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ABSTRACT
SATELLITE BASED PASSIVE RADAR SYSTEM
UNAL, Nihat Mert
M.Sc., Department of Electronic and Communication Engineering
Supervisor: Prof. Dr. Yusuf Ziya UMUL
February 2019, 108 pages

In this thesis, satellite based passive radar’s electromagnetic propagation is
investigated. Electromagnetic wave which radiated from satellite will propagate
through whole atmosphere and scattered by targets which will be modeled as civilian
plane and stealth aircraft. Firstly, Modified Theory of Physical Optics (MTPO) is
introduced. Diffraction deficiency of Physical Optics (PO) is eliminated by MTPO.
Secondly, satellite antenna which is Perfectly Electric Conductor (PEC) Cylindrical
Parabolic Reflector Antenna (CPRA) is introduced. CPRA’s scattered fields are
evaluated. In this thesis, reflected scattered field by CPRA is used as radiated
electromagnetic wave. Another point of view of this thesis is Gaussian beam
modelling. Radiated electromagnetic wave which is CPRA’s reflected scattered field
is modeled as Gaussian beam. Gaussian beam’s incident Geometrical Optics (GO)
wave is used as radiated field from satellite antenna which passes through atmosphere.
Fourthly, atmosphere is modeled as using International Telecommunication Union
Radiocommunication (ITU-R) Recommendations. Impairments of the atmosphere is
investigated. Then, plane wave scattering by PEC surface line strip which is model of
civilian plane is expressed. Also, plane wave scattering by perfectly absorbing surface
which is model of stealth aircraft is investigated. Finally, numerical analysis is
represented for attenuation by atmosphere, civilian plane with original dimension and

stealth aircraft with original dimension and results are discussed.

Keywords: Radar, Satellite, Passive Radar, Line Strip, Edge Diffraction, Stealth
Aircraft
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UYDU TABANLI PASIF RADAR SISTEMI
UNAL, Nihat Mert
Yiiksek Lisans, Elektronik ve Haberlesme Miihendisligi Anabilim Dali
Tez Yoneticisi: Prof. Dr. Yusuf Ziya UMUL
Subat 2019, 108 sayfa

Bu tezde uydu tabanli pasif radarlarin elektromanyetik yayilimi incelenmistir.
Uydudan yayilan elektromanyetik alanlar tiim atmosferi gececek ve hedeften
sacilacaktir. Bu hedefler sivil ugak ve goriinmez savas ucagidir. Birinci olarak,
Modified Theory of Physical Optics (MTPO)’den bahsedilmistir. Physical Optics (PO)
metodunun kirinan alanlardaki eksikligi MTPO kullanilarak giderilmistir. Ikinci
olarak, miikemmel iletken yiizeye sahip silindirik parabolik yansitici1 uydu anteninden
sacilan alanlardan bahsedilmistir. Silindirik parabolik yansitici antenin yansiyan
sacilan alanlar1 bu tezde uydudan yayilan alan olarak kullanilacaktir. Bu tezin bir bagka
ana noktast da uydu anteninden yayilan alanin Gauss 1sinlar1 olarak modellenmesidir.
Gauss 1sinlarindan gelen Geometrik Optik (GO) alan1 uydudan yayilan alan olarak
kullanilmistir. Bu tezde, bu alan tiim atmosferi gegecek olan alandir. Dordiincii olarak,
atmosfer International Telecommunication Union Radiocommunication (ITU-R)
tavsiyeleri kullanilarak modellenmistir. Atmosferdeki bozulmalar ortaya konmustur.
Sivil ucagin modeli olan miikemmel iletken yiizeye sahip ¢izgi seritten diizlemsel
dalga sagilimi agiklanmistir. Ayrica, goriinmez savas ugaginin modeli olan miikemmel
sogurucu yiizeye sahip ¢izgi seritten diizlemsel dalga sag¢ilimindan bahsedilmistir. Son
olarak, atmosferdeki bozulumlardan kaynakli soniimlenmeler, gercek uzunluklar
hesaba katilmis sivil ucak ve gercek uzunluklari hesaba katilmig goriinmez savas ugagi

numerik olarak analiz edilmistir. Sonuglar tartisilmistir.

Anahtar Kelimeler: Radar, Uydu, Pasif Radar, Cizgi Serit, Kenar Kirmimi,
Gortinmez Savas Ucagi
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CHAPTER 1
1. INTRODUCTION

Satellite based passive radars are most researched topic nowadays. Many scientists
are working on satellite based passive radars, but they are working on signal processing
part. There are so many advantages of this type of radar. The biggest advantage is that
there are no ground-based active radar systems with transmitter. Radar system which
is satellite based does not need dedicated transmitter system, [1]. Countries can detect
targets as just using broadcasts of satellites. This make countries achieve well designed
electronic defense systems. Another advantage of satellite based passive radar is that
country surveillance can be performed by single satellite. Which means that countries
don’t need many ground-based active radar systems.

In this thesis, satellite based passive radar’s electromagnetic propagation model is
investigated. Electromagnetic fields which are radiated from satellite’s antenna will
pass through whole atmosphere. There will be impairments in the atmosphere. After
passing through atmosphere, electromagnetic waves are scattered by the target. Then,
scattered fields by target will reach the ground-based receiver radar system. Planes
will be modeled as civilian and stealth aircrafts. In the Figure 1, general view of the

satellite based passive radar is shown.
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Figure 1. General view of satellite based passive radar

Thesis divided into 6 parts which are expressing MTPO method, radiated fields
from satellite antenna, modelling radiated fields of satellite antenna as Gaussian beam,
atmospheric propagation, scattered fields by civilian plane and scattered fields by
stealth aircraft.

There are few scientific studies about electromagnetic propagation of satellite
based passive radar issue. However, satellite communication or mobile
communication based on satellite is researched by scientists. There are studies about
the electromagnetic scattering by buildings for satellite or mobile communications
systems, [2]. Valtr et all. are also studies about wave scattering model by buildings for
satellite communication, [3]. Valtr et al. and Miyazaki et al. are not concerned with
atmospheric impairments and radiated fields from satellite antennas. They just
modeled scattering fields by buildings. On the other hand, satellite radiowave
propagation is studied widely. Allnutt is modeled satellite to ground electromagnetic
propagation, [4]. Also, Ippolito investigated the radiowave propagation of satellite,
[5]. Satellite communications is observed by Roddy, [6].

Modified Theory of Physical Optics(MTPO) method is used instead of Physical
Optics (PO) method in order to find scattered fields in this thesis, [7]. MTPO method

has advantages comparing PO method and these advantages are expressed in the



Section 2. MTPO is derived by Umul for finding exact solution on edge diffraction.
PO method has weak spot on edge diffraction. This deficiency is exterminated by
Umul, [7].

Cylindrical parabolic reflector antenna is most commonly used type of antenna for
satellite systems. Satellite antenna is chosen as cylindrical parabolic reflector antenna.
In this thesis, cylindrical parabolic reflector’s surface is modeled as PEC surface. And
feeder is selected as line source. Uniform scattered fields by cylindrical parabolic
antenna will be investigated. MTPO method is used. Geometrical theory of diffraction
method is used to calculate diffracted fields, [8]. Scattered fields of line source are
investigated by Umul from cylindrical parabolic reflector which is scattered by
impedance surface, [9]. Biiylikaksoy et al [10] and Akduman et al [11] studied
scattered fields by curved surfaces. Bucci et al was modeled rim loaded reflector
antennas by using Maliuzhinet’s function, [12]. Yal¢in et al was researched uniform
diffracted fields by PEC cylindrical parabolic reflector, [13]. Also, Yal¢in et al was
researched uniform scattered fields by PEC cylindrical parabolic reflector, [14]. Kara
was investigated scattered fields of plane waves by PEC cylindrical parabolic reflector,
[15]. Simulation of cylindrical parabolic reflector antennas was done by Ragheb, [16].

Gaussian beam will be used to model reflected scattered fields of cylindrical
parabolic reflector antenna. Gaussian beam is investigated widely, [17-23]. In this
thesis, Umul’s beam diffraction article is implemented for modeling reflected scattered
field of cylindrical parabolic reflector antenna, [24]. GO incident field of Gaussian
beam is used.

Atmospheric propagation is one of the most important issue for satellite based
passive radars. Application of satellite based passive radar has big dependency about
electromagnetic wave which pass through atmosphere. Atmosphere modelling for
electromagnetic wave propagation is widely studied topic. There are so many paper
and books about this issue. Atmosphere modelling tree has 4 important impairment
types. These are atmospheric gaseous attenuation, tropospheric scintillation
attenuation, cloud attenuation and rain attenuation. However, in this thesis rain
attenuation is neglected. Rainless medium is considered. There are many researches
about atmospheric gaseous attenuation, [25-35]. One of the most important
impairment is cloud attenuation and there are many studies about it, [36-46]. The last
impairment is tropospheric scintillation attenuation which is studied a lot, [47-54]. In
this thesis, ITU-R atmospheric model will be used, [55-59].



Civilian plane is modeled as PEC line strip in this thesis. Line strips dimensions
are calculated with plane’s dimensions. Plane is chosen as Boeing 737-900, (Figure
26). Scattered fields by line strip are investigated. One of the most important part of
this thesis is scattered fields by plane which means that line strip. Because, satellite-
based radar systems are focusing mostly scattered fields by targets. Detection of target
is mostly depending on gathering electromagnetic waves scattered by target.
Diffraction by strip is researched greatly, [60-64]. In this thesis, scattered field by strip
is obtained with using MTPO method.

Stealth aircraft is modeled as perfectly absorbing line strip in this thesis. PAS line
strip dimensions are evaluated with using Lockheed F-117 Nighthawk’s dimensions,
(Figure 60). Scattered fields by PAS line strip is represented. Scattered fields by stealth
plane is one of the most important part of this thesis. Because, detection of stealth
plane is one of the most researched topic in the literature and also in the practice.
Kirchhoff integration will be used to evaluate scattered fields by PAS line strip. It is
expressed that summation of hard surface and soft surface is equal to PAS surface,
[65-70]. There are many researches about scattering of PAS which is also known as
Black Half surface, [71-77].



CHAPTER 2

2. MODIFIED THEORY OF PHYSICAL OPTICS(MTPO)

MTPO which is a new procedure found by Y.Z. Umul was introduced for
calculating the scattered fields by PEC surface, impedance surface, resistive surface,
etc, [7]. In this method, there are three assumptions. These are a new unit vector,
reflection angle which is function of integral variables, the angle between reflected and
incident rays are dividing into two equal parts. Aperture part also is taking account on
this method. In this method, stationary phase method and edge point method are used
for evaluating reflected, reflected diffracted, incident and incident diffracted fields
asymptotically. Differences between PO and MTPO are aperture part and new unit

vector. PO method is weak on edge diffraction. This method is solved this problem.

