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ABSTRACT To expand their search range, unmanned aerial vehicles (UAVs) used for surveillance employ
satellites as relays to forward monitoring data to the UAV’s command and control centers. With updated
sensors, the amount of UAV detection data increases sharply, and the demand for bandwidth and transmission
rates increase continuously. In this paper, the Ka-band is introduced to the satellite system as a solution
instead of the Ku, C and other bands. Highly robust constant coded modulations (CCMs), such as the binary
low-density parity-check (LDPC) and the coded quadrature phase shift keying (QPSK) are adopted to handle
poor channel conditions caused by rain attenuation, which lead to a waste of spectral efficiency, especially
in poor weather conditions; Adaptive Coded Modulation (ACM) can relieve the problems detailed above.
Aiming at the problem mentioned above, we have proposed two different transmission schemes for two
typical scenarios, including high quality of service (QoS) and high throughput service. The first is the so
called automatic repeat request (ARQ)+ACM (target bit error rate (BER) algorithm) for high QoS, which
means ARQ and ACM are employed by UAV-satellite links and satellite-center links, respectively. The
second, denoted as coded cooperation (CC)+ACM (the maximum throughput algorithm) for high throughput
services, designates that CC is employed for UAV-satellite links and ACM is employed for satellite-center
links. Simulation results show that the ARQ+ACM scheme achieves higher spectral efficiency than CCM in
cases that keep the BER below 107, and the CC4+ACM scheme attains 3 to 7.5 times the spectral efficiency

of CCM.

INDEX TERMS ACM, ARQ, CC, UAV.

I. INTRODUCTION

Recently, wireless communications aided by unmanned
aerial vehicles (UAVs, also known as drones) are receiving
increased attention from the academic and industrial fields as
well as from the military and civilian applications [1]-[4].
This accomplishes a reduction in drone manufacturing
costs [2]. Due to their ease of deployment, low cost, high
mobility and ability to hover [5], [6] compared to conven-
tional terrestrial infrastructure, UAVs are better equipped to
set up wireless links with favorable channel conditions. They
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are considered a promising vector of support for wireless
communications for a great number of practical applications,
such as security and surveillance, the real-time monitoring
of road traffic, provision of wireless coverage, sensor data
collection, relays for ad hoc net-works [3], search and rescue
operations, the delivery of goods, data rate enhancement [4],
precision agriculture, and civil infrastructure inspection [7],
as shown in Figure 1. However, it is difficult to complete
complex surveillance missions in remote areas because of
the intricate and uncertain circumstances that restrict the
ability of UAV to work over larger areas. The solution to this
problem is to use satellite relays to transmit the surveillance
data.
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FIGURE 1. Application areas of UAV.

Communication interruptions are inevitable for long-
distance transmissions or for physical obstructions but
real-time transmissions are guaranteed by satellite relays.
Transmissions of surveillance data by UAVs via satellite
relays not only ensures the timeliness of the information but
also further expands the surveillance range of the UAV. The
idea of using relays for communications have been discussed
since the work of Cover and El Gamal [8], but not until the
work of Sendonaris et al. [9] was a cooperative communi-
cation scheme and system description formulated in detail.
The basic principle of cooperative communications is the use
of complimentary communication devices to relay transmis-
sions [10]. A communications system with a satellite relay
has natural advantages for telemetry, tracking, commands and
supporting communications [11].

Amplify and forward (AF), decode and forward (DF) and
coded cooperation (CC) are the main functions in a cooper-
ative relay system, and as a product of channel coding and
cooperation techniques, CC has obvious advantages com-
pared to AF and DF. Because of the error bits that are used
in relay decoding, it is unreasonable to expect the results
of relay decoding to be accurate when there is an uncertain
channel environment in the cooperative coding system [12].
As there is a strong demand for QoS for vital informa-
tion transmissions, this paper adopts an ARQ system with
a cyclic redundancy code (CRC) to handle the noise in the
UAV-satellite channels. CRC is applied for error detection in
the satellite relay, as it is efficient and convenient and ensures
the correctness of the relay decoding in the channel in the
presence of noise [13]-[18].

