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ARTICLE INFO ABSTRACT

Article History: In satellite communication, Link Budget analysis is the most important part to
determine gains and losses of signals from the transmitter to the receiver. Most
importantly, it investigates system performance and optimum power which must
be received at the receiver channel. In some cases, this information could be
generated, saved for past data analysis, and share with peer users which are not
found in existing web tools. Thus, it is obvious to design a new Link Budget

calculator with users, database, and data retrieval support. This work focuses on
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] literature study and comparative analysis. The X-Band calculator is designed
L",ﬂ,( Budget based on HTML, PHP, Javascript, and MySQL by ensuring several security issues,
Military X-Band

and can be accessed through mobile devices. This paper also focuses on the
necessary equations of Link Budget for Uplink (Tx); Satellite; Downlink (Rx);
Azimuth, Elevation, Distance analysis; and Rain attenuation. Though, comparative
assessments among various web tools show some fluctuations, overall outputs
show satisfactory results with small % of Errors (PoE) ensuring reliability and
viability of the proposed X-Band tool for practical use.
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1. INTRODUCTION band (range: 26 — 40 GHz ; data rates: > 150 Mbit.s™1,

The development of satellite technology and its applications uses: close-range fargeting radars on military aircraft)

are increasing continuously. X-band, known as Super High
Frequency (SHF) Satellite Communication, is widely used
for military applications while beyond line-of-sight
communications are required. The wavelength range of SHF
is 10cm to 01lcm where frequency shows an increasing
range from 03 GHz to 30 GHz . Satellite frequency is
considered in between the range of 01 — 40GHz where L-
band (uses: GPS, satellite mobile, etc.) range is 01 —
02GHz, S-band (uses: surface ship radar) range is 02 —
04 GHz , C-band (uses: satellite communication, TV
networks, etc.) range is 04 — 08 GHz. X-band is primarily
used by the military such as Radar application, short-range
tracking, weather monitoring, missile guidance, air traffic
control, mapping marine radar, battlefield surveillance,
airborne intercept, weapon location, vehicle speed detection
for law enforcement (Cole, 2010; Nuroddin et al., 2013;
Griffiths et al., 2015). The range of X-band frequency is
08 — 12 GHz (data rates: ~100 Mbit X s~1). Other bands
are Ku-band (range: 12— 18 GHz ; usage: satellite
communication), K-band (range: 18 — 26 GHz ), and Ka-

(Griffiths et al., 2015).

Rapid access to information (RAtI) service has become a
global need that can be supported through a wireless
communication  system. For the military state
communication, RAtI is obvious which employs link budget
calculations. This paper presents a link budget calculation
tool to quantify link performance for military X-band
satellite communication. According to the literature study,
most of the tools developed so far are for research and study
purpose and most of the tools need a special setup
(MATLAB, VB, or Spreadsheet). Moreover, available tools
are not capable to present necessary calculations in a single
window, provide user support, save and retrieval facilities.
As a solution to these issues, this study presents the design
of a new web application tool for link budget quantification.

2. BACKGROUND STUDY

According to the recommendation of International
Telecommunication Union (ITU) (ITU-R SA.1024), three
primary bands are available at Earth Exploration-Satellite
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Service (EESS) for direct data transmission, which are, S-
band (2.200 — 2.290 GHz), X-band (8.025 — 8.400 GHz)
and Ka-band (25.500 — 27.000 GHz) (ITU, 2011). EESS
mainly operates in NGSO (Non-geostationary Satellite
Orbit) which includes Medium Earth Orbit (MEO) (altitude:
~8000 to ~20000 km) and Low Earth Orbit (LEO)
(altitude: ~400 to ~2000 km). Transmission delay for Geo
Stationary Orbit (GEO) Satellite is much higher (~500 ms)
comparing to EESS (~10 ms) (Nizam, 2008; ITU, 2011;
Karim, et al., 2018).

Recent research focuses on various kinds of satellites in
terms of size, power, and mass, such as small-satellite
(~500 kg), mini-satellite (500 — 100 kg), micro-satellite
(100 — 10 kg), nano-satellite (10 — 1 kg), and Femto- &
Pico-satellite (< 1 kg) (Mir, et al., 2018). Several types of
data are transmitted in a satellite network, which are text,
voice, image, and video streaming. Link budget analysis is
necessary for any kind of satellite to identify optimal
parameters for link establishment as there are several gains
and losses in transmitting data through free space and
atmosphere. Some losses are constant, some losses depend
on statistical data, and some losses vary because of weather
conditions smog, snow, clouds, and specially rainfall
(Mahmud & Khan, 2009; Capela, 2012; Nuroddin et al.,
2013; and Mir, et al., 2018). Classification of the main losses
of satellite communication can be shown in Figure 1. Link
budget presents some pre-calculations to predict
performances prior to establishing links between satellite and
earth station. Link budget presents acceptable links through
comparisons among possible links.

e  SATELLITE TRANSMISSION LOSSES

—se  Propagation Losses
—+  Free Space Losses
—+  Atmospheric Losses
—e  Jonospheric effects
—+  Faraday rotation
—+  Scintillation effects
—se  Tropospheric effects
—e  Attenuation
=+  Rain attenuation
—e  Gas absorption
—e  Depolarization
—+  Sky noise
=+ Local effects
=+  Pointing Losses
e+ Local Losses
—e  Equipment Losses
*  Feeder Losses
e Other
‘—+  Environment Losses

Figure 1: Classification of main losses of satellite
communication (Capela, 2012; Zhiger, 2017; Ismail et al,, 2017)

MATLAB based link budget calculator is presented in a
recent research by Ya’acob et al. (2018) to calculate all the
gains and losses of the telecommunication system from a
transmitter to receiver through the used medium. This
calculator is able to calculate several parameters such as
Effective Isotropic Radiated Power (EIRP), effective
aperture, path loss, free space path loss, physical aperture,
flux density, transmit gain, transmit power, receive gain,
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receive power, noise temperature ratio, noise density ratio,
etc. Another study on developing software tool was
conducted for the configuration and calculation of link
budget to broadcast multimedia services for GEO Satellite in
Ka-band (Mebrek et al, 2012). This software tool was
designed and developed based on MATLAB 7.8 by focusing
mainly on four separate modules, Uplink, Downlink, De-
pointing angle, and De-pointing losses, with some other
related calculation facilities. A study conducted by Al-
Dalowi, Khoshnaw, and QasMarrogy (2017) presented
another MATLAB based tool to calculate net power
transmitted by the earth station where losses and attenuation
were considered in the link budget calculation. The study
also focused on the factors that affect the receiver signals,
signal gains and losses. The MATLAB based tool is
designed to get all the necessary calculated parameters in a
single screen. Visual Basic (VB) programming language was
used in another software development project by Yulianto
(2012) where a link budget calculator was introduced which
includes calculation of Receiver Signal Level (RSL), Free
Space Loss (FSL), Cable Loss, EIRP, Fresnel Zone
Clearance (FZC), and System Operating Margin (SOM).

The main process of transmitting a signal from earth station
to satellite can be described as: signal modulation (changing
the form of a signal), converting the band (L-band to C, X,
or Ku-band), amplifying signals (increasing amplitude and
power), directing the signals to the satellite by using
reflector antenna providing extra gain comparing with the
isotropic radiation (power flux density), and the signal
radiates in the given direction with antenna gain (GT) (Al-
Dalowi, Khoshnaw, & QasMarrogy, 2017). A detailed
explanation of the theoretical calculation of the link budget
of satellite communication is presented in KYMETA (2019).
Depending on the flow of information, the link budget can
be analyzed for three types of links: Forward (FWD) link,
Simple return (RTN) link, and Complex return (RTN) link.
Figure 2 presents the direction of data flow among user-
terminal, hub, and Satellite.

SATELLITE (5)

UP LINK DOWN LINK

COMPLEX
RETURN (RTN) LINK

SIMPLE
DOWN LINK RETURN (RTN) LINK
UP LINK

EARTH
STATION (P;)

EARTH
STATION (P,) X
HUB
SERVERs~
INTERNET

Figure 2: Direction of data flow through FWD & RTN Links

Simplest calculation is needed for the FWD link as the hub
can produce necessary uplink power to drive the FWD
carrier up to the transponder limit of the satellite. As a result,
for the FWD link budget analysis, only a portion of the link
can be considered which basically connects the satellite and
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the user. A simple RTN link presents the up-link between
user-terminal and satellite. It does not require any parameter
of satellite or hub. Complex RTN link is considered as the
total return link from terminal to satellite and satellite to the
hub. Power received by the satellite from the terminal is not
enough to drive the signal from the satellite to the hub and
needs to be amplified. Signal to noise ratio (SNR) also needs
to be calculated accurately for both links: terminal-satellite
and satellite-hub links (KYMETA, 2019).