S, PEC Surface

Reflected Ray

}
™

2

2

a4

Incident Ray

\
ApertureSurface \ §_
\ 2

o

Source Incident Ray

Transmitted Ray

Figure 2. Fields which scattered by PEC and Aperture Surface

In Figure 2, we can clearly see that we are considering aperture surface which

is not considered in PO method. s; is PEC surface part and s, is aperture part. v is

5



angle between new unit vector which is at PEC surface and reflected, incident rays. 3
is angle between  axis and reflected which is at PEC surface, transmitted rays which
is at aperture surface. a is angle of incidence. v is angle between new unit vector which
is at aperture surface and transmitted, image incident rays, [7].
In this method, there are 3 axioms which are
1. There are scattering fields by s; and s, surfaces. On PEC surface, surface
current is induced by incident ray. Reflected and reflected diffracted fields can be
found by evaluating integration of surface current in PO method. As we said
before, PO method is not considering incident diffracted fields. Because of this, in
this method s, surface is considered. Equivalent Source Theorem is used when
finding equivalent current at aperture surface. With integrating this current on
aperture surface, radiated fields can be found. Incident and incident diffracted

fields are parts of radiated fields. s; surface’s current can be expressed as
Jes = T X Htlsl' (2.1)

where FIZ is the total magnetic field on PEC surface. With using Equivalent

Source Theorem on s, surface, aperture surface current can be expressed as

Jes = n_z) X Hi|52>]ms = _n_2> X Eil (2.2)

Sz.

where E?, ﬁ; are incident electric field and incident magnetic field respectively
on aperture surface.
2. Angle B which is reflection and transmission angle is depended on the surface
coordinates.

1. New unit vectors (77, 1) can be defined as

—

n, = cos(+a)t +sin(+ )7 , n, = cos(v+a)f - sin(v+
R (2.3)

where £ is actual tangential.

Geometry of PEC surface reflection point is shown in Figure 3.
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Figure 3. Geometry of PEC surface reflection point.
As seen Figure 3,
_r_+p (2.4)
2 2
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Figure 4. Geometry of aperture surface transmission point.



As seen Figure 4,

T

(a+ B

The total magnetic field can be defined as

where

and

The total electric field can be defined as

where

and

]Mow

Hy = His + Hys,
1 ., e JkRz )
— || Vv x |[n5 x Hj as
T S2
S2
W e ~JkRz
] ﬂ X Ej |
1 0 kR ] N
— X )
nﬂv x |m Ht|51 R, lds
S1
E; = Es+ E,
e JkR: )
jj ds
(v« |mxm 2
+ 4nﬂ x |77 x Eil,, R,
S2
w e JkR1
].“0 ﬂ e s

ds’,

(2.5)

(2.6)

2.7)

(2.8)

(2.9)

(2.10)

2.11)



Here, E_l; is incident scattered electric field. E—r; is reflected scattered electric field.

H—ls) is incident scattered magnetic field. H—TS) is reflected scattered magnetic field, [7].



CHAPTER 3
3. CYLINDRICAL PARABOLIC REFLECTOR ANTENNA

First of all, electric line source should be investigated. Cylindrical parabolic
reflector will be fed from ELS. Which means that, electrical and magnetic fields
radiated by cylindrical parabolic reflector antenna will come from ELS. It is shown in

Figure 5, [9].

.
|
|
|
|

Electrical Line Source|

Cylindrical Parabolic

I
I
I
I
I
I
I
I
I
I Reflector

Figure 5. Geometry of the electric line source

Here, expression of the electric line source’s electrical field can be written as

[9]
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= wigly eIk
E..= eeo@ , 3.1
els Zm \/l(_p ( )

where
e w: Angular frequency.
® U,: Permeability of free space.

e I,:Source current.

Magnetic field can be found by using electrical field which has relation as

V X Eqpe . (3.2)

— T wpely 1 e kP
Hy. = €5 @ — . 33
els [0) 2\/'2—1_[ ZO \/l{_p ( )

e 7Z,:impedance of free space

As said before, MTPO method has difference about normal vector from PO
method. So, we have to define normal vector first. Normal vector is shown in Figure

6, [9].
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e

Electrical Line Source

Cylindrical Parabolic
Reflector

Figure 6. Geometry of normal vector

Focal length equation can be expressed as
pcos(d) +p = 2f.

Normal vector can be calculated as

Vo
llell”

—
n=

where
@ = 2f— p(cos(dp)+1)=0.

With using (3.5) and (3.6) we can obtain normal vector as

= _ (l), — . q)l —_—
n= —cos 7 ep + sin ? ey -

(3.4)

(3.5)

(3.6)

(3.7)
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For using MTPO method, new normal vector should be found. New normal

vector 11, is shown Figure 7.

A Source

Reflected Ray Incident Ray

Figure 7. Geometry of new normal vector

The actual reflection event requires that angle of incidence which is angle

(l)l

between the incident ray and the normal vector is equal to -

Parabola’s tangential vector T can be expressed as

t = sin (%) e, + cos (%) €.

New normal vector at PEC surface can be written as

6, = cos(¥)n +sin(¥)T,

T ¢
“=T
o m oa+P
VERT T

a—f

(3.8)

(3.9)

with substituting v with (3.9), final form of new unit vector is defined as

13



n, =51n( > )ep+cos( > )eq,. (3.10)

x
|
|
|
|

Electrical Line Source|
Reflector

|

|

|

|

: Cylindrical Parabolic
|

|

|

|

Figure 8. Geometry of cylindrical parabolic reflector antenna

MTPO surface current can be expressed as

™ opely 1 e (a+8)_>
e 4 sin|———J e,

T = 26 — 3.11
JmTPO 2z Zo ke 5 (3.11)
Reflected scattered field could be expressed as
Ers
i@ wyely 1 ke i ) o (a + B) ek’ g—jkR p' id (3.12)
= - sin )
2V 21 Zo Vit Jvkp' V Rcos—

New normal vector at aperture surface can be written as

14



a -«
n, = sin( )e_p’ +cos(B 5 )e_q,’ (3.13)

MTPO aperture surface current can be expressed as

J 2 (i Qoo 1 e ( — a)" (3.14)
=2e — sin e, . .
AMTPO 2\/'2—1_[ ZO \/l(_p 2 Z
Incident scattered field could be expressed as
Eis
. T o .
_ G ©Holo 1 ke](z)? %o sin (B - a) e /P e kR pf do (3.15)
= h— VA !
2V2m Zo V2m o 2/ Jkp" VKR COS%
Total scattered field is shown as
Es = E:)i + E)is e E:)rs 2 (316)

After finding integral of scattering fields, these integrals are solved
asymptotically. For solving these integral, geometry of parabola examines clearly in

Figure 4.
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Electrical Line Source|

Cylindrical Parabolic

I
I
I
I
I
I
I
I
I
I Reflector

Figure 9. Geometry of parabola

y+o—¢' = a+p, (3.17)

dy da dp
dd'  dd’ + db 1, (3.18)

da m ¢
o1 T (3.19)

By using sinus theorem
R !

P P (3.20)

sin(¢ — ¢") - sin(a + B) - sin(y) ’

16



p'sin(a+ B) = psin(y), (3.21)
Also,
R = pcos(y) — p’ cos(a + B). (3.22)

In this study, stationary phase method will be used for evaluating scattering

integral asymptotically. The phase function of scattering integral is shown as

g(d) = p +R (3.23)

This equation can be spread as

g(d") = p'(1 + cos(a+ B)) — pcos(y) . (3.24)

First derivative of phase function of scattering integral can be expressed as

v CosSQ ’ , [da dB
g(@)=p = [1 + cos(a+ B)] + sin(a + B)p [dfl)' +d<1)’]
(3.25)
. dy
— psin(y) P
With using (3.17),(3.18),(3.19),
g'(d)=p' Z?;z [1 — cos(a+ B)] + sin(a + B)p’ — 1. (3.26)
Formula at (3.26) can be formed as
g'(d) = % [cos(a) — cos(a) cos(a + B)] — sin(a) sin(a + B). (3.27)

The final form of first derivative of phase function of scattering integral is

shown as

!
p
sin

g'(¢") = [cos(a) — cos(B)] . (3.28)

(08

Stationary phase point can be found with using g'(¢’) = 0 equation. And
stationary phase points for reflection and transmission respectively can be expressed

respectively as

17



(3.29)
Btr = -«
nA Source
Reflected Ray Incident Ray
By = a Cylindrical Parabolic Reflector
»
Bst = —as //
.//
a//

r//'l’

Figure 10. Geometry of stationary phase

The second derivative of phase function of scattering integral is shown as

d !
8'(®) = 337 (sif(a)) [cos(e) — cos(B)]
, q ap (3.30)
P : a :
- Sin(@ [— sin(a) ey + sin(p) dfb'] .
dap
3’ can be found from (3.21) as,

18



,cos(a) dg1
p’ Sin(@ sin(a + B) + p’ cos(a + B) [dd)’ dfl)'] P cos(y) <l>' , (3.31)
By using eqn.(3.18) and (3.22),
g p cos(a) sin(a + B) — p cos(y) sin(a)
do’ Rsin(a) + 2" (3-32)

For reflected stationary phase point 5. = a, Taylor series expansion can be

expressed as

9(9') = ps+ Rs + (3.33)
where
e pg :stationary phase value of p’.
e Rg: stationary phase value of R .
e (s: stationary phase value of ¢'.
The scattering integral can be expressed as
E 4 (1‘[) wyly 1 ke( )e jk(Ps"'RS) .[ ZRS((I) q)s) dcl) (3.34)
t = . :
2v2m Zo V2 /KR ,/kps

By using error function which is defined in (6.20), equation can be written as

—'kp’
(M wly eTIRPs
ESO = — @ e~ JkRs

> Tt . (3.35)

3]
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-.————————>.<

Rs

Electrical Line Source)

Cylindrical Parabolic
Reflector

Figure 11. Stationary phase point reflection geometry

For transmitted stationary phase point B, = —a and ¢ = ¢, Taylor series

expansion can be expressed as

PPs
2R g

o) = p+ (@' — d9)?, (3.36)

where
e pg :stationary phase value of p’.
e R,q: stationary phase value of R..

e (q: stationary phase value of ¢'.

The scattering integral can be expressed as

o JkP 1« PPs
E, = —¢ i(5) ©Holo T kells s (&' -04)° do' . (3.37)
22w Zo V21 [k

20



By using error function, equation can be written as

EGO — oG )(")LlOIO e ke
t

2\/_\/_

Geometrical Theory of Diffraction [8] coefficient can be written as

[U($ — do) = U(d — 2m + )] .

