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Abstract

Purpose: to develop a model of the satellite communication channel for an remotely piloted air system with adaptive
modulation and orthogonal frequency division of channels; 2) to calculate the channel parameters with Rayleigh
fading and various types of satellite transponder nonlinearity;, 3) analyze the effect of fading and the type of
nonlinearity on the parameters of the satellite communication channel. Method: MATLAB Simulink sofiware was
used to simulate the channel operation. Results: For the first time, based on the IEEE 802.16d standard, a realistic
model of the satellite communication channel of an unmanned aerial vehicle was developed, which is used to
estimate the channel parameters. The created model takes into account the Rayleigh fading in the downlink and the
nonlinearity of the satellite transponder amplifier. Dependences of the signal-to-noise ratio in the terrestrial receiver
on the signal-to-noise ratio in the downlink for various types of modulation (BPSK, QPSK, 16QAM, 64QAM) and
data transmission rates are obtained. The nonlinearity of satellite amplifiers was analyzed on the basis of a linear
model, a cubic polynomial model, a hyperbolic tangential model, the Gorbani model, and the Rapp model. The
results for the cubic polynomial model and the hyperbolic tangential model are similar to the linear model, but differ
significantly from the Gorbani model and the Rapp model. For the Gorbani and Rapp models, very low values of the
signal-to-noise ratio in the receiver are observed. Conclusion: The proposed approach can be considered as a
method of estimating the parameters of the satellite communication channel of an unmanned aerial vehicle with
fading. It is shown how the type of modulation varies depending on the level of the signal-to-noise ratio and the type
of fading. The developed model allows to predict the operation of the channel with Rayleigh fading and can be useful
for the design of communication systems.

Keywords: OFDM channel; RPAS; transponder nonlinearity; UAV; vehicle communication channel.

1. Problem statement each individual area. These circumstances call for
RPAS flight control systems capable of performing a
variety of tasks, including complex radio navigation
and communication conditions. Basic requirements
for RPAS data rate are stated in the NATO standards
[2-4].

Standards define two classes of data: sensor and
support. Sensory data comes from sensors forming
synthetic aperture radar, infrared and television
cameras, etc.

RPAS satellite mobile communications system has
to integrate high-speed radar and trajectory control
data, video and multimedia traffic. The promising
approach for this is adaptive Orthogonal Frequency
Division Multiplexing (OFDM) [5].

Remotely piloted air systems (RPAS) are a new way of
using flying machines. RPAS are distinguished from
manned aircraft by the data link connecting the remote
pilot station with the remotely piloted aircraft and used
for command and control (C2) of RPAS and as a relay
for communications between the air traffic control
(ATC) operator and the remote pilot. The combination
of these two functions is termed C3 — command, control
and ATC communications [1].

The use of RPAS is characterized by a wide range
of applications (military, emergency services,
surveying applications, agriculture, etc.) as well as a
huge increasing in the complexity of flight tasks in
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ADS-B (Automatic Dependent Surveillance
Broadcasting) signals transmitted from RPAS via
satellite are affected by a free path loss, a frequency
offset, a phase noise, a fading, a noise temperature,
and amplifier nonlinearities. Data traffic for RPAS
networks must take into account propagation delays,
limited energy and power, relatively high channel
error rates, and time-varying channel conditions [6].

2. Analysis of researches and publications

Digital multi-carrier modulation technique OFDM
has been adopted as physical layer scheme of
broadband wireless air interface standards.

Nonlinear distortion is a source of major
degradation of modulation fidelity in multicarrier
systems with OFDM signals. Compared with
conventional single carrier communication systems,
OFDM signals significantly improve spectrum
efficiency and reduce frequency selective fading
problems. However their consisting of large
numbers of independent subcarriers, means the
composite signal’s peak to average power ratio can
be significant. This makes them sensitive to
nonlinear distortion [7].

The source of nonlinear distortions is the radio
frequency transmitter power amplifier. Nonlinear
power amplifiers for wireless communications were
modeled [8] and nonlinear power amplifier effects in
multi-antenna OFDM systems were analyzed [9].
Modulation schemes effect on radio frequency

power amplifier nonlinearity were considered in a
paper [10]. A new peak to average power ratio
reduction technique of OFDM system with nonlinear
high power amplifier was proposed [11]. The use of
OFDM radio interface for satellite digital
multimedia broadcasting systems [12] and Bit Error
Rate (BER) for MIMO-OFDM systems [13] were
studied.