With updated sensors, UAVs have faster sensing capabil-
ities and can process information more efficiently; in addi-
tion, the quantity of UAV detection data expands rapidly,
and the demand for bandwidth and the transmission rate
increases apace. The increased demand for satellite com-
munication channel capacity and the crowded operations of
the C-band (6/4 GHz), X-band (8/7 GHz), and Ku-band
(14/12 GHz), means higher bands and a larger bandwidth
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satellite communication system is required. The use of
Ka-band (30/20 GHz) satellite communications has become
a predictable trend in satellite communications because of
its high bandwidth, large capacity, small terminal size and
strong anti-jamming capabilities [19]. The Ka-band commu-
nication is an important advancement in satellite communi-
cations; rain fade has been the main factor that restricts the
engineering application [20], and the power loss difference
resulting from the weather can exceed 20 dB. The signal
transmission schemes in the Ka-band communication links
primarily employ CCM to resist the rain attenuation or bad
channel conditions, which leads to a waste of bandwidth.
To improve the spectral efficiency over Ka-band channels,
ACM schemes have been recently applied to Ka satellites.

As shown in Figure 1, transmission requirements differ for
various scenarios. CCM with high robustness was selected in
previous schemes to resist rain attenuation, which guarantees
the validity of transmission. However, the previous scheme
has resulted in a waste of spectrum resources. The proposed
scheme can adapt to the transmission requirements in differ-
ent scenarios. In addition, applying ACM to satellite relay
can improve spectral efficiency and power efficiency of the
system. For instance, applications such as traffic monitoring
and civil infrastructure inspections require specific quality of
services (QoS), such as precise locations. The ARQ+ACM
scheme provides high QoS to meet the demand in these
cases. Urgent information generated in surveillance missions,
such as forest fire warnings, require high throughput. The
CC+ACM scheme provides high transmission efficiencies to
guarantee the real-time performance. The scheme proposed
in this paper will not only improve the spectral efficiency
of the UAV system, but also make the UAV surveillance
system more flexible and adaptive to the different scenarios.
The choice of different transmission mechanisms for various
requirements makes the UAV very efficient for surveillance.

The rest of the paper is organized as follows: Section II
establishes the system model, including working process for
two schemes, channel model of Ka-band and MMy for SNR
estimators. Section III presents the transmission mechanism
of the ACM scheme based on CC. The transmission mech-
anism of the ACM scheme based on ARQ is proposed in
Section IV. Simulation results are discussed in Section V.
Finally, we provide concluding remarks Section VI.

Il. SYSTEM MODEL

To enlarge the coverage area, a UAV dispatched for surveil-
lance missions has to employ satellites as relays to transmit
messages. As shown in Figure 2, a conventional structure of
the UAV system consists of a surveillance drone, a satellite
relay, as well as a destination node. Traditional satellite relays
send the received information directly to the command and
control center when the distances are beyond the commu-
nication range; typically, this is for the purpose of expand-
ing the surveillance range or because obstacles are present.
However, different transmission requirements are generated
when different information is sent back. In this paper, two
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different transmission schemes are designed according to
two typical requirements, CC+ACM and ARQ+ACM. Both
transmission schemes have consisted of SNR estimation and
Ka-band channel model. Therefore, we introduce the system
model from three aspects, including working process for two
schemes, channel model of Ka-band and M;My for SNR
estimators.

FIGURE 2. The ARQ+ACM scheme.

A. WORKING PROCESS FOR TWO SCHEMES

When performing surveillance missions, UAVs will obtain
various types of surveillance information based on the type of
monitoring mission. As shown in Figure 2, urgent tasks and
emergencies such as forest fire warnings, earthquake rescues
and security and surveillance mean the UAV must transmit the
surveillance information apace because of the high timeliness
requirement of the system. For example, in an earthquake
rescue, the rescue team needs to obtain the scene images
and videos to create a rescue plan as soon as possible; in
these cases, the information timeliness of the systems has
the highest priority. The combination of CC and ACM effec-
tively utilizes the bandwidth advantages of the Ka-band and
improves the spectrum efficiency and bandwidth utilization
of the system. This transmission mechanism can guarantee
the efficient return of important and time-sensitive informa-
tion in long-distance communications. As shown in Figure 2,
the transmission process is as follows:

(1) The UAV sends data back to the satellite.

(2) The satellite sends a training sequence to the command
and control center.

(3) The command and control center returns the training
sequence back to the satellite. The satellite uses the received
training sequence for an SNR estimation and determines the
channel’s state. Different SNR values can be obtained for
different weather conditions.

(4) The satellite selects the target ber algorithm to transmit
the information.

(5) Data are downloaded.