3. LINK BUDGET ANALYSIS
A. Parameters of Transmitter Antenna

Parameters of the transmitter antenna include the calculation
of Wavelength, Antenna aperture, EIRP, Path loss, and C/N
Ratio (CNR).

i. Wavelength (1)

Main properties of a wave signal (Electro-Magnetic Wave
(EMW)) are velocity (%), frequency (f), and wavelength (1).
The velocity of EMW indicates the distance propagate over
unit time, i.e. meter per second (how fast does a wave signal
propagates in a certain medium). Speed of radio wave or
light in a vacuum is indicated by ¢ and measured as ¢ =
299792458 m/s =~ 300 X 106 m/s . Frequency indicates
the number of complete vibrations of a particle of a certain
medium while a wave signal is passing through, i.e. number
of complete cycles per second (Hertz or 1/second).
Wavelength refers to the physical distance of a complete
cycle of a wave signal which is measured in meters. The
wavelength of a signal depends on the medium it travels
through. Wavelength (1) of EMW can be calculated based
on the following formula as presented in Equation (1)
(Mahmud & Khan, 2009; Mir et al., 2018).

A=c/f (1

ii. Efficient Area of Transmitter Antenna

Efficient area of Transmitter Antenna or Antenna Aperture
(effective aperture, A.r,) can be calculated using Equation
(2) where Ar, is the physical area, ry, is the radius, and d,
is the diameter of the antenna (Stutzman, 1998; Yaacob et
al., 2018). The efficiency of the antenna is presented by &7,.
Antenna efficiency is determined based on the emitting
capability of energy into the air.

2
d
— — 2 _ Tx
Apry = A7y€ = IVf €y = T (—2 ) ETx 2)

iii. Antenna Gain (Gg,)
Antenna Gain (Gr,) can be calculated by using Equation (3)
(Mahmud & Khan, 2009; Ismail ef al., 2017). Antenna gain
presents the amount of radiated energy in a specific direction
comparing with the amount of radiated energy of isotopic
antenna in the same direction. In Equation (3), €7, is antenna
efficiency and dr,, is the diameter of the transmitter antenna.

dry )2
Gre = 1010g10 (1 (*42) ) ©)

iv. Effective Isotropic Radiated Power (EIRP)
The maximum amount of radiated power of the ideal
isotropic antenna in a specific direction is called Effective
Isotropic Radiated Power or Equivalent Isotropically
Radiated Power (EIRP). EIRP can be calculated by Equation
(4) which indicating summation of Antenna gain (Gr,) and
Forward power (Pr,q) (Yulianto, 2012; Ismail et al., 2017,
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and Mir et al., 2018). Forward power is identified by the
subtraction of Cable Loss (L¢r,) from Transmitter output
power (Pry) (Prwa = Prx — Lcry). Measuring unit of EIRP
is dBi (decibels over isotropic).

EIRP = GTx + wad = GTx + (PTx - LCTx) (4)

v. Path Loss or Free Space Path Loss (FSPL)

FSPL is a kind of signal strength failure while
electromagnetic wave travels through free space for a line of
sight communication. Most of the radio frequency (RF)
evaluations and dimensions are measured in the unit of
decibels (dB). FSPL can be calculated as presented in
Equation (5) (Mahmud & Khan, 2009; CS, 2016; and
KYMETA, 2019). Here the distance of the satellite from the
Earth station (Earth surface) is indicated as d (or the distance
from the transmitter to receiver in km), and f is the
frequency in MHz. Figure 3 presents behavioral graphs of
FSPL on the variation of distance (d) between Earth station
and satellite for various frequencies of X-band
communication ranging from 8 GHz to 12 GHz.

FSPL = 20(logq, f + log,o d) + 32.44 (5)

185

—— f=8000 MHz

180 | —*— f=9000 MHz e}
e T
"""" f=10000 MHz A e Lo
T e A AT
sl | F f=11000 MHz ik i;—*,**’
—— f=12000 MHz PRt e

170

165

160

185

Free Space Path Loss ( FSPL) in dB

150 L I I ! I ! I L I
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Topocentric Distance ( d) in Km

Figure 3: Behavior of FSPL over the variation of Topocentric
distance (distance between Earth station & Satellite) (d) in
range of X-band frequency (f) (8 GHz to 12 GHz) (Mahmud &
Khan, 2009; Song, & Schnieder, 2019)

v. Uplink C/N Ratio (CNRy,)

The carrier-to-noise ratio is written as CNR or C/N ratio. The
term Signal-to-noise ratio (SNR) is often used in some cases
instead of CNR. To calculate uplink C/N Ratio (CNRy,)
Equation (6) is used (KYMETA, 2019). Bandwidth is
indicated by bw in Hz, Ly, is an atmospheric loss, kg 1S
Boltzmann constant (kp,;; = —228.6), GTr, is gain to noise
temperature or figure-of-merit of transmitter antenna, and
Try 1s system noise temperature.

EIRP — FSPL + GTy, — 10 loglo(bw)
_Latm - kbolt (5)
Gryx — 1010g10(Trx)

B. Calculation of Satellite PFD

CNR
GTry =

Satellite power flux density (PFD) can be calculated based
on the Equation (6) (Elbert, 2004; KYMETA, 2019).

PFD = EIRP — 101log,,(4md?) (6)

Here, d is the distance from the transmitter to receiver or
path length and bw is the reference bandwidth in Hz. PFD
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presents the power per unit of bandwidth on the Earth
surface.

C. Azimuth (a) and Distance Analysis

A maximum signal can be received by the earth station if it
points the satellite directly. This can be ensured based on
antenna look angles, which are: Azimuth angle (a) and
Elevation angle (¥) (Cakaj, Keim, & Malari¢, 2007; Geyer,
2016). Azimuth is the clockwise angle created by an on-orbit
satellite with North around an Earth station; and Elevation is
defined as the angle at an Earth station created by the height
of the on-orbit celestial body from the local horizon of the
station. Figure 4 presents the concept of Azimuth angle ()
and Elevation angle (9) of an Earth station (P).

Azimuth angle (a) can be calculated by taking inverse
tangent of the ratio of East (e) and North (1) as presented in
Equation (7) for the (e, n, u) coordinate frame.

a =tan"'(%/n) (7

Though the spherical earth model is used for analysis, the
shape of the earth is mostly accepted as oblate spheroid (an
ellipse moving in a circle about the minor axis) (Geyer,
2016). Because of the elliptical spheroid shape, simple
calculation as in Euclidian space cannot be used, rather
spherical geometry must be considered. Various methods
such as, Haversine formula, Napier’s cosine rule, Right-
spherical triangle, Spherical trigonometry, etc. are applied by
various researchers (Soler & Eisemann, 1994; Mantoro,
Akhtaruzzaman, Mahmud, & Ayu, 2015; and Geyer, 2016).

Azimuth Angle (a)

./ § (Satellite)
A N?,:)th . (Celestial Body)
/ Elevation Angle (v)
a [V
Up (u)
Prime
Meridian Earth
Station\(P) East (e)
__ /R | Latitude
ol /\¢ | -
Equator x /) ¢ >Y

Longitude
X 4

Figure 4: Conceptual Earth model for calculating Azimuth angle
(@) and Elevation angle (v) of Earth Station (P) for pointing a
Celestial Body (S) (Soler & Eisemann, 1994; Wang, Huynh, &

Williamson, 2013)

According to Geodetic Reference System 1980 (GRS-80) &
World Geodetic System 1984 (WGS-84), two important
geometric parameters of Earth Spheroid are size (a) and
shape ({). Here a is indicating the semi-major axis of Earth
(a=26,378137m ) and { is indicating the flattening
parameter of Earth shape ({~! = 298.257,223,563) (Soler
& Eisemann, 1994; and Geyer, 2016). The semi-minor axis
is indicated by b (b = 6,356,751 m).
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All the necessary calculations at the point of Earth station
(P) are with respect to the local geodetic coordinate system;
East (e), North (n), and Up (u) (Figure 4); which can be
presented as (e, n, u) coordinate at point P. Depending on the
(e,n,u) coordinate system, the components of PS (Earth
station to Satellite in Figure 4) needs to be transformed into
the components along (x,y, z) coordinate frame at point P,
which is parallel to the geocentric reference frame at point
O . This transform can be performed by multiplying a
rotational matrix [R] as presented in Equation (8) (Soler,
1976; Soler & Eisemann, 1994; and Wang, Huynh, &
Williamson, 2013).

=Sin A Cos A 0
[R] =|-Sin¢ CosA —Sin¢ SinA Cos qbl ®)
Cos¢pCosA Cos¢pSind Sing

Thus, the equation of (e,n,u) coordinate becomes, as
presented in Equation (9). Here (x,¥s, Z5) and (xp, Yy, Zp)
are the coordinates of Satellite (S) and Earth station (P).

e X Xs Xp
[n =[R]|y| = [R]{ysl—[ypl} 9)
u z Zs Zp

The rectangular coordinate (x,y, z) of Earth station (P) and
Satellite (S) can be calculated based on the well-known
curvilinear geodetic expressions as presented in Equation
(10) (Soler, 1976; Soler & Eisemann, 1994; Geyer, 2016;
Panou, Korakitis, & Delikaraoglou, 2018; and Medvedev et
al., 2018). Here, N is indicating the principal radius (Prime
Vertical Radius) of curvature which is determined using
Equation (11) (Geyer, 2016; Panou, Korakitis, &
Delikaraoglou, 2018; and Medvedev et al., 2018). Geodetic
height (Ellipsoidal height) is indicated by Hp.

x (N + Hp) Cos ¢ Cos A
y|=| (N+Hp) Cos ¢ Sin 2 (10)
z [N(1—0%) + Hp] Sin ¢

/ — (11)
(1 —o2%Sin%¢)

The eccentricity of the Earth ellipsoid is presenting by o.
Square of the eccentricity (o) is used in most of the cases of
calculation and is presented in Equation (12). Equation (13)
and Equation (14) are presenting necessary formulas and
values of the flattening parameter of Earth shape ({) and
other parameters.

