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Abstract

Purpose: 1) to develop a model of a communication channel of an unmanned aerial vehicle "UAV-Ground
station" with adaptive modulation and orthogonal frequency division of channels; 2) to calculate the channel
parameters with different types of fading for different levels of satellite transponder nonlinearity. Method:
MATLAB Simulink software was used to simulate the channel operation. Results: Based on the IEEE
802.16d standard, a realistic model of the communication channel of the unmanned aerial vehicle "UAV-
Ground Station" was developed, which is used to estimate the channel parameters. The channel model with
adaptive modulation consists of a source of information, a transmitter, a downlink channel with fading, and
a terrestrial station receiver. Dependences of the signal-to-noise ratio of the terrestrial receiver on the
signal-to-noise ratio in the channel down for different types of nonlinearity of the unmanned aerial
transmitter, various modulations (BPSK, QPSK, 16QAM, 64QAM), various types of fading are obtained. The
signal constellations of the received signals for different Doppler frequency shifts are compared.
Conclusion: The developed model allows determining the conditions under which the channel is "open" for
a given type of a modulation and a data rate. The proposed approach can be considered as a method for
estimating the parameters of the satellite communication channel of an unmanned aerial vehicle with fading.

Keywords: OFDM channel; transmitter nonlinearity; unmanned aerial vehicle communication channel.

1. Problem statement encoding of digital data on multiple -carrier
frequencies. The main feature and advantage of this
technology is ability to resist when severe
difficulties in channel are take place. For example,
confront with fading at high frequencies or narrow
band interferences caused by multipath propagation.

The information transmitting by means of OFDM
signals became the standard for many modern radio
systems in connection with a number of advantages -
high spectral efficiency, low level of an intersymbol
interference, high quality of transmitting in the
conditions of frequency-selective fading.

At the same time OFDM systems are sensitive to
phase and frequency instability of carriers. It is
especially important to provide power efficiency for
an information transmitting in aviation complexes

The aviation authority and people in general wants
partially cover the aviation transportation system
with the help of unmanned machines. Remotely
piloted aircraft systems (RPAS) are a new way of
using flying machines. This is only the first step in
transition from fully controlled manned vehicles into
fully guided unmanned vehicles. This is impossible
without information exchange through wireless
communication systems. Nevertheless, even perfect
in researchers minds wireless systems in practice
confront with quality of data transfer [1].

Currently there are many methods and technics via
which this imperfection in receiving and sending of
data can be reduced. One of them is Orthogonal
Frequency  Division  Multiplexing  (OFDM)
technology [2]. This technology is a method of
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with rigid restriction of spatially-frequency
parametres for onboard radio-electronic equipment.
For this, simulations are mandatory to infer the
performance of RPAS communication systems.
However, issues related to the RPAS channel
nonlinearities still are not investigated in detail.

2. Analysis of researches and publications

Basic requirements for RPAS data rate are stated in
the NATO standards [3-5].

Nonlinear distortion is a source of major
degradation of modulation fidelity in multicarrier
systems with OFDM signals. OFDM  signals
significantly improve spectrum efficiency, reduce
frequency-selective fading problems, but are
sensitive to nonlinear distortion [6]. The primary
source of this nonlinear distortion is the radio
frequency transmitter power amplifier. Nonlinear
power amplifiers for wireless communications were
modeled [7] and nonlinear power amplifier effects in
multi-antenna OFDM systems were analyzed [8].
Modulation schemes effect on radio frequency
power amplifier nonlinearity were considered in
paper [9]. A new reduction technique of OFDM
system with nonlinear high power amplifier was
proposed [10]. The use of OFDM radio interface for
satellite digital multimedia broadcasting systems
[11], a BER for MIMO-OFDM systems [12],
performances of weighted cyclic prefix OFDM with
equalization [13] were studied.

3. Aim of the work

The aim of this paper is: 1) to design model of
RPAS OFDM communication channel "RPAS—
Ground Station" with adaptive modulation using
MATLAB Simulink software; 2) to calculate
parameters of a channel with different fading types
for several nonlinearities level.

4. Model for “RPAS-Ground Station” channel

RPAS communication channel was analyzed using
demo model commwman80216d designed on a basis
of IEEE 802.16 standard.