‘When on routine missions, such as the real-time monitor-
ing of road traffic and civil infrastructure inspections, drones
opt for a different transmission system, the ACM scheme
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based on ARQ. The reliability of information obtained by
conventional surveillance missions is extremely important.
For example, accurate locations and pictures of the scene are
very helpful in dealing with accidents when the drones do
real-time monitoring for road traffic missions. In these cases,
the reliability of the information becomes very important.
The transmission system, based on ARQ, can significantly
improve the reliability of the system because it guarantees the
accuracy of the relay decoding. The system sacrifices some
of its timeliness in exchange for more accurate information to
meet the needs of conventional UAV surveillance missions.
As shown in Figure 3, the working steps of the ARQ+CRC
scheme are as follows:

®
Algorithm
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@®Send %
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FIGURE 3. The CC+ACM scheme.

(1) The UAV sends data back to the satellite.

(2) The satellite relay will demodulate and decode the
information after receiving the data and the CRC is performed
simultaneously to judge whether the information decoding is
right or wrong.

(3) If there is no error, the system goes to the next step;
otherwise, the satellite sends a command for ARQ.

(4) The satellite sends a training sequence to the command
and control center.

(5) The command and control center returns the training
sequence back to the satellite for SNR estimation.

(6) The satellite selects the maximum throughput algo-
rithm to transmit the information.

(7) Data are downloaded.

As shown above, the process of information of two trans-
mission schemes are introduced. Both transport schemes
require the channel model of the Ka-band and the SNR esti-
mators. When transmitted from the satellite to the command
and control center, the information goes through Ka-band
channel. Therefore, channel model of the Ka-band will be
introduced in the following part.

B. CHANNEL MODEL OF THE Ka-BAND

Many factors in the atmosphere, such as precipitation, water
vapor, clouds, oxygen, and flickers, cause signal declines in
the Ka-band satellite communications. The rain attenuation,
which is connected with frequency, weather conditions, and
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system availability, is the most important element [21]. These
factors can be considered in the satellite communication
link by modifying the free space propagation formula. The
most serious attenuation of the satellite communication in
the Ka-band is the signal attenuation caused by rain decline.
As shown in measured data, rain attenuation is a function
of system feasibility and carrier frequency. In the case of a
large elevations [22], L, which means rain attenuation can be
expressed as

Ly = Crexp(81f) + Caexp(82f) — (C1 + C2) (dB), (1)

where Cq, C;, 81, and §, are the functions of the system
availability, and f is the carrier frequency. When the elevation
is small, the formula can be simplified as

L.(0) = L,(8))sin6/ sinfy (dB), 2)

where 6 is the elevation of the earth station, and 6y is the
reference elevation.

When a digital modulation signal represented as s(f) =
Re[s1 () exp(j2nf.t)] is transmitted through the channel, s1 ()
is the time domain complex baseband, and s1(f) is the fre-
quency domain complex baseband. The equivalent lowpass
signal (excluding AWGN) can be expressed as

X
0= [ comening. G
—X

where C(f, t), the time-frequency transfer function can be
considered as a complex value independent frequency in the
signal bandwidth since the Ka-band fading channel is a non-
frequency selective channel. In view of the spectrum of s (f)
focused in the adjacent area of f = 0 Hz, C(f,t) = C(0, 1)
can be replaced with Equation (3)

r(t) = /OO C(0, t)s1(f) exp(j2r ft)df

= C(0, t)/OO s1(f) exp(2rft)df
= C(0, I)Sl(to)O
= a(t) exp(jo(1))s1(1), 4)

As multiplicative interference has the characteristics of
slow time-varying, we can regard the fading characteristics as
aconstant in a symbol interval. Equation (4) can be simplified
as

r(t) = aexp(jb) -si(r) 0<t=<T, &)

where T is the cycle of the modulation symbol, ¢ and 6 are
the envelope and phase of the equivalent lowpass channel,
respectively. The weather conditions are the primary factor
affecting satellite communications in the Ka-band as shown
in the research. The envelope and phase obey the Gaussian
distribution [23], [24], and the probability density function
can be expressed as

1
= = U 6
p(a) Jomon 207 ) (6)
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where, o1, 02, m, and my are available in TABLE 1.

TABLE 1 shows the probability distribution parameters of
the signal envelope and the phases for various weather condi-
tions in the Ka-band satellite communication channels [24].
Here, 01 and o7 are the variances of the signal envelope and
phase, respectively, m| and m, are the mean of the signal
envelope and phase, respectively. A considerable number of
data from numerous propagation characteristic measurement
experiments have been accumulated in previous studies in
Olympus-star, Italsat-star and ACTS-star [24], the values are
obtained in TABLE 1.

TABLE 1. Ka-band satellite channel envelope and phase model.