- =72-0) (12)

(=22 (13)

a = semimajor axis = 6,378,137 m

{~' =298.257,223,563

b = semiminor axis = (1 —{)a = 6,356,751 m
0% = 0.006,694,379,990,14

2 _ az—bz _

(14)

Depending on Equation (10), geodetic longitude (A) and
latitude (¢) of Earth station (P) can be obtained from the
elements of the matrix, as presented in Equation (15) where,
i is the horizontal projection of Rp as shown in Figure 4, Rp
(Geocentric radius) is the distance of Earth station (P), and
Qrqq 18 the radian value of azimuth angle (a) (Panou,
Korakitis, & Delikaraoglou, 2018; and Medvedev et al.,
2018).
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A =tan™! (i—/)

o= ()

i=\x2+y2=(N+Hp)Cos ¢ (15)
Rp=ViZ+2zZ=(N+Hp)

traa = a("/180)

Three concepts of Earth radius can be formulated as the
function of latitude (¢) as presented in Equation (16). Thus,
the Earth radius varies if the ¢ changes. Figure 5 shows the
characteristic graphs of three types of radii: Geocentric,
Meridional, and Prime vertical; where latitude changes from
0° to 90°. In this study, the prime vertical radius concept is
applied for most of the calculations.

1
R((p) - ( (a cos$)?+ (b sing)?
_ el 16
M(¢) - (1_0_2 sin? ¢)3/2 ( )
N@p) = ;

(1—0251'1124))1/2

6400

6390 -

6380+

P

6370+

6360 -

6350 - .~ p
e S Geocentric Radius (R(¢))
6340 - P Meridional Radius (M{¢))
Prime Vertical Radius (N{¢))

Radius of Curvature (R_) in Km

e
o

6330 L I L L L L L L
0 10 20 30 40 50 60 70 80 90

Latitude (¢ in degree) converted into radian for simulation

Figure 5: Characteristics of radius changes in the variation of
Latitude (¢) from 0° to 90°; Geocentric R(¢), Meridional M(¢),
and Prime Vertical N(¢) Radiuses. In this study, the prime
vertical radius is considered (Geyer, 2016).

Azimuth angle (a) and point to point distance (topocentric
distance, d) between earth station (P) and celestial body (S)
can also be determined by using the spherical geometric
approximation as presented in Figure 6. Here, P, 4, and ¢
are presenting the position, Longitude, and Latitude of Earth
station. The straight-line distance OS between Geo-center
(0) and Satellite (S) intersects the Earth Equator at point U is
indicated as the sub-satellite point on Earth surface. From
triangle ASOP, distance d (topocentric distance) is possible
to determine by Equation (17) where r (0S) and Ry (OP)
can be known from Equation (10). Here, r represents the
geocentric distance of Satellite (S) from Earth center (0).

Now, by applying Napier’s rules on the spherical right-
angled triangle (AUVP ), the angle y (£UOP) can be
determined by applying the cosine rule as shown in Equation
(18) (Soler & Eisemann, 1994; Hyde & Bargellini, 2002). It
is important to know that, in the triangle AUVP; £PVU =
90°, £PVO = 90°, and £PUO = 90°. Figure 7 explains that
the Azimuth angle (@) is a function of angle 5. By applying
Napier’s rule, £f can be calculated as presented in Equation
(19) (Soler & Eisemann, 1994; Hyde & Bargellini, 2002;
Geyer, 2016). Possible calculation of a as a function of
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Satellite location coordinate (function of angle 8) on the
horizon of Earth station (P) is presented in Figure 7; if
Satellite is in NE (North-East) coordinate with respect to
Earth station, a is equal to § (a = B); for SE (South-East)
coordinate, « = 180° — f; for SW (South-West) coordinate,
a =180°+ f, and for NW (North-West) coordinate, & =
2(180°) — B.

Vertex z

o 7 e L i
. pocentric
@l R Distance
(d)
Radius of -
Satellite Orbit (r) y

EARTH
{Conceptual Model)

Satellite (5)

Spherical geometric approximation
of EARTH model

[Determining Azimuth Angle (a)

as a function of §].

Figure 6: Spherical geometric approximation to determine
Azimuth angle () as a function of angle 8 and the location of
Satellite (S) with respect to Earth station (P) (Soler &
Eisemann, 1994; Hyde & Bargellini, 2002; Roddy, 2006)

d =\/(r2 +R2—2rR, Cosy) (17)
Cosy = Cos ¢ Cos (A, — 4) (13)
B = Cos (Coty Tan ¢) (19)
N‘ Satellite
w
B —
P E
sY
NA
ﬂ=180°+ﬁ P E
w 8l o

S
Satellite '

Figure 7: Concept of Azimuth angle («) as a function of the
location of Satellite (S) (£8) with respect to Earth station (P)
(Soler & Eisemann, 1994; Roddy, 2006)

D. Rain Attenuation Analysis

Rain attenuation refers to the degradation of Microwave
Radio Frequency (MRF) signal caused by the
electromagnetic interference of atmospheric rain, snow, or
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ice. Attenuation can be influenced a lot for the frequency
band 10 GHz or more by the rain and precipitation (Kestwal,
2014; Shrestha & Choi, 2017). The phenomenon of rain
attenuation is related to the amount of rainfall and frequency
which leads to increasing path loss, restricting the scope of
coverage, thus debasing the system performance.
Communication for wireless networks depends on several
parameters such as, elevation angle (9) of Earth station, path
loss, specific and predicted attenuation.

i. Elevation Angle (9)

The elevation angle of the earth station is defined by the
angle v of the antenna created by the height of Satellite (S)
from the local horizon of the earth station (P), the concept is
presented earlier in Figure 4 (Soler & Eisemann, 1994). Rain
attenuation also depends on the Elevation angle which can
be calculated by Equation (20) for the (e, n,u) coordinate
frame of point P (Figure 4).

9 =tan™! ( (20)

u
m)

il. Slant Path Length (L)
Slant path through rain depends on the Elevation angle of
Earth station; low Elevation angle means long Slant path
thus rain has more effect and causes high rain attenuation.
Concept of slant path length (Lg in km) as the function of
rain height and elevation angle is presented in Figure 8.
According to the figure, Ly will be greater for lesser
elevation angle (9); such as, Lg; > Lgs for Earth station (P;)
to Satellite S; and S, as 9; < 9,. Slant Path Length (Lg) can
be calculated by using Equation (21) (Kanellopoulos, 2000;
ITU-R, 2003a; Adhikari et al., 2011; Nuroddin et al., 2013;
Lwas, et al., 2015; Shrestha, & Choi, 2017, 2019; and
Hossain & Islam, 2017; Fadilah, & Pratama, 2018). Rain
height and the average height of Earth station (P) above sea
level are presented as H, and Hp. Horizontal projection (Lg)
of slant path length is calculated based on Equation (22)
(ITU-R, 2003a; Adhikari et al., 2011; Nuroddin et al., 2013;
Hossain & Islam, 2017; Fadilah, & Pratama, 2018).

Figure 8: Concept of Slant Path and Slant Path Length (L;) as a
function of Elevation angle (9) and Rain height (H,.) (ITU-R,
2003a; Adhikari et al., 2011; Nuroddin et al., 2013; and
Hossain & Islam, 2017)

H.—H
Ls = (H, P)/Sinﬁ 1)
Ly = LgcosV (22)
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iii. Specific Attenuation (Ag)

Specific attenuation (Ag) indicates the rain attenuation per
unit distance (dB/km). It is a fundamental element in
calculating rain attenuation for a slant path. Model of
predicted rain attenuation also depends on the value of Ag.
Specific attenuation can be determined by using the power-
law as presented in Equation (23) (Ippolito, 1986; Nuroddin
et al., 2013; Kestwal, Joshi, & Garia, 2014; Hossain &
Islam, 2017; RACOM, 2018; Fadilah, & Pratama, 2018; and
Shrestha, & Choi, 2017, 2019). Here, Rain,,, presents
rainfall rate in mm per hour exceeded for 0.01% of the
average year which can be calculated from Equation (24)
where Rain,,,, is rainfall in mm, and T is the time interval
in minutes (Kestwal, Joshi, & Garia, 2014).

Ag = k(Rainrate)w (23)
. . 60
Rain,g i = Raing, gy (T) (24)

If Rain, 4t is 0 (zero), there will be no attenuation (due to
rainfall) for RF propagation. The values of k and w depend
on frequency (range: 1 to 1,000 GHz) and polarization of
electromagnetic (EM) wave. The values of these parameters
can be calculated from Equation (25) which is derived from
curve-fitting and power-law coefficients. Values of the
necessary parameters can be obtained from the references
included in the reference section (ITU-R, 2003b; ITU-R,
2005; Kestwal, Joshi, & Garia, 2014).

log f-bj

2
logk = Y7, (aj exp [—( 5 ) D +my log f + ¢,

5 log f-bj 2
w=2j=1 a; exp —<C—) +mylogf +c,

J

(25)

The values of k and w can also be determined through
interpolation of the logarithmic scale for k and linear for w.
The popular equation for determining k and w is presented
in Equation (26) (ITU-R, 2003b; ITU-R, 2005; Nuroddin e?
al., 2013; Yussuff, & Khamis, 2013). These equations are
used to determine specific rain attenuation for the designed
Link Budget Tool for X-Band satellite communication as
presented in this manuscript.

