, if the obstacle’s profile is sharp, like a forested
or rocky terrain top, some portion of the wavefront could be diffracted around or over the
obstacle [6]. Trans-horizon propagation mechanism occurs over paths extending beyond
the normal radio horizon. For frequencies above 30 MHz two permanent trans-horizon
propagation mechanisms are tropospheric scatter and diffraction. Just beyond the hori-
zon, the diffracted field has a rapid exponential decay, of 1 dB/km at frequency of 1 GHz,
while the scattered field decay is around 0.1 dB/km [12]. As a result, PD will likely de-
crease too much for reliable results. However, Over-The-Horizon Radar (OTHR) systems
are being used to overcome the LOS limitation caused by the Earth’s curvature. They use
either surface-wave propagation or sky-wave propagation [25].

3.3 Digital twin of radar and its surroundings

A digital twin is a virtual representation of a real-world physical system or process that
serves as its digital counterpart for practical purposes. The difference between a digital
twin and a simulation can be seen as a matter of scale. A simulation typically studies
one particular process, whereas a digital twin can, by itself, run any number of useful
simulations in order to study multiple processes [26]. Perhaps an even more valuable
feature is that digital twins can be used to predict a system’s future behavior. Being able
to predict the capabilities of a radar can be extremely useful and cost-effective, but it can
also improve the maturity of the operational radar processing [27]. Simulation of the signal
propagation path and the surrounding terrain, in the direction which the signal is traveling,
are both vital factors for a digital twin of a ground-based radar system.
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3.3.1 Path attenuation

When an obstacle is in the direct path, the radio wave can be detected at the radar re-
ceiver either by passing through the obstacles and suffering related attenuation, or by
using diffraction mechanism in a way that the waves encounter obstacle edges and pene-
trate or bend to the shadow region behind the obstacle. If the beamwidth of the transmitter
antenna is wide as in sectoral or isotropic antennas, the diffraction phenomenon is the
dominant one for two reasons. First, the transmission power is identical for different paths
including straight and diffracted paths. Second, the high thickness of natural obstacles
in comparison to the wavelength causes high loss for straight path. In LOS radar trans-
mission with directional antennas at high frequencies, the diffraction mechanism is not
applicable. Taking into account the obstruction loss is therefore a better approach in a
case where the obstacle thickness is not too high in compared to the wave penetration
depth [17]. The reliability of radar performance suffers especially when taking obser-
vations from lower altitudes since attenuation due to natural obstacles leads to greater
diffraction.

The loss caused by natural obstacles has to be acknowledged and calculated. Terres-
trial parameters are for instance, mountains, forests and different of water. Forests and
other green areas are dominant on the surface of the Earth but their diffraction is not
similar to diffraction caused by the ground itself. The loss due to vegetation coverage
and especially due to forests is considerable in terrestrial communications. lts effects are
significant for point-to-area wireless systems which more or less corresponds to a ground
based radar’s use-cases. Due to these complicated conditions it is quite challenging to
provide a straightforward solution to this problem, let alone a closed form equation. Some
solutions are provided based on practical measurements and field experiments like one
based on ITU-R P.833-10 [28]. Vegetation near the sensor site has more effect on radar
performance than e.g. trees much further away since beam is directed at higher altitudes.
This can be countered by chopping down some trees near the sensor. This might lower
the radar’s visual horizon in the direction of the chopped trees. However, for some sites
and directions it should be evaluated if that actually reduces attenuation to the signal
enough.

3.3.2 Terrain model

The geospatial information used for creating an artificial radar environment in our terrain
model, are Digital Elevation Model (DEM), forest height map, and land cover material.
DEM is a numerical representation of the bare ground topographic surface of the Earth
excluding trees, buildings, and any other surface objects. It describes ground heights from
mean sea level with a grid size of 17.5 meters. Area taken as an example in this section is
from 60°98’ to 62°03’ North and from 23°13’ to 24°00’ East in the World Geodetic System,
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1984 (WGS84). The graphic (a) in Figure 3.3 shows a raster map based on used DEM
data where the lowest terrain is represented with dark blue and the higher the terrain, the
lighter the shade of blue is. Margin of error in height values in this data is 1.4 meters.
This material does not include separate geological objects, such as glacial erratic, or
man-made structures. The forest height model shows maximum height of trees with a
pixel resolution of 25 meters. This data can be seen from graphic (b) in Figure 3.3 where
dark blue describes areas without trees and various shades of green indicate areas with
different maximum height of trees and vegetation. There is not much variety in the shades
of green since woods are usually dominated by the same tree species and they have
certain heights they grow into. These height data materials originate from National Land
Survey of Finland (NLS)’s open database which brings together this kind of spatial data
in many resolutions [29]. For instance, terrain height data is also available in smaller grid
sizes of 10 and 2 meters. DEM data is being updated by NLS by utilizing laser scanning
technique in case the terrain is being transformed, commonly due to construction work or
other such operations.
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Figure 3.3. Raster maps of all three geo-materials