B = e_j(%) 1 1 e‘jka(Q)
REYCR] P =T TR X T Vi

Electrical Line Source

Cylindrical Parabolic
Reflector

Figure 12. Geometry of edge point diffraction

Be can be written as

= g PSN@—00) _de
e= S R 2"

e

(3.38)

(3.39)

(3.40)
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And R, can be expressed as

Re = /p? + pZ — 2ppe cos(d — de)-
Pe 1s shown as

f

Pe=—7—
cosz(%)

The edge diffracted can be shown as

("‘)IJ'OIO 1 1 e_jk(Pe+Re)

Ed=_

2

With using trigonometric expression shown below as

sin?(x) = %(1 — cos(2x)) .

Substituting x with %,

-+

Be—ae

1 = 2sin? ( ) + cos( Be t ),

N

Also,

. . 2(Betae
eikpe — o IKkPe2sin ( 2 )e‘jkpe cos(Betae)

8m sin Be — e sin Be ; el Kky/peRe

(3.41)

(3.42)

(3.43)

(3.44)

(3.45)

(3.46)

Diffracted fields can be expressed for making uniform by using (3.46) as

s s 2 Be_ae)
wi I . jkpe2sin ( 5
— 04 e_lkpe cos(Be—ote)

d — —
8t sin Be > Ae

. . o Betae .
JkpeZSln( 2 ) e—ikRe

— e_jkpe cos(Betae)

2

X )
sin Be T e ky/peRe

(3.47)
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wuoloej(%) e"j(%)e_jkpeZSW( Be;ae) e JkRe

Eid = e_jkpe cos(Be—ate) — , (348)
2V2m 2+/m,/2kp, sin % kR
) . . . Beta
onolpel® ) ez ()] e
E.q = ————— e ikpecos(Betae) BT . (3.49)
2V21 2v/1,/2kp, SineTae VKkR¢

Detour parameters can be written as

% = +/2Kpa sin Be ; Vg (3.50)
+
¢ = +/2kp, sin Be 5 Pe . (3.51)

Uniform diffracted fields can be expressed with using Fresnel function as
wuoloej(%) e JkRe

2v2n /KR,

Ed=

[_e_jkpe cos( Be_ae)ﬁ(zi) + e‘jkpe cos( Be"‘ae)ﬁ((r)], (352)

And also

F(x) = sign(x)F[|x]]. (3.53)

Fresnel function is defined in Section 6.3.1.

23



3.1.Reflected Fields from Cylindrical Parabolic Reflector Antenna

Reflected field for MTPO integral is expressed in (3.12). Reflected field for PO

Method can be calculated as

E) ("‘)IJ'OIO 1k e](%) . $o e_jkp e_ij p’

4 — e sin(a) -
V2w Zo V2m 7 Ly, Jkp VKR COS%

= el

tT1l

dp’ . (3.54)

rs

Simulations are done for ¢, = 45°,p = 9333km, A = 0.03m. Reflected field is

shown in Figure 13.

Reflected Fields From Cylindrical Parabolic Reflector Antenna

0.0025
120 60
0.002
0.0015
150 30
0.001

0.0005
210 330

240 300

270

Figure 13. Reflected field from cylindrical parabolic reflector antenna

Whole path considered in simulations. However, attenuation is not considered.
It will be considered in Section 8.1. Directivity of the CPRA’s is shown well in the

Figure 13. Comparison between MTPO and PO methods is shown in Figure 14.
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Comparison of MTPO and PO Method for Reflected Fields

0.0025 [— — po
120 MTPO
0.002
0.0015
150 30
0.001
0.0005
oV
0 /
0
N~ )
210 330
240 300

270

Figure 14. Comparison of MTPO and PO method

As in Section 2, MTPO method and PO method difference is investigated for
cylindrical parabolic reflector antenna (CPRA). There is harmony between MTPO and

PO method for ¢ € E,?’?’T] Difference between MTPO and PO methods is

investigating for ¢ € [—%,%] PO method includes transmitted scattered fields

because of that reflection part of PO integral(3.54) is not equal to 0 at B3 = —a.
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CHAPTER 4

4. MODELLING CPRA’S REFLECTED FIELD AS GAUSSIAN
BEAM

In this section of thesis, gaussian beam is investigated. CPRA’s reflected field will
be modeled as Gaussian beam incident GO waves. Scattered fields of Gaussian beam
are researched for resistive half screen by Umul, [24]. Umul is used far field
approximation method for in order to find geometrical optics and diffracted waves.

Complex point source approach is used to model Gaussian beam, [78]. Figure 15

1s the general view for modeling CPRA’s reflected field as Gaussian beam.

A R. CPRA’s reflected waves

Figure 15. Geometry of the CPRA’S reflected wave diffraction by resistive half-
plane, [24].

The complex point source view is shown in Figure 16.
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v AN

Y0+jbsina

Complex
Source

X jbcosa

Figure 16. Geometry of complex point source, [24].

In the Umul’s journal [24], incident field is taken as line source instead of
CPRA’s reflected scattered fields. It is shown as

e_jk R;

U, = 4 4.1
' k R; “.1)

R; and R, which are distance between source and half plane and distance

between image source and observation point respectively can be written as

R; = [p? + po® = 2ppo cos(P — o),

(4.2)
Ry = \/p? + po? — 2ppo cos(d + Po).

Then, Umul used far-field approximation. Distance formula can be expressed

as

R;
R,

p — Po cos(d — ),
p — po cos(P + o).

Q

(4.3)

Q

Umul was first investigated the scattering of line source by resistive half-plane,

[24]. GO waves can be written as

elkp — sin (B)
Ugo = U Tp elkpocost0=00) 1U(=¢;) + sin(B) + sin (0) U({i)]
v 44
sin (0) o

— ikpocos(@+0o) 7 (—
sin(B) + sin (8) eftpocostorBoIl( (r)],
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Where

G =-2 kppo cos ((D * QO)
" p+po+R, 2 )

(4.5)
kppo ?— D
. frd _2 .
i ’p+p0+RiCOS( 2 )
Then he expressed uniform diffracted fields for resistive half plane as
Uq
K(®,0)K(®o,06) (@ - ¢0> 2R, e kR
= : sin sign(¢; )F(|¢;
sin (0, 7 ) Jor oot & i on(G PG D) n
0+ ¢0> 2R, e TikRr
— sin sign F ,
( 2 p+po+R, [_er g(qr) (lqr D
Where
4,/sin(@) sin (%)
K(V; 9) = T 37_[ X
5—y+0 S -—-y—0
1+\/§cos<—2 5 ) 1 ++2cos 2 >
(4.7)

wn(%”—y—e)wnz(%—we)'
[ (2)]

And 1, is the Malyughinetz funtion [79] which is

W, (x) = e —% fgc(n sin(v)—-2v2m sin(g)+2v)/(cos(v))6v. (4.8)

Here sin(0) is equal to Z,/R,. R, is surface resistivity and Z, is free space
impadence.
Then, Umul expressed the beam diffraction equations. Direct path distance and

reflected path distance can be expressed as [24]
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R;

= /p2 + po2 — b% — 2ppy cos(d — dbg) — j2pb cos(d — @) + j2pyb cos(dy — @), 49)
R, '

= /p? + po® — b2 — 2pp, cos(d + do) — j2pb cos(d + &) + j2pyb cos(dg + ).

Far field approximation is used. And distance equations are becoming as

Ry = p = pocos(p — o) — jb cos(d — a),

(4.10)
R, = p — pocos(d + &) — jb cos(Pp + ).

Geometrical optic waves can be expressed as [24]
Uco = Uigo + Utgo + Urgo, (4.11)

where

e~ Jkp

vkp
o e—jkp0 cos(d—dg) e~ kbcos(d)—ot)U(S.) sin ('Bc)

0 i . g ]
Jkp sin(B,) + sin ()

—jkp i
g e—jkp0 cos(¢+c1>0)e—kbcos((b+oc)U(_Sr) Sll’l(@)

Jkp sin(B,) + sin(8)’

Uico = Uy e Tkpg cos(d=¢o) g=kbcos(d—-a) [j(—g ),

UtGO = U (412)

Urgo = Up

and

Be

psin(d) + po sin(¢0) + jbsin(a)

\/pz +p,2 = b* — 2pp, cos(¢ + c]>0) —j2pb cos(dp + ) +j2p b cos(cl)0 +a)

1

— sin- (4.13)

Sir = Re(Gir) = Im(Giy).
Uniform diffracted fields are expressed by Umul [24] as

Uia

_ —Jjkp
~ K(®,0)K(r — @,,6) (Q) - Q)c) € e~ ikpo cos(<1>—<1>o)e— kbcos(¢p—a) 5 (4.14)
= sin (Q)C) Sin [k p

sign(S)F(IS;| + sign(Sy)v:),

29



Urd

—jk p
K(@, H)K(ﬂ _ Q)C, 9) . (@ z(bc) Le—jkpo cos(¢+¢0)e— kbcos(p+a) 5

sin (@) Jkp

sign(SA)F (1S, | + sign(S,)y:),

where

)/i,T = \/E Im({,r)e%l

€

—J2kp, cos (Q) —2(250), (4.15)

{, = —+/2kp, cos (Q)-;Q)C).

In this thesis, incident GO wave of Gaussian beam will be used. The
relationship of Gaussian beam and CPRA’s reflected field can be shown in Figure 17.

Parameters of simulation can be expressed as,

A =0.03m,
e p=9333km,

e b=7),
L 02450,
e a=0°

a is taken as 0 for integrating Gaussian beam location and CPRA location.
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Modelling CPRAs Reflected Field as Gaussian Beam

0.0025
120 60
0.002
— — Gaussian Beam
CPRAs Reflected Field
0.0015
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0.001
0.0005

210 330

240 300
270

Figure 17. Gaussian beam model of CPRA’s reflected field

The graph of electromagnetic wave which will pass through the atmosphere is

shown in Figure 18. Parameters of simulation can be expressed as,

e A =0.03m,
e p=9333km,

e b=7),
« =605
e a=145°
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Electromagnetic wave which will pass through atmosphere
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Figure 18. Electromagnetic wave which will pass through atmosphere

Perfect copy of CPRA’s reflected field is evaluated with using Gaussian beam.
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CHAPTER 5

5. RADIOWAVE PROPAGATION THROUGH SATELLITE TO
TARGET

Radiated fields from satellite face impairments on way to plane. Variation of
amplitude, phase, and polarization can be caused by these impairments. Frequency of
radiowave has significant importance about radiowave propagation through
atmosphere. Impairments which wave faces with is generally connected with
radiowave’s frequency. Radiowave propagation which will be used in this thesis
should be chosen high enough to penetrate ionosphere which is the atmosphere layer
extending from 15km to 400km. lonosphere has 3 different layers inside it which are
D, E, F layers. These layers can cause reflection and absorption at frequencies below
30 MHz. Reflection from ionosphere layers can be reduced by increasing frequency.
Transparency of ionosphere is provided frequencies above 3 GHz with some
exceptions, [5]. Ionosphere’s magnetic permeability is 1.25664 x 10-6 H m-1 which is

same with free space, [80]. Also, ionosphere’s dielectric constant [81] can be found as

81N
— e

(5.1)

€ =1

If frequency is chosen high enough, dielectric constant of ionosphere goes to
1. This means that permittivity of ionosphere and free space is same. This arguments

about ionosphere proves that ionosphere is transparent at high frequencies.
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Figure 19. Impairments representations against frequencies taking from [5].

