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view. Figure 7 concentrates on a crossing road, but Figure 8 focuses on the one-way traffic, especially in
(2-1, 2-2, 2-3) of Figure 8. These scenarios of (2-1, 2-2, 2-3) are different from Figure 7, but the proposed
method locates these vehicles appearing in those images.

Scenes Change: To further validate the expansibility of the method, we test it on some infrared
images captured 80 m above the ground. The road of Scenes Change is two-way traffic. The lamp
post can be clearly seen on the ground. The guard bars on the two sides of the road are exposed to
high temperatures for the long term, which are similar to vehicles in brightness. This causes great
disturbances for detection in the aerial infrared images.

As can be seen from Figure 9, the proposed method is capable of detecting the vehicles that run in
the same or opposite directions, locating the vehicle partially when it starts to come into or escape from
the view in changed scenes. This evidence above proves that the method is feasible and dependable
for aerial infrared vehicle detection.

Figure 9. The performances of the method on partial images of Scenes Change [35].

4.2. Assessment Method

To evaluate the capability of the methodology on vehicle detection in aerial infrared images,
we adopt these measurements: Precision, Recall and F1-Score defined as follows:

TP

recision TP + FP

(15)
The Precision is the percentage of the correctly-detected vehicles’ number over the total

detected vehicles:
TP

Recall = TPLEN

(16)
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The Recall is the percentage of the correctly-detected vehicles number over the total true vehicles:

2 x Recall x Precision
F1— = . 17
score Recall 4 Precision (17

The F1-Score is a trade-off between Recall and Precision, where TP is the true positives (i.e., the
number of vehicles correctly detected), FP is the false positives (i.e., the number of vehicles incorrectly
detected), and FN is the false negatives (i.e., the number of other objects are wrongly regarded
as vehicles).

4.3. Statistical Information

Figures 6-9 show some detection results, and then we conduct a statistical analysis about the
method’s performance. The details (quantitative results) are shown in Table 4.

Table 4. The performances on the test images. FP: false positive; TP: true positive; FN: false negative.

Test Images Vehicles TP FP FN  Precision Recall F1-Score  Time(s)
VIVID_pktestl 100 446 388 58 7 87.00% 98.23% 92.27% 4.50
NPU_DJM100_1 189 642 612 30 22 95.33% 96.53% 95.93% 16.07
NPU_DJM100_2 190 922 903 19 30 97.94% 96.78% 97.36% 17.48
Scenes Change 100 85 79 6 0 92.94% 100% 96.34% 9.20

Total 2095 1982 113 59 94.61% 97.11% 95.84%

On the whole, the majority of the vehicles have been detected by the method. In total, the mean
of Precision is 94.61%. The average of Recall is 97.11%. The F1-Score is basically flat . This measured
information sufficiently demonstrates that the method is available for the ground vehicle detection in
aerial infrared images.

4.4. Discussion

Comparison with State-of-the-Art

Figure 10 and Table 5 display a comparison about the method to a state-of-the-art method in [18].
This is a method for detecting moving objects with non-stationary cameras. It models the background
through a dual-modal single Gaussian model (SGM) with age, which prevents the background model
from being contaminated by the foreground pixels while still allowing the model to adapt to changes
in the background, and compensates the motion of the camera by mixing neighboring models, which
reduces the errors arising from motion compensation, in order to achieve rapid vehicle detection.

Table 5 illustrates that the proposed method achieves absolute advantages in Precision, Recall,
and F1-score measurements. The performances of the Scenes Change group of [18] are equal to
the proposed method, but there were very few vehicles in this group. With the vehicle’s number
increasing, the performance generally degrades, but the performance of the proposed is smooth and
steady, maintaining a high level.

As can be seen from Figure 10, the method of [18] locates the running vehicles incorrectly, which
only puts a rectangle around part of the running vehicle part even when the vehicle is completely in
the image. There exist many false alarms (#77,#78) and residual errors (#97,#98,#89,#90). The proposed
method is superior in the location accuracy and detection rate, which is able to detect almost all the
vehicles. The red rectangles are the proposed method’s detection results, the green rectangles belong
to [18]. It is obvious that the detection results of [18] fluctuate drastically, especially in the # 71, #72,
#75,#76 of Scenes Change.
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Table 5. Comparison with the state-of-the art method, the bold value of each row is the best performance.

Test Images Number  Vehicles The Proposed Method Method in [18]
Precision Recall F1-Score Precision Recall F1-Score
VIVID_pktestl 1-100 446 87.00%  98.23%  92.27% 42.82%  7745%  55.15%
NPU_DJM100_1 1-60 38 100% 100% 100% 52.63%  31.75%  39.61%
NPU_DJM100_2 1-100 501 98.20%  97.62%  97.91% 3435%  40.78%  37.29%
Scenes Change 70-90 20 100% 100% 100% 100% 100% 100%
Total 1005 91.34%  92.08%  91.71% 37.98%  54.44% = 44.74%

Figure 10. Comparison with a state-of-the-art method in [18]. The red rectangle is the proposed
method’s detection results, the green rectangles belong to [18]. From top to bottom: VIVID_pktest1,
NPU_DJM100_1, NPU_DJM100_2, Scene Changes [35].

5. Conclusions

This paper proposes an efficient method for real-time ground vehicle detection in infrared imagery
based on a convolutional neural network. In the proposed approach, we exploit a convolutional neural
network to mine the abundant abstract features among the aerial infrared imagery. These features
are more distinguished in ground vehicle detection. For ground vehicle detection, we firstly build
a real-time ground vehicle detection system to capture real scene aerial images. All of the manually
labeled training samples and test images are publicly posted. Then, we construct the convolutional
and pooling layers and region proposal layer to achieve feature extraction. The convolutional and
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pooling layers are adopted to explore the vehicle’s inherent features, and the rear region proposal layer
is exploited to generate candidate vehicle boxes. Finally, on the basis of a labeled sample’s feature,
the method iteratively learns and memorizes these features to generate a real-time ground vehicle
model. It has the unique ability to detect both the stationary vehicles and moving vehicles in real
urban environments. Experiments on the four different scenes demonstrate that the proposed method
is effective and efficient to recognize the ground vehicles. In addition, it can accomplish the task in real
time while achieving superior performances in leak and false alarm ratio. Furthermore, the current
work shows great potential for ground vehicle detection in aerial imagery.