_ (kpg+kp+(kg—ky) Cos?9 Cos 21)

2
_ kywptkywyt+(kgwp—kywy,) Cos?9 Cos 2t (26)
2k

k

Here 9 is elevation angle and 7 is polarization tilt angle
relating to horizon values of frequency-dependent
coefficients, ky, k,, wy, and w, were determined from the
listed values presented in the references; ITU-R (2003b),
ITU-R (2005), Nuroddin et al. (2013), and Yussuff, &
Khamis (2013).

iv. Effective Path Length (Lg)

Effective path length (Lg) is the average length of the slant
path (Ls) through the cell of uniform rain. Thus, L is always
smaller than Lg which leads to the factors of vertical and
horizontal path reduction (Mello & Pontes, 2012). In this
Link-budget tool design, the effective path length is
calculated using Equation (27) (Nuroddin et al., 2013,
Yussuff, & Khamis, 2013; Abdullah, Ismail, Badron, &
Hashim, 2018).

Lg = Lgvy o1 27
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Here, L, is reduced path length and vy,; is a vertical
adjustment factor (for over 0.01% of the average year). The
value of L, depends on horizontal adjustment factor (7 44)
for over 0.01% of the average year and the value of new
elevation angle (9) which are determined from Equation (28)
to Equation (32) (Nuroddin ef al., 2013, Yussuff, & Khamis,
2013; Zhiger, 2017; Abdullah, Ismail, Badron, & Hashim,
2018). In Equation (32), y is measured in degree and ¢ is the
latitude of the earth station.

1

Too1 = (28)
ot 1+(0.78 %)—0.38(1—{“&1)
9 = tan™? (M) (29)
Lgro.01
Lgro01 ., g
L= CosD if9>9 30)
R Hy—Hp . 1§ <9
Sin 9 lf -
1
Vo.o1 = 9 (31)
14+VSin ﬂ<31<1—e_(m)>(—%§2‘45)—0.45>
_(B6—lgD) if o] <36°
x= {0 if |p| = 36° (32)

ix. Predicted attenuation (A,)
Predicted rain attenuation (A,) exceeded for 0.01% of an
average year can be calculated by Equation (33) where Ag
and Ly are the specific attenuation and effective path length
respectively. Effective path length vs. predicted attenuation
graphs for various rain rates are presented in Figure 9.

Ap = AS LE (33)

107 =

P
64
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| —— Rain rate 20 mm/h
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-{ = Rain rate 140 mm/h |--
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Predicted Attenuation (A, ) in dB

Figure 9: Predicted Attenuation (Ap) behavior over the
variation of Effective Path Length (L) for various rain rate
situation (Al-Saegh, et al., 2014; Panchal & Joshi, 2016; Kestwal,
Joshi, & Garia, 2014)

E. Parameters of Receiver Antenna

Wavelength (1), Efficient area of receiver antenna (Aggy),
Receiver antenna gain ( Gy, ), and Effective Isotropic
Radiated Power ( EIRPs;; ) can be determined using
equations from (1) to (4) where €g,., dgy, and Pg, should be
used as efficiency, diameter of receiver antenna, and receiver
power, respectively.

i. Link Margin or Weather Margin (W)
Link margin, Fade margin, or Weather margin (;,,) defines
the margin of safety of received signal power while a
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temporary attenuation or signal fading occurs at the receiver
antenna. Determining the optimum link margin is very
important because a small margin will make the link
unstable and a large margin will make the link expensive.
Though, selection of W, is an iterative and arbitrary process
and depends on the knowledge of the designer, it is related to
the receiver’s sensitivity. Weather margin (W, ) can be
calculated by using Equation (34) (TRANZEO, 2010; CS,
2016; RACOM, 2018).

Win = Pry — Spx (34)

The power level (Pg, ) arrived at receiver as input signal can
be derived by Equation (35). Receiver sensitivity (Sgy) is
related to the units of microvolt (uV) which needs to be
converted into unit of power (dBm). The conversion method
is presented in Equation (36) (CS, 2016), where V is rms
voltage of uV, R, is the resistance of the system, and p is a
constant factor (p = 30 for RF320 series).

Prx = Pry = Lerx + Gpy — FSPLpy + Gy — Lepy (35)

(v 1076)?
Spx = 101ogyo The | TP (36)

il. RxAntenna G/T (GTg,)

Earth station antenna gain-to-noise-temperature (G /T or
GTg,) is figure-of-merit which presents the performance of
the receiver antenna (Capela, 2012). Value of G /T is usually
expressed in dBK ™! and can be determined by Equation (37)
(Al-Dalowi, Khoshnaw, & QasMarrogy, 2017; KYMETA,
2019). Here Gg, is antenna gain of receiver and Ty, is
system noise temperature.

GTry = Grx — (1010810 Try) (37)

iii. Down Link Path Loss (PLg,)
Down link free space path loss (Lg,) can be determined by
Equation (38) (Elechi, & Otasowie, 2016; Ranjan, et al.,
2018). Here d is indicating the distance of the satellite from
the receiver antenna. Characteristic graphs of down link path
loss of the X-band frequency range for the variation of
Topocentric distance are shown in Figure 10.

— 4md
PLgy = 20logy ( /5 (38)
185 T T T T T T
180 F
3]
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= 175
—
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—
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Figure 10: Characteristics of Downlink Path Loss (PLy,) over
Topocentric distance (d) for frequency ranges: 8 GHz - 12 GHz
(Bazzi, Giorgetti, Pasolini, & Schena, 2005; Elechi, & Otasowie,

2016; Ranjan, ef al., 2018; Song, & Schnieder, 2019)
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iv. Down Link C/N Ratio (CNRy,)
Down link Career to Noise Ratio (downlink C/N Ratio or
CNRpy,) can be ascertained by Equation (39) (Mebrek,
Abderrahmane, Himeur, & Bendoukha, 2012; KYMETA,
2019). Here, Boltzmann’s constant is defined as kpo;r =
—228.6, the atmospheric loss is indicated as Ly, , and
bandwidth is indicated as bw.

EIRPS(IC - PLRx - 10 loglo(bw)

4. DESIGN OF THE LINK-BUDGET TOOL

Link analysis for satellite communication (link budget) is
basically the theoretical study and mathematical modeling of
the satellite system resembling the behavior of RF signal
propagation and transmission. The analytical model
comprised of some input parameters through which some
output values are determined to predict some necessary
parameters for the establishment of an RF satellite link.

CNRzy = L T g W — 1 (39) Table 1 presents input and output parameters that are
cre + G lRx voit T Win = Latm necessary for satellite link budget analysis and design of the
Link Budget web application tool.
Table 1
Parameters in designing Link Budget Tool for military X-band satellite communication
ANALYSIS INPUT OUTPUT
POINTS PARAMETERS PARAMETERS
Speed of light (c),
Frequency (f), Wavelength (1),
Diameter (dr,), Effective area (Aery),
TRANSMITTER Efficiency (e7), Gain (Gry),
ANTENNA Output power (Pry), EIRP,
Cable loss (L¢ry), FSPL,
Distance: Antenna to Satellite (d), GTry
Boltzmann cons. (Kpo¢), Uplink C/N ratio CNR,
Bandwidth (bw)
SATELLITE EIRP,&d Satellite Power Flex Density (PFD)
-, e, n,u) coordinate,
Antenna position (xp, Yy, Zp), Igzimut)h angle (@)
Satellite position (xs, ys, Zs), Principal radius (1\})
AZIMUTH AND Rotation Matrix [R], Eccentricity (o) ’
DISTANCE Latitude (¢), Flattening (0),
ézgglg;gig;ilt (H,) Topocentric dist. (d),
P Angle (£8)
. Elevation angle (9),
g'."'}’l‘).c‘}’l‘t’“};nate' Slant path length (Ls),
ng; e'glcghei( hrt)iH ) Horizontal projection (L),
RAIN Raxint rate (Rgin P) ’ Specific attenuation (4s),
ATTENUATION Polarizati Rate)s Effective path length (L),
olarization fa.ct.ors (k), Reduced path length (Lg)
Co.nst.ant coefflaent (@), Horizontal & vertical adjustment factors (191 & vg.01),
Principal radius (N)
Predicted attenuation (4p)
Transmitter power (Pr,), 5
Transmitter & receiver cable loss (L¢ry & Legy), \E/:\;?vil_ength (A)A
Transmitter gain (Gry), Gaienc(lge z;rea (Aerx),
Rx)»
RMS v V) EIRPsqr,
RECEIVER Cometant factor ) Power level (Py),
ANTENNA Pl Sensitivity (Sgy),

System resistance (Rg),

System noise temperature (Tg,),
Topocentric dist. (d),
Boltzmann’s constant (kp¢),
Atmospheric loss (Lgtm)

Weather margin (W,,),
Antenna G/T (GTgy),

Down link path loss (PLgy),
Down link C/N (CNRg,)

The web-application tool is developed based on HTML,
PHP, Javascript, and MySQL. The database is designed at
the back end to store user information and calculated data.
The web-application tool is designed so that the tool can be
used through the internet from anywhere. The tool also can
be used in portable devices independently on the local
server, if necessary. Javascript (scripting language) is used
for necessary calculation, thus for any calculation command
the tool responds very fast in producing necessary results
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without reloading the web tool. Ajax script is used for
submitting and retrieving data to and from the server.