Satellite’s link frequencies for most application are chosen above 3 GHz. In this

thesis, radiowave frequency is chosen as 10 GHz. There will not be considered

impairments below 3 GHz in this study. There are impairments,

[25-54]. at

Troposphere above 3 GHz. In this thesis, ITU-R standards has used for atmospheric

model, [55-59]. Rainless medium is considered. Rain attenuation is neglected. 3 type

of impairment will be considered which are gaseous attenuation, cloud attenuation and

scintillation.
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5.2.Atmospheric Gaseous Attenuation

Permanent dipolar molecules which effects radiowaves are contained by

Atmosphere’s gases. [86] Signal level’s reduction which depends on frequency,

temperature, pressure, and water vapor concentration is inevitable for radiowaves, [5].

This occurrence generally results with reduction at signal amplitude.

Components of atmosphere can be shown as [5]

* oxygen (21 %);

* nitrogen (78 %);

* argon (0.9 %);

* carbon dioxide (0.1 %);

* water vapor (variable, ~1.7% at sea level and 100% relative humidity).

Two components which are oxygen and water vapors is the most dominant terms

for Gaseous Attenuation in atmosphere, [4].

5.2.1. ITU-R Line-by-line Calculation for Gaseous Attenuation Model

Annex 1 of the ITU-R Recommendation ITU-R P.676-6 contains The line-by-

line procedure, [59].

The procedure contains values for up to 1000 GHz with elevation angles 0 to

90°.

e p:dryair pressure (hPa)

e e :water vapor partial pressure (hPa)
e T:air temperature (°K)

e B, : barometric pressure

e p:water vapor density (g/m3).

e RH =relative humidity in %

e T, :air temperature measured in °C

) 300
€ (T,+273.15)

e 0
e y:specific attenuation

® Y, : specific attenuation (dB/Km) value for dry air
ey, :specific attenuation (dB/Km) value for water vapor
e f:frequency (GHz)

e N''(f) : imaginary part of the frequency-dependent complex refractivity

e Nj(f): dry air continuum spectra
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e Ny, (f) : wet continuum spectra

e S; :the strength of the ith line

e F; :line shape factor

e f; :line frequency

e Af: width of the line

e {§:correction factor

e d: width parameter for the Debye spectrum

e h:seallevel

e 0 :elevation angle

e n(H) : atmospheric radio refractive index calculated from pressure,
temperature, and water-vapor pressure along the path using [87].

e h,,in : minimum height

e a; and a, : path lengths

e §; and §, : layer thicknesses

e n; and n, : refractive indexes

e a4 and a, : entry incidence angles

e B, and f3, : exiting incidence angles

e 17,7, andr : radius from the center of the earth to the layers

e y; : specific attenuation

Barometric pressure can be expressed as
B, =p + e (hPa). (5.2)

Water vapor partial pressure and dry air pressure are shown as

pT
= — . 53
€= 2167 (PO (-3
Water vapor density is
0.° 10(10-98346) (h pq), (5.4)

P= 5752

Specific attenuation is determined from

Y= Yo+ Yw = 0.1820 N”'(f), (5.5)
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N (f) = ZSiFl- + NS () + Ny ().

The line strength can be introduced as

S;=a; x1077 e 63 el220-0 for oxygen, 56)
S; = by x1077 e 63° el220-01 for water vapor. .

The Line-shape factor can be expressed as

F, = fAf=8(fi— 1) N Af = 8(F, + f)
AW PEHASR (it HEHAfRT
Af = a; x 107 (p §©8-2) + 1.1 9) for oxygen,

(5.7)
Af = by X 107* (p 6P+ + bs e %)) for water vapor.
Correction factor can be estimated as

8§ = (as + agh) X 10™* p 8°8 for oxygen, 55
6 = 0 for water vapor . '

N (f), dry air continuum spectra and Ny, (f) wet continuum spectra are shown

as

6.14 x 1075

pr(=fp 0 |———
N p 0 d(l_[g])

(5.9)
+1.4x10% (1 -1.2%x1075 f15) p 915 |,

Ny, (f) = f(3.57087¢ + 0.113p)e 63 x 1077,

a, a,, b; and b, are listed table below
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fo

a

(25

as

8

das

g

50.474238
50.987749
51.503350
52.021410
52.542394
53.066907
53.595749
54.130000
54.671159
55.221367
55.783802
56.264775
56.363389
56.968206
57.612484
58.323877
58.446590
59.164207
59.590983
60.306061
60.434776
61.150560
61.800154
62411215
62.486260
62.997977
63.568518
64.127767
64.678903
65.224071
65.764772
66.302091
66.836830
67.369598
67.900867
68.431005
68.960311
118.750343
368.498350
424763124
487.249370
715.393150
773.839675
834.145330

0.94
2.46
6.08
14.14
31.02
64.10
124.70
228.00
391.80
631.60
953.50
548.90
1344.00
1763.00
2141.00
2386.00
1457.00
2404.00
2112.00
2124.00
2461.00
2504.00
2298.00
1933.00
1517.00
1503.00
1087.00
733.50
463.50
274.80
153.00
80.09
39.46
18.32
8.01
3.30
1.28
945.00
67.90
638.00
235.00
99.60
671.00
180.00

9.694
8.694
7.744
6.844
6.004
5.224
4484
3.814
3.194
2.624
2.119
0.015
1.660
1.260
0.915
0.626
0.084
0.391
0.212
0.212
0.391
0.626
0.915
1.260
0.083
1.665
2.115
2.620
3.195
3.815
4.485
5.225
6.005
6.845
7.745
8.695
9.695
0.009
0.049
0.044
0.049
0.145
0.130
0.147

8.60

8.70

8.90

9.20

9.40

9.70
10.00
10.20
10.50
10.79
11.10
16.46
11.44
11.81
12.21
12.66
14.49
13.19
13.60
13.82
12.97
12.48
12.07
11.71
14.68
11.39
11.08
10.78
10.50
10.20
10.00

9.70

9.40

9.20

8.90

8.70

8.60
16.30
19.20
19.16
19.20
18.10
18.10
18.10

(=2 B = W= = = =}

1.600
1.400
1.165
0.883
0.579
0.252

—0.066

—0314

—0.706

~1.151

—0.920
2.881

—0.59

—0.556

—2.414

~2.635
6.848

—6.032
8.266

~7.170
5.664
1.731
1.738

—0.048

—4.290
0.134
0.541
0.814
0.415
0.069

—0.143

—0.428

—0.726

~1.002

~1.255
~1.500
~1.700

—0.247

(=Rl e

5.520
5.520
5.520
5.520
5.520
5.520
5.520
5.520
5.520
5.514
5.025
—0.069
4.750
4.104
3.536
2.686
—0.647
1.858
—1.413
0.916
—2.323
—3.039
—3.797
—4.277
0.238
—4.860
-5.079
—5.525
—5.520
—5.520
—5.520
—5.520
—5.520
—5.520
—5.520
—5.520
—5.520
0.003

(==

Table 1. data for oxygen attenuation (taken from [59])
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fo b, b, by by bs be
22.235080 0.1090 2.143 28.11 0.69 4.80 1.00
67.813960 0.0011 8.735 28.58 0.69 4.93 0.82
119.995941 0.0007 8.356 2948 0.70 4.78 0.79
183.310074 2.3000 0.668 28.13 0.64 5.30 0.85
321.225644 0.0464 6.181 23.03 0.67 4.69 0.54
325.152919 1.5400 1.540 27.83 0.68 4.85 0.74
336.187000 0.0010 9.829 26.93 0.69 4.74 0.61
380.197372 11.9000 1.048 28.73 0.69 5.38 0.84
390.134508 0.0044 7.350 21.52 0.63 4.81 0.55
437.346667 0.0637 5.050 18.45 0.60 4.23 0.48
439.150812 0.9210 3.596 21.00 0.63 4.29 0.52
443.018295 0.1940 5.050 18.60 0.60 4.23 0.50
448.001075 10.6000 1.405 26.32 0.66 4.84 0.67
470.888947 0.3300 3.599 21.52 0.66 4.57 0.65
474.689127 1.2800 2.381 23.55 0.65 4.65 0.64
488.491133 0.2530 2.853 26.02 0.69 5.04 0.72
503.568532 0.0374 6.733 16.12 0.61 3.98 0.43
504.482692 0.0125 6.733 16.12 0.61 4.01 0.45
556.936002 510.0000 0.159 32.10 0.69 4.11 1.00
620.700807 5.0900 2.200 24.38 0.71 4.68 0.68
658.006500 0.2740 7.820 32.10 0.69 4.14 1.00
752.033227 250.0000 0.396 30.60 0.68 4.09 0.84
841.073593 0.0130 8.180 15.90 0.33 5.76 0.45
859.865000 0.1330 7.989 30.60 0.68 4.09 0.84
899.407000 0.0550 71917 20.85 0.68 4.53 0.90
902.555000 0.0380 8.432 28.65 0.70 5.10 0.95
906.205524 0.1830 5.111 24.08 0.70 4.70 0.53
916.171582 8.5600 1.442 26.70 0.70 4.78 0.78
970.315022 9.1600 1.920 25.50 0.64 4.94 0.67
987.926764 138.0000 0.258 29.85 0.68 4.55 0.90
Table 2. Data for water vapor attenuation (taken from [59])
Debye spectrum is
d=5610"* (p + 1.1€6). (5.10)
Attenuation of the slant path can be expressed as
“y(H)
Ah.6) fh sin@’
@ = cos™! ( ¢ ) (5.11)
(r+H) xn(H)

c=(r+h) xn(h) X cosé.
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Minimum seal level is shown as

(r + hypin) X n(h) =c. (5.12)

L b v

a S0 ola o4 o
=

-

Table 3. Gaseous attenuation layers (taken from [59])

The path lengths can be expressed as

1
a, = —r,cosf; + 3 \/4r12coszﬂ1 + 81,8, + 46,7,

(5.13)
1
a, = —r,cosf, + 3 \/4rzzcoszﬁ2 + 81,8, + 46,°.
Angles can be evaluated as
2 2
_ _a1 - 2T151 - 51
Qq = T — arccos 20, ¥ 20,0, )

(5.14)

2
_a22 - 27‘262 - 62
o, = T — arccos ,

2a,1m, + 2a,0,
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. (T,
B, = arcsin (—sina, |,
n;

. (M2 .
B; = arcsin (—sina, |.
n3

The total slant path gaseous attenuation can be expressed as

k
Agas = Zai vi dB. (5.15)

i=1
Atmospheric gas attenuation graphic is shown in Figure 20. 10 GHz which is
used in this thesis radiowave frequency is pointed. Plotting the figure, atmospheric

pressure is taken 101.300 kPa and temperature is taken 15°C. Also, water vapor density

. g
1s7.5ﬁ.