In the real world, the real-time ground vehicle detection can be applied to intelligent surveillance,
traffic safety, wildlife conservation and so on. In the intelligent surveillance, the system can rapidly
give the vehicle’s location in imagery under day and night, which is helpful for traffic monitoring and
traffic flow statistics. Traffic crashes might occur in our daily lives all the time, but it is difficult to
confirm the responsibility for the accident in complex backgrounds. The system can be used to identify
the principal responsible party for its real-time detection capacity. As for the wildlife conservation,
most of the protected animals are caught and killed during the night. The system can locate the
hunter’s vehicle at night, and this helps some regulatory agencies to take countermeasures in time.
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Abbreviations

The following abbreviations are used in this manuscript:
SVM  Support Vector Machines

UAV Unmanned Aerial Vehicle

SIFT Scalar Invariant Feature Transform

HOG  Histogram of Oriented Gradient

ISM Implicit Shape Model

NMS  Non Maximum Suppression

CNN  Convolutional Neural Network

MHI Motion History Image

HMM  Hidden Markov Model

References

1. Diamantopoulos, G.; Spann, M. Event detection for intelligent car park video surveillance. Real-Time Imaging
2005, 11, 233-243. [CrossRef]

2. Cheng, H.; Weng, C.; Chen, Y. Vehicle detection in aerial surveillance using dynamic bayesian networks.
IEEE Trans. Image Process. A Publ. IEEE Signal Process. Soc. 2012, 21, 2152-2159. [CrossRef] [PubMed]

3. Chen, H; Zhou, Y;; Deng, C. Study and implementation of car video surveillance system. Commun. Technol.
2012, 45, 55-56.

4. Zhao, G.; Hong-Bing, M.A.; Chen, C. Design of a wireless in-car video surveillance dedicated file system.
Electron. Des. Eng. 2016, 24, 10-13.

5. Bohn, B,; Garcke, J.; Iza-Teran, R.; Paprotny, A.; Peherstorfer, B.; Schepsmeier, U.; Thole, C.A. Analysis of car
crash simulation data with nonlinear machine learning methods. Procedia Comput. Sci. 2013, 18, 621-630.
[CrossRef]

6. Saust, F; Wille, ]JM.; Maurer, M. Energy-optimized driving with an autonomous vehicle in urban
environments. In Proceedings of the Vehicular Technology Conference, Yokohama, Japan, 6-9 May 2012;

pp. 1-5.

221



Electronics 2018, 7,78

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Sun, Z.; Bebis, G.; Miller, R. On-road vehicle detection using gabor filters and support vector machines.
Int. Conf. Digit. Signal Process. 2002, 2, 1019-1022.

Tsai, L.; Hsieh, J.; Fan, K. Vehicle detection using normalized color and edge map. IEEE Int. Conf. Image Process.
2007, 16, 850-864. [CrossRef]

Zhou, J.; Gao, D.; Zhang, D. Moving vehicle detection for automatic traffic monitoring. IEEE Trans. Veh. Technol.
2007, 56, 51-59. [CrossRef]

Elmikaty, M.; Stathaki, T. Car detection in high-resolution urban scenes using multiple image
descriptors. In Proceedings of the International Conference on Pattern Recognition, Stockholm, Sweden,
24-28 August 2014; pp. 4299-4304.

Yang, T.; Wang, X.; Yao, B.and Li, J.; Zhang, Y.; He, Z.; Duan, W. Small moving vehicle detection in a satellite
video of an urban area. Sensors 2016, 16, 1528. [CrossRef] [PubMed]

Luo, P; Liu, E; Liu, X; Yang, Y. Stationary Vehicle Detection in Aerial Surveillance With a
UAV. In Proceedings of the 8th International Conference on Information Science and Digital Content
Technology (ICIDT), Jeju, Korea, 26-28 June 2012; pp. 567-570.

Chen, X.; Meng, Q. Vehicle detection from UAVs by using SIFT with implicit shape model. In Proceedings of
the IEEE International Conference on Systems, Man, and Cybernetics, Manchester, UK, 13-16 October 2013;
pp. 3139-3144,

Xu, Y; Yu, G,; Wang, Y.; Wu, X.; Ma, Y. A hybrid vehicle detection method based on Viola-Jones and HOG +
SVM from UAV images. Sensors 2016, 16, 1325. [CrossRef] [PubMed]

Kamal, S.; Jalal, A. A hybrid feature extraction approach for human detection, tracking and activity
recognition using depth sensors. Arab. |. Sci. Eng. 2016, 41, 1043-1051. [CrossRef]

Farooq, A.; Jalal, A.; Kamal, S. Dense RGB-D map-based human tracking and activity recognition using skin
joints features and self-organizing map. Ksii Trans. Internet Inf. Syst. 2015, 9, d0i:10.3837 /tiis.2015.05.017.
[CrossRef]

Kamal, S.; Jalal, A.; Kim, D. Depth images-based human detection, tracking and activity recognition using
spatiotemporal features and modified HMM. |. Electr. Eng. Technol. 2016, 11, 1857-1862. [CrossRef]

Yi, KM.; Yun, K,; Kim, S.W.; Chang, H.J.; Jin, Y.C. Detection of moving objects with non-stationary cameras
in 5.8 ms: Bringing motion detection to your mobile device. In Proceedings of the IEEE Conference on
Computer Vision and Pattern Recognition Workshops, Portland, OR, USA, 23-28 June 2013; pp. 27-34.

Li, L.; Zeng, Q.; Jiang, Y.; Xia, H. Spatio-temporal motion segmentation and tracking under realistic condition.
In Proceedings of the International Symposium on Systems and Control in Aerospace and Astronautics,
Harbin, China, 19-21 January 2006; pp. 229-232.

Yin, Z.; Collins, R. Moving object localization in thermal imagery by forward-backward MHI. In Proceedings
of the Conference on Computer Vision and Pattern Recognition Workshop, New York, NY, USA,
17-22 June 2006; p. 133.

Shao, W.; Yang, W.; Liu, G.; Liu, J. Car detection from high-resolution aerial imagery using multiple features.
In Proceedings of the Geoscience and Remote Sensing Symposium, Munich, Germany, 22-27 July 2012;
pp. 4379-4382.

Tuermer, S.; Kurz, F; Reinartz, P; Stilla, U. Airborne vehicle detection in dense urban areas using HOG
features and disparity maps. IEEE |. Sel. Top. Appl. Earth Observ. Remote Sens. 2013, 6, 2327-2337. [CrossRef]
Chen, Z.; Wang, C.; Luo, H.; Wang, H.; Chen, Y.; Wen, C.; Yu, Y;; Cao, L.; Li, J. Vehicle detection in
high-resolution aerial images based on fast sparse representation classification and multiorder feature.
IEEE Trans. Intell. Transp. Syst. 2016, 17, 2296-2309. [CrossRef]

Yu, S.L.; Westfechtel, T.; Hamada, R.; Ohno, K.; Tadokoro, S. Vehicle detection and localization on bird’s
eye view elevation images using convolutional neural network. In Proceedings of the IEEE International
Symposium on Safety, Security and Rescue Robotics, Shanghai, China, 11-13 October 2017; pp. 102-109.
Sommer, L.; Schuchert, T.; Beyerer, J. Fast deep vehicle detection in aerial images. In Proceedings of the
Applications of Computer Vision, Santa Rosa, CA, USA, 24-31 March 2017; pp. 311-319.