Weather conditions m, of m, ol
Clear/cloudy 0455 0.00056 0.0079 0.00381
Cumulus cloud 0.346 0.00272 0.0154 0.00864
Light rain 0.483 0.00003 0.0088 0.00546
Thunder shower 0.436 0.01386 0.0068 0.00414
Blowing snow 0.500 0.00021 0.0089 0.00435
Ice pellets 0482 0.00062 0.0094 0.00544
Rain 0.662 0.02000 —0.0089 0.03077

From the analysis above, the channel model of the Ka-band
satellite communications can be established as shown in
Figure 4. The digital modulation signal can be expressed as
a combination of the frequency independent complex mul-
tiplicative interference factor and the additive white Gaus-
sian noise (AWGN) after the nonfrequency selective fading
channel.

R

[ |
[ \ I

|/

C(t) = aexp(j0) (1)
FIGURE 4. Ka-band satellite channel statistical model.

Applying ACM to Ka-band can improve the spectral effi-
ciency of the system. SNR estimation plays an important role
in ACM. Above all, the accuracy of SNR estimation is of great
significance for ACM scheme selection. MpMy is selected in
this paper for SNR estimators, which will be introduced in
next part.

C. M,M, FOR SNR ESTIMATORS

It is necessary to estimate the channel state before choosing
the transmission scheme. The results of an SNR estimation
are very important as the result will be directly used to
select the scheme. The performance of the system will be
affected when the estimation of SNR differs greatly from
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the actual channel state. If the estimated value of SNR is
greater than the actual value, the selected scheme cannot
guarantee the reliability of the system; otherwise, the system,
theoretically, cannot reach the maximum transmission rate.
Therefore, an accurate SNR estimation method is the key
factor affecting the system performance.

The SNR estimation method consists of time domain and
frequency domain methods. The time domain method can
be divided into data-aided (DA) and non-data aided (NDA)
methods [25]. The DA method has higher estimation accuracy
than the NDA method but involves the insertion of a periodic
pilot sequence, which is inefficient. Common methods of
SNR estimations are DA ML and M;My. The DA ML esti-
mator requires the receiver and prior information sequences
of the transmitter. However, obtaining prior information is
impossible in some practical application cases. This paper
adopts the MMy estimation method without a prior informa-
tion sequence. After sampling the received signal, the output
sequence is expressed as

e =Asx+z k=12,--- K (8)

where K is the observation point after sampling, r; obeys the

Gaussian distribution, Agy is the mean, and 82 is the variance.
The two-order moments and four-order moments of the

received sequence in Equation (8) can be expressed as

Ma =E[ryry ) =AE[|sx |*1+AE[s¢23 1 +AE[sp 21+ El |z 2],
9
and
My = E[(rkr)*]
= AE[Isc|*] + 243 ElIsk|* skz ] + Ellsel* spze])
+AX(E(skz)*1 + 4E[sel* 12121 + El(s, 20
+2A(E( s> skz ] + Ellz* sgz) + Ellz] '] (10)
where the conjugate of r¢, s and z; are denoted r,:, sz and
zz, M; and My are the two-order moments and four-order
moments respectively.
Considering that the signal and noise are independent of

one another, and the mean is zero, Equations (9) and (10) can
be simplified as follows

M, = A% + §2, (11)
and
My = A* + 44257 4 28%, (12)
the estimated value of A and 87 can be expressed as

A2 = V2(Mp)? — My, (13)

and
82 A2
the corresponding SNR estimator is
AZ
SNR = 101og;o(—22), (15)
m282
1°MM
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M, and My can be received in practical applications through
the receiving sequence average value and expressed respec-
tively as

K
1 2
My =— 3 Inl?, (16)
k=1
and
1 K
_ 4
My = E};m : (17)

The estimation of the MyMy performs better with the
higher number of observation points. When the SNR is high,
the M>My estimators have a similar estimation performance
to DA ML, and the observation points have no influence on
the estimation performance [26]. Increasing the number of
sampling points per symbol and the length of the information
sequence sent are effective means to achieve better perfor-
mance estimations when the channel environment is poor in
the application of the actual Ka-band channel. The M;My
estimators have a better estimation performance and can be
approximated as unbiased in the commonly used SNR range.

ll. THE CC+ACM SCHEME FOR HIGH THROUGHPUT
Besides channel model of Ka-band and MMy for SNR
estimators, the coded cooperation system and maximum
throughput algorithm are also important parts for this scheme.
The CC+ACM scheme aims at high throughput, which is
different from the ARQ+ACM scheme. One of the fea-
tures of the transmission system is that the relay no longer
directly forwards information, instead the information in the
UAV-satellite data link is decoded and forwarded. After that,
the satellite downloads the data through ACM for maxi-
mum throughput algorithm to combat the effects of weather
changes in the Ka-band communication. For the relay, its
work includes decoding, signal noise ratio (SNR) estimation
and the selection of a suitable ACM scheme for encoding and
modulation to send information. Although the relay cannot
guarantee that the decoding has no errors, some of the noise
effects of the UAV-satellite channel can be eliminated in
this way. The flow chart of the UAV-satellite-command and
control center communication link is shown in Figure 5.
Coded cooperation system ensures that the scheme with the
maximum throughput is selected. We will introduce the coded
cooperation system in next part.