Atmospheric Gas Attenuation
106 T T T T T T T T T

—— Water Vapor
Dry Air

102 -

Specific Attenuation (dB)

10! £

.-N
X:10
Y:0.1495

-2 | | | | | | 1 1 1
10

0 100 200 300 400 500 600 700 800 900 1000
Frequency (GHz)

Figure 20. Atmospheric Gas Attenuation
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5.3. Cloud Attenuation

Rain is most dominant hydrometeor affecting factor to radiowaves. However,
beside the rain cloud effect on radiowave propagation must be considered. Clouds
include water droplets with less than 0.1 mm diameter. Raindrop has diameter from
0.1mm to 10 mm. Clouds are not water vapor. They are water droplets. Their relative
humidity is near 100%. [5] Broad assumptions should be made for the cloud

attenuation model and empirical data should be used as the starting point, [4].

5.3.1. ITU-R Cloud Attenuation Model

A model to calculate the attenuation along an earth-space path for both clouds
and fog is provided by the ITU-R in Recommendation ITU-R P.840, [55].
This model valid for up to 200 GHz.
o f:frequency (GHz)
e 0:elevation angle (°)
e T:surface temperature (°K)
e L:total columnar liquid water content (kg/m2)

e ¢: inverse temperature constant

Inverse temperature constant can be expressed as

d=— (5.16)

T =273.15 °K for cloud attenuation and inverse temperature constant becomes

as
$ = 1.098. (5.17)

This method includes 5 steps. Steps are shown as
Step 1: Evaluate the relaxation frequencies

Principal and secondary relaxation frequencies f,, , f; should be found as

f, =20.09 — 142(p — 1) + 294(d — 1%) GHz,

(5.18)
£, =590 — 1500(¢ — 1) GHz.

Step 2: Finding Complex dielectric permittivity

Complex dielectric permittivity’s imaginary and real parts should be found as
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f (€ — €1) n f(e1—€)

ell(f) = f 2 f 27
1+(£) 1+ (£)
3 [ £ ] f [ !
( ) ( ) (5.19)
€p— € €, —€
E’(f)= 0 flz + 1 f22 €,
v+ (B e+ ($)
] [
where
€y =77.6 +103.3(p — 1),
€; = 5.48, (5.20)
€y = 351
Step 3: Finding specific attenuation coefficient
dB.
o K :specific attenuation coefficient k£
TS
specific attenuation coefficient can be found as
dB
0819 f (7))
= AT I (5.21)
T 9
where
2 !
p = e (522)
€

Step 4: Finding Columnar liquid water content

- k
e L:Cloud’s columnar liquid water content (m—gz)

Global maps for cloud liquid water content is published by ITU-R. From Figure
21 to Figure 23 present the cloud liquid water contents.
Step 5: Finding total attenuation

e A, :Total cloud attenuation (dB)

LK,

A,. = )
™ sing

(5.23)
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Figure 21. Normalized total columnar content of cloud liquid water exceeded for

20% of the year, in kg/m? , (taken from [55]).
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Figure 22. Normalized total columnar content of cloud liquid water exceeded for

10% of the year, in kg/m? , (taken from [55]).
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Figure 23. Normalized total columnar content of cloud liquid water exceeded for 5%

of the year, in kg/m?, (taken from [55]).
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Cloud attenuation graphic is shown in Figure 24. 10 GHz which is used in this

thesis radiowave frequency is pointed. Plotting the figure, temperature is taken 15°C.

.. o . g
Also, liquid water density is 7.5 e

Cloud Attenuation
102 ¢ : ———

Specific Attenuation (dB/km)
S
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2

Figure 24. Cloud Attenuation
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5.4. Tropospheric Scintillation

Scintillation is the rapid fluctuation on parameters of radiowaves. Amplitude,

phase, angle of arrival and polarization can be affected by scintillation. Above 3 GHz,

scintillation is occurred by troposphere. With height refractive index can be varied,

[4]. Refractive index fluctuations are occurred by Tropospheric scintillation. These

effects can change day by day, [5]. With using same equipments and frequency, worst

result is taken at low elevation than high elevation about tropospheric scintillation, [4].

5.4.1. ITU-R Scintillation Model

Effective method for estimating the statistics of tropospheric scintillation is

provided by ITU-R, [56].

[5]-

ITU-R tested this procedure between 7 and 14 GHz.

Also, the method described here is valid for slant path elevation angles > 4o

T: average surface ambient temperature (°C) at the site for a period of one month or
longer

H: average surface relative humidity (%) at the site for a period of one month or
longer

f: frequency (GHz),

0: path elevation angle, where 6 > 4

D: physical diameter (m) of the earth-station antenna

n: antenna efficiency

e, : saturation water vapor pressure

N,, : wet term of the radio refractivity

o, : standard deviation of the signal amplitude

L : effective path length

D, : effective antenna diameter

p: percent outage

a(p) : time percentage %

There are 9 steps for calculating tropospheric scintillation as shown

Step 1: Evaluate the saturation water vapor pressure as
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17.502T
es = 6.1121 eT+240.97 (kPa).

Step 2: Finding the wet term of the radio refractivity as

N = 3732He,
Y Q734 T)?

Step 3: Finding the standard deviation of the signal amplitude as
o, =3.6x10"3+ N, x 10~* dB.
Step 4: Finding the effective path length as

- 2h;
\/sinz(é?) +2.35 % 10~* + sind

m,

where h; is turbulent layer and it is 1 km.

Step 5: Find the effective antenna diameter as

D, = nD m.

Step 6: Finding the antenna averaging factor as

11 1
g(x) = \/3.86(x2 + 1)11/12 gin [z arctan (;)] — 7.08x5/6,

where

D f
=122
x L

Step 7: Finding the standard deviation as

9(f)

o= o, f7/1? :
rf (sinf)12

Step 8: Finding the time percentage factor as
a(p) = —0.061(log,op)® + 0.072(log,op)? — 1.71log,4p + 3.

Step 9: Calculate the scintillation fade depth as

(5.24)

(5.25)

(5.26)

(5.27)

(5.28)

(5.29)

(5.30)

(5.31)

(5.32)
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As(p) = a(p).o dB. (5.33)

Scintillation loss is shown in the Figure 25. At 4° elevation angle, scintillation

loss is 5dB which will be used in this thesis.

Illustrative example of three parts of the scintillation prediction method
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Figure 25. Scintillation Loss (taken from [56])
5.5. Total Loss

Total loss can be calculated by summing the all losses which are expressed above.
Coverage zone of Europe of Tiirksat 4A is 54 dBW, [88].

ags = —(5 + 0.03 + 0.1495) (5.34)

In order to add this loss into scattered integral of parabolic reflector antenna, it

should be converted to attenuation coefficient. It can be written by

ayp = 8.686a,

Ao e (5.35)
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CHAPTER 6

6. SCATTERED FIELDS BY CIVILIAN PLANE

Civilian plane is modeled as Boeing 737-900. Plane is manufactured by Boeing
which is one of the most important airspace company. Plane’s figure is shown in

Figure 26.

133 FT 5 IN
(40.67 M)

-
7\ BOEIN

56 FT 4 IN (17.17 M) 41 FT 2 IN
- |13 FT 5 IN (4.09 M) (12.55 M)
47 FT 1 IN|__
14.35 M)

Toweil | OEING
( 2.2.1 GENERAL DIMENSIONS

MODEL 737820

APPROX 8 FT

(244 M) 18 FT 9 IN
(5.72 M)

Figure 26. Boeing 737-900 Dimensions, [89].

T -

In the far field, electromagnetic fields which are radiated from satellite will be
plane wave. Here, plane is modeled as line strip which defines that half-length of the
strip(a) is equal to 20.335m. Geometrical optics fields and diffracted fields are
investigated. MTPO method is used in order to find scattered fields.
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In this thesis, line strip is divided two parts which are from 0 to +a and from -a to
0. Evaluations are done for these two line strips. Scattered fields by line strip from -a
to +a is found by summation of scattered fields by line strip from 0 to +a and scattered
fields by line strip from -a to 0.

Scattered fields by plane is found uniform in this section. Attenuations are not
implicated in simulations. Attenuation, real ranges are considered in Section 8.1, 8.2.

Simulations are done with parameters of

e A=0.1m,
e p=6},
e a=A\

6.1. GO Waves

Figure 27 shows geometry of radiated plane waves through plane.

Plane Wave
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Figure 27. Geometry of Plane with Radiated Plane Waves
R is distance to observation point. R is defined in equation (6.1).
R = \/pz + x'% — 2px'cos® (6.1

Incident plane waves can be expressed as
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Ei — Eoejk[xcostz)0+ysin(2)0]_ (6.2)

In order to find induced current on strip, ﬁi should be expressed. ﬁi is

introduced in equation (6.3).

— 1 -
Hi = —- VXEL'
JWHo
& & e (6.3)
.  E, |0 a 0
l jWMO ax ay

0 0 elklx'cosdo+y'sing,]

After calculating matrix, ﬁi is became equation (6.4).

- Eok el r
T, 0 [Siﬂ@oa _ COS@O@]BNC[X cos@o+y’sin®y| (6.4)

i
Wl

Normal vector for reflected surface in MTPO method can be expressed as

penl el e

After finding normal vector and magnetic field intensity, reflected induced

current (Jymepo) 18 showed in (6.6).

]rmtpo = ﬁ—fx Hi|y1=0 (6.6)

Reflected induced current can be evaluated using (6.4) and (6.5) as

E.k + 0 I N
0 sin(B 5 O)e”‘x cosPog”. (6.7)

rmtpo —
Ho

Normal vector for incident surface in MTPO method can be expressed as (6.8).

n, = sin (@) e, — Cos (@) e, (6.8)

After finding normal vector and magnetic field intensity, incident induced

current (Jimepo) is showed in (6.9).