Deng, Z.; Sun, H.; Zhou, S.; Zhao, J.; Zou, H. Toward fast and accurate vehicle detection in aerial images
using coupled region-based convolutional neural networks. IEEE |. Sel. Top. Appl. Earth Observ. Remote Sens.
2017, 10, 3652-3664. [CrossRef]

Yang, M.; Liao, W.; Li, X.; Rosenhahn, B. Vehicle detection in aerial images. arXiv 2018, arXiv:1801.07339.
[CrossRef]

222



Electronics 2018, 7,78

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Konoplich, G.V.; Putin, E.; Filchenkov, A. Application of deep learning to the problem of vehicle detection in
UAV images. In Proceedings of the IEEE International Conference on Soft Computing and Measurements,
St. Petersburg, Russia, 25-27 May 2016; pp. 4-6.

Ammour, N.; Alhichri, H.; Bazi, Y.; Benjdira, B.; Alajlan, N.; Zuair, M. Deep learning approach for car
detection in UAV imagery. Remote Sens. 2017, 9, 312. [CrossRef]

Girshick, R.; Donahue, J.; Darrell, T.; Malik, J. Region-based convolutional networks for accurate object
detection and segmentation. IEEE Trans. Pattern Anal. Mach. Intell. 2016, 38, 142-158. [CrossRef] [PubMed]
Ren, S.; He, K.; Girshick, R.; Sun, J. Faster R-CNN: Towards real-time object detection with region proposal
networks. IEEE Trans. Pattern Anal. Mach. Intell. 2017, 39, 1137-1149. [CrossRef] [PubMed]

Tang, T.; Zhou, S.; Deng, Z.; Zou, H.; Lei, L. Vehicle detection in aerial images based on region convolutional
neural networks and hard negative example mining. Sensors 2017, 17, 336. [CrossRef] [PubMed]

Li, J; Li, T; Yang, T.; Lu, Z. Cross-domain co-occurring feature for visible-infrared image matching.
IEEE Access 2018, 6, 17681-17698. [CrossRef]

Li, J.; Li, C; Yang, T.; Lu, Z. A novel visual vocabulary translator based cross-domain image matching.
IEEE Access 2017, 5, 23190-23203. [CrossRef]

Test Images and Train Samples. Available online: https://shanxiliuxiaofei.github.io/ (accessed on 2
April 2018).

Pktest01. Available online: http://vision.cse.psu.edu/data/vividEval/datasets /PETS2005/PkTest01/index.
html (accessed on 2 April 2018).

Labellmg Tool. Available online: https://github.com/tzutalin/labellmg (accessed on 2 April 2018).
Sande, K.E.A.V.D,; Uijlings, ] R.R.; Gevers, T.; Smeulders, A. WM. Segmentation as selective search for object
recognition. In Proceedings of the IEEE International Conference on Computer Vision, Barcelona, Spain,
6-13 November 2012; pp. 1879-1886.

Russakovsky, O.; Deng, J.; Su, H.; Krause, J.; Satheesh, S.; Ma, S.; Huang, Z.; Karpathy, A.; Khosla, A.;
Bernstein, M. ImageNet large scale visual recognition challenge. Int. ]. Comput. Vis. 2015, 115, 211-252.
[CrossRef]

Everingham, M.; Gool, L.; Williams, C.; Winn, J.; Zisserman, A. The pascal visual object classes (VOC)
challenge. Int. J. Comput. Vis. 2010, 88, 303-338. [CrossRef]

Felzenszwalb, P.E,; Girshick, R.B.; Mcallester, D.; Ramanan, D. Object detection with discriminatively trained
part-based models. IEEE Trans. Pattern Anal. Mach. Intell. 2010, 32, 1627-1645. [CrossRef] [PubMed]
Girshick, R.; Donahue, J.; Darrell, T.; Malik, J. Rich feature hierarchies for accurate object detection and
semantic segmentation. In Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition,
Washington, DC, USA, 23-28 June 2014; pp. 580-587.

Redmon, J. Darknet: Open Source Neural Networks in C. 2013-2016. Available online: http://pjreddie.
com/darknet/ (accessed on 2 April 2018).

Pktest02. Available online: http:/ /vision.cse.psu.edu/data/vividEval/datasets /PETS2005/PkTest02/index.
html (accessed on 2 April 2018).

@ (© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
[

(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).

223



i}% electronics ﬁvﬁ;fy

Atrticle

Research on Air Confrontation Maneuver
Decision-Making Method Based on
Reinforcement Learning

Xianbing Zhang, Guoqing Liu, Chaojie Yang and Jiang Wu *
School of Automation Science and Electrical Engineering, Beihang University, Beijing 100191, China;

zhangxianbing@buaa.edu.cn (X.Z.); liuguoging@buaa.edu.cn (G.L.); yangchaojie@buaa.edu.cn (C.Y.)
* Correspondence: wujiang@buaa.edu.cn; Tel.: +86-139-1006-9931

Received: 26 September 2018; Accepted: 22 October 2018; Published: 27 October 2018

Abstract: With the development of information technology, the degree of intelligence in air
confrontation is increasing, and the demand for automated intelligent decision-making systems is
becoming more intense. Based on the characteristics of over-the-horizon air confrontation, this paper
constructs a super-horizon air confrontation training environment, which includes aircraft model
modeling, air confrontation scene design, enemy aircraft strategy design, and reward and punishment
signal design. In order to improve the efficiency of the reinforcement learning algorithm for the
exploration of strategy space, this paper proposes a heuristic Q-Network method that integrates expert
experience, and uses expert experience as a heuristic signal to guide the search process. At the same
time, heuristic exploration and random exploration are combined. Aiming at the over-the-horizon
air confrontation maneuver decision problem, the heuristic Q-Network method is adopted to train
the neural network model in the over-the-horizon air confrontation training environment. Through
continuous interaction with the environment, self-learning of the air confrontation maneuver strategy
is realized. The efficiency of the heuristic Q-Network method and effectiveness of the air confrontation
maneuver strategy are verified by simulation experiments.

Keywords: over-the-horizon air confrontation; maneuver decision; Q-Network; heuristic exploration;
reinforcement learning

1. Introduction

The intelligent air confrontation decision-making system can be effectively applied to
automatic/autonomous simulated air confrontation, maneuver confrontation, anti-interception and
various auxiliary decision-making systems of manned/unmanned aerial vehicles. The world’s major
military powers are conducting in-depth research in this field. The intelligent decision-making system
will, thus, become an important part of future decision on air confrontation.

In the process of over-the-horizon air confrontation, reasonable maneuver decision-making is the
premise of making weapons attack, sensor use, electronic countermeasures, and other decisions. It is
accompanied by the entire air confrontation process and is an extremely important part. This paper
mainly studies the intelligent maneuver decision-making method in this environment, based on the
single-to-single air confrontation in super-horizon air confrontation.