Land cover material describes the usage of the land type in the area it covers. If there is
a certain type of forest covering the land mass, it is represented with a certain value, or
when a land coverage is mainly urban, a different value is assigned to it. Global terrain
data used in this work originates from the year 2009 and has a grid size of 220 meters. It
handles 22 different terrain types as their own, which are based on United Nations’ Land
Cover Classification System (LCCS). For instance, the value 190 refers to a man-made
environment where over half of the area is urban. This can be seen from graphic (c) in
Figure 3.3 where urban areas are in red, water is marked in as blue and several shades of
darker green indicate forests. For each value in the 2-D map matrix there is a dedicated
RGB color value to represent a certain terrain type as shown in Table 3.4. The data is a
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part of European Space Agency (ESA)’s GlobCover project [30].

Both DEM and forest height data sets have been used in radar shadow calculations be-
fore. However, especially for calculating diffraction, the land cover material might be useful
in many applications. The biggest contributor to diffraction can differ and might not always
be a tree or a hill. A combined terrain model that includes information about these three
materials provides a comprehensive understanding of the terrain and obstacles that may
affect the radar beam.

Value  Label Color
11|Post-flooding or irrigated croplands (or aquatic)
14|Rainfed croplands
20|Mosaic cropland (50-70%) / vegetation (grassland/shrubland/forest) (20-50%)
30|Mosaic vegetation (grassland/shrubland/forest) (50-70%) / cropland (20-50%)
40|Closed to open (>15%) broadleaved evergreen or semi-deciduous forest (>5m)
50|Closed (>40%) broadleaved deciduous forest (>5m)
60)|Open (15-40%) broadleaved deciduous forest/woodland (>5m)
70|Closed (>40%) needlel d evergreen forest (>5m)
90|Open (15-40%) needleleaved deciduous or evergreen forest (>5m)
100|Closed to open (>15%) mixed broadleaved and needleleaved forest (>5m)
110|Mosaic forest or shrubland (50-70%) / grassland (20-50%)
120|Mosaic grassland (50-70%) / forest or shrubland (20-50%)
130|Closed to open (>15%) (broadleaved or needleleaved, evergreen or deciduous) shrubland (<5m)
140|Closed to open (>15%) herbaceous vegetation (grassland, savannas or lichens/mosses)
150|Sparse (<15%) vegetation
160|Closed to open (>15%) broadleaved forest regularly flooded (semi-permanently or temporarily) - Fresh or brackish water
170|Closed (>40%) broadleaved forest or shrubland permanently flocded - Saline or brackish water
180|Closed to open (>15%) grassland or woody vegetation on regularly flooded or waterlogged soil - Fresh, brackish or saline water
190| Artificial surfaces and associated areas (Urban areas >50%)
200|Bare areas
210|Water bodies
220|Permanent snow and ice
230|No data (burnt areas, clouds,...)

Figure 3.4. Terrain types and their corresponding colors [30].

Radars, particularly surveillance radars, are rarely placed in close proximity to urban ar-
eas or tall buildings due to various reasons. As such, this work does not deal with cases of
radar beam interfering with a man-made structure like apartment buildings or wind mills.
Apart from this, there is a growing interest in studying diffraction caused by man-made
structures due to the increasing amount of telecommunication infrastructure in urban ar-
eas. In terms of individual buildings and objects of distinct shape, the Fresnel-Kirchhoff
diffraction formula can be applied to model obstacles as 2-D blocks with specific heights
and widths 2.8.

3.3.3 Site-specific radar simulation

A digital twin model of a radar system requires foremost its location in a global reference
frame but also other parameters depending on what extent it is required to be modeled
and what is measured. The most vital information for calculating the radar’s performance
is the antenna’s position, the direction the pulse beams are pointed, and the frequency of
the transmitted signal. By acknowledging these factors, the position of each terrain point
with respect to the antenna’s location, and furthermore how they intervene with the radar
signal, can be simulated.