Jimtpo = n—Z)XHilyrzo (6.9)
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Incident induced current can be evaluated using (6.7) and (6.8) as

Eok — Do\
Jimtpo = W(;l sin(B 5 0) e/kx’cos0o, (6.10)
0

Scattering integral can be written by using (6.6) and (6.10) as

E.k . e JKkR B — @ B+ @
- _ Jjkx'cos® ; ; / 6.11
U(P) o # e 0 R sm( 5 ) + sm( 5 )] ds’. ( )

R is equal to R =./(x —x")2+y%+ (z—2")2. Umul [7] is calculated
directly to z' part. Expression can be showed as

UPp) = — Eok j_a pJkx'cosy [—?Ho(le)] [sin (,3 r Q)o)

2TW 2

+ sin ('B z%)] dx'.

(6.12)

Hy(kR;) is second kind zero order Hankel function. And it can be expressed as

i m |2 _jne JKR1
—J—-Ho(kR1)=—]—. —e 4

m JkR,

R, is equal to R, = ,/(x — x")% + y2. By using equation (6.13), integral can

(6.13)

be expressed as

in .
2 —JjkR _
u(p) = Loke * j ’ ejkx’cosoog[sin (/’) ¢0>

Vemj J_g JkR; 2 (6.14)

+ sin ('B ZQ)O)] dx'.

Here, stationary phase method is used to find geometrical optic waves. Phase

function of stationary phase method is shown in (6.15), [60].
g(x") =x"cos®, — R, (6.15)
First and second derivative of the phase function can be expressed as

g'(x") = cos@, — cop, (6.16)
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_sin?(p)

9" =
Ry,

g'(x") is equal to 0 for finding stationary phase point. Stationary phase points
are equal to f = +0,. Reflected GO can be calculated at f = @,. Figure 28 is

showing the stationary phase point geometry.
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Figure 28. Geometry of Stationary Phase Point in Order to Find Reflected GO Wave

Stationary distance to observation point is R;s. It can be expressed as
Ris = —pcos(@ + @y) + x'cos(Dy). (6.17)

Stationary phase function can be gathered for reflected GO waves as

1/ sin?(@
@lp=p, = x'cos@y — Ris + 5 _sin’ (@) (x —x"2. (6.18)
0 2 Ry
Integral is evaluated as (6.19).
.
Eoke™ 4 elkpcos(@+0o) a . 1sin?(@o)

N2
EF° = —jw Siﬂ(@o)j e 2 ms T gy (6.19)

w2m;j VKR
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Error function is used to calculate integral in (6.19).

jm
a _1sin?(@g),. R Z
j e T Rls0 Ge=x')? dx' = V2=« s ‘e (6.20)
—a k sin(@,)

Reflected GO wave is represented in equation (6.21) without limitation.
Eﬁo — _Eoejkpcos(®+®o) (6_21)

Incident GO can be calculated at f§ = —@,. Figure 29 is showing the stationary

phase point geometry.
d)C\ b . x
-a ¢0 a

P

Figure 29. Geometry of Stationary Phase Point in Order to Find Incident GO Wave

Stationary distance to observation point is R,. It can be expressed as

R,y = —pcos(@ — @y) + x'cos(Dy) . (6.22)
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Stationary phase function can be gathered for reflected GO waves as

@lp=—p, = x'cosPy — Rys % Sin;%(x —x")2. (6.23)
Integral is evaluated as (6.24).
K ke~ olkpcos(@-0) (LS00 e
E’° = —jw T \/kR_ZS sm((bo)j d (6.24)

Error function is used to calculate integral in (6.24).

jm
a 1stn ((2)0) 2 R e4
j e T Ris s O g = g s (6.25)
—a k sin(@,)

Reflected GO wave is represented in equation (6.26) without limitations.

(GO — EoejkpCOS((D—(Do) (626)

L

6.1.1. GO Waves by Line Strip from 0 to +a

GO waves should be limited. In this thesis, detour parameters will be used to
limit GO waves. Detour parameter for +a point is defined in Section 6.3.2. Reflected

GO waves with limitation can be expressed as
ES0 = —Eoe*reos@+00y (=g, ). (6.27)
Incident GO waves with limitation can be defined as
EF0 = E,e/krcos@=00) (=4, ). (6.28)
Cra+q and (g, are detour parameters at +a point. Total GO waves can be
shown as

EF0 = EoellPeos0700) U(—(iq.q) = Ege/ P00 (=Crgra).  (629)

Uniform reflected GO waves are showed in Figure 30.
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Figure 30. Reflected GO Wave

Uniform incident GO waves are showed in Figure 30.
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Incident GO Wave
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Figure 31. Incident GO Wave

Total uniform GO waves are shown in Figure 32.
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Figure 32. Total GO Waves

6.1.2. GO Waves by Line Strip from -a to 0

GO waves should be limited. In this thesis, detour parameters will be used to
limit GO waves. Detour parameter for -a point is defined in Section 6.3.3. Reflected

GO waves with limitation can be expressed as
EF0 = —Eoelkpcos@00y(=¢,,_,). (6.30)
Incident GO waves with limitation can be defined as
EFO = Eoelt0e0 099 U(~gyq_,). (6.31)

Cra—a and {;4_, are detour parameters at —a point. Total GO waves can be

shown as
EF0 = EoellPeos0700) U(=(ig_q) = Ege/ P00 (=g ). (632)

Uniform reflected GO waves are showed in Figure 33.
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Figure 33. Reflected GO Wave

Uniform incident GO waves are showed in Figure 34.
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Incident GO Waves
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Figure 34. Incident GO Wave

Total uniform GO waves are shown in Figure 35.
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Figure 35. Total GO Waves

6.2. Diffracted Fields Calculation

Geometrical Theory of Diffraction (GTD) [8] is used to calculate diffracted fields
by edge points.
6.2.1. Diffracted Fields From +a Point

General GTD formulation for +a point is represented in equation (6.33).

E Bt 1 L T he) 63)
dta = — — - l .
¥ 2V27 | cos (ﬁa _ %) cos (.Ba er ¢o> JkR,

Where

Ei — ejkacos((Z)o) )
@ (6.34)
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Figure 36 shows the geometry of reflected diffracted fields at +a point.

Plane Wave

Figure 36. Geometry of Reflected Diffracted Fields

Figure 37 shows the non-uniform diffracted fields at +a point which’s equation

is showed in equation (6.33).
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Figure 37. Non-Uniform Diffracted Fields at +a Point

Figure 36 shows that geometry of reflected diffracted fields from +a point.
Reflection diffraction formulation is expressed as
in .
Eje” % 1 e JKkRa

Ergeg = — eJjkacos(@o) (6.35)

2R oo (B 1) iR

Where

Ry = +/p? + a? — 2pacos®.

R? + a? — p?
= Y [ M 6.36
B, = cos ( >Ra ) ( )

Bo = PilU@) — U@ —m)] + (=p1 + 2m)U (@ — 7).

B, 1s introduced in Figure 36. @, is angle of incidence at +a point. 8, is angle
of scattering at +a point. 8, is used to find the final form of 3.

Figure 38 shows the graph of angle of scattering at +a point.
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Figure 38. Angle of Scattering
Non-uniform reflected diffracted field at +a point is represented in
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Non-Uniform Reflected Diffracted Field at +a Point
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Figure 39. Non-Uniform Reflected Diffracted Field at +a Point

Figure 40 shows that geometry of incident diffracted fields from +a point.

Incident diffraction formulation is expressed as

Epe 2 1 e JkRa
Eiga = eJkacos@o), (6.37)

W cos By 00) R,
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Figure 40. Geometry of Incident Diffracted Fields

Non-uniform reflected diffracted field at +a point is represented in Figure 41.
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Figure 41. Non-Uniform Incident Diffracted Field at +a Point
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6.2.2. Diffracted Fields From -a Point

General GTD formulation for -a point is represented in equation (6.38).

jm .
_Epe™# 1 1 e JkR-a
Eq_q = Ei(Q)  (6.38)

2V2n cos( _Q)O) cos(ﬁ—"a;—%) \/m

Where

Ei — g Jkacos(9o)
@ (6.39)

Figure 42 shows the geometry of reflected diffracted fields at —a point.

Plane Wave
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Figure 42. Geometry of Reflected Diffracted Fields

Figure 43 shows the non-uniform diffracted fields at -a point which’s equation

is showed in equation (6.38).
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Figure 43. Non-Uniform Diffracted Fields at -a Point

Figure 42 shows that geometry of reflected diffracted fields from -a point.

Reflection diffraction formulation is expressed as

jn .
-1 —JjkR_
Erd_a _ _Eoe 4 1 e ] a e_jkacos(q)o). (6 40)
221 (o (ﬁ_a 2+ (Do) JKR_, '

Where

R_o = /p? + a? + 2pacos ( — @).

R_,% + a? — p?
= -1 =4 6.41
B, = cos ( R_.a ) (6.41)

P-a = P2lU@) — U@ —m)] + (—=f2 + 2m)U (D — 7).

B_q 1s introduced in Figure 44. @, is angle of incidence at -a point. f_, is angle
of scattering at -a point. 5, is used to find the final form of 5_,.

Figure 44 shows the graph of angle of scattering at -a point.
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Non-uniform reflected diffracted field at -a point is represented in Figure 45.
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Figure 45. Non-Uniform Reflected Diffracted Field at —a Point

Figure 46 shows that geometry of incident diffracted fields from -a point.

Incident diffraction formulation is expressed as

in .
Epe™ 2 1 e JkR-a
E., = e —Jkacos(Bo) 6.42
T V2T o (.B—az_ (Do) VKR, (0:42)
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Figure 46. Geometry of Incident Diffracted Fields

Non-uniform reflected diffracted field at -a point is represented in Figure 47.
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Figure 47. Non-Uniform Incident Diffracted Field at -a Point
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6.3. Uniform Diffracted Fields Calculation

Diffracted fields are transient. This problem can be solved with making diffracted
fields uniform. Fresnel functions are using to make diffracted fields uniform.
Diffracted fields go to infinity which is not appropriate. This problem is solved with

Fresnel function.

6.3.1. Fresnel Function

Fresnel function can be expressed as
jn
Flx) = % L " it ot (6.43)
When x is equal to —oo, F(—0) = 1.