RPAS satellite communication channels are random
and time-variant. Multipath fading is the dominant
propagation factor for RPAS digital communication
systems operating at frequencies below 10 GHz. Fading
due to multipath propagation may distort and attenuate
received signals and impair the performance of RPAS
communication systems [1, 2].

3. Aim of the work

RPAS satellite channel fading and nonlinearity are
critical for wireless communications systems.
Therefore the aim of this paper is: 1) to design
model of RPAS satellite OFDM communication
channel "RPAS-Satellite—Ground Station" with
adaptive modulation using MATLAB Simulink
software; 2) to calculate parameters of a channel
with Rayleigh fading and differrent types of
nonlinearities; 3) to analyze the impact of fading and
the nonlinearities type on parameters of satellite
communication channel.
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4. Model for “RPAS-Satellite-Ground Station”
channel

RPAS satellite communication channel was built on
the base of IEEE 802.16d standard using MATLAB
Simulink software.

(Fig.1), Ground Station” (Fig.2), “Uplink”,
“Downlink” (Fig.3), and “Satellite Transponder”
(Fig.4). This paper is devoted to consideration of an
uplink with Additive White Gaussian Noise
(“AWGN?”) and a downlink with “Rayleigh Fading”.
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Parameters settings for the  model are the
following: a number of OFDM symbols per transmit
block is 20, a number of OFDM symbols in training
sequence is 4, OFDM transmission uses 52
subcarriers, 4 pilots, 64-point Fast Fourier
Transform, and 16-sample cyclic prefix. Low-SNR
thresholds (dB) vector is [10 11 14 18 22 26 28]
(where the SNR less than 10 dB is for BPSK %,
between 10 dB and 11 dB - for BPSK %4, between 11
dB and 14 dB - for QPSK Y2, between 14 dB and 18
dB - for QPSK %, between 18 dB and 22 dB - for
16-QAM Y4, between 22 dB and 26 dB - for 16-
QAM %, between 26 dB and 28 dB — for QAM 2/3
and more than 28 dB - for 64-QAM ).

5. RPAS Satellite
Simulation

Communication Channel

For calculations the following parameters were set
up: RPAS antenna gain (Fig.1) was taken 12.4 (an
antenna diameter ~ 0.4 m at 4 GHz), ground station
antenna gain (Fig.2) — 62.2 (an antenna diameter =
2.0 m at 4 GHz), satellite antennas gain (Fig.4) —
31.1 (an antenna diameter = 1.0 m at 4 GHz);

phase/frequency offsets at a satellite transponder are
equal to zero; noise temperatures of a satellite
amplifier and a ground receiver are equal to 290 K.

Dependences of the SNR in a ground receiver on the
SNR in downlink for the SNR in uplink 40 dB for
different types of satellite amplifier nonlinearity and
modulation modes are given in Fig.5-9. During
modeling the value of a packet error rate was kept at
zero by changing the type of modulation (using the SNR
estimation in a ground receiver and adaptive rate
control). In accordance with this, the SNR was changed.

The options for the modeling of satellite amplifier
nonlinearity are Linear, Cubic Polynomial,
Hyperbolic Tangent, Ghorbani model [14], and
Rapp model [15].

For Cubic Polynomial and Hyperbolic Tangent
Models the satellite Amplifier block applies the
AM/AM nonlinearity by using the third-order input
intercept point [[P3= 100 dBm parameter and uses
the AM/PM conversion (10 degrees per dB)
parameter.

For Ghorbani Model the Input scaling (-1.5957
dB) parameter scales the input signal before the
nonlinearity is applied. The AM/AM parameters [x1
= 8.1081 x2 = 1.5413 x3 = 6.5202 x4 = -0.0718] are
used to compute the amplitude gain for an input
signal. The AM/PM parameters [yl = 4.6645 y2 =
2.0965 y3 = 10.88 y4 = -0.003] are used to compute
the phase change for an input signal. For Rapp
Model the amplitude gain for an input signal is
computed with the Smoothness factor S=0.5 and the
Output saturation level Osat = 1. The Rapp model
does not apply a phase change to the input signal.
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SNR (dI3)

at the SNR in uplink 40 dB for Linear Amplifier model
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6. Conclusions

The realistic model of RPAS satellite OFDM link is
developed for the first time on a basis of IEEE
802.16d standard and used for RPAS channel
parameters evaluation. Created model takes into
account the Rayleigh fading in downlink and
nonlinearities in satellite transponder. Proposed
approach can be considered as a method for
estimating  parameters of RPAS  satellite
communication channel with fading.