Refractive properties of the earth’s atmosphere, as represented in Section 2.4, might
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cause the path to bend slightly toward or away from the surface of the Earth. To allow
for a straight line path of propagation, a correction factor is applied to the earth’s radius.
It increases or decreases the surface curvature to compensate for the refracted path.
Propagation models utilize a standard atmosphere where the correction factor, or k-factor,
is defined as 1.33. A corrected radius is called the effective earth radius. The positive
height of surface curvature due to the the effective earth radius hgr in meters at certain
point along the path of propagation can be approximated [6] by

dy - dy

T 1274k (3.7)

her

where distances d; and d, are in kilometers and £ is the atmospheric correction factor.
Previously in this work the point to which diffraction is calculated has been represented
as a classical receiver on the ground. In radar applications the point of interest, or target,
is always located above trees and most of the time several hundred meters above the
surface depending on the type of flying platform.
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4. PROPOSED METHODS

In this work, diffraction loss was calculated for the terrain’s obstacles between the radar
and the target using three models: knife-edge, Bullington, and rounded obstacle model.
However, the first two models are mainly presented as the focus of the evaluation. The
radar is modeled as a digital twin of ground-based air surveillance radar whose capability
is evaluated based on the diffraction loss of its signal at various heights. In these methods,
the height values are given in terms of their elevation Above Mean Sea Level (AMSL).
Creating a terrain elevation profile for a path of propagating radar signal is described
in Section 4.1. Section 4.2 outlines the main principles for determining the appropriate
diffraction model based on the terrain features under the LOS path, such as the elevation
profile.

4.1 Terrain under line-of-sight

Although in some short distance cases it is reasonable to assume that the direct path of
propagation follows a straight line, in reality this is not the case. A curved radio propaga-
tion path vertically affects the relationship between a radar signal and a terrain’s obsta-
cles. However, the location of obstacles in a horizontal plane must be known first, making
the determination of terrain points under the propagation path more challenging. For this
problem, an algorithm that collects the required terrain information under the propaga-
tion path was designed, and implemented in Matlab. The input data for this algorithm
consisted of geospatial data materials described in Section 3.3.2. The other function in-
puts were radar and target locations, radar transmitter’s height above the ground level,
target’s height AMSL, Nearest Neighbor (NN) value and step size. Locations were given
as ETRS-TM35FIN coordinates, which is the Finnish projected coordinate reference sys-
tem [31]. These coordinates define the start and the end point for the LOS path. Required
parameters for a site-specific radar system are better defined in section 3.3.3.

At first, the target’s AER position is acquired from the radar’s direction. Azimuth and
elevation angles are then used as constants to calculate coordinates along the LOS path
to the target. Starting from the radar’s location, every step coordinate on the path is
achieved by traveling into the direction determined by those constant angles and with a
range determined by the step size. Coordinates of the height map pixels’ centers are
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Algorithm 1 Data mapping algorithm
Input: azTreshold = 10, NN = 1, steps =[0,50,100,150...], azMap = m x n matrix,
rMap = m x n matrix, HeightMap = m x n matrix
Output: outStruct
1: function MAPPING(azTarget, azTreshold, NN, Steps, azMap, rMap, HeightMap)
2 azDiffs = CalcAngleDif ferences(azMap, azTarget)
3 izsClose = FindIndices(azDiffs < azTreshold)
4 izsDiscretized = Discretize(rMap(lxsClose), steps)
5: for each index i in steps do
6
7
8

pizels = ixsRDiscretized(1)
pInds = ixsClose(pizels)
stepInfo = [azDiffs(pInds)’, rMap(pInds)’,HeightMap(pInds)’, ...

o: stepInfo = Sortrows(stepInfo, 1’ ascend)
10: outStruct[i] = stepInfo(1l : NN,:)