F(x) x>0

Fix)=1 x<0 (6.44)

F(x) —U(—x) ={

Fresnel function in equation (6.43) is represented in Figure 48.
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Figure 48. Fresnel Function Graph
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Then Fresnel function can be defined as

jn
Fx)—1= % Uxooe‘jtz ot — j_c:;e‘jt2 atl. (6.45)
It becomes as
j_TL' co
Fo)—1=-2 [ e ot = —F(=2). (6.46)
Vi ),
Equation (6.44) can be expressed as
F(x) —U(—x) = {F_(;%_x) 2 OO. (6.47)
This leads us to define Fresnel function as
F(x) = U(—x) + sign(x)F[|x]]. (6.48)

6.3.2. Uniform Diffracted Fields From +a Point

Equation (6.35) and (6.37) can be opened with using trigonometric equation of

1
cos?(x) = 5 (1 + cos(2x)). (6.49)
Then for using in equation (6.35)
e—JkRa — e—ija(— cos(Ba+Do)+2 cosz(@)) (6.50)

Using equation (6.50) and equation (6.35) reflected diffracted field can be

expressed as

_im —jkR 2cosz<M
Eje 4 . e “ 2 .
Ergeg = — 207 pikRa(cos(Bat+00)) R elkacos(@o) (6.51)
T .
VT \2kR, cos (aT())

Detour parameter for reflected diffracted field at +a can be defined as

$rarq = —V 2kRg cos ('Ba ; %). (6.52)
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Then using equation (6.52) uniform reflected diffracted at +a point can be

expressed as
Eyprgia = —eJkacos(9o) gjkRq cos(ﬁa-'-%)Sign({rd+a)F(|€rd+aD- (6.53)

Figure 49 shows the uniform reflected diffracted field at +a point and it is graph
of equation (6.53).
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Figure 49. Uniform Reflected Diffracted Field at +a Point

For incident diffracted field

o—ikRq — e—ija(— cos(Bq—0o)+2 cosz(‘Ba;%)). (6.54)

Using equation (6.54) and equation (6.37) incident diffracted field can be

expressed as
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5 _an —jkRg2 cosz(@)
0€ 7 ¢ jkRa(c0s(Ba=00)) gfkacos@o)  (6.55)

Eigya = 2vn MCOS (@)

Detour parameter for incident diffracted field at +a can be defined as

Cia,n = —/ZKRy cos (@) (6.56)

Then using equation (6.52) uniform incident diffracted at +a point can be

expressed as

Euiara = €050 elkRacosBa=00) sign (g, JF([Ciayql)- (6.57)

Figure 50 shows the uniform incident diffracted field at +a point and it is graph

of equation (6.57).
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Figure 50. Uniform Incident Diffracted Field at +a Point
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Equation (6.53) and equation (6.57) shows the uniform diffracted fields from
+a point. The total uniform diffracted fields can be expressed with summing these two

fields. Equation (6.58) shows the total diffracted fields from +a point.

Eud+a — ejkacos(Q)o)eija cos(ﬁa—(bo)sign((id_’_a)};'(l(l,d+aD

6.58
_ ejkacos((z)o)eija cos(Bq+09) Sign((rd.,_ )F(lcrd_l_ |) ( )
a a

Figure 51 shows the uniform total diffracted field at +a point and it is graph of
equation (6.58).
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Figure 51. Total Uniform Diffracted Field at +a Point

6.3.3. Uniform Diffracted Fields From -a Point

Equations (6.40) and (6.42) can be opened with using trigonometric equation

in equation
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1
cos?(x) = 5 (1 + cos(2x)). (6.59)
Then for using in equation (6.40)
e—JkR_a — e—ij_a(— cos(B_q+@o)+2 cosz(iﬁ_a;@o)) (6.60)

Using equation (6.60) and equation (6.40) reflected diffracted field can be

expressed as

Erd—a

E _an —jkR_g2 cosz(%)
— _Leij—a(COS(ﬁ—ﬁ%)) € e ~Jkacos(@o)

2 JZKR 5 cos (ﬁ-az-l- (Do)

Detour parameter for reflected diffracted field at -a can be defined as

(6.61)

{ra_g = 2kR_g cos (@) (6.62)

Then using equation (6.62) uniform reflected diffracted at -a point can be

expressed as
Eurd—q = —e1%ac0500) gkR-ac05(B-a+00)5ign (¢,q_ VF(|Gra_|). (6.63)

Figure 52 shows the uniform reflected diffracted field at -a point and it is graph
of equation (6.63).
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Figure 52. Uniform Reflected Diffracted Field at -a Point

For incident diffracted field

Using equation (6.64) and equation (6.42) incident diffracted field can be

expressed as

£ % —jkR_42 cos? (w)
0 % jkR_a(cos(B—a=00)) e~Jkacos(@0) - (6.65)

2T JZKR_, cos (.B—az_ @o)

Detour parameter for incident diffracted field at -a can be defined as

Cia_, = 2kR_g cos (@) (6.66)

Then using equation (6.66) uniform incident diffracted at -a point can be expressed as

Eig_q =
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Eyia—q = e~ /Kac0s@)e/kR-acosB-a=00)sign((iq_, )F(|Gia_y|)- (6.67)

Figure 53 shows the uniform reflected diffracted field at -a point and it is graph of
equation (6.67).
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Figure 53. Uniform Incident Diffracted Field at -a Point

Equation (6.63) and equation (6.67) shows the uniform diffracted fields from -a point.
The total uniform diffracted fields can be expressed with summing these two fields.

Equation (6.68) shows the total diffracted fields from -a point.

Eygeg = e —Jkacos(@o) g jkR_q Cos(ﬁ—a—(bo)sign({id_a)F(lcid_aD

_e—jkacos(Q)o)eij_acos(ﬁ_a+00)sign(crd )F(lqrd |)
-a -a

(6.68)

Figure 54 shows the uniform reflected diffracted field at -a point and it is graph
of equation (6.68)
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6.4. Scattered Fields

In order to find total scattered fields, diffracted fields and GO waves should be

summed.

6.4.1. Total Scattered Fields by Line Strip from 0 to +a

Total scattered field can be calculated by gathering equation (6.29) and

equation (6.58) for line strip from 0 to +a. It is expressed as

Ets+a = Eoejkpcos((b—(bo) U(_Zid+a) - Eoejkpcos(0+®0)U(_crd+a)
+ e}kaCOS(QO)e]kRa COS(ﬂa_QO)Slgn(cld+a)F(|€ld+a |) (6_69)

— eJkacos(9o) p jkRq cos(Ba+Bo) Sign((rd+a)F(|CTd+a|)'

Figure 55 shows the uniform total scattered fields by line strip from 0 to a and

it is graph of equation (6.69).
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Figure 55. Total Scattered Fields by Line Strip from 0 to a
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The polar figure for total scattered fields by line strip from 0 to a is shown in

Figure 56.
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Figure 56. Total Scattered Fields by Line Strip from 0 to a

In Figure 55 and Figure 56, it is clearly seen that incident GO wave is appearing
between 0° and 180° and between 248.1° and 360°. Reflected GO field is appearing
between 111.7° and 180°. The interference of incident and reflected GO fields is
observed between 111.7° and 180°. Also, as can be seen from Figure 51 that the
uniform diffracted fields are interfering with GO waves between 0° and 360°. The
maximum amplitude value of reflected diffracted field is observed at 111.7°. Incident
diffracted field takes the maximum amplitude value is observed at 248.1°. There is a

shadow region between 180° and 248.1°.
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6.4.2. Total Scattered Fields by Line Strip from -a to 0

Total scattered fields can be calculated by gathering equation (6.32) and

equation (6.68) for line strip from -a to 0. It is expressed as

Etsia = Egel*Pe0%0700) U(={iq_g) — Ege/ PeosC+0IU (¢4 4)
+ g Jkacos(@o)gjkR-acos(B-a=0)sign(¢;y  VF(|Cia_,])  (6.70)

— g~ Jkacos(@o) gjkR_q Cos(ﬁ_a+®°)5ign(§rd_a)F(|(rd_a D

Figure 57 shows the uniform total scattered fields by line strip from -a to 0 and

it is graph of equation (6.70).
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Figure 57. Total Scattered Fields by Line Strip from -a to 0

The polar figure for total scattered fields by line strip from -a to 0 is shown in

Figure 58.
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Figure 58. Total Scattered Fields by Line Strip from -a to 0

In Figure 57 and Figure 58, it is clearly seen that incident GO waves is
appearing between 0° and 248.1°. Reflected GO field is appearing between 0° and
111.7°. The interference of incident and reflected GO fields is observed between 0°
and 111.7°. Also, as can be seen Figure 54 that the diffracted fields are interfering with
GO waves between 0° and 360°. The maximum amplitude value of reflected diffracted
field is observed at 111.7°. Incident diffracted field takes the maximum amplitude

value is observed at 248.1°. There is a shadow region between 248.1° and 360°.
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6.4.3. Total Scattered Fields

Total scattered fields can be calculated by gathering equation (6.69) and

equation (6.70). It is expressed as
Etsta = Etsya + Ets—a- (6.71)

The polar figure for total scattered fields is shown in Figure 59.
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Figure 59. Total Scattered Field by PEC Surface

In Figure 59, it is shown that incident GO wave and reflected GO wave which
are scattering by line strip from -a to a and uniform diffracted fields which are scattered
by edge points are interfered between 0° and 180°. Incident GO wave which is
scattering by line strip from -a and a and uniform diffracted fields which are scattered
by edge points are interfered between 180° and 360°. Also, it is apparent that incident

GO wave exists between 0° and 360°. There is shadow region around 244.7°.
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CHAPTER 7

7. SCATTERED FIELDS BY STEALTH AIRCRAFT

Stealth aircrafts are coated by absorbing materials. Stealth aircraft’s body will be
modeled as perfectly absorbing strip. Lockheed Martin which is one of the biggest
aircraft company in USA has manufactured Lockheed F-117 Nighthawk as stealth
aircraft. We will model stealth aircraft dimensions as Lockheed F-117 Nighthawk’s

dimensions which is shown in Figure 60.

Length...cccoininivernininirinennn 65 f 17100
Wing Span......cocviiiiirinn 43 ft4in
Wing Sweep. 670
Height 12ft5in
Vertical Tail Sweep.......cciivivrrurnin 20¢
Empty Weight....... 29,500 1b
Gross Weight... rereee 52,500 b
Max Speed.....ocrnininnas 90 Mach/603 mph

@35,000 ft. Marginally supersonic

in a shallow dive
TR Y| S A 52,000 ft
Max Range.......... 1,250 mi (internal fuel)

———

Figure 60. Lockheed F-117 Nighthawk’s dimensions, [90].

In the far field, electromagnetic fields which are radiated from satellite will be
plane wave. Here, plane is modeled as strip which defines that half-length of the
strip(a) 1s equal to 10.0407m. Geometrical optics fields and diffracted fields are
investigated. MTPO method is used in order to find fields.
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In this thesis, line strip is divided two parts which are from 0 to +a and from -a to
0. Evaluations are done for these two line strips. Scattered fields by line strip from -a
to +a is found by summation of scattered fields by line strip from 0 to +a and scattered
fields by line strip from -a to 0.