The model consists of “RPAS Transmitter”
(Fig.1), “Ground Station” (Fig.2), and “Downlink”
with Rician fading (Fig.3).

The tasks performed in the communication system
include: generation of random bit data that models a
downlink burst consisting of an integer number of
OFDM symbols; Forward Error Correction (FEC),
consisting of a Reed-Solomon (RS) outer code
concatenated with a rate-compatible inner

convolutional code (CC); data interleaving;
modulation, using one of the BPSK, QPSK, 16-
QAM or 64-QAM constellations specified; OFDM
transmission using 192 sub-carriers, 8 pilots, 256-
point FFTs, and a variable cyclic prefix length.

An optional memoryless nonlinearity can be
driven at several backoff levels. An optional digital
pre-distortion capability can correct the nonlinearity.

It is possible to choose a non-fading, flat-fading, or
dispersive multipath fading channel.

Ground Station OFDM receiver includes channel
estimation using the inserted preambles. Hard-
decision demodulation followed by deinterleaving,
Viterbi decoding, and Reed-Solomon decoding.
Both models also use an adaptive-rate control
scheme based on SNR estimates at the receiver to
vary the data rate dynamically based on the channel
conditions. The model uses the standard-specified
set of seven rates, each corresponding to a specific
modulation and RS-CC code rate.

The model includes blocks for measuring and
displaying the bit error rate after FEC, the channel
SNR and the rate. Spectrum Scope blocks display
the spectra of both the OFDM transmitter output and
the faded AWGN channel output. A Scatter Plot
scope displays the AM/AM and AM/PM
characteristics of the signal at the output of the
memoryless nonlinearity. A Scatter Plot scope
displays the received signal, helping to visualize
channel impairments and modulation adaptation as
the simulation runs.

The Model Parameters configuration block allows
choosing and specifying system parameters, such as
channel bandwidth, number of OFDM symbols per
burst and the cyclic prefix factor. Varying these
parameter values allows to experiment with the
different WiMAX profiles.

It is possible to vary the state of the nonlinearity
and the digital pre-distortion via the Amplifier
nonlinearity and Digital pre-distortion parameters. A
Saleh model implements the nonlinearity, with three
different backoff options. The digital pre-distortion
function fits polynomials to the empirically
determined AM/AM and AM/PM characteristics of
the nonlinearity, and then creates a lookup table by
which to pre-distort the signal. Since the
nonlinearity induces a gain compression on the input
signal, the pre-distortion applies a "gain expansion"
on the signal, such that the composite gain is linear.

The Low SNR thresholds [4 10 12 19 22 28] (dB)
for rate control parameter directly affects the
adaptive-rate control. This parameter is a six-
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element vector representing the boundaries between
the adjoining seven SNR ranges that correspond to
the seven rates. Ideally, the simulation should use
the highest throughput mode that achieves the
desired bit error rate.

The following blocks display numerical results:
the Bit Error Rate Display block shows the bit error
rate, number of errors and the total number of bits
processed; the Est. SNR (dB) display block at the
top level shows an estimate of the SNR based on
error vector magnitude; the SNR block in the
Channel subsystem shows the SNR based on
received signal power; the Rate ID corresponds to
the specific modulation RS-CC rate currently in use.

The model allows varying the fading parameters
and the AWGN variance (in SNR mode) added to
the signal. As a result, it is possible to examine how
well the receiver performs with different fading
characteristics (choosing the appropriate K factor,
maximum Doppler shift, number of paths, path
gains) and generate BER curves for varying SNR
values.

The Multipath Rician Fading Channel block
implements a baseband simulation of a multipath
Rician fading propagation channel. This block
models mobile wireless communication systems
when the transmitted signal can travel to the receiver
along a dominant line-of-sight or direct path.

Relative motion between the transmitter and
receiver causes Doppler shifts in the signal
frequency. It is possible to specify the Doppler
spectrum of the Rician process. For channels with
multiple paths, it is possible to assign each path a
different Doppler spectrum, by entering a vector of
Doppler objects in the Doppler spectrum field.

Because a multipath channel reflects signals at
multiple places, a transmitted signal travels to the
receiver along several paths, each of which may

have differing lengths and associated time delays. In
the block's parameter dialog box, the discrete path
delay vector specifies the time delay for each path.
The number of paths indicates the length of discrete
path delay vector.