The current air confrontation decision-making methods can be divided into two main categories:
non-learning strategies and self-learning strategies. Among them, the non-learning strategy mainly
adopts the optimization theory or the game method. There is no data-based training process in
the strategy solving process, and there is no process of updating and optimizing the strategy by
interacting with the environment. The methods adopted by non-learning strategies mainly include:
differential countermeasure [1,2], matrix game [3], expert system [4], and impact map [5] among others.

Electronics 2018, 7, 279; d0i:10.3390/ electronics7110279 224 www.mdpi.com/journal/electronics
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The self-learning strategy refers to the information generated by the interaction between the historical
data and the environment; and strategy learning is carried out, and finally a better strategy is solved.
The self-learning strategy has characteristics of offline and online learning training, and has strong
adaptability and can cope with complex and changeable environments. The main methods used in
self-learning strategies include: genetic algorithm [6,7], artificial immune system [8,9], supervised
learning [10], reinforcement learning [11], etc.

Reinforcement learning is a self-learning method which, through constant trial and error, interacts
with the environment, gradually acquires knowledge, and improves action plans to adapt to the
environment. Reinforcement learning has good application in decision-making fields such as robot
control and automatic driving.

2. Air Confrontation Learning Training Environment Design

2.1. Aircraft Modelling

In the decision-making process of over-the-horizon air confrontation, the main focus is on real-time
position and speed information of the two sides, but there is no requirement for the attitude information
of the enemy aircraft. Therefore, the model of the aircraft is modeled by a three-degree-of-freedom model.

In order to facilitate the study, the paper made multiple assumptions [12,13]:

e The aircraft does not have a side-slip motion, that is, the side-slip angle is 0.

e  Airspeed is not considered when the aircraft is moving.

e The mass of the aircraft is constant, and the acceleration of gravity and atmospheric density do
not change with changes in flight altitude.

e The Earth is regarded as an inertial system, that is, it regards the Earth as stationary, ignoring the
effects of the Earth’s rotation and revolution.

Based on the above assumptions, the force diagram of the aircraft is shown in Figure 1:

Sky: -z

Local
aircraft A2 _ _—-——7

Figure 1. The geometric situation of confrontation.

where v is the speed of the aircraft, g represents the acceleration of gravity, n, and 7y indicate the
tangential overload and the normal overload, 7, x and -, respectively indicate the aircraft’s track
inclination angle, track azimuth, and track roll angle. The following formula can be obtained by
analyzing the force of the aircraft.

mghy — mgsintT = mo

Mg f COS Yy — MG COST = MuT 1)
Mg g sinyy = mMv CoS Txx
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Transforming the above formula, we can get the dynamic equation of the aircraft as follows:

v =g(ny —sinT)
T =4 (nycosyy — cos 1) ()

X= vcgsrnfSin’yX

In this paper, the movement of the aircraft can be controlled by three quantities of ny, n 5 and 7.
11y can control the speed of flight, 11 and 7 can control the track tilt angle and track azimuth to control
flight speed direction.

Based on the above symbol representations, the kinematic equation of the aircraft can be
expressed as:

X = UCOS T COS X
Y =7vcosTsin ) 3)
z=—vsinT

where x, y, and z represent the coordinates of the aircraft in the ground coordinate system (using the
North East coordinate system).

2.2. Learning Training Scene Design

Over-the-horizon air confrontation, unlike short-range air confrontation, has powerful missiles,
radars, and support for various ground-to-air equipment information, which allows air confrontation
to occur at a greater distance. Both parties can speculate through various information support.
The opponent’s position is then attacked by the precise guidance of the missile. This paper only studies
the maneuvering strategy of over-the-horizon air confrontation, and air confrontation in close range is
not considered.

The airspace in which the over-the-horizon air battle is located is assumed as follows (Table 1):
The initial distance between the two sides is 65~100 km; when the distance between the two sides is
less than 20 km, it is considered to have entered the close range, and the air battle is over. The height
of both sides is 5~7 km.

Table 1. Air confrontation airspace.

Initial Distance/km  End Distance/km  Height/km
65~100 <20 6

This paper assumes that the local aircraft has a perception of enemy aircraft during the
over-the-horizon air battle. When the enemy aircraft falls within the radar detection range of the
local aircraft, enemy information can be obtained more accurately; when the enemy aircraft is not in
the radar detection area of the local aircraft, it is assumed that the aircraft can obtain enemy aircraft
information through other sources of information in the confrontation system (e.g., ground station
radar, airborne early warning aircraft, etc.), but the information obtained by this method has a large
error. This assumption is also to ensure that both sides have effective decision-making factors in the
one-to-one over-the-horizon air confrontation decision-making process. Otherwise, if the other party’s
information is unknown, it is difficult to obtain an effective strategy through the learning algorithm of
this paper. This is an area of incomplete information game, which is beyond the scope of this paper.

In order to maintain the balance of the two fighters, the performance of both sides is different:
the enemy’s missile attack capability is dominant, and the aircraft is dominant in the radar detection
range. The specific configuration of the fighter parameters of both parties is shown in Tables 2 and 3.
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Table 2. Local aircraft performance.

Parameter Range
Aircraft speed 200 m/s~300 m/s
Radar detection distance 80 km
Radar detection angle —60°~60°

Missile off-axis launch angle 30°
Missile inescapable cone angle 20°

Missile maximum launch distance 50 km

Missile maximum escape distance 35 km

Missile minimum escape distance 20 km

Table 3. Enemy aircraft performance.

Parameter Range
Aircraft speed 200 m/s~300 m/s
Radar detection distance 70 km
Radar detection angle —60°~60°

Missile off-axis launch angle 30°
Missile inescapable cone angle 20°

Missile maximum launch distance 55 km

Missile maximum escape distance 40 km

Missile minimum escape distance 25 km

According to the configuration in the table, the radar detection area of the unit and the enemy
aircraft can be represented by the Figure 2:

Native

()

Figure 2. The radar detection area of both sides. (a) Native radar; (b) Enemy radar.

The missile attack zone of both fighters can be expressed in Figure 3:
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s N s ¥
Unit: km /j/ Jé\JL/ Unit: km fl« Jé_\lg’
(a (b)

Figure 3. The missile attack area of both sides. (a) Native radar; (b) Enemy radar.

2.3. Enemy Strategy Design

The enemy aircraft strategy is a very important part of the air confrontation training environment.
It determines the fidelity of the over-the-horizon air confrontation environment and also has a great
influence on the strategy learned by the algorithm. This paper focuses on the study of air confrontation
maneuver strategies with reinforcement learning methods, focusing on the design and improvement
of methods, and does not put too much energy into the study of enemy aircraft strategy. Because the
air confrontation maneuver strategy learning method studied in this paper is a general method, it is
also applicable to training on change in strategy design of the enemy aircraft.

Therefore, this paper identifies enemy strategy as a relatively simple one, which is shown in
Figure 4. First, the battlefield situation of the over-the-horizon air confrontation is evaluated based on
expert experience. Then, assume that the other party maintains the current state of motion, adopts
a method similar to the matrix strategy, and selects the optimal action from the action set as the
decision result.