Scattered fields by stealth aircraft is found uniform in this section. Attenuations
are not implicated in simulations. Attenuation, real ranges are considered in Section
8.1, 8.3.

Simulations are done with parameters of

A=0.1m.
p = 6.
a=A.

A perfectly absorbing surface neither reflects nor transmits the incident radiation,
[72]. Perfectly absorbing surface is actually summation of soft and hard surface. In
this thesis soft surface line strip is investigated in Section 6. Also, Umul is investigated

soft and hard surface solution for strip, [66]. In the journal, it is apparent that,

UGOS = UGoh»
U' S — U h’
id id (7.1)

s _ h
Urd = “"UYrd -

In perfectly absorbing surface(PAS), there is no reflected GO wave, [73]. By using
equation (7.1), perfectly absorbing surface can be evaluated as
UGOPAS = Uigo;
(7.2)
Us™ = Uyg.
Also, Umul’s journal about the new representation of the Kirchhof Diffraction
Integral is proof. It is apparent that soft (total field is equal to zero on the surface)

surface integral can be shown as

—jkR

R

sin (ﬂ — Q)O) — sin (@)] ds’. (7.3)

'k
ueP) = 4§ U@° -
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And hard (normal derivative of the total field is equal to zero on the surface)

surface scattering integral can be expressed as

u(p) = % # U;(Q) e‘;'kR sin ('B _2(2)0) + sin ('B ZQ)O)] ds’. (7.4)

Summation of (7.3) and (7.4) is giving another perspective for (7.2).

7.1. GO Waves by Line Strip from 0 to +a

Scattered GO waves from PAS with limitation for line strip from 0 to +a is

shown as
EF0 = Eyeikrcos@=20) [J(—(iy.0). (7.5)

Scattered GO waves can be shown in Figure 61.
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Figure 61. Scattered GO Wave
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as

7.2. GO Waves by Line Strip from -a to 0

Scattered GO waves from PAS with limitation for line strip from -a to 0 is shown
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0.9

0.8

o
\I

>
)

o
3

©
~

S
w

0.2

0.1

EFO = Eoe/0cos®=00) U(=(y_). (7.6)
Scattered GO waves can be shown in Figure 62.
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Figure 62. Scattered GO Wave
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7.3. Uniform Diffracted Fields From +a Point

Diffracted GO waves by PAS at +a is shown as
EJ; = eJkacos(@o) gjkRq cos(Ba—®o) Sign(cid+a)F(|(id+a D

Total uniform diffracted wave at +a can be shown in Figure 63.
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Figure 63. Total uniform diffracted wave at +a Point
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7.4. Uniform Diffracted Fields From -a Point

Diffracted GO waves by PAS at -a is shown as

E§ = e —Jkacos(@o) g jkR_q cos(B-a—0o) Sign(iid_a)F(l(zd_al)- (7.8)

Total uniform diffracted wave at -a point can be shown in Figure 64.
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Figure 64. Total uniform diffracted wave at -a Point
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7.5. Total Scattered Fields

Total scattered fields by PAS can be expressed as
Eis=E +E;§ +E;f. (7.9)
Total scattered fields by PAS can be shown in Figure 65.
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Figure 65. Total scattered fields by PAS strip

In Figure 65, it is shown that incident GO wave which is scattering by line strip
from -a to a is appearing between 0° and 360°. Difference between civilian plane and
stealth aircraft is that there are no interference caused by reflected GO wave and
uniform reflected diffracted waves between 0° and 360°. Incident GO wave which is
scattering between -a and a and uniform incident diffracted waves which are scattered
by edge points are interfered between 0° and 360°. However, uniform incident
diffracted field is taken maximum amplitude at 248.1°. There is shadow region around

244.7°.
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CHAPTER 8

8. NUMERICAL ANALYSIS

Until this section, all evaluations are done uniformly. This section attenuations,

dimensions of planes, satellite carrier frequency will be considered.

8.1. Applying Attenuations to Satellite’s Radiated Field

Radiated field from satellite 1s modeled as Gaussian beam in Section 4. In
Figure 66, electromagnetic wave which is radiating from satellite antenna and

including attenuations of atmospheric effects is shown.
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Figure 66. Electromagnetic wave which passed through atmosphere
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8.2.Applying Dimensions of Civilian Plane

In this section, a is equal to 20.335m. A is equal to 0.03m which is carrier
frequency of satellite. p is equal to 122m. Total scattered field by civilian plane is

shown in Figure 67.
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Figure 67. Total scattered fields by civilian plane

In Figure 67, it is shown that incident GO wave and reflected GO wave which
are scattering by line strip from -a to a and uniform diffracted fields which are scattered
from edge points are interfered between 0° and 180°. Incident GO wave which is
scattering between -a and a and uniform diffracted waves which are scattered by edge
points are interfered between 180° and 360°. Incident GO wave exists between 0° and

360°. There is shadow region around 244.7°.
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8.3. Applying Dimensions of Stealth Aircraft

In this section, a is equal to 10.04m. A is equal to 0.03m which is carrier

frequency of satellite. p is equal to 60.24m. Total scattered field by stealth aircraft is

shown in Figure 68.

Total scattered field from stealth aircraft
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120 60
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150 0.000 30
0.0002
180 0

210 330

240 300

270

Figure 68. Total scattered fields by stealth aircraft

In Figure 68, it is shown that incident GO wave which is scattering by line strip
from -a to a is appearing between 0° and 360°. Difference between civilian plane and
stealth aircraft is that there are no interference of reflected GO wave and uniform
reflected diffracted waves between 0° and 360°. Incident GO wave which is scattering
between -a and a and uniform incident diffracted field which is scattered by edge points

are interfered between 0° and 360°. There is shadow region around 244.7°.
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CHAPTER 9

9. RESULTS

Electromagnetic fields are investigated at Section 3, Section 6 and Section 7.
In this section, results are discussed radar point of view. Observed electromagnetic
fields by ground-based receiver radar system and difference between the unaffected
satellite signal and the affected satellite signal by target will be represented.

Civilian plane’s total scattered fields are shown at Figure 67. Ground-based
receiver radar is receiving plane wave from satellite if there is no target above country.
The general view is becoming apparent with applying the real dimensions to the strip.
Plane is looking as point from location of satellite. This is observing very well between
180° and 360°. It is apparent that there are scintillations where uniform incident
diffracted fields and incident GO wave are interfered around 248.1°. These
scintillations can be used to detect targets in satellite based passive radar system.
Difference between unaffected satellite electromagnetic fields and affected satellite
electromagnetic fields by target is shown at Figure 69. Ground-based receiver radar

system receives the electromagnetic fields between 180° and 360°. So, target can be

detected by using scintillations around the 244.7° which is called as shadow region.
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Unaffected Satellite Electromagnetic Fields and Affected Satellite Electromagnetic Fields by Civilian Plane
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Figure 69. Unaffected satellite electromagnetic fields and affected satellite

electromagnetic fields by civilian plane

Stealth aircraft’s total scattered fields are shown at Figure 68. Ground-based

receiver radar is receiving plane wave from satellite if there is no target above country.

The general view is becoming apparent with applying the real dimensions to the strip.

Plane is looking as point from location of satellite. This is observing very well between

180° and 360°. It is apparent that there are scintillations where uniform incident

diffracted fields and incident GO wave are interfered around 248.1°. These

scintillations can be used to detect targets in satellite based passive radar system.

Difference between unaffected satellite electromagnetic fields and affected satellite

electromagnetic fields by target is shown at Figure 70. Ground-based receiver radar

system receives the electromagnetic fields between 180° and 360°. So, target can be

detected by using scintillations around the 244.7° which is called as shadow region.
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Unaffected Satellite Electromagnetic Fields and Affected Satellite Electromagnetic Fields by Stealth Aircraft
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Figure 70. Unaffected satellite electromagnetic fields and affected satellite

electromagnetic fields by stealth aircraft

As a result, detection way using electromagnetic fields difference for satellite
based passive radar system is represented. Effect of target to the electromagnetic fields
which 1is radiated from satellite is indicated clearly at Figure 69 and Figure 70.

Electromagnetic fields differences are represented.
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CHAPTER 10

10. CONCLUSION

As a conclusion, the one of the most important agenda topic in the world which
is satellite based passive radar system is researched in point of electromagnetic
propagation. There are six important key point in this thesis. These are that MTPO
method is investigated, reflected scattered fields by CPRA is found, these reflected
scattered fields are modeled as Gaussian beam, atmospheric impairments are modeled,
scattering fields by civilian plane which is modeled as PEC surface line strip is
evaluated, scattering fields by stealth aircraft which is modeled as PAS line strip is
expressed.

MTPO method is used instead of PO Method, [7]. This provide to find exact
solution of the scattering integral. PO method has weakness about diffracted fields.
This weakness is extinguished. Better solutions are obtained.

CPRA is investigated, [9]. Satellite antenna is modeled as CPRA. MTPO
method is used to find scattered fields by CPRA. Incident GO wave, reflected GO
wave, uniform incident diffracted and uniform reflected diffracted fields are
represented. CPRA’s reflected scattered field is used in this thesis as radiated field
from satellite antenna.

Gaussian beam is used as model of CPRA reflected scattered field, [24].
Gaussian beam’s scattered fields are investigated. Umul’s Gaussian beam solutions
are implemented, [91]. Incident GO wave of Gaussian beam is used for model of
CPRA’s reflected scattered field. Result of modelling is shared.

Atmospheric impairments are studied. ITU-R Recommendation for
atmospheric model is used in this thesis, [55-59]. Total attenuation because of
atmospheric impairments is represented. It is used in numerical analysis part.

Scattered fields by PEC line strip which is model of civilian plane is evaluated,
[60]. Incident GO wave, reflected GO wave, uniform reflected diffracted wave and
uniform incident diffracted wave is found. Results are represented. Graph of fields are

plotted uniformly. Calculations are done without Boeing 737-900 dimensions.
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Scattered fields by PAS line strip which is model of stealth aircraft is evaluated.
Kirchhoff integral method is used to define that PAS is summation of soft and hard
surface, [68,72,75]. Incident GO wave and uniform incident diffracted wave is
observed. Results are represented. Graph of fields are plotted uniformly. Calculations
are done without Lockheed F-117 Nighthawk’s dimensions.

In the numerical analysis part of this thesis, all details take into consideration
when simulations are running. Atmospheric attenuations, target dimensions, path
lengths are implemented to simulations.

Results show that detection of target with using satellite based passive radar is
possible because of the anomaly which is occurred by interference of diffracted fields
and incident GO wave. Difference between receiving signal from satellite without
target interception and receiving signal with target interception is represented. If there
1s no target, ground-based receiver radar system will receive plane wave. However, if
there is a target, there will be scintillations in plane wave. This issue is well

investigated. All results are shared clearly.
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