11: end for

12: return outStruct

13: end function

determined by relative pixel index transition with respect to map’s corner coordinates.
With these coordinates, the AER location of each pixel is calculated in the same way as
target’'s AER location. Subsequently, the azimuth, elevation, and range for each pixel's
center can be defined with respect to the radar, resulting in matrices of elMap, azMap
and rMAp. The right pixels along the LOS path are acquired from these matrices by
mapping. Principle of pixel mapping can be seen in Algorithm 1. Pixels that are too far
away in their direction of azimuth are factored out. Differences between the azimuth of the
target, azTarget, and the azimuths of the pixels in azMap are calculated. These azimuth
differences, azDiffs, are then compared with the azimuth threshold, azTreshold, and
pixels with a greater azimuth difference are left out. The remaining ones are discretized
by their range values into step size counterparts. An azimuth threshold of 10 degrees is
used in this work to crop out the furthest pixels. Although this means that there are more
pixels within the same range of azimuth further away, its main purpose is to speed up the
discretization. With a step size of fifty meters every terrain height pixel with a range value
between 25 and 75 meters would belong to the first group and pixels with range value
from 75 to 125 meters would belong to the next group and so forth.

Once pixels are categorized, they are sorted by their azimuth difference value inside each
range group. The nearest pixel in every group is the one that has the smallest azimuth
difference with the target’s azimuth direction angle. The NN value specifies how many
nearest pixels are being picked inside each step group. For instance, if the step size is
fifty meters and the NN value is 1, it means that after every 50 meters traveled, the data
is collected only from the nearest map pixel. A visual presentation of this mapping can be
seen in Figure 4.1 where dashed lines are drawn from the map pixels with the smallest
azimuth difference into corresponding locations on the path after each step. Tx indicates
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the radar’s location and Rx the target’s location.

“~>

[Az, EI, R]

Northing (m)

azTreshold

v

Easting (m)

Figure 4.1. Height map pixel mapping with NN value of 1. Each grid point corresponds
the center of a height map pixel.

Upon the collection of terrain data along the propagation path, the next step is to deter-
mine the relative position for each step in order to indicate radar’s visual horizon. With
combined height data, slope S; from radar antenna to individual mapped terrain point
under LOS is calculated by dividing relative terrain height by earth distance

hi + her - hts
Si=——7—7, 4.1
a (4.1)
where h; is the combined height of ground and trees in meters, h,., is earth’s bulge from
Eqg. 3.7 in meters, d; is earth path distance from antenna to terrain point in kilometers,
and ¢ denotes a terrain point associated with a certain LOS path step. The slope of

straight-line path .S; between antenna and target is calculated in a similar way:

b —h,
==

Sy (4.2)
where h; is target height AMSL in meters, h, is radar antenna height AMSL in meters,
and d,, is earth path distance between the radar and the target in kilometers. Earth’s
bulge is not included here since it is relative to the path itself and is therefore the same
as with the radar. The radar’s visual horizon is defined as a point on the entire profile that
has the greatest slope. However, if some slope S; is greater than the slope S; the terrain
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is above the LOS path and the propagation method is therefore transhorizon. As such,
the LOS path diffraction at some coordinates i is dependent on S; and on S;.

4.2 Diffraction modeling of radio wave propagation

Determining the diffraction model comes down to knowledge of obstacles and the ter-
rain. The decision of which model to use should be based on the dominant terrain points
along the propagation path and the extent to which they interfere with the radio signal.
The methodology of acquiring this information along the propagation path is described
in previous Section 4.1. A terrain profile defines the way of radar signal propagation. To
estimate diffraction loss caused by encountered natural obstacles, it is necessary to ide-
alize their form. Under some circumstances, a dominant terrain can be assumed as a
bold smooth obstacle with a well-defined radius of curvature at the top. However, most of
the time it is more reasonable to assume a knife-edge of negligible thickness. Choosing
a diffraction model in this method is simplified with a flow chart in Figure 4.2.

Knife-edge
LOS method
P ti
ropagation Bullington
method No
method
Transhorizon Single rounded
obstacle

Cylinder

Yes method

Figure 4.2. The flow chart for choosing a diffraction model based on a elevation profile of
a propagation path.

If any terrain point along the propagation path rises above the straight-line path from the
radar to the target, causing the target to be below the radar’s horizon, it is interpreted as a
trans-horizon propagation. As a result, several obstacles along the terrain profile between
the radar and the target may cause diffraction to the transmitted signal. The Bullington
diffraction model is chosen whenever the visual horizon is being blocked. Its usage is
described in Section 2.7.