A. Conceptual Diagrams and Design

Users of the Link Budget tool are categorized mainly into
two types; firstly, the Unregistered users, who can access the
tool to perform all the available calculations without saving
or retrieving any action; secondly, the Registered users, who
have to login the system to perform necessary calculations.
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Registered users again categorized into two: Active-user and
Peer-user. Active-user has access to change input
parameters, store and retrieve data, view usages histories,
and create Peer-users. On the other hand, Peer-user can only
view the calculated results of its corresponding Active-user.
In military activity, some troops who are connected with
Earth Station through modem, hub, WiFi, or Cloud; may
need to know the status and related information of satellite
links. To support this notion, the Peer-user concept is
adopted in this design. Active-user will be at the Earth
Station while Peer-users are in mobile on the ground.

The process flow diagram of the designed web-application
tool is presented in Figure 11. At the beginning stage,
unregistered users have access to use the Web Tool.
Registered users will log in to the system by using their
username and password. Depending on the access
permission, users will be directed to their corresponding
page. At this stage, both users will view last updated
information where Peer-users will view only the calculated
information and Active-users will view all the necessary
input and output parameters. Active-users will be able to
change input parameter values when required and use the
“Calculate” button for performing the new calculation. For a
successful calculation, the system will display the updated
results and send an Ajax request to store the updated
information into the server. For a better understanding of the
system, a conceptual Data Flow Diagram (DFD) is presented

in Figure 12.

L
Link budget

(View Page)
L
5ign in

Y

Peer-user Active-user

Y
View page
(limited)

User
validation

Y
View page
—| (Full access) [«

|

L

Input
Parameters
T

Y
CALCULATE

Yes

No
| Yes

Store Data |—

N

- END

q—l Yes

Figure 11: Process flow diagram of the designed Link Budget
Tool for X-Band satellite communication
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Figure 12: Data Flow Diagram (DFD) of the designed Link
Budget Tool for X-band satellite communication

Detail data flow from user interfaces (view page) to
Database (DB) through some processes are presented in the
DFD (Figure 12). The calculation process is the Link Budget
Engine (LBE) of the proposed web tool which can be
accessed through View Page (a) of Unregistered users and
View Page (b) of Active-users. After the process of any
calculation, the LBE sends a request to DB for storing the
data. The stored information can be retrieved by Active-
users (View Page (b)) and by Peer-users (View Page (c))
through DB Interface. It is to note that, View Page (c) has
limited access comparing with the View Page (b) as
explained in the Process Flow Diagram (PFD). Active-users
can switch the View Page with View Reports to retrieve
previous datasets and view usages history. At this stage,
Active-user can update the user profile and create a Peer-
user account.

The database schema, shown in Figure 13, is the logical
view of the entire database of the proposed Link Budget tool.
The schema presents the relational connectivity among seven
entities. The entity “users” has one-to-many relations with
other six entities, “transmitter”, “receiver”, “satellite”,
“rainatten_tx”, “distance_tx”, and “distance_rx”. The
“users” entity has a self-referential foreign key,
“user_peerto”, to maintain the hierarchy of Active-user and
Peer-user. Basically, the Peer-user contains Active-user 1D
to indicate peer to that Active-user. On the other hand,
Active-user may contain “NULL” for its self-referential
foreign key as it is not a peer to itself. There is no weak
entity in this schema.

rainatten_tx

n g3 daz xbanddb distance_rx
¢ distance_rx_id : bigint(20)
¢ 4 user_id - bigint(20) unsigned
*u o daz band ":,“distance_tx
Ta distance_tx_id : bigint(20)
i # user_id - bigint(20) unsigned *
¥ sty alfituda
no T
™| @ user_id : bigint(20) unsigned
@ user_email : varchar(30)
@ user_password : varchar(50)
@ user_affiliation : varchar(50)

int(11)
b users

# user_type :int(11)
¢ 4 user_peerto - bigint(20) unsigned
m user_date - datetime

no daz,xbanddt

g raintx_id : bigint(20)

¢ 4 user_id - bigint(20) unsigned

anddb receiver

ng daz.xb

g rx_id : bigint(20)

™4 4 user_id - bigint(20) unsigned

nQ daz xbanddb satellite

»r-) | @ sat_id - bigint(20)

4 4 tx_id : bigint(20) unsigned
int(11)
b transmitter

u_eat_latituda
ng daz.xbandd
¢ tx_id : bigint(20)
§ 4 user_id : bigint(20) unsigned
# tx_latitude : int(11)
# tx_longitude : int(11)

Figure 13: Database schema of the proposed web tool
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B. User Interface of the Web Application Tool

User interface for the active-user of the designed Link
Budget Tool is presented in Figure 14. The interface has
access to change input parameter values and calculate
necessary output parameters on demand. The page is divided
into six sections: TRANSMITTER (7x) Earth Station,
SATELLITE (Celestial Body), RECEIVER (Rx) Earth
Station, DISTANCE (7x), DISTANCE (Rx), and RAIN
ATTENUATION. The “Calculate” button (found at the
bottom of the page) can be used anytime if there is a change
in input parameters and at the same time an Ajax request will
be sent to the server without submitting the page which
makes the system faster for calculation response. The
“Reset” button (at the bottom of the interface) will help
Active-users to set last updated data if necessary. At the top
of the user interface, four navigation links exist through
which users can perform some actions on demand. The links
are: “HOME”, “STATISTICS”, “SIGN UP”, and “SIGN IN".
“HOME” links to the corresponding user home page. “SIGN
UP” and “SIGN IN” links are to register for new accounts
and log in to the system, respectively. The link “SIGN IN”
will change to “SIGN OUT” if any user is logged in the
system. The navigation link “STATISTICS” will switch the
user home interface to another page on which Active-user
can access to the usage history, user profile (view and
update), create new Peer, and update or delete existing peers.

The Peer-user interface (home page) will show limited
information compare to the Active-user interface. The
interface will present only the calculated parameter values.
There will be no input option for changing input parameters
as the user is a peer to the corresponding Active-user.

A Peer-user may be an Active-user if (s)he sign-up.
Similarly, an Active-user may be a peer to another user if
(s)he is chosen as a peer. In that case, the user will find a
peer-list in “STATISTICS” page of the designed web tool.

Lattitude (P5,) (deg) 5

LINK BUDGET TOOL FOR X-BAND

C. Features of the Web Application Tool

In terms of design interfaces, the proposed link budget web
tool is quite different compared to the other existing web
tool found on the Internet. Other than calculating necessary
parameters, the web tool provides some extra facilities and
options for the users. The tool presents multiuser support,
peer user concept, and usage history retrieval for future
analysis if necessary. The following features can be
highlighted for the designed web application tool.

e Necessary calculations on a single screen window

e  Multiple types of user support (Registered (Active-
user & Peer-user) and Unregistered users)

e  The database is used in the back-end; thus, the tool
can store user and usages data for future analysis if
necessary

e No need a special setup like MATLAB, Visual Basic
(VB), Spread sheet, etc. Just connect with the
Internet and browse

o  Unregistered users have instant access but no save or
retrieve support

e Registered users have store and retrieve access, can
create peer users, and view usages history

e Database admin can generate users and usages
history reports

D. Security Issues

To ensure a secured web application tool, the most popular
and secured MySQL database server is used with MySQLi
database driver and Secure Hash Algorithm (SHA1) for
encryption. While implementing, some other important
issues are considered, like SQL injections, XSS (Cross-Site
Scripting), Session management, Insecure Direct Object
References (IDOR), Broken authentication, Exposing
sensitive data, Security misconfiguration, Cross-Site Request
Forgery (CSRF), and Input validation check.