A. CODED COOPERATION SYSTEM

The satellite relay is the most important part of the whole
communication link. In a coded cooperation system, the satel-
lite decodes and recodes the information instead of directly
forwarding the information. CC combines efficient channel
coding technology with collaboration technology to improve
the performance of the communication system. In addition
to improving BER performance, there are many extra advan-
tages to applying CC to relay information as enumerated as
follows:
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(1) From a power point of view, the performance gain
increases by CC can be redirected to reduce the sending
power of the nodes and reduce the interference between users.

(2) Relay collaboration can extend the coverage of existing
structures such as cellular networks and reduce the blind areas
in communications.

(3) Most importantly, the relay cooperation can reduce
the sensitivity to channel changes, thereby decreasing the
interruption probability for real-time services (such as voice,
video, etc.) and providing better QoS.

Based on the characteristics of CC, the process of decod-
ing and recoding of the information can be combined with
ACM, which means that the satellite selects the most efficient
coded modulation scheme (CMS) to transmit information.
The ACM selection will be introduced in the next section.

Channel |
|
N state sell\::::ii(cm Modulation |i /
> judgment ! e

e T - -
S~ \ \\ Training -
=21 sequence 1

Send training \ \returned -~ = - -------— i Ka
sequence \ \\ 77777 channel
P
’: ‘Ol.llp\lt }-—{Deccder}-—“l‘ dulati \/ & control

,,,,,,,,,,,,,, - center

FIGURE 5. System model of the scheme based on CC.

B. MAXIMUM THROUGHPUT ALGORITHM OF ACM

As shown in Figure 5, we select the ACM scheme according
to the results of SNR estimations [27]. As mentioned above,
the satellite downloads data through the Ka-band channel,
which is obviously affected by the rain decline. To guarantee
the performance of the satellite system in bad weather, the
satellite incorporates large error margins, which leads to a
waste of power in better weather conditions. Due to the high
bandwidth of the Ka-band, in order to avoid the power waste
caused by the large rainfall reserve of the relay, the satellite
downloads data by ACM. Next, we will introduce the ACM
selection on the Ka-band.

In the cooperative relay system, it is necessary to select a
suitable scheme according to the channel status. Assuming
the transmission loss approximates to the rain attenuation,
which is related to the frequency, weather conditions and
system availability, we can estimate the SNR at the receiving
end.

The scheme switching strategy is shown in Figure 6, where
Ep /Ny is the SNR estimation by MoMy. A, B, C, D are a set
of threshold values, satisfying the condition of A < B <
C < D, CMS 1~CMS 5 are five alternative schemes, with
an increasing spectrum utilization. There are five intervals
according to the threshold values (0, A], (A, B], (B, C1, (C, D]
and (D, oo], one for each alternative scheme.
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FIGURE 6. Schemes switching strategy.

In this paper, we used QPSK, 8 phase shift keying (§PSK),
16 amplitude phase shift keying (16APSK), 32 amplitude
phase shift keying (32APSK) modulations, and LDPC is
adopted as the channel coding according to the digital video
broadcasting - satellite - second generation (DVB-S2) [23].
Code rates include 1/4, 1/2, 2/3 and 3/4. The five schemes
can be seen in TABLE 2.

TABLE 2. Five schemes.

Scheme Modulation Code rate
CMS 1 QPSK 1/4
CMS2 8PSK 12
CMS 3 16APSK 12
CMS 4 16APSK 2/3
CMS 5 32APSK 3/4

According to different requirements in different scenarios,
this paper designs two ACM scheme selections, the target
BER algorithm and the maximum throughput algorithm.
As mentioned above, the transmission rate is a critical indi-
cator when transmitting important information. Therefore,
we select a maximum throughput algorithm. This algorithm
is suitable for services without constraints on the maximum
acceptable BER. High transmission efficiency is guaranteed.

BER switching thresholds are derived from the cross-point
of CMS throughput curves as shown in Figure 9.