In case of LOS propagation, the diffraction loss is calculated only from the most dom-
inant obstacle with KED. The model considers only the most dominant obstacle in the
signal path, as this will typically have the greatest impact on the path loss. Furthermore,
considering multiple obstacles in the path of the radio wave can significantly increase the
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complexity of the path loss calculation leading to increased computational requirements.
The profile point that interacts with the first Fresnel zone the most is seen as a dominant.
To find the single most dominant profile point, from the perspective of the simulated radar,
their capabilities to intervene with the signal’s Fresnel zones have to be evaluated. This
is done by calculating the Fresnel diffraction parameter v, from Eq. 2.5, for each profile
point. The dominant profile point is the one with the highest parameter value.

Since the terrain model is not accurate enough to provide information about the appear-
ances of singular natural objects such as small hills, the usage of the rounded obstacle
model should be considered for each situation separately. It may be used on medium-
sized hills with a smooth surface and a known radius. This model allows for the calculation
of increased diffraction loss resulting from the rounded characteristics of an obstacle, as
opposed to assuming there was a knife-edge. The model has same first prerequisite as
the Bullington model; propagation has to be trans-horizon. In addition, terrain above the
straight-line path has to have a rounded shape but also separate horizon points of the
radar and the target with their distance not too far away from each others. The terrain
type of a dominant terrain has to have certain characteristics. For example, with trees or
buildings present, no actual cylinder can be fit into the terrain profile. For those obstacles
where usage of the model is justified, a cylinder radius can be calculated with equations
provided by ITU-R P.526 [10].

4.3 Summary of methods

The main objective was to develop a methodology to flexibly express any ground-based
surveillance radar as a digital twin with which the surrounding terrain’s effect can be mod-
eled. In this chapter, the focus was on methods used to incorporate different types of
geospatial information, including ground elevation data and vegetation height data, into
calculating propagation path diffraction caused by terrain obstacles between two coordi-
nate points. The methodology is divided into two sections. In the first Section 4.1, data
matrices were mapped by defining coordinates for each pixel, and their AER positions
are determined relative to the radar while taking into account signal refraction. The pixel
azimuths were then compared to the azimuth direction of the target, and the pixels that
had the smallest difference were identified as being under the LOS path. The present
procedure works regardless of the grid size of geospatial materials, making it more flex-
ible in its use with other terrain materials. Moreover, it affords the flexibility to selectively
choose pixels from the data by setting different function inputs. This is beneficial when
diffraction models other than those adopted in this work need to be used. In the sec-
ond Section 4.2, the combined model was created for making a logical decision between
diffraction models based on properties of the propagation path. Because the elevation
profile is determined in advance, decision-making between diffraction models is straight-
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forward, and the diffraction loss can be calculated from the height values, which makes
the process computationally fast and increases the digital twin modularity.
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5. RESULTS

This chapter displays the results obtained using the digital twin presented previously in
Chapter 4, demonstrated through visualization for five different cases. The path attenua-
tion due to the diffraction was calculated to multiple locations at the same time. The loss
caused by each terrestrial path, was calculated one way, from the radar to each target.
Targets were set as a large grid around the radar for each different case to demonstrate
the terrain’s effect on the attenuation loss as the signal traveled further away from the
radar site. The grid was set to reach the range of 150 kilometers in every direction with
a grid size of 5 km x 5 km. Loss caused by factors other than path attenuation due to
terrain’s diffraction, including free space loss, are not presented. Table 5.1 presents a
summary of each case, including the Case ID, the target grid height in meters, which
diffraction model is being used, is the vegetation data applied, and the corresponding re-
sult figure. In case 3, the radar signal’s interference with the terrain is examined without
vegetation data since its density and form may vary and classical diffraction models do not
accurately apply propagation paths through them. Although there are models for diffrac-
tion caused by vegetation [28] [32], they are not universal, and therefore the vegetation is
treated as an obstacle.

Case ID | Target height (m) Model used Vegetation Result figure
1 500 KED Yes 5.1
2 500 Combined Yes 5.2
3 500 KED No 5.5
4 1000 KED Yes 5.7
5 1000 Combined Yes 5.8

Table 5.1. Result cases.