41.0000 SATELLITE COMMUNICATION 1= (@r)(deg) 23.9990
Longitude (izs) (deg) 29.0000 HOME | STATISTICS | SIGNUP | SIGNIN Longitude (1) (deg) 90.3890
Earth station (height) (2 ) (km)  [6378.1400 Earth station (height) (1) (am)  6378.1400
Frequency (f) MEz) 14000.0000 Frequency (f) (MHz) 12000.00
Diameter (d7) (m) 2.4000 Diameter (dg) (m) 22000
Efficiency (egy) 10.6500 Efficiency (zz,) 0.6500
Efficient Area (4,7,) (m?) 2.9405 Efficient Area (4,7,) (m?) 02.4709
Output Power (Pz,) (dBm) 11.1800 Output Power (Pf,,) (dBm) 1.1800
Cable Loss (L) (dBm) ‘0 4358 Cable Loss (Lopy) (dBm) 0.4358
Antenna Gain (Gr) (dBm) 49.0625 Weather Margin (1},) (dB) 75000
Topocentric Distance (dp,) (km) 37975.7754 TE Antenna Gain (Gg,) (dBm) 49.0625
Noise Temperature (T7;) (dB) 3350.0000 Lattitude (Ds,,) (deg/min) 4 0.0000 Topocentric Distance (dp) (km) 41975.7275
Bendwidth (377) (Hz) 36000000.0000 Longitude (As,) (deg/min) 7.0000 Noise Temperatwe (7) (@B)  [2500.00
Atmospheric Loss (L) (8B)  0.3500 Distance (a) (km) 421645700 Bandwidth (B77) (Hz) 360000000000
EIRP (dB) 49.8067 Satellite EIRP (EIRP;,,) (BW) 49.3067 | Atmospheric Loss (Z ;) (dB) 0.3500
Path loss (FSPL) (dB) 206.9526 | Satellite PFD (PFDg,) (BWim?)  -112.7600 Dovwnlink Path loss (PLg,) (4B)  206.4836
Antenna G/T (GT,) (dB) 13.8121 Uplink C/N ratio (CARp,) (dB) 9.3530 Antenna G/T (GTg,) (dB/K) 43.6434

9.3530 Downlink C/N ratio (CNRg.) (dB)  46.9299

Uplink C/N ratio (CNRp,) (dB)

Geodetic height (Hp,) 0.0000

Lat distance (48 ~®5-®5,) (deg) 41,0000

Long distance (4/p =/s-1p) (deg) 22.0000

Azimuth angle (ap) (deg) 211.64470166507
Elevation angle (9p,) (deg) 31.47737181814
Topocentric distance (dp)) (km) 37975.7753780652

Rainfall rate (Raing,,,) (mm/hr)

Rain height (&) (km)

Slant-path length (Lg, ) (km)
Horizontal projection (Ly, ) (km)
Specific Attenuation (45 ) (dB/km)
Predicted attenuation (4 p”) (dB)

" Downlink C/N ratio (CNRg,) (dB) 46.9299

e - .
10.0000 Geodetic height (Hp ) () 0.0000
52000 Lat distance (48 =B85 (deg) 23.9990
9958.5993172155 Long distance (4/p =is-1p) (deg) _83.3890
8493.156089513 Azimuth angle (ap,) (deg) 267.31999057901
11.7429 ' | Elevation angle (3p,) (deg) -9.00185131062
Topocentric distance (dp) (km) 41975.7274613061

116940.0000

Figure 14: User interface of the proposed Link Budget Tool with six sections: TRANSMITTER (Tx) Earth Station, SATELLITE
(Celestial Body), RECEIVER (Rx) Earth Station, DISTANCE (Tx), DISTANCE (Rx), and RAIN ATTENUATION (Tx and Rx). The
highlighted texts and values are indicating the output parameters which cannot be changed while the un-highlighted texts and

values are the input parameters that can be changed on demand.
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5. COMPARATIVE ASSESSMENT AND RESULTS

To evaluate the performance and validate the designed Link
Budget web application tool, a comparative analysis is
performed among various existing web tools and available
functions of MATLAB. Results show that the applied
methods are correct and viable to produce accurate results,
although some minor errors are encountered. It is important
to note that, not all the available web tools found on the
Internet are producing the same results, there are some
fluctuations in the results.

A comparative analysis is conducted focusing on some
output parameters, such as: distance analysis (Topocentric
distance, Azimuth angle, and Elevation angle), Uplink
parameters, and Downlink parameters. For the actual error
calculation, the minus ‘—’ sign represents greater value and
the plus ‘“+’ sign represents a smaller value of X-Band result
than the results of compared web tools or functions. The ‘%
of error’ (PoE) is calculated based on Equation (40).

Calculated value—Observed value

PoE =

x 100 (40)

Calculated value

A. Comparison of Distance Parameters

To compare distance parameters, three important output
parameters are chosen: Azimuth angle («), Elevation angle
(9), and Topocentric distance (d ). Five existing web
calculator tools are selected among which two web tools
(Satcom Services Networks, 2020; and OMNI, 2020) present
their calculation methods and equations. Three web tools
(Cross, 2020; TutorialsWeb, 2020; and TRIAXMAN, 2020)
do not describe any calculation methods or equations. Four
different MATLAB functions are also chosen to compare
and evaluate the performance of the designed X-Band web
application tool. Table 2 presents the comparison results
among selected and designed web tools and functions.

Calculation of a, 9, and d depend on six input parameters:
Latitude of earth station (¢p), Longitude of earth station
(1p), Height of earth station (hp), Latitude of satellite (¢s),
Longitude of satellite (Ag), and Satellite orbital radius (hg).
Satcom Services Networks (2020), TutorialsWeb (2020),
and MATLAB functions 2 & 3 do not produce any results
for Topocentric distance (d). OMNI (2020) also does not
produce Topocentric distance (d), rather it produces distance
on the Earth surface using Haversine formula. Results of
Elevation angle () was not found for OMNI (2020) and
MATLAB function 2 & 3. All the chosen web tools and
MATLAB functions produce results for Azimuth angle ().
For no output results, “Not a Number” (‘NaN’) is used as
shown in Table 2.

The output of designed web tool (X-Band) for Topocentric
distance ( d ) shows the same result as produced in
TRIAXMAN (2020), thus Percent of Error (PoE) is about
0.00% . The result shows errors comparing with Cross
(2020) (actual error d, = —2827.43km and PoE is
—7.4454%), and MATLAB functions 1 & 4 (actual error
d, = —2664.68 km and PoE is —7.0168%).

In terms of the elevation angle (), the X-Band result shows
an exact match with the outputs of MATLAB functions 1 &
4. Results compared with other web tools show some errors;
actual errors +0.1366° ( +0.4340% ), +0.9911°
(+3.1486% ), —6.0153° ( —19.1100% ), and —6.0826°
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(—19.3240% ) are found for Satcom Services Networks
(2020), Cross (2020), TutorialsWeb (2020), and
TRIAXMAN (2020) respectively.

PoE of Azimuth angle («) is found as 0.00% for MATLAB
function 1 which indicates the same output values (no actual
error). The result (a) of X-Band compared with three web
tools (Satcom Services Networks, 2020; OMNI, 2020; and
TRIAXMAN, 2020) shows identical PoE (+0.0082%) as
the calculated values show same actual errors ( a, =
+0.0174). MATLAB functions 2 & 4 show actual errors as
+0.0184° and —0.1209°, respectively; producing PoE as
+0.0087% and —0.0571% individually. MATLAB function
3 does not produce ‘Great Circle track value’, rather it
produces ‘Rhumb Line track value’. This raise demands
further analysis of these two concepts in designing the Link
Budget web application tool.

Scrutinizing results shows that the outputs of d, a, and 9
produced by X-Band web tool are accurate in most of the
cases, although there exist some little fluctuations of errors.
The bigger errors found in some comparisons reflect that
further study and analysis are needed for those
corresponding web tools as any authenticated methods or
equations are not found from their websites.

Results of Azimuth angle («), Elevation angle (9), and
Topocentric distance (d) are simulated for the variations of
Longitude of a celestial body (Satellite A5) ranging from
5.00° to 53.00° as presented in Figure 15, Figure 16, and
Figure 17. Changes in the of Azimuth angle show almost
linearly decreasing characteristics (Figure 15). This is
because of the chosen coordinates of the Earth station and
Satellite. Variation of longitude reflects the movements of
the Satellite on the Equator plane as the latitude is 0.00°,
while the position of Earth station is at the North side of the
Equator (41.00°N 29.00°E). With the reference point of the
chosen Earth station, the Satellite is moving from West to
East, thus the changes of Azimuth angle show decreasing
characteristics.

The behavior of Elevation angle () changes with the
variation of Satellite longitude (Ag) is presented in Figure 16
where dome shape characteristics are observed. This is
because, when the Satellite is orbiting from West to East on
the Equator plane, with the reference tangent plane of Earth
station, the height of the Satellite is increasing till the
longitude of 29.00°E and then decreasing, thus Elevation
angle (look angle) shows increasing and decreasing behavior
creating the dome shape characteristics. Results of compared
web tools and MATLAB functions follow the same behavior
pattern while the Satcom Services Networks (2020) results
produce dome shape behavior but follow different path.
Further analysis is necessary to explain this different
characteristic.

Changes of Satellite positions from 5.00°E to 29.00°E
reduces the Topocentric distance (d) as it reached to its
shortest distance at this point. After that, the distance is
increasing to 53.00°E. Thus, the variations of d show about
boat shape characteristics as presented in Figure 17. Results
of compared tools and functions show similar characteristics
while the results calculated in OMNI (2020) are little far
from the other because it presents distance on Earth surface
by using Haversine formula, not the Topocentric distance in
between Satellite and Earth station.
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Table 2

Comparison of Azimuth angle (a), Elevation angle (9), and Topocentric distance (d) among various methods and
web tools (Satcom Services Networks, 2020; OMNI, 2020; Cross, 2020; TutorialsWeb, 2020; TRIAXMAN, 2020).