Action
enumeration

v

Air combat
status

v

Situation Expert
assessment experience

v

Maneuver
decision

Figure 4. Strategy design of enemy aircraft.

2.4. Reward and Punishment Signal Design

When using the reinforcement learning algorithm to solve practical problems, it is necessary
to adjust and optimize the strategy according to the reward and punishment signals fed back by
the environment. In the process of constructing the over-the-horizon air confrontation training
environment, the reward and punishment signals are mainly considered from two aspects: the
detection ability of the aircraft against the enemy aircraft and the threat of the attack on the
enemy aircraft.

In the process of over-the-horizon air confrontation, the geometric situation of the battlefield is
shown in Figure 5.
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Figure 5. The geometric situation of confrontation.

In Figure 5, ¥, and 5’b respectively represent the speed vector of the local aircraft and the speed
vector of the enemy aircraft, « indicating the azimuth angle of the enemy aircraft with respect to the
local aircraft, B indicating the enemy’s entry angle with respect to the local aircraft, and d indicates the
distance between the two sides.

2.4.1. Detection Capability

The detection capability of the aircraft to the enemy aircraft is mainly affected by three factors:
azimuth «, entry angle B, and distance d between the two sides.

1.  Azimuth factor

When the enemy aircraft is located within the maximum detection angle range of the local radar,
the aircraft has the ability to detect the enemy aircraft, and thus constructs the azimuth detection
advantage:

0, ‘0“ > XFRmax
Tdet o« = 4 __lal 4)
e “FRmax ‘0“ < &FRmax

XFRmax is the maximum detection angle of the local fight radar, and FR is the abbreviation of the
fight radar.

2. Entry angle factor

This paper assumes that the aircraft airborne radar is a pulse Doppler radar. The characteristics of
the radar are: when the target and the local aircraft are head-on, they have strong detection capability,
and when the target is on the positive side, the detection capability is poor. The ability to detect a
trailing target is less than the ability to detect at the head. Based on this, the advantage of entering the
angle detection is constructed as:

_ (180 |B])
cos(180 — |B]) xe T80
(e} o
Tdetiﬁ = (90 = |'B‘ < 18(7)1*\)5\ 5)
0.5cos(|pB]) * e 180
(0° < [B] <90°)

3. Distance factor
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When the enemy aircraft is located within the maximum detection distance of the local radar,
the aircraft has the ability to detect the enemy aircraft. Based on this, build a distance detection
advantage as:

0, d> DpRrmax (6)

Taeta = s
e DPrrmax, d < Drrmax

DrRrmax i the maximum detection distance of the local radar.
4. Total detection advantage

In an actual air confrontation scenario, the azimuth detection advantage T4et_p and the entry
angle detection advantage Tye¢ 4 have a certain coupling, and the overall angle detection advantage is
constructed as follows:

Tdet_ag = ( Tdet_zx )AY1 * (Tdet_ﬁ ) " @)

71 and 7y, are the two parameters that can control the proportion of Tyet_p and Tyey_g in the total
angular detection advantage. They meet the following conditions: 0 < 73,9 < land ¥ + 72 = 1.

In addition, considering the distance d and the coupling relationship between these angles,
the overall detection advantages of constructing the local aircraft to the enemy aircraft are:

Tget = (Tdetfag) M (Tdetfd ) " ®)

The role of 11 and u; is similar to 7, and 7, and they meet the following conditions: 0 < uq,up <1
and uq +up = 1.

2.4.2. Attack Threat

The attack threat of the aircraft to the enemy aircraft is mainly affected by three factors: azimuth
«, energy E and distance d.

1.  Azimuth factor

Based on the target azimuth and the performance of the local radar and missile, build an angle
threat factor:

0 o > KR
o) 030- 5 aw < <ar ©)
thr_a 0.8 — M apr < o] < ap
2(Mi/l\ k)
®
- 0 < faf <ap

R is the maximum search angle of the local radar, a; is the maximum attack angle of the local
missile, &y is the maximum angle of the non-escape zone of the local missile.

2. Energy factor

In the air confrontation process, the higher the energy of the fighter, the stronger the attacking
ability of the launched missile, and the greater the threat to the enemy aircraft. The energy here is
mainly composed of kinetic energy, according to the kinetic energy formula, which is simplified as
follows:

E=— (10)

v is the speed of the local aircraft, g is the gravitational acceleration, and weight can be ignored
considering the particle model.

230



Electronics 2018, 7, 279

Based on this, build the native energy threat factor:

|
v

s
A
N

1n

g 5

1,
T, = 2-f
thr_E 0.5 fr,

E
2Er 7

AV

|
—

E is the energy of the aircraft and Et is the enemy aircraft’s energy.
3.  Distance factor

The distance threat factor is constructed based on the distance between the enemy and the enemy
and the performance of the local radar and missile:

0 d> Dy
_ _4-Dpimax
0.5¢ PR~PMmax Dpymax < d < Dgr
4=Dpfimax
27 DMmax D Mkmax D <d<D
Tthr?d — Mkmax = Mmax (12)
1 DMkmin <d< DMkmax
_ 4=Dpjgmin
2 10-Ditkmin 10 < d < DMkmin
0 d <10

Drg is the maximum search distance of the local radar, D pimax is the maximum attack distance of
the local missile, D pfkmax is the maximum inescapable distance of the local missile, and D pjjmin is the
minimum inescapable distance of the local missile.

4.  Total attack threat

Considering that the distance factor and the angle factor have a certain coupling relationship,
the total attack threat of the aircraft to the enemy aircraft is:

Tthr = kl * (Tthrjt)m * (Ttl1r7d)’72 + k2 * TthrfE (13)

k1, ko, 171 and 5 are control parameters, and they meet the following conditions:
0<nm,m<Lnm+m=10<k,k <landk;+k =1.

2.4.3. Reward and Punishment Signal Synthesis

According to the above-mentioned advantages of the detection capability of the enemy aircraft
and the threat of attack, the total threat of constructing the local aircraft is:

T = (Taee) ™ * (Ty) ™ (14)

The two parameters 1, 2 are the index of the local aircraft detection capability and the attack
threat, which determine the importance ratio of the two in the reward and punishment function.
These two values can be obtained empirically.

In the same way, the enemy’s threat to the local aircraft can be found, which is defined as T;,
and the reward and punishment signals are designed accordingly:

R=T-T, (15)

R s the relative threat value of the enemy aircraft to the enemy aircraft. When the local threat is
greater than the enemy aircraft threat, the reward is positive, otherwise it is negative.
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3. Markov Decision Process Modeling

The Markov decision process [14] can be represented by a six-tuple (S, A, P, R, 7, V). The aircraft
constructed in this paper is a model; there is no random item. The element P can be omitted here. At the
same time, the reward and punishment function R has also been designed before. Therefore, in this
section, only state space S, action space A, discount factor 7, and objective function V of MDP [15]
need to be determined.