The chosen radar site for this scenario is located in southern Finland on 60°71°32” North
and 24°08'63” East in the WGS84. The ground there lies at an altitude of 184 meters
AMSL, and the antenna is 12 meters Above Ground Level (AGL). It should be noted that
this site for the radar’s digital twin was selected for demonstration purposes due to its
relatively high ground elevation in the region. Vegetation is cut down to a distance of
50 meters in every direction to create a more realistic scenario for the site. Similar to
the other input parameters, the step size is set to 25 meters and Nearest Neighbor (NN)
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value is set to 1 for this radar. In this way, only the terrain map values just along the prop-
agation path are being utilized. Every diffraction model used in these results simplifies
the terrain into a one-dimensional edge, represented by a vertical red line. The scale of
path attenuation was clipped to 20 dB to achieve more reasonable values for a radar’s
use-case. If the scale had been chosen to represent all loss values, most of the figures
would be dominated only by the two opposite colors. In trans-horizon propagation, diffrac-
tion losses will easily grow tenfold which would make propagation paths just above the
ground unrecognizable with this kind of scale. Outcomes of the digital twin are qualitative,
but no ground truth exists, so they should be viewed in that regard.

5.1 Case

At first, diffraction loss is calculated just from the most dominant obstacle by using the
KED as seen in Figure 5.1. The visual paths from the radar to the targets in the northeast
and southwest are being blocked by nearby trees, despite the reduction of all vegetation
to 50 meters from the site. The target grid is located at a height of 500 meters AMSL.
With the KED model, the dominant terrain is determined not by the largest slope, but by
the point that has the most interference with the Fresnel zone.

-8.00
-10.00

-12.00

-14.00

-16.00

-18.00

100 km

-20.00

Figure 5.1. Case 1. The path attenuation by the most dominant terrain point to targets at
500 meters AMSL using KED.
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5.2 Case?2

The combined model, introduced in Section 4.2, is used in this case, as presented in
Figure 5.2. The scenario is the same as in the previous case. The only difference between
the two cases is the model used to calculate trans-horizontal targets. By comparing
these two cases, there is no significant difference in loss values as measured by this
decibel spectrum. The small difference for the first two cases in terms of attenuation
demonstrates the significance of the first dominant obstacle. The most visible difference
can be seen in the southwest. If the propagation path has some other dominant terrain
points, the combined model will be more precise. This, of course, requires the target to be
behind several terrain points. Therefore, only obstacles behind the first dominant terrain
with significant height will have this increasing effect.

0.00
-2.00
-4.00
-6.00
-8.00
-10.00
-12.00
-14.00

-16.00

Tl <X T -20.00

Figure 5.2. Case 2. The path attenuation to targets at 500 meters AMSL using the
combined model. Blue lines indicate propagation paths. Terrain cross-section of path to
northeast is shown in Figure 5.3 and path to east in Figure 5.4.

If the radar’s visual horizon is not limited by an immediate obstacle near the sensor site
the curvature of the Earth will usually have significantly more impact on determining that
horizon. When the angle to a target is large, the positive curvature of the Earth might
cause terrain to obstruct the propagation path even if that obstacle is not significantly
higher than the terrain before it. On the contrary, negative curvature might make distant
obstacles irrelevant for calculating the diffraction. This phenomenon is shown in Figure
5.3, where the propagation path to the target is instantly blocked by trees near the radar.
Additionally, the edge, determined using the Bullington model, rises remarkably high,
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causing an attenuation of over 30 decibels. The effect of the curvature can also be seen
by comparing Figures 5.2 and 5.8 when target is moved up from 500 to 1000 meters.
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Figure 5.3. Case 2 - Fig. 5.2. Terrain under the propagation path to the target in north-
east at 500 meters AMSL. The red vertical line describes the knife-edge defined by the
Bullington model.
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Figure 5.4. Case 2 - Fig. 5.2. Terrain under the propagation path to the target in east at
500 meters AMSL. The red vertical line describes the knife-edge defined by the Bullington
model.
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5.3 Case3

To demonstrate the effect vegetation has on diffraction loss, it is removed completely, as
demonstrated in Figure 5.5. The basis is otherwise the same as in the Case 1 and the loss
is calculated with KED diffraction by the most dominant obstacle. The most remarkable
difference can be seen in northeast and in southwest directions, where the radar signal
is no longer interfered with by the optical horizon defined by the trees near the sensor. A
cross-section of the same terrain under the path to the Northeast, with no vegetation, can
be seen in Figure 5.6. This is similar to the cross-section shown in Figure 5.3. Although
the LOS is still being blocked within this range, the loss due to diffraction has significantly
decreased. The target is more likely to be detected, as the loss due to diffraction has
decreased significantly from over 30 dB to 6.2 dB. It is reasonable to conclude that the
actual loss would fall within the range of these two values, as vegetation cannot be entirely
disregarded and at the same time, it cannot be accurately represented as an impenetrable
edge.
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Figure 5.5. Case 3: The path attenuation by the most dominant terrain point without
vegetation to targets at 500 meters AMSL using KED. The blue line indicate propagation

path to northeast. Terrain cross-section of the path is shown in Figure 5.6
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5.4 Case4