Dependencies were received of the SNR in a
receiver on the SNR in downlink for different types
of a modulation (BPSK, QPSK, 16QAM, 64QAM)
and bit rates for memoryless nonlinear satellite
amplifiers (the Cubic Polinomial Model, the
Hyperbolic Tangent Model, the Ghorbani Model and
the Rapp Model).

For the selected values of a third-order intercept
point results for the Cubic Polynomial Model and
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MeTta: 1) po3poOUTH MOIENb CYNYTHHKOBOTO KaHANy 3B’S3Ky OC3IIIJIOTHOTO JTAJBRHOTO amapara 3
aIaITHBHOIO MOJYJISIIEI0 T2 OPTOTOHAJIBHUM YaCTOTHUM PO3AUICHHSM KaHAJIB; 2) po3paxyBaTH MapaMeTpH
KaHaJy 3 PEJICEBCHKUMU 3aBMUPAHHSIMH Ta PI3HUMH TUIIAMH HETIHIHHOCTI CyIyTHUKOBOT'O TPaHCIIOHEpa; 3)
MIPOAHAaJi3yBaTH BILTUB 3aBMHPAHb Ta TUITY HEIHIHHOCTI Ha MapaMeTpH KaHATy CYyIyTHUKOBOTO 3B'SI3KY.

Merton: st MOJICTIOBAHHS pOOOTH KaHay BUKOpUCTaHO nporpamue 3abe3neueHus MATLAB Simulink.

Pesynpratu: Bnepiue Ha ocHoBi cranaapty IEEE 802.16d po3pobieHo peanicTuaHy MOAENb CyIyTHUKOBOTO
KaHaja 3B'3Ky OE3IUJIOTHOTO JITAJBFHOTO amapara, sika BUKOPUCTOBYETHCS JUIS OIIIHKH ITapaMeTpiB KaHaly.
CtBOpeHa MOJENh BpaxoBy€e 3aBMHpaHHSA Penes B JiHIT 3B'I3Ky MOHW3Y 1 HENIHIMHOCTI MiACHIIIOBada
CYIyTHUKOBOTO TpaHcmoHaepa. OTpuUMaHO 3aJIeKHOCTI CIIBBIAHOIICHHS CHTHAI-IIYM B HA3eMHOMY
MpuiiMadvi Bij| CIIBBiAHOIIEHHS CHUTHAJ-IIYM B IIiHIi 3B'S3Ky AOHU3Y A pizHHX TUMIIB Momyusmii (BPSK,
QPSK, 16QAM, 64QAM) i mBuakocTi mepemadi AaHwX. HEMHINHICTS CYINMyTHUKOBUX IIiACHIIIOBAYiB
aHaJi3yBajach Ha OCHOBI JIIHIHOT MOZIeTi, KyOiuHOI OTIHOMIaTbHOT MO, rinmepOoiuHOl TaHTeHITIaTbHOT
moneni, moxmeni [opbani Ta mopmeni Pamma. Pesynbratm s kyOiuHOI TOJTIHOMIANBHOT MOJENi Ta
rinepOoTiYHOT TaHTEHITIAEHOT MoIe i oMI0H] A0 JiHIHOI MoJei, ajge 3HAYHO BiAPI3HSIOTHCS Bil MO
lopOani Ta Momeni Pamma. Jlns moneneit ['opbani Ta Pamnma cmoctepiraioThes Ay»e HHU3bKI 3HAUYCHHS
CHIBBIJTHOIIICHHS CHTHAJI-IIYM B IpuiiMadi. (QOroBopeHHsi: 3anpONOHOBAHUN MiJXiJl MOXE PO3TIISAATUC
SIK METOJ| OIIIHKH MapaMeTpiB KaHay CYIyTHHKOBOTO 3B'SI3Ky OE3IMIJIOTHOTO IITANBHOTO amapara i3
3aBMupaHHsaMu. [lokazaHo, SKHM YMHOM THIT MOIYJISAIII 3MIHIOETHCS 3aJI€KHO BiJl PIBHSI CITiBBiTHOIIECHHS
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CUTHAJ-IIyM Ta THWIy 3aBMUpaHb. Po3poOieHa Monenb I03BOJIIE TPOTHO3YyBaTW pPoOOTYy KaHamy 3
3aBMupaHHsIM Penest 1 Moke OyTH KOPHCHOIO ISl IPOEKTYBAHHS CUCTEM 3B'S3KY.