3.1. Air Confrontation State Space

According to the battlefield geometry map, the battlefield situation can be expressed in 9 quantities:
«, B, d, vy, vy, Tr, Ty, Yr, Yp- They respectively indicate the azimuth angle of the enemy aircraft relative
to the aircraft, the angle of entry of the enemy aircraft with respect to the aircraft, the distance between
the two sides, the speed of the aircraft, the speed of the enemy aircraft, the inclination angle of the
local aircraft, the inclination angle of the enemy aircraft track, and the present aircraft track roll angle
and enemy aircraft track roll angle. Considering whether the enemy aircraft is located in the local
radar detection range, the accuracy of the enemy aircraft information obtained by the aircraft is not the
same, so a confidence factor ¢ (confidence) is added to indicate the accuracy of the enemy information.
The larger ¢, the more accurate the information. It meets the conditions: 0 < ¢ < 1.

The air confrontation state can be represented by a 10-dimensional vector:

s = (&, B,d,Vr, Vb, Tr, Ty, Vr, Vb, C) (16)
3.2. Maneuvering Decision Action Space

In the over-the-horizon air confrontation maneuver decision problem, establishing a reasonable
maneuver library is the key to air confrontation intelligent decision-making [16]. Generally, air
confrontation maneuver library design is divided into two types: One is the “25 typical tactical actions”
based on the classic tactics of pilots in air confrontation, including straight-flat, fixed-height, slow-speed
Yo-Yo; The other is a “basic manipulation action library” based on common air confrontation control
methods, including maximum acceleration/deceleration, maximum load climb/deep, maximum load
left/right turn, stable flight, etc.

As shown in Figure 6, the air confrontation maneuver library is built according to the “Basic
Manipulation Action Library”, including nine maneuver directions: left climb, climb, right climb,
horizontal left turn, horizontal forward fly, horizontal right turn, left dive, dive, and right dive. In this
paper, assuming that both sides move on a horizontal plane, there are only three optional actions:
horizontal left turn, horizontal forward fly, and horizontal right turn. In these three directions, it can
be divided according to the change of speed: increase, hold and decrease. Therefore, there are a total
of nine optional maneuvers, that is |A| = 9.
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Figure 6. Maneuver direction schematic.

According to the previous description of the aircraft model, the motion of the aircraft is mainly
controlled by the three quantities of ny, 115 and vy, which respectively represent tangential overload,
normal overload, and track roll angle. 7, is used to control speed, 1y and 7y are used to control speed
direction. According to these three quantities, action space A can be defined as follows (Table 4):

Table 4. Action collection.

Action Y M, Mg Speed Direction Speed Size
ap (-1,-1,0) turn left horizontally Decrease
ap (-=1,0,0) turn left horizontally Maintain
as (-1,1,0) turn left horizontally Increase
ay 0, -1,0) fly forward horizontally Decrease
as 0,0,0) fly forward horizontally Maintain
ag 0,1,0) fly forward horizontally Increase
ay 1,-1,0) turn right horizontally Decrease
ag (1,0,0) turn right horizontally Maintain
ag (1,1,0) turn right horizontally Increase

3.3. Discount Factor and Objective Function

In the application of reinforcement learning, the discount factor has two main functions: (1) the reward
and punishment signal decays with time, indicating that it is less important in the far-away time;
(2) it can prevent accumulation due to the excessive length of the episode. The reward is too large,
and the cumulative reward value can be bounded by the attenuation factor. It is often set to 0.9, so this
article also follows this setting.

The optimization objective function uses a state limited discount type objective function, in which
it estimates the function V only based on the reward value of the state of the next n moments at the
current moment:

n—1

V7™(st) = Ex(R(st)) = Ex () Yreir) (17)
k=0

4. Heuristic Q-Network

In view of the over-the-horizon air confrontation maneuver decision problem, this paper adopts
an indirect strategy, which is to generate a strategy by obtaining a behavior value function Q(s, a).
For the decision-making of maneuvering, this paper also uses the Q-Network algorithm [17].
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The reinforcement learning algorithm [18] solves the strategy by interacting with the environment,
which is a process of sensing the unknown environment and learning related knowledge. According
to the utilization of current knowledge, the learning process of the algorithm can be divided into
two kinds of behaviors: exploration and exploitation. Exploitation is based on the currently learned
strategy, which enables the agent to obtain many rewards. In addition, exploration is to try new
actions in order to find better strategies to get more rewards in the future. In the process of solving
practical problems, it is necessary to find a suitable compromise between exploitation and exploration,
which will make the algorithm more efficient.

The often-used exploitation strategy is a strategy, which can be expressed as follows (Algorithm 1):

Algorithm 1. ¢ — greedy strategy.

Input: control parameter &
Process:
1: if random() < ¢
2: action+—random from set A
3: else
4: action<—argmaxQ(s, a)

5: end if

Under the exploration strategy of ¢ — greedy, the algorithm can converge to an effective strategy
through repeated training, but this way of exploring is very inefficient, because in the process of
exploration, it randomly selects an action from the action set each time. The randomly selected actions
are often useless, which leads to a lot of invalid exploration.

For the over-the-horizon air confrontation maneuver decision problem, we can introduce and
use expert knowledge as a heuristic signal to guide the exploration process. This algorithm is called
Heuristic Q-Network, which is shown as follows(Algorithm 2):

Algorithm 2. The exploration process of heuristic Q-Network.

Input: control parameter ¢
Process:
1: if random() < ¢
: action«— heuristic_strategy(s)
: else
: action<—argmaxQ(s, a)

2
3
4
5: end if

5. Air Confrontation Strategy Learning

For the two-dimensional over-the-horizon air confrontation problem, according to the previous
MDP model, heuristic Q-Network is used. The Q-Network structure used in this paper is an MLP with
two hidden layers, which is shown in Figure 7. Its input is the air confrontation states, and the output
is the behavior value function Q(s, ;) corresponding to nine maneuvers. The number of hidden layer
nodes can be selected by contrast experiment. The number of nodes in the network hidden layer is
determined by experiments—64 in the first hidden layer and 128 in the second layer.
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Figure 7. 2D Confrontation Q-Network.

Using the heuristic + random exploration method, the score curve of the Q-Network training
process is shown in Figure 8.

Mean Score

—— random
—— heuristic+random

-0.3

0 50000 100000 150000 200000 250000
Iterations

Figure 8. The score curve of 2D Q-Network.

The blue curve indicates the exploration strategy of ¢ — greedy, and the orange curve indicates the
heuristic + random exploration strategy. It can be slightly seen that the heuristic search strategy can
obtain a higher expected score, which further validates the effectiveness of the heuristic Q-Network.