For Case 4 and 5, the target grid is set higher at an altitude of 1000 meters AMSL. In
this case, as in Case 1, only the KED model is used. As can be seen from Figure 5.7,
the attenuation is reduced at longer distances compared to the previous target grid that
was at a lower altitude. The negative impact from earth’s positive curvature is reduced
since propagation path travels high enough. In addition, the positive curvature is also
quite insignificant at these distances. What can be also noticed is that the effect of the
terrain near the sensor is emphasized even more with relatively flat terrain. This can be
seen in Figure 5.9.
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Figure 5.7. Case 4: The path attenuation by the most dominant terrain point to targets at
1000 meters AMSL using KED.
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5.5 Case5

This case demonstrates how the combined model works once terrain intervenes less with
the radar signal. However, relatively flat terrain causes the KED model to be used most
of the time with combined model since no other obstacles rises in immediate vicinity of
the signal. This is because the positive curvature of the Earth is not large enough when
the signal travels at higher altitudes. This can be seen by comparing the cone in the
previous case, as presented in Figure 5.7, to the one in this case, found in Figure 5.8.
The difference can also be illustrated by comparing the terrain cross-section in Figure 5.3
to one in Figure 5.9. On the other hand, when the Bullington model is used in a given
situation, the edge is typically defined in close proximity to the sensor. Despite the use of
trans-horizon propagation method, the obtained results using this model are often similar
to those achieved using the KED model. This means that the Bullington model is defined
by the same optical horizon point from both sides as seen in Figure 5.9.
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Figure 5.8. Case 5: The path attenuation to targets at 1000 meters AMSL using the
combined model. Blue lines indicate propagation paths. Terrain cross-section of path to
northeast is shown in Figure 5.9 and path to east in Figure 5.10.

/o5 i U
100 km | | _,;f]g)\ )



40

The path attenuation due to the diffraction: 18.6123 dB
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Figure 5.9. Case 5 - Fig. 5.8. Terrain under the propagation path to the target in north-

east at 1000 meters AMSL. The red vertical line describes the knife-edge defined by the
Bullington model.
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Figure 5.10. Case 5 - Fig. 5.8. Terrain under the propagation path to the target in east
at 1000 meters AMSL. The red vertical line describes the knife-edge defined by the KED
model.



41

5.6 Summary of results

The aim of these digital twin simulation cases was twofold: firstly, to compare different
diffraction models and their results in the context of a ground-based surveillance radar,
and secondly, to evaluate the use of a combined diffraction model. Both the KED and
Bullington models provide simple yet similar ways to calculate the volume of attenuation
due to diffraction without specifying the type or form of the obstacle. The loss scale
used in the results was chosen to represent the most interesting range of attenuation
values for a radar system in decibels. The results of the loss value measurements are
quantitative, but they should be interpreted as qualitative rather than definitive. This is
because obstacles, both the ground irregularities and vegetation, are modeled as simple
1-D edges, which may not precisely reflect real-world objects. Nevertheless, the results
were consistent with theoretical expectations. Moreover, this thesis demonstrates the
potential of the proposed methodology for future research and practical applications.

For terrain with relatively small height differences the curvature of the Earth might have
a significant impact on limiting the radar coverage. The elevation slope from a radar to
the target, as well as from a radar to individual terrain points along the path to a target,
therefore plays a large role in defining the degree of diffraction. It can be derived from
the target height divided by its distance from the radar site. For example, if the target
height remains constant, the curvature begins to cause problems as the target moves
further away. In some cases, the radar antenna may be located at a lower level than the
vegetation surrounding the site. In such case, the radar’s visual horizon and detection
ability can be greatly improved by reducing this vegetation.
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6. DISCUSSION AND CONCLUSION