For example, for E /Ny values between 12 dB and 15 dB,
the 16APSK modulation scheme with a code rate equal to
172 can be utilized, resulting in the maximum throughput.
Over this threshold, there are modulations for schemes that
provide higher throughput, such as a 16APSK modulation
scheme with a code rate equal to 2/3. Figure 9 also shows
that 32APSK can be utilized with a code rate of 3/4 when
the E,/Ny values exceed 17.5dB and results in a spectral
efficiency of 3.75bps/Hz. The switching threshold of each
scheme is shown in TABLE 3.

Throughput 7 is defined as follows:

T = R(1 — FER). (18)

where R is the rate of information, which is assumed as 1 in
this system and the FER is the frame error rate.
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TABLE 3. Schemes based on maximum throughput algorithm.

E,/N, CMS
E,/N,<10.5 QPSK 1/4
10.5<E, /N, <12 8PSK 12
12<E,/N, <15 16APSK 1/2
15<E, /N, <175 16APSK 2/3
E,/N,>175 32APSK 3/4

IV. THE ARQ+ACM SCHEME FOR HIGH QoS

As mentioned above, the relay decoding is not fully guaran-
teed to be error-free. In addition, it is unreasonable to consider
the satellite relay as an ideal relay. In situations where the
accuracy of information is very important, adding ARQ to
the relay can effectively improve the accuracy of decoding.
To ensure the validity of the relay decoding, CRC is added
to the UAV data chain, in which case the system eliminates
the influence of the UAV-satellite channel on the information.
After this, the satellite downloads the data through ACM
for target BER algorithm to combat the effects of weather
changes in the Ka-band communication. The flow chart of
the UAV-satellite-command and control center communica-
tion link is shown in Figure 7. The data transmission goes
through the Gaussian channel of the UAV-satellite link and
the Ka-band channel of the satellite-command and control
center link.

\ Channel
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Send lraining\ \ Training sequence
sequence 3, returned

\ ommm T -

o
=
(
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\
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control

————— - center

i
g
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g
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VIR
VLE| Y
VB
RN
=
\

FIGURE 7. System model of the scheme of ACM based on ARQ.

For example, when the UAV is involved in real-time mon-
itoring of road traffic missions, details such as the location
and the scene of the accident are very important. The relay
can fully recover the original information of the UAV for
the transmission system, in this way the noise impact of the
UAV-satellite channel is completely eliminated. The relay
determines whether to execute ARQ by determining if there
is an error. The CRC detection and ACM selection are intro-
duced in the following section.

A. CRC DETECTION
CRC is added to UAV surveillance information before encod-
ing and modulation to make preparations for the relay to judge
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whether the decoding is correct. It is necessary for the satellite
relay to decode information correctly, which can improve
the performance of the UAV-satellite- command & control
center system. In this paper, CRC is added on the basis of
UAV data link, which can effectively determine whether the
relay decoding is correct. When the decoding is correct, the
satellite relays the information to the command & control
center; otherwise, a command is sent for ARQ.

As mentioned above, the CRC is generated by several
special polynomials, which commonly include CRC 12,
CRC 16 and CRC 24. Different checksums lead to differ-
ent performances. In general, CRC 24 performs better than
CRC 16 and CRC 16 performs better than CRC 12. In practi-
cal applications, different checksums are selected according
to different requirements. As CRC 12 has poor performance
and CRC 24 has a high complexity, this paper selects CRC
16 to encode the information from UAV.

All the code polynomial 7'(x) of a CRC can be divided by
the generator polynomial g(x) as a CRC has all the character-
istics of the quasi-cyclic code. We set m(x) the information
code polynomial, (k — 1) the highest time. k is the number
of information codes. We obtain x" % . m(x) by multiplying
x"K times m(x). Dividing x" % - m(x) by g(x) can conclude:

n—k
L _ gy 4 1,
g(x) g(x)
where the remainder r(x) is appended to the information code
polynomial as a check-code polynomial, we obtain a code
polynomial:

19)

Tx) =x"% m@) + rix), (20)

the polynomial of CRC 16 we use in this paper can be
expressed as:

g)=xP + x4 1241, 1)

R(x) is the received code set polynomial in the CRC detec-
tion. The relay determines whether there are errors in the
remainder of receiving code by calculating whether the result
is zero. E(x) is the error code in the receiving signals, the
receiving code polynomial satisfies:

R(x) T(x)+E(x)
g(x) gx)

If no error occurred in transmissions, the receiving code
will be the same as the transmitting code R(x) = T'(x), and
R(x) must be divisible by g(x), in which condition the data can
be transmitted to the next section; otherwise, the system will
send a command to the ARQ. In order to ensure the reliability
of the system, we select target BER algorithm of ACM, which
keeps the BER below a certain value all the time.