6. Simulation Result Verification

The heuristic Q-Network learning strategy is used in air confrontation simulation, and several
typical air confrontation cases are selected for analysis. According to the initial air confrontation
situation, the initial state of the local aircraft can be divided into: advantage, balance and disadvantages.

e Advantage

Figure 10 records the changes in the relevant data of the aircraft during the above air confrontation
process, including: the threat capability (Figure 10a), detection capability (Figure 10b), speed
(Figure 10c) and relative advantage of the aircraft to the enemy aircraft (Figure 10d).

As can be seen from Figure 10, when the local aircraft is at an advantage, the local aircraft further
increases its advantages from several aspects. In Figure 10a, the local aircraft increases the azimuth
threat advantage of the enemy aircraft by changing its own heading, changing the speed to increase the
energy advantage of the enemy aircraft, and reducing the distance between the two sides to increase
the distance threat advantage. Through these three factors, the overall threat capability of the aircraft to
the enemy aircraft is greatly enhanced. In Figure 10b, by changing the heading to increase the azimuth
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detection advantage and the entry angle detection advantage of the enemy aircraft, by narrowing
the distance between the two sides to increase the distance detection advantage, the three factors
can improve the comprehensive detection capability of the aircraft to the enemy aircraft. As shown
in Figure 10d, the overall relative advantage of the aircraft against the enemy aircraft is on the rise.
The fluctuation is due to the change of the enemy’s entry angle, which causes the oscillation of the
entry angle. This factor is difficult to control for the aircraft. The heading has a greater impact, and the
local aircraft mainly enhances the angle advantage by changing the azimuth.

Figure 9 shows the air confrontation process when the unit is initially in an advantageous position,
where the unit is indicated in red, and the enemy aircraft is shown in blue.
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e Balance

Figure 11 shows the air confrontation process when the unit is initially in balance. The unit is
indicated in red and the enemy aircraft is shown in blue.

Figure 12 shows the data changes of the local aircraft during the above air confrontation.
Figure 12a shows changes in threat capabilities and comprehensive threat capabilities in all aspects,
Figure 12b shows changes in detection capabilities and comprehensive detection capabilities,
and Figure 12¢ shows changes in local speed. Figure 12d shows the overall advantage of the local
aircraft relative to the enemy aircraft changes; from the figure, it can be seen that the initial relative
advantage is zero, and the local aircraft, through a series of maneuvering decisions, can improve the
relative advantage, so that it is in a higher position.

traces

Figure 11. 2D balance: air confrontation process.
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Figure 12. 2D balance: native data change: (a) Threat ability; (b) Detection ability; (c) Speed; (d)
Relative advantage.

e Disadvantage

Figure 13 shows the air confrontation process when the unit is initially at a disadvantage. The unit
is indicated in red and the enemy aircraft is shown in blue.

Figure 14 shows the data changes of the local aircraft during the above air confrontation.
Figure 14a,b respectively show the changes in the threat capability and detection capability of the local
aircraft to the enemy aircraft. Although there are some fluctuations, the overall trend is correct. And
Figure 14c shows changes in local speed. It can also be seen from Figure 14d that the overall advantage
of the local aircraft relative to the enemy aircraft increases from the initial negative value to a positive
value, and there are some oscillations in the middle, but in the end, it can be stably maintained at a
positive value, that is, in an advantageous position.
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traces

Figure 13. 2D disadvantage: air confrontation process.
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Figure 14. 2D disadvantage: native data change: (a) Threat ability; (b) Detection ability; (c) Speed;
(d) Relative advantage.

239



Electronics 2018, 7, 279

e Other cases

In order to further demonstrate the air confrontation maneuver strategy learned through training,
this paper presents a two-dimensional air confrontation simulation process under different initial
conditions. As shown in Figure 15, the local aircraft can make better maneuvering decisions in the
battle between the two sides and gain a greater advantage in confrontation.
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Figure 15. Other cases of 2D air confrontation.
7. Conclusions

In the process of over-the-horizon air confrontation, automated and reasonable maneuver
decision-making is the premise of independent decision-making such as weapon attack, sensor use,
electronic countermeasures, etc. It is accompanied by the entire air confrontation process and is
an extremely important part of the automated air confrontation system/air confrontation assisted
decision-making. This paper mainly studies the maneuvering decision-making method of intelligent
fighters in this environment based on the single-to-single air confrontation in super-horizon air
confrontation. The maneuvering decision algorithm based on reinforcement learning realizes the
self-learning of the air confrontation maneuver strategy, and finally helps the fighters make reasonable
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maneuver decisions independently under different air confrontation situations. However, due to time
and condition constraints, this work needs further research. For example, height information can be
added to make the air confrontation more realistic, and the air confrontation training environment and
enemy aircraft maneuver strategy need to be further improved.
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Abstract: Since the communication link of an unmanned aerial vehicle (UAV) and its reliability
evaluation represent an arduous field, we have concentrated our work on this topic. The demand
regarding the validity and reliability of the communication and data link of UAV is much higher
since the environment of the modern battlefield is becoming more and more complex. Therefore,
the communication channel between the vehicle and ground control station (GCS) should be secure
and provide an efficient data link. In addition, similar to other types of communications, the data link
of a UAV has several requirements such as long-range operation, high efficiency, reliability, and low
latency. In order to achieve an efficient data link, we need to adopt a highly efficient modulation
technique, which leads to an increase in the flight time of the UAV, data transmission rate, and the
reliability of the communication link. For this purpose, we have investigated the single-carrier
frequency division multiplexing (SC-FDM) modulation technique for a UAV communication system.
The results obtained from the comparative study demonstrate that SC-FDM has better performance
than the currently used modulation technique for a UAV communication link. We expect that our
proposed approach can be a remarkable framework that will help drone manufacturers to establish
an efficient UAV communication link and extend the flight duration of drones, especially those being
used for search and rescue operations, military tasks, and delivery services.

Keywords: UAV communication system; data link; SC-FDM; peak-to-average power ratio
(PAPR); modulation

1. Introduction

With the rapidly advancing technology, unmanned aerial vehicles (UAVs), widely known as
drones, are becoming increasingly effective and significantly less costly during recent years. These
vehicles can be controlled either under remote control (RC) by a pilot operator or autonomously by
onboard computers. A UAV communication channel is a key factor that can affect the performance
of the data link in terms of high data rate and reliable transmission of information. In other words,
ensuring the efficiency of a UAV communication link represents one of the great challenges of the
current works regarding a UAV communication system.

The UAV communication system has the following major requirements:

Efficient data link
Long-range operation
Bidirectional communication
Low latency

Long flight time

Operational capabilities
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e  Reliable communication

As the transmission of control commands and gathered data, which can be recorded video and
photos, is achieved through the communication channel between the UAV and the ground control
station (GCS), a UAV data link requires the highest reliability in data transmission as well as a high
data transfer rate. Nowadays, in order to provide an efficient communication link, many drones use
the spread spectrum technology that allows many different pilots to operate in the same 2.4 GHz band
without conflicts. Receivers in this band are virtually immune against interference issues.