INPUT REFE[SNCES RESULTS ACTUAL
PARAMETERS USED EQUATIONS OR FUNCTIONS ERRORS
Satcom Services Networks (2020):
_ —1 (tan(Ap—A2s)
a = 180 + tan (—Sin(¢P) )
2 (h )P (h)? a = 211.6300° a, = +0.0174°
9 = tan™1 (M) 9 = 031.3408° 9, = +0.1366°
2phy, . e N
, 1, d = NaN d, = NaN
u= ((h,,) + (hs)? — 2hyhg cosepy, cos(2, — As))
d = Not available
OMNI (2020):
_ 1 (sin(As—Ap)cosgs)
@ =tan ((C05¢p sin ¢ps—sin ¢p cos Ps cos(/ls—lp)))
9 = Not Available @ = 211.6300° a, =+0.0174
9 = NaN Ve = NaN
Haversine formula (use radian): d = NaN d. = NaN

Earth Station (P

Latitude
¢p =41.0°

Longitude
Ap =29.0°

Earth Radius
hp = 6378.14 km

Satellite (S)

Latitude
¢s =0.0°

Longitude
).s =17. Oo

Orbital Radius
hg = 42164.57 km

Distance (dg) on the Earth surface.

d=a <2 tan™! (\/‘1/%))

q = sin? (—(¢s;¢”)) + cos ¢, cos ¢ sin® (@)

Cross (2020):

Equations are not available.

TutorialsWeb (2020):

Equations are not available.

TRIAXMAN (2020):
Equations are not available.

MATLAB Function 1:

wgs84 = wgs84Ellipsoid('kilometer’);

[e, n, u] = geodeticZenu(¢g, A, hg, ¢p, Ap, hp, wgs84);
[a, 9, d] = enu2aer(e, n, u);

OR

[a, 9, d] = geodetic2aer(¢ps, A, hg, Pp, Ap, hp, wgs84);

MATLAB Function 2:

% 'gc’ (Great Circle) track value...

a= aZimuth(’gC’, ¢p, lp, ¢Sl 15),'

MATLAB Function 3:

% 'rh' (Rhumb Line) track value...

a =azimuth('rh’, ¢p, Ap, Ps, As);

MATLAB Function 4:

% Available at MATLAB R2013a... (h,, = hy = meters)
[9, d, a] = elevation(¢y, Ap, hp, ¢s, A5, hs)

X-Band (Link-budget) Equation (7)-(20):
a =tan"(¢/p)

e Xs Xp
., = [R]3[¥s| — |W
9 = tan (u m) [Z] [ ZS] LZ”

Cosy = Cos ¢y, x Cos(As — 2p)

y
d= ((hs)z + () = (2 hs hy Cos 7))

dy = 5070.00 km

a=211.2183°
Y = 30.4863°
d = 40803.21 km
a =211.6165°
9 = 037.4927°
d = NaN
a = 211.6300°
Y = 037.5600°

d = 3797536 km

a = 211.6447°
9 = 031.4774°
d = 40640.46 km

a =211.6263°
Y = NaN
d = NaN

a = 206.0401°
¥ = NaN
d = NaN

a =211.7656°
9 = 031.4774°
d = 40640.46 km

a = 211.6447°
9 = 031.4774°
d =37975.78 km

dpe
= +32905.78 km

a, = +0.4264°
Y, = +0.9911°
d, = —2827.43 km
a, = +0.0282°
Y, = —6.0153°
e = NaN
a, = +0.0174°
9, = —6.0826°

d, = 0000.42 km

a, = 0.0000°
9, = 0.0000°
d, = —2664.68 km

a, = +0.0184°
9, = NaN
d, = NaN

a, = +5.5866°
Y, = NaN
d. = NaN

@, = —0.1209°
9, = +0.0000°
d, = —2664.68 km

@, = 0.00°
9, = 0.00°
d, = 0.00 km

Note: Values in the table are obtained from direct outputs of the reference webtools, simulated MATLAB Functions 1 to 4, and Implemented
X-Band (Link-budget) equations. Errors are determined by comparing the obtained values with the results of the
proposed Link-budget Web Tool for X-Band Satellite Communication.
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Figure 17: Characteristics of Topocentric distance (d)
variations with the changes of Satellite longitude (4s)

B. Comparison of Uplink Parameters

Comparison of Uplink parameters include Efficient area of
transmitter antenna (A.r,), Antenna Gain (Gr,), Effective
Isotropic Radiated Power (EIRP), Free Space Path Loss
(FSPL), Antenna G/T (GTy,), Career to Noise Ratio (CNR),
and Satellite Power Flex Density (PFD). Results of X-Band
are compared with five available Web Tools found on the
Internet, which are: Satcom Services Networks (2020), SWA
(2020), everithingRF (2015), Johnston (2019), and
SatcomUK (2015). Comparison results are presented in
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Table 3 which indicates that not all results can be generated
from the available online tools comparing with the results of
the proposed X-Band Link Budget tool.

Outputs of 4,7, are not generated by any of the selected web
tools. Satcom Services Networks (2020) does not produce
any output for PFD. SWA (2020) does not have Gy, GTyy,
CNR, and PFD calculators. The results of GTr,, CNR, and
PFD are also not found in everithingRF (2015).

Table 3
Comparison of Uplink Parameters among various web tools
(Satcom Services Networks, 2020; SWA, 2020; EverithingRF,
2015; Johnston, 2019, SatcomUK, 2015)

REFERENCES & ACTUAL
USED EQUATIONS OUTPUT ERRORS
Satcom Services Networks (2020):
G = 101ogyo(ery) + 20log1o(fdry)
™7 +(-159.59) 049.0659 dB —00.0030 dB
[Note: corrected equation]
EIRP = 1010g,0(Pry) + Grx 049.7847 dB —00.0010 dB
FSPL = 201ogo(fd) + 92.5 B
( is 14 GHz) 207.0127 dB 00.0601 dB
GTry = Gry — 1010g10(Try) 013.8155 dB —00.0034 dB
CNR = BIRP = FSPL + Gy — 009.2745 dB +00.0785 dB
10 lOglo(BW) - kbolt - Latm ' '
SWA (2020):
EIRP = Ppy — Lepy + Gry 049.8067 dB 00.0000 dB
_ 4mdf/ \ _ _
FSPL = 2010g1o (" /c) = Grx ~ Grx 108.8355 dB +98.1171 dB
(d in meter)
everithingRF (2015): (Parabolic Antenna Gain)
2
Gre = 1010g10 (k ("7/;)) 049.0625 dB 00.0000 dB
EIRP = Pry — Lepy + Gry 049.8067 dB 00.0000 dB
_ 4mdf \ _ _
FSPL = 201ogso (" /) = Grx ~ G 108.8355 dB +98.1171 dB
(d in meter)
Johnston (2019):
Gry 049.0565 dB +00.0060 dB
EIRP 049.7753 dB +00.0314 dB
FSPL 206.9627 dB —00.0101 dB
GTry (as input) 013.8121 dB 00.0000 dB
CNR 009.6616 dB —00.3086 dB
PFD —112.82dBWm™2  +00.04 dBWm?
SatcomUK (2015):
Gry 049.0600 dB +00.0025 dB
EIRP 050.2400 dB —00.4333dB
FSPL 207.1600 dB —00.2074 dB
GTry (as input) 013.8121 dB 00.0000 dB
CNR 009.9400 dB —00.5870 dB
PFD —112.52dBWm~%  —00.26 dBWm?
X-Band (Link-budget):
Agry = T(rry)2ery 002.9405 m? 00.0000 m?2
2
Gry = 10logg (sm (”d”/i) ) 049.0625 dB 00.0000 dB
EIRP = Gy + Pry — Lery 049.8067 dB 00.0000 dB
FSPL = 201logo(fd) + 32.44
(f in GHz & d in meter) 206.9526 dB 00.0000 dB
GTrx = Gy — 1010810(Try) 013.8121 dB 00.0000 dB
cNR = FIRP = FSPL = 101log;, (bw) 009.3530 dB 00.0000 dB
+ GTTx - Latm - kbolt
PFD = EIRP — 101log,,(4 m d%) —112.76 dBWm? 0.00 dBWm?
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All the output parameters except Gain ( Gy, ) can be
calculated in Johnston (2019) and SatcomUK (2015).
Related input parameters with relevant values are presented
in Table 4. Based on the results found in Table 3, PoEs are

calculated and presented graphically in Figure 18.

Table 4
Uplink input parameter values for necessary calculations

PARAMETERS

VALUES

Speed of radio wave
Frequency

Antenna diameter
Wavelength

Antenna or Aperture ef ficiency
Efficient area of antenna
Transmitter output power
Cable loss

Antenna gain

Topocentric distance

System noise temperature
Bandwidth

Boltzmann constant

Atmospheric loss

¢ =299792458 ms~*
f=14x10° Hz
dry =24m

1= C/f =0.021413747 m

&7y = k = 0.65 = 65%
Agry = 02.9405 m?