(22)

B. TARGET BER ALGORITHM OF ACM

After the information obtained by the relay decoding is
proved to be correct by the CRC, the relay can recode and
modulate the original information. As mentioned above, the
satellite downloads data through the Ka-band channel, which
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is obviously affected by the rain decline. Due to the high
bandwidth of the Ka-band, the satellite downloads data by
ACM to avoid the power waste caused by the large rainfall
reserve of the relay. The satellite selects the transmission
scheme based on the results of the SNR estimation.

The ACM scheme selected in this paper is based on
DVB-S2, we choose QPSK, 8PSK, 16APSK, and 32APSK
modulations, and LDPC is adopted as the channel coding
according to the DVB-S2. Code rates include 1/4, 1/2, 2/3
and 3/4. According to the characteristics of the Ka-band
channel, this paper establishes the Ka-band channel model
and deduces the channel characteristics in various weather
conditions as mentioned above in Section II. The channel
state is estimated by an SNR estimation and the data are
downloaded according to the current state of the channel.

The target BER algorithm is selected since this system
requires more accuracy of information. This algorithm is
suitable for a service whose QoS needs to be guaranteed.
Given the target BER limit, the E;, /Ny switching thresholds
for the coding and modulation options can be derived. Dif-
ferent target BER limits result in different Ej /Ny switching
thresholds. In this paper, the target BER limit equals to 107>,
Figure 8 shows a comparison of BER performance and the
E}p /Ny values of different schemes.

QPSK-1/4 |

Jvteray: 8PSK-1/2
10 =) < < 16APSK-1/2
’ 16APSK-2/3
1070 S, 32APSK-3/4

BER

5 10 15 20 25
E,/N,/(dB)

FIGURE 8. BER switching thresholds based on target BER algorithm.

For example, for the E,/Ny values below 16.5 dB, the
16APSK modulation scheme with a code rate equal to 1/2
cannot be selected, resulting in a BER higher than 1073,
When higher than this threshold, the CMS confronts the exe-
cution criterion. In this case, the spectral efficiency becomes
2bps/Hz. In addition, Figure 8 also shows that 32APSK can
be utilized with a code rate of 3/4 when the E;/Ny values
exceed 22 dB, and the results are in a spectral efficiency of
3.75bps/Hz. The CMS is shown in TABLE 4.

V. NUMERICAL RESULTS AND ANALYSIS

The validity of the proposed CC scheme based on ACM
and the ARQ scheme based on the ACM scheme for
UAV-satellite-command and control center communications
are then tested. Monte Carlo simulations the software are
performed to evaluate the performance of the above sys-
tem compared to the fixed modulation and coding (FMC)
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TABLE 4. Schemes based on the target BER algorithm.

E, /N, CMS
E, /N, <13 QPSK 1/4
13<E, /N, <165 8PSK 1/2
16.5<E,/N,<18.5 16APSK 1/2
18.5<E,/N,<22 16APSK 2/3
E,/N,>22 32APSK 3/4

(the QPSK modulation scheme with a code rate equal to 1/4).
In simulations, uplink data between UAV and satellites passes
through a Gaussian white noise channel, and downlink data
between the satellite and command and control center passes
through a Ka-band channel, which assumes rainy weather
depending on the characteristics of the UAV and the satellite.
The binary information frame length is 192 bits, and the value
of g is taken to 2. The H with a lower triangular is constructed
by a QC algorithm, then the G is derived through Gaussian
elimination [28], [29]. The Log-FFT-BP algorithm is adopted
for LDPC decoding. The frame number is set to 100000 and
the maximum number of retransmissions for the ARQ system
is set to 100. At last, the iteration number of the Log-FFT-BP
algorithm is set to 25.

4

QPSK-1/4 |

8PSK-1/2 |

3.5 |
16APSK-1/2 |

16APSK-2/3 |

3 32APSK-3/4 :

— |
25 ]
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|
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FIGURE 9. Throughput performance of five schemes.

The target BER algorithm is suitable for services where
QoS needs to be guaranteed. Therefore, the target BER algo-
rithm is set to the schemes based on ARQ, which requires
high QoS. In this paper, the target BER limit is set as 107>,
Figure 8 illustrates the BER performance versus Ep/Ny for
the proposed ACM scheme. We can observe from Figure 8
that all the alternatives for the scheme based on ARQ in the
proposed ACM scheme could meet the requirement of the
BER limit when Ej /Ny is in a certain region. To guarantee
the uniqueness of scheme switching, the values of E; /Ny at
BER = 107 for different candidates do not coincide with
each other. Figure 10 shows the BER versus Ej /N for three
algorithms, including the target BER algorithm, the max-
imum throughput algorithm, and the FMC algorithm. The
fluctuating point in the figure is the position of the scheme
switch.
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FIGURE 10. BER performance of three schemes.