Fading causes the signal to become diffuse. The
K-factor parameter, which is part of the statistical
description of the Rician distribution, represents the
ratio between the power in the line-of-sight
component and the power in the diffuse component.
The ratio is expressed linearly, not in decibels. The
K-factor parameter controls the gain's partition into
line-of-sight and diffuse components.

It is possible to specify the K-factor parameter as a
scalar or a vector.

5. RPAS Communication Channel Nonlinearity
Simulation

For calculations, the following parameters in the
model were set up: RPAS antenna gain was taken
12.4 (an antenna diameter ~ 0.4 m at 4 GHz), ground
station antenna gain — 62.1 (an antenna diameter ~
2.0 m at 4 GHz).

In the Model Parameters configuration block
channel bandwidth was taken 3,5 MHz and 7 MHz ,
number of OFDM symbols per burst was taken 1, 20
and 100. Obtained results were similar and are given
on figures for channel bandwidth 7 MHz and OFDM
symbols per burst 20.

Modelling of RPAS communication channel was
realized for no fading, frequency-flat fading and
frequency-dispersive fading when RPAS amplifier
nonlinearity is disabled (Fig. 4), moderate and
digital pre-distortion is enabled (Fig. 5), moderate
and digital pre-distortion is disabled (Fig.6), severe
and digital pre-distortion is disabled (Fig. 7).
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Fig. 2. “Ground Station”
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Fig. 3. “Downlink”

The downlink (Fig. 3) contains two channels with
Rician fading. If the K-factor parameter is a scalar, then
the first discrete path of the channel is a Rician fading
process (it contains a line-of-sight component) with the
specified K-factor, while the remaining discrete paths
indicate independent Rayleigh fading processes (with no
line-of-sight component).

For the first Rician channel (Fig. 3) K = 0,5; the
Doppler frequency shift of the line-of-sight
component is 0 Hz; an initial phase of the line-of-
sight component is 0 rad; maximal Doppler
frequency shift of the diffusive component is 0,5 Hz;
the Doppler spectrum type is Rounded; the discrete
path delay is O s; the average path gain is 0 dB.

For the second Rician channel (Fig. 3) K = 0,5; the
Doppler frequency shift of the line-of-sight component
is 0 Hz; an initial phase of the line-of-sight component is
0 rad; maximal Doppler frequency shift of diffusive
components is 0,5 Hz; the Doppler spectrum type is
Rounded; the discrete path delay vector is [0 0,4 0,9]-¢®
s; the average path gain vector is [0 -5 -10] dB. In this
case, the line-of-sight component is Rician and two
dispersive components is Rayleigh.

Dependences of SNR in ground receiver on SNR
in downlink when RPAS amplifier nonlinearity is
disabled are shown on Fig.4. It can be seen that the
curve for the frequency-flat fading coincides with
the curve for no fading curve and grows linearly
with grows of SNR in downlink. The frequency-
dispersive component has a nonlinear character and
goes to “saturation” at SNR.y =~ 22 dB. A transition
to higher types of modulation occurs at large values
of SNR in downlink. The highest modulation for the
frequency-flat component is 64QAM3/4 and for the
frequency-dispersive component 64QAM?2/3.

Dependences of SNR in ground receiver on SNR
in downlink when RPAS amplifier nonlinearity is
moderate and digital pre-distortion is enabled are
shown on Fig. 5. It can be seen that the curve for the
frequency-flat fading coincides with the curve for no
fading curve and grows linearly with grows of SNR
in  downlink. For the frequency-dispersive
component, the channel begins to work without
errors at SNR in downlink =10 dB (and not at 8 dB
as in the previous case), but the transition to higher
modulations occurs at lower values of SNR in
downlink. The curve goes to “saturation” at the same
values of = 22 db. The highest modulation for the
frequency-flat component is 64QAM3/4 and for the
frequency-dispersive component 64QAM?2/3.

Dependences of SNR in ground receiver on SNR
in downlink when RPAS amplifier nonlinearity is
moderate and digital pre-distortion is disabled are
shown on Fig. 6. It can be seen that the curve for the
frequency-flat fading coincides with the curve for no
fading curve and both has non-linear character. Both
curves go to “saturation” at SNR.y = 16,5 dB and
have the highest modulation 16QAM1/2.