Pr, = 1.18 dBm

Lery = 0.4358 dBm

Gry = Gpye = 49.0625 dBm
dp, = 37975.7754 km

Trx = 3.350 x 10° dB
BW =36 x 10° Hz

kpore = —228.6

Laem = 0.35dB

pED | +00.839%
CNR}

GTF -00.0248 B
oy FSPLEE -o0.0z5% ]
T ERPE +00.04455 ]

GF I -00.007% . ; ]
B gzl | maw Satcom Services Networks (2020) ]
m 1 1 1 1
&= 0 0.2 0.4 0.6 0.8
[
e T T T
5 PFD| NaN ]
vy CNR| NaN ]
nas GTE Naw +4 74108 4
FSPL ] ]
[ En'n‘?g I O0.000% 4
= F Nai B
S Ael Nav SWA (2020) 1
[+F] 1 1 1
= o 10 20 30 40 50
‘q T T T
& PFOF NaN ]
+ CNR | NaN ) .
= GTE NaN +4 74100 4
£ FsPL 1 ]
s E-'Rg F 00.000% E
g Aef ﬁ%ﬁ?o% everithingRF (2015) 1
B 1 1 1 1
L‘: D 10 20 30 4o 50
< . . . . .
E FFDF -03.255906 -00.0358 -
E GTF 000000 B
QU FSPLE -0000408 B
= E.'Rg F +00.063% 1
S ac| Johnston (2019) *00012% 1 3
B RN TR T T TN TR TN T [T TN T T TN AN TN TN TN T [N TN SN T T A T TS | R
o -2 2.5 -2 -1.5 -1 0.5 0
LX)
= T T T T T T
B pro}  -06276% +00.227% [
S GTF O0.000% 4
FSPLE -ooiofee o 4
EIRP | -00.869% [ ]
A2L SatcomUK (2015) il i
1 1 1 1 1
6 -5 -4 -3 -2 -1 0

Percent (%) of Error (PoE)

Figure 18: Output parameters of a transmitter antenna and
Satellite PFD vs. Percent (%) of Error (PoE) of various web
tools compared with the proposed Link-budget tool
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Johnston (2019) and SatcomUK (2015) do not provide any
used methods or equations of their calculations. The other
three web tools present the necessary calculation methods.
Results of SWA (2020) and everithingRF (2015) show
highest PoE (+47.4100%) for FSPL as both of them use
same equations with a little variation than the equation used
in the proposed Link Budget tool. This issue must be
considered in future study to validate the presented equation.
Other results reflect very minor fluctuation in results with
very little PoE as shown in Figure 18, confirming viability of
designed Link Budget web tool. ‘ NaN ’ in the figure
indicates ‘Not a Number’ for unavailable results.

C. Comparison of Downlink Parameters

Five output parameters are considered to evaluate downlink
parameter results performances of the proposed X-Band
Link Budget tool, as presented in Table 5. The selected
parameters are: Effective area of receiver antenna (Aggy),
Antenna gain (Gg,), Antenna G/T (GTg,), Path loss (PLg,),
and Downlink Career to Noise Ratio (CNR).

Table 5
Comparison of Downlink Parameters among various web tools
(Satcom Services Networks, 2020; everithingRF, 2015;
Johnston, 2019; SatcomUK, 2015)

REFERENCES & ACTUAL
USED EQUATIONS OUTPUT ERRORS
Satcom Services Networks (2020):
G 1010g;0(erx) + 20log1o(fdry)
Rx +(—159.59) 046.9600 dB +00.0078 dB
[Note: corrected equation]
GTryx = Gry — 10108;0(Trz) 043.6400 dB +00.0034 dB
PLgy = 20logyo(fd) + 92.5 _
(& fis 12 GHz) 206.5400 dB 00.0561 dB
EIRPs — 10log;o(bw) — PLg
CNR = S * 039.5900 dB +07.3399 dB
+GTry — kbolt - Latm
everithingRF (2015): (Parabolic Antenna Gain)
ndg 2
Grye = 101l0gg (k( x//,.l) ) 046.9678dB 00.0000 dB
_ 4ndf
Pliy = 20loga ("7 /) 2064914 dB  —00.0078 dB
(= d in meter)
Johnston (2019):
GRry 046.9618 dB +00.0060 dB
GTgy 043.6374 dB +00.0334 dB
PLg, 205.6238 dB +00.8598 dB
CNR 040.8573 dB +06.0726 dB
SatcomUK (2015):
GRry 046.9600 dB +00.0078 dB
GTry 043.6100 dB +00.0334 dB
PLg, 206.4900 dB —00.0064 dB
CNR 046.9300 dB —00.0001 dB
X-Band (Link-budget):
Aery = T(Ty)?re 002.4709dB  00.0000 dB
2
Gre = 1010g;, (ng (”de / Z) ) 0469678 dB  00.0000 dB
GTrx = Ggy — 1010g14(Try) 043.6434dB  00.0000 dB
dnfdp,
PLyx = 20 logl"( /C) 2064836 dB  00.0000 dB
(- f in GHz & dp, in meter)
EIRPs — PLg, — 101og,o(bw) —
CNR = 046.9299 dB 00.0000 dB
Lepx + GTry — kpore + Win — Latm
30



MIJST

Akhtaruzzaman et al.: Link Budget Analysis in Designing
a Web-application Tool for Military X-Band Satellite Communication

To conduct a comparative analysis, four existing web tools
are chosen depending on the availability of the targeted
output parameters. The available web tools are: Satcom
Services Networks (2020), everithingRF (2015), Johnston
(2019), and SatcomUK (2015).

Results presented in Table 5 show that only Gy, and PLg,
calculators are available in everithingRF (2015). Rest of the
web tools have the functionality to produce results of output
parameters except the parameter A.g, . Satcom Services
Networks (2020) and everithingRF (2015) provides
necessary methods to calculate output parameters, while the
other two web tools do not present any equation or method.
Necessary input parameters with corresponding values are
presented in Table 6.

Actual errors presented in Table 5 reflect that most of the
errors are 0.00 or very close to 0.00, which proofs that the
proposed X-Band Link Budget tool produces accurate results
for downlink parameter calculations. This also can be
confirmed form graphical representation of PoEs as shown
in Figure 19.

A little deflection is identified for the PoE results of CNR
produced by Satcom Services networks (2020) and Johnston
(2019) as +15.6401% and +12.9397%, respectively. This
issue must keep in mind in future studies.

D. Overall Comments

Based on the comparative assessments, the overall comment
is that the three existing web tools found reliable in terms of
output parameters and results. The three web tools are:
Satcom Services Networks (2020), Johnston (2019), and
SatcomUK (2015). The proposed X-Band Link Budget web
tool produces reliable outputs reflecting very little PoEs and
viable for practical uses.

Table 6
Downlink input parameters to calculate relevant output
parameter values

PARAMETERS VALUES

¢ = 299792458 ms™!
f=12x10°Hz
dpy=22m

Speed of radio wave
Frequency

Antenna diameter

Wavelength 1= C/f = 0.021413747 m

Rx Latitude ¢p, = 23.9990°

Ap, = 90.3890°

hp, = 6378.1400 km
&y =k = 0.65 = 65%
Agry = 02,4709 m?
Lege = 0.2235dBm
Wm=75dB

EIRP; = 49.8067

Gre = 49.0625 dBm
dp, = 41975.7275 km

Tre = 2.15% 103 dB

Rx Longitude

Rx height (Earth Radius)
Antenna or Aperture ef ficiency
Efficient area of antenna
Cable loss

Weather Margin

Satellite EIRP

Antenna gain

Topocentric distance

System noise temperature

Bandwidth bw =36 x 10° Hz
Boltzmann constant Kpoir = —228.6
Atmospheric loss Latm = 0.35
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CNR -
PLF -00.0273 5 +15.6401 6
GTr +00.0078 %
G +00.0166 % .
Ast NaN Satcom Services Networks (2020)
1 1 1
o 01 oz o3 o4
CNR ¢ NaN
PLE
GTF  -00.0033% NaN
G -00.0000 5%
Ae | everythingRF (2015) NaN
1 1 1
-0.004 -000z -0.o02 -.001 o

Downlink Parameters of Receiver Antenna (Rx)

+12.5357 8
6TH +00.0137% 004164 % .
Gl +o0.0128% g
Ael naw Johnston (2019) ]
1 1 1 1 1 1

0 0.1 0.2 0.3 0.4 0.5 0.6
CNRE -00.0002 5 ]
PLE -00.0031 8 +00.0765% ]
GTH | ]
G} +00.01 66 54 ]
Acl |y SatcomUK (2015) ]
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Figure 19: Percent (%) of Error (PoE) of Downlink parameters
calculated based on various web tools comparing with the
proposed X-Band Link-budget tool

6. CONCLUSIONS

This study presents the design of a Link Budget web
application tool for Military X-band satellite communication.
Theoretical study on Link Budget analysis is conducted from
six points of views such as transmitter antenna (Tx );
satellite; receiver antenna (Rx); azimuth («), elevation (19),
and topocentric distance (d) analysis for Tx & Rx; and rain
attenuation. Azimuth angle, elevation angle, and distance
analysis are carried out based on the theory of spherical
geometry. Based on the theoretical study, all input and
output parameters were tabulated in designing the X-Band
Link Budget web-application tool. The prototype is
developed based on HTML, PHP, Javascript, and MySQL so
that the tool can be used through the internet by any portable
device and can store user and usage information based on the
necessity of past history analysis. The designed web tool
presents novel concepts in terms of user interfaces, user
types, database, and usage statistics. Implementation of the
peer-user concept could be considered as one of the
interesting points which will enhance one step forward in the
design Link Budget tool. Several security issues are
considered in designing the proposed web tool. The
manuscript also presents a comparative study among various
tools available on the Internet and proposed X-Band web
tool. Comparative results show little PoEs among various
output parameters of designed X-Band Link Budget tool and
other web tools which reflect the reliability and viability of
the proposed system for practical use.

The system can be improved by developing apps for some
specific mobile devices used in Military activities. Outcomes
of this study will be more effective if this can be
implemented in intelligent Earth Station control, Military
vehicles in hazardous area, and Robots or autonomous
systems for satellite communication.
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