It can be seen that for Ej, /Ny values below 13 dB, the three
algorithms produce almost the same value of BER. However,
over this threshold, the target BER algorithm gives the best
BER value. For instance, for the E; /Ny value of 15 dB, the
BER of the target BER algorithm is lower than 10~/ and
the BER of the maximum throughput algorithm is higher
than 10~*. For the value of BER is 10>, the maximum
throughput algorithm cannot reach the certain value, and the
FMC algorithm and target BER algorithm will keep the value
of BER below 10~> when the value of Ep /Ny is over 13 dB.
In addition, Figure 10 also shows that when the values of
Ep /Ny are higher than 13 dB, the target BER algorithm gives
a higher spectral efficiency than the FMC algorithm, while
keeping the value of BER below 107>, More details about
the CMS are listed in TABLE 3.

The maximum throughput algorithm is suitable for ser-
vices whose transmission rate needs to be guaranteed. There-
fore, the maximum throughput algorithm is set to the CC
scheme based on ACM. Figure 9 shows the throughput
performance versus Ep /Ny for the proposed ACM scheme.
We can observe from Figure 9 that the maximum throughput
of different schemes varies. Figure 9 illustrates the throughput
curves versus Ej /Ny for the three schemes.

It clearly appears that the reference ACM and FMC
have the same throughput performance when E,/Ny is
below 11 dB. Over this threshold, the reference ACM has a
better throughput performance than FMC. We also observe
from Figure 11 that the candidate in the proposed ACM
scheme can obtain a higher spectral efficiency than the target
BER algorithm. For instance, when the value of throughput is
3, the FMC algorithm cannot reach this value, and the target
BER algorithm reach this value when the value of Ej/Ny
is 22 dB and the maximum throughput algorithm is 17dB,
which makes the latter have a gain of 5 dB. Through the
above analysis we deduce that the proposed ACM scheme can
significantly improve the spectral efficiency with the same
transmitting power compared to FMC.

It can be seen that the target BER algorithm keeps the
BER below 107> and the maximum throughput algorithm
always achieves the maximum throughput. As a result, the
target BER algorithm is more suitable for the scheme based
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FIGURE 11. Throughput performance of three schemes.

on ARQ, which requires a high QoS. Likewise, the maximum
throughput algorithm is compatible with the scheme based
on CC. In the actual transmission, selecting the appropriate
transmission scheme and the corresponding algorithm can
achieve the maximum efficiency for the UAV missions.

VI. CONCLUSION

This paper has chiefly discussed the application of different
adaptive coded modulation (ACM) schemes for two typical
requirements in UAV surveillance systems. Applications of
UAV in different scenarios have different requirements. In the
existing UAV surveillance systems, large amounts of data
are returned in a single method and it is difficult to meet
the varied demands of different information transmissions.
Focusing on this issue, a novel ACM scheme with ARQ or
CC based on CRC detection and LDPC code is proposed,
which satisfies the varied requirements in the different sce-
narios. In two typical scenarios, two different algorithms have
been implemented. The target BER, which is adopted for
ARQ+CC aims to keep the error rate under a specified value
employs the CMS, which respects the error target while guar-
anteeing the highest efficiency, and the maximum through-
put. CC4+ACM, conversely, aims at maximizing the system
spectral efficiency without controlling the performance of the
error rate. The application of ACM to satellite relay in this
paper has not been proposed before. In addition, the schemes
mentioned in this paper can be more flexible to adapt to differ-
ent requirements and perform better than the previous CCM.
Theoretical analysis and Monte Carlo simulation results over
the Ka-band channels based on software show that, compared
to the reference UAV transmission scheme, the proposed
ARQ+ACM and CC+ACM algorithms can satisfy different
requirements in various scenarios. This increases the flexi-
bility of UAVs and extends their surveillance range but also
provides a higher spectral efficiency for the same transmit-
ting power. In addition, equipping different ACM algorithms
under different schemes can save large quantities of power
resource. For UAV surveillance system, it is of great signifi-
cance to select the appropriate transmission scheme flexibly
in different scenarios. In future works, we will try to apply
network coding (NC), continue phase modulation (CPM)
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and other technologies to UAV monitoring system to further
improve the throughput, spectral efficiency and robustness of
the system, which enables the UAV to work in more complex
scenarios.
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