Dependences of SNR in ground receiver on SNR
in downlink when RPAS amplifier nonlinearity is
severe and digital pre-distortion is disabled are
shown on Fig. 7. All curves are non-linear and
"split". Only one type of modulation is observed
QPSK1/2. "Saturation" in the absence of fading and
frequency-flat fading takes place at SNR. =~ 8.9 dB,
and for the frequency-dispersive fading at
SNR, ~8.5 dB.

The data on Fig. 4-7 are obtained for the diffuse
component Doppler shift of 0,5 Hz. Changes in the
time of the channel impulse response and signal
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constellations for the Doppler shift of 100 Hz are
shown on Fig. 8.
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Fig. 4. Dependences of SNR in ground receiver on SNR in downlink when RPAS amplifier nonlinearity
is disabled: no fading (points), frequency-flat fading (circles), and frequency-dispersive fading (squares);
Max diffusive Doppler shift is 0,5 Hz
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Fig. 5. Dependences of SNR in ground receiver on SNR in downlink when RPAS amplifier nonlinearity
is moderate and digital pre-distortion is enabled: no fading (points), frequency-flat fading (circles),
and frequency-dispersive fading (squares); Max diffusive Doppler shift is 0,5 Hz
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Fig. 8. Time variations in the impulse response of RPAS communication channel and
signal constellations for Max diffusive Doppler shift 100 Hz; a nonlinearity is moderate
and a pre-distortion enabled for the frequency-selective fading; SNR o, = 30 dB

Conclusions
For investigation, the influence of RPAS amplifier
nonlinearity the model was developed with adaptive
modulation for RPAS OFDM communication
channel.

Dependences of SNR in ground receiver on SNR
in downlink were received on the type of a
modulation (BPSK, QPSK, 16QAM, 64QAM), a bit
rate for different nonlinearities levels and types of a
fading. Signals constellations were compared for
different Doppler shifts.

On the basis of received is this paper data (under
the given conditions: a type of nonlinearity, a
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BnuinB HeJliHiliHOCTeH nepegaBaya HA nepegavyy JaHMX 3 0e3MUIOTHOIO JITAJIbHOIO anapara
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Merta: 1) po3poOuTH MOJENb KaHaTy 3B’ 13Ky 0€3MiIOTHOTO JitanpHOTO anapata «bI1IJIA-Hazemua cranmisn
3 QIaNTHBHOI MOMYJIAINEI0 Ta OPTOTOHATLHUM YacTOTHHM pO3IIJICHHSIM KaHaiB, 2) po3paxyBaTd
napaMeTpu KaHaly 3 pI3HUMH THIIAMH 3aBMHPaHb Ui PI3HUX pIBHIB HETMIHIHHOCTI CYIyTHUKOBOTO
TpaHCcoHIepa. MeToa: Ui MOZETIOBaHHA pPOOOTH KaHAly BHKOPHUCTaHO MpOrpamMHe 3abe3medeHHs
MATLAB Simulink. Pe3yabraTn: Ha ocHoBi cranmapty IEEE 802.16d po3pobneHo peanmicTHuHy MOJIENb
KaHaJia 3B's3Ky Oe3mijoTHOTro JiTambHOTO amapara «bIIJIA-Hazemnua cranIiisy, sika BHKOPUCTOBYETHCS IS
OLIHKK TMapaMeTpiB KaHaldy. Mopaens KaHaia 3 aJalTHBHOIO MOJIYJISILIEI0 CKIAJAETbes 13 JKepena
iHdopmarii, mepenaBaya, KaHaly YHHU3 i3 3aBMUpPAHHSAMH Ta IpuiiMaya Ha3zeMHOi craHmili. OtpumanHo
3JIE)KHOCTI CIIBBIIHOMICHHS CUTHAJI-IIIYM HAa3eMHOT'0 IpUiiMada BiJl CITiBBIAHOMIEHHS CUTHAI-IITYM B KaHaJI1
YHH3 Ul Pi3HHX THUIIB HENIHIMHOCTI TepenaBada OE3MIJIOTHOTO JITANBHOTO amapara, pi3HHUX MOAYJISLIN
(BPSK, QPSK, 16QAM, 64QAM), pi3HUX THIIIB 3aBMHpaHb. [IOpiBHSHO CHUTHAJIBHI Cy3ip’sl NPUHHATHX
CUTHAJIIB JUISI PI3HUX ONIUICPIBCHKUX 3CYyBiB 4dacToTH. OOroBopeHHsi: Po3poOiieHa Monmens T03BOJISE
BU3HAYaTH YMOBH, IIPH SIKUX KaHAT € «BIJKPUTHM» Ul IAHOTO THUITYy MOJIYJIIIi Ta IIBUAKOCTI Hepenadi
JaHuX. 3amporOHOBAaHUH MiIXiJ MOXE PO3TISIATHCS K METOJ OLIHKM NapaMeTpiB KaHaJIy CYIyTHUKOBOTO
3B'S13Ky OE3IUIIOTHOTO JIITAILHOTO arapara i3 3aBMAPaHHSIMU.