The obijective of this thesis was to develop a methodology for representing a ground-
based surveillance radar as a digital twin and to evaluate its performance based on the
amount of diffraction caused by the terrain. This was achieved by calculating the attenua-
tion caused by natural obstacles surrounding the radar site in different directions and alti-
tudes. The calculations were based on knowledge of the ground topography, tree heights,
and type of land coverage. Three main diffraction models were considered to model the
obstacles as edges with a certain height but infinite width. The Knife-Edge Diffraction
(KED) model simplifies an object as a one-dimensional edge or wall with infinite width.
It was used in Line-of-sight (LOS) propagation scenarios to calculate diffraction from the
terrain point interacting the most with the propagation path. In trans-horizon propagation
scenarios, the Bullington model was implemented. This model simplifies all the terrain
above the LOS path into a single knife-edge. The knife-edge is defined by the extensions
of the visual horizons of both the radar and the target. In addition, the rounded obstacle
model was considered to be applied. This model is generally used to calculate diffraction
from obstacles with smooth characteristics and requires the target to be under the visual
horizon of the radar. However, the rounded obstacle diffraction model is not suitable for
environments dominated by forests and varying terrain heights. It is better suited for single
and smooth hilltops, which upward-looking surveillance radars rarely encounter. Another
challenge was the accuracy of the data, which did not provide possibility to model terrain
in a way that would enable visualization of certain shapes. As a result, only the KED and
Bullington models were used in this work.

While these diffraction models are generally useful and satisfactory in most scenarios,
they have certain limitations. One of these limitations is that they assume obstacles as
simple 1-D edges, which may not accurately reflect real-world objects. Therefore, the re-
sults of these models may not always be entirely accurate, and more advanced modeling
techniques may be necessary to capture the full complexity of the terrain. In addition,
while the results were still in line with the theory, the geospatial data offered some chal-
lenges for implementing more accurate models. False interpretation of terrain may cause
error in calculated dimensions. The better the accuracy of the ground elevation and for-
est height data, the easier it is to justify the use of the chosen diffraction model. The
used forest height data, containing information about maximum tree heights, is satisfac-
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tory for estimating the greatest possible diffraction. However, interpreting the vegetation
as an edge may not be suitable for calculating the diffraction. With current methods, the
diffraction from obstacles including at least some vegetation should be observed with and
without it, as the truth could be somewhere between these two results. The land cover
data used in this work has smaller spatial accuracy compared to the height data ma-
terials. It also lacks information about some smaller but still dominating features of the
terrain, such as cliffs and large erratic boulders. Nonetheless, it is useful to include that
data as a reference when reporting the environment from which the diffraction loss value
is calculated.

It is challenging to accurately predict the magnitude of signal diffraction from the tip of
an obstacle when the vertical dimension of the obstacle cannot be adequately modeled
in despite of which diffraction model is being used. Obstacles near the radar antenna,
especially the ones that are horizontally tapering such as an esker, might cause more
error due to inaccuracies in geospatial data. One way to improve the proposed method-
ology instead of describing terrain obstacles as 1-D edges is to model them in 2-D by
also including the horizontal dimension. The diffraction could be then calculated with
Fresnel-Kirchhoff model described in Section 2.8. However, this would also require more
accurate geospatial data to be performed. Another approach that could also improve
diffraction modeling would be the better exploitation of land coverage type data. For ex-
ample, while the tree data gives out the heights of the vegetation, this data could be used
together with more sophisticated diffraction models for calculating the attenuation based
on other features of the vegetation. However, the problem is the lack of such models
which limits the exploitation of land type data.

The techniques for calculating diffraction from a particular location to surrounding terrain
points using various geospatial data sets, such as a Digital Elevation Model (DEM) [13], or
choosing a diffraction model based on path profile analysis [10], are established methods.
However, the use of a digital twin in the context of a radar system was not widely adopted
until recent years [27] [33]. Although the concept of modeling radar performance with
natural obstacles is not new, its application within the context of a site-specific digital
twin appears to be less studied. Specifically, the diffraction loss caused by the most
dominant natural obstacles in the surrounding terrain of a radar site has not been studied
within the framework of a digital twin. In most cases, the path attenuation caused by
diffraction of the terrain can simplify the obstacles enough to be used as one indicator
of radar system performance with the current data and diffraction models. However, it is
important to acknowledge the limitations of the current methods presented in this work
and to conduct further research to address them. At this stage, the results should be
considered indicative rather than definitive due to some unknown characteristics of the
terrain. The total performance of a radar system consists of multiple factors, and this
work only focused on the effect of surrounding terrain.
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