KiwouoBi cioBa: kaHan 3B'SI3Ky O€3MIIOTHOIO JITAIBHOTO arapara; HENIHIHHICTh CYIyTHUKOBOTO
Tpa"cnonaepa; OFDM kanai.
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Heab: 1) pa3pabotars MOIENh CIYTHHKOBOTO KaHANIA CBSI3M OECIIIIOTHOTO JISTATENBHOTO armiapaTta ¢ afanTHBHON
MOJYJISILIMEN U OPTOrOHAJIBHBIM YAaCTOTHBIM pa3/IefieHHEM KaHAJIOB; 2) paccUrTaTh MapaMeTphbl KaHala C peJIeeBCKOM
3aMUPaHISMA Y Pa3iIAYHBIMI TUTTAMH HEJTFHEHHOCTH CITyTHIKOBOTO TPAHCIIOHJIEPa; 3) MPOaHAIN3HPOBATh BIMSTHAE
3aMHpaHUi ¥ THIA HETMHESHHOCTH Ha TTapaMeTphl KaHaIa CITyTHUKOBOM CBSI3H. IMeTo/: [UTs MONIEITPOBAHUS PAOOTHI
KaHaJla WMCIONb30BaHO mporpammHoe obecriedeHne MATLAB Simulink. Pe3ynawsTaTni: BriepBele Ha OCHOBE
cragmapra IEEE 802.16d paspabGorana peanmcTU4YHAss MOJENb CIyTHHKOBOIO KaHala CBS3U OECIHIIOTHOTO
JIETATEIIFHOTO allapara, KOTopasi UCIONB3YeTCs ISl OLEHKH MapameTpoB KaHaa. Co3maHHAs MOJENb yUIUTHIBACT
3amupanusi Penest B MMHUM CBS3M BHM3 M HEIMHEHHOCTH YCWIMTENS CITyTHHKOBOTO TpaHcroHnepa. [lomyueHs
3aBHCHMOCTH COOTHOIIICHHSI CUTHAII-IITYM B HA3eMHOM TIPUEMHHUKE OT COOTHOIIICHUS CUTHAII-IITYM B JIMHUH CBSI3H BHI3
JUTst pa3aHBIX THITOB Mony sy (BPSK, QPSK, 16QAM, 64QAM) 1 cCKOpoCTH Tiepeadn TaHHbIX. HemmeitHoCTh
CITyTHUKOBBIX YCIJIUTENEH aHAM3UPOBAIaCh Ha OCHOBE JIMHEWHON MOJIEIH, KyOUIECKOH MOTMHOMHUATFHON MOJICITH,
rUNepOOIMYECKON TaHTeHIMAIBHON Mozenu, monenu ['opbanu m Moxenmu Pamma. Pesynbrartel mis KyOudeckoit
TIOJIMHOMHAIIGHOM MOJIETId W THIEPOOJIMYECKON TAaHTCHIMAIRHOW MOJENM TONOOHBI JIMHEHHOM MoJeir, HO
3HAYUTENIFHO OTIIMYAIOTCS OT Mojieiu ['opbanu u Moxenu Pamma. [{mst mozmeneit ['opbann u Parma HaGmromarorcs
OYEHb HU3KUE 3HAYCHUSI COOTHOIICHHS CUTHAJ-IIYM B MpUEMHUKE. 3akmouenue: [IpeioKeHHbI TOaX0] MOKET
paccMaTpHUBaThCs KaK METOJT OIICHKH TapaMeTPOB KaHaNa CITyTHUKOBOW CBSI3Y OECITMIIOTHOTO JIETATEBLHOTO arapara
¢ 3amupanusiMu. [lokasaHo, kKakuM 0Opa3oM THIT MOAYJISIMM MEHSETCS B 3aBHCHMOCTH OT YPOBHSI COOTHOIIICHHS
CUTHAJI-IITYM U THIIa 3aMHUpaHuii. Pa3spaboTanHast MOJIEI b MTO3BOJIET MPOrHO3MPOBATh PAdOTy KaHaIa C 3aMUPAHHUSIMU
Penest u MoxeT OBITh ITOJI€3HA IS IPOSKTUPOBAHMS CUCTEM CBSI3HL.

KiroueBble c€j10Ba: KaHal CBSI3M OCCHIJIOTHOTO JIETATENLHOTO ammapara; HEIMHEWHOCTh TPAHCIOHIEPA;
OFDM kanain.
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