KiouoBi ciaoBa: kanHanm 3B's3ky OesminmoTtHoro mitanpHoro amapara; OFDM  kanam; HemiHiiHICTB
CYIyTHUKOBOTO TPAHCIIOHJEPA.
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Henn: 1) pa3paboraTth MojeNb KaHaa CBSI3U OecmuiaoTHOTO JietaTenbHoro ammapara «bBITJIA-Hazemuas
CTaHIUS» C aJATHBHON MOAYJISANHEH U OPTOTOHAIBHBIM YaCTOTHBIM Pa3/IelICHHEM KaHaJloB; 2) pacCUUTaTh
mapaMeTpbl KaHajga C pas3IMYHBIMA TUTIAMH 3aMUPaHUN JUId  pa3iNdHBIX YpPOBHEW HEIMHEWHOCTH
CITyTHUKOBOTO TPAHCIIOHIEPA.
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MeTon: mns MoAenUpoBaHHWS pPabOTHI KaHalla HWCIIOJB30BaHO mporpamMmmuoe obecmedeane MATLAB
Simulink.

Pesyabrarel: Ha ocHoBe craHmapta IEEE 802.16d pa3paborana peanmcTudHas MOZENh KaHaja CBS3U
OecmmtoTHOTO JeTaTelbHOTO ammapara «bIIJIA-HazemHast cTaHIis», KOTOpasl MCIONB3YETCs IS OICHKH
mapaMeTpoB KaHaja. Mojenp KaHajla ¢ aJalTHBHON MOIYJSAIUEH COCTOMT M3 MCTOYHMKA WH(pOpMAaINH,
nepegaTyrka, KaHajga BHU3 C 3aMHpaHMsAMM M IpUEMHHKA Ha3eMHOW craHuuu. IlomydeHsl 3aBHCHMOCTH
COOTHOIICHNWE CHTHAJ-IIYM Ha3eMHOTO NPHEMHHKAa OT COOTHOLICHHUS] CUTHAJ-LIYM B KaHajle BHH3 JUIS
PA3IMYHBIX THUIOB HEJIWHEHHOCTH TiepelaTinKa OECIUIIOTHOTO JIETATENBHOTO ammapara, pa3IndHbIX
monymsmuid (BPSK, QPSK, 16QAM, 64QAM), pa3nuyHbix THIOB 3amupanuil. [IpoBemeHo cpaBHeHHE
CUTHAJIbHBIX CO3BE3IUM MPUHATHIX CUTHAJIOB AJISl PA3IMYHBIX JOMJICPOBCKUX CABUIOB YaCTOTHI.
3axurodenue: PaspaboTaHHas MoOJIesb IO3BOJIAET ONPEAEIATH YCIOBHUS, IPHU KOTOPBIX KaHAN SIBJSIETCS
«OTKPBITBIM» JUISl TAHHOTO THUIA MOAYJISIIMN U CKOPOCTH TIepeAayy JaHHBIX. [IpeanokeHHbIH T0aX01 MOXKET
paccMaTpHBaThCS KaK METOJl OLICHKU I1apaMeTPOB KaHala CITyTHUKOBOH CBSI3U OECIMIJIOTHOTO JICTATEIIEHOTO
anmapara ¢ 3aMHUpaHUAMHU.

KaroueBble cJIoBa: KaHAll CBS3M OCCIWIOTHOTO JICTATEIBHOTO armapaTta; HEJIMHEHHOCTh MepeqaTuuKa;
OFDM kanann.
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