Essentially, two types of spread spectrum technology are used for the UAV communication
link. The first one is the frequency-hopping spread spectrum (FHSS), which unceasingly changes its
narrowband frequency on several occasions a second within the 2.4 GHz frequency range. In this
process, the receiver recognizes the patterns of frequency that are utilized by a transmitter. Because
the transmitter changes frequency from one to another, the receiver can adopt a suitable frequency.
Unlike FHSS, a direct-sequence spread spectrum (DSSS) system uses a much wider bandwidth to
transmit the signal on a single selected frequency. The transmitter sends an original narrowband
signal via a spreading code generator that multiplies the narrowband data signal using a much higher
frequency. Anyway, both spread spectrum modes (FHSS and DSSS) transmit the signal within the
2.4 GHz frequency band. In practice, orthogonal frequency division multiplexing (OFDM) modulation
has been considered more efficient than FHSS and DSSS due to its greater tolerance of multipath
distortion, higher throughput, and potential data rate [1].

Nowadays, the demand on the long-range operation and long flight time is increasing in
UAV communication systems and the currently used modulation techniques have the fundamental
constraint to meet this demand. Therefore, we need to adopt a potential modulation technique that
fulfills this demand. In fact, it is essential to adopt the most effective technique that can provide a highly
efficient data link between the vehicle and GCS. The main contribution of this paper is the investigation
of the SC-FDM modulation technique in a UAV communication system in order to provide an efficient
UAV communication link and extend the flight time (battery life) of drones. The performance of the
adopted modulation technique is analyzed by comparing it with the OFDM modulation. Additionally,
SC-FDM has been considered to transfer the data using different kinds of modulation schemes such
as M-ary phase-shift keying (BPSK, QPSK, and 8-PSK) and M-ary quadrature amplitude modulation
(16-QAM and 64-QAM) in this work.

The remaining part of our paper is structured as follows. In Section 2, some related works
are discussed. Section 3 demonstrates the UAV communication link and communication system
components. The comparison between the proposed modulation technique and the OFDM modulation
is presented in Section 4. We show the experimental setup and performance measures of the system in
Section 5. Afterwards, Section 6 illustrates the comparative results obtained from experiments. At the
end of the paper, Section 7 presents our conclusions and future work.

2. Related Works

In recent years, extending the battery life and flight time of quadcopters has become a crucial task,
since most of these vehicles are used for delivery services and military tasks. To maintain flight time,
quadcopter power modeling is a basic technology because the limitation of the flight time actually
comes from the battery capacity constraint. Maekawa et al. [2] proposed a simple model of power
consumption for delivery quadcopters by testing the Parrot AR. Drone 2.0 on a horizontal flight.
The power consumption of the drone was measured by a current logger and light weighted voltage.
However, their proposed power model is based only on average power consumption data obtained
during the horizontal flight. The work by Sowah et al. [3] presents a rotational energy harvester
powered by rotors using a brushless dc (BLDC) generator to increase the flight time of quadcopters.
A printed circuit board (PCB) and Eagle PCB design software (EAGLE 6.4.0 Light) were used to build
the physical model. The harvester interface circuit consumed 1.5 to 3.2 V as an input from the rectifier
circuit and produced an adjustable output of 18 V with 2.7 W output power for each generator at
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82% efficiency. A 600 mA of current from the four generators was utilized to provide extra flight
time for the quadcopter, thus, gaining about 42% in flight duration. Moreover, in [4], a comparison of
BLDC control and field-oriented control (FOC) techniques has been analyzed in order to enhance the
flight endurance of multirotor UAVs. According to the power efficiency and output torque quality
of propeller electrical drives, FOC has shown better performance by 2—4% in efficiency compared to
BLDC control, leading to flight endurance improvement.

A method for improving the efficiency of the UAV communication link can be found in [5].
In this work, the key tasks of a UAV communication system and characteristics of a radio channel
between the UAV and ground control unit (GCU) have been analyzed. Considering the various issues
associated with a UAV communication link, an author proposed the optimal radio channel construction
using the rotary and mounting platform with antennas, power and low-noise amplifiers as well as
an OFDM modulation technique to increase the data transfer rate. In [6], Wu et al. proposed OFDM
as a transmission system for UAV wireless communications. Initially, to find out the proper OFDM
system parameters, the coherence time and Doppler spread have been measured. After obtaining
the inter-carrier interference (ICI) coefficients, they evaluated the bit error rate (BER) performance
of OFDM technology in a typical UAV communication channel and these performance results were
compared with those of OFDM in normal wireless indoor channels. According to their simulation
results, an insignificant performance degradation can be seen when the OFDM technology is applied
to the UAV communication channel.

In UAV applications, there have been few efforts to adopt the SC-FDM modulation technology for
a UAV communication system, while it has been widely accepted in mobile communications. In [7],
Miko and Nemeth proposed a hardware architecture which includes a Xilinx field-programmable gate
array (FPGA) combined with the software-defined radio (SDR) chip and SC-FDM modulation system
to provide a high data transmission rate and radio navigation for the communication link of UAV
systems. Their proposed hardware design of the transceiver is shown in Figure 1. They implemented
modulation, demodulation, and coding functions in the FPGA. However, there is no indication of the
performance of SC-FDM modulation in their work.

2x2 |
Ethernet Microcontroller —>»{ FPGA » RF RFei;rgnt- |
Transceiver

Figure 1. Hardware architecture.

Until now, most of the previous works on the single-carrier frequency division multiple
access (SC-FDMA) have been carried out for uplink communications in the long-term evolution
(LTE) technology of mobile communication systems [8-13]. As an alternative to the orthogonal
frequency division multiple access (OFDMA), SC-FDMA has drawn considerable attention in mobile
communications. In [14], Myung gives an overview of SC-FDMA. Another research focuses on PAPR
reduction of localized SC-FDMA using a partial transmit sequence (PTS) [15]. Actually, there can be
localized and distributed modes of subcarrier mapping in SC-FDMA [14,16]. In localized SC-FDMA,
each terminal uses a set of contiguous subcarriers for the transmission of symbols, thereby limiting
them to only a portion of the system bandwidth. On the other hand, the subcarriers used by the terminal
are propagated throughout the entire bandwidth in the distributed SC-FDMA. Localized SC-FDMA,
which is used for uplink transmission of LTE systems, has lower PAPR than distributed SC-FDMA.

Furthermore, Tsiropoulou et al. [17] provided a bargaining model and power optimization
framework to solve the problem of subcarrier and power allocation in multiuser SC-FDMA wireless
networks. The obtained numerical results and key features of their proposed approach demonstrate
that the introduced framework can be a foundation for the supporting heterogeneous services and the
implementation of different users’ priorities to access the available resources. Towards this direction,
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a similar work can be found in [18]. In 2016, Tsiropoulou et al. [19] studied and examined the various
state-of-the-art resource allocation algorithms and frameworks developed to allocate the subcarriers
and transmission power of users in the uplink of SC-FDMA wireless networks. Luo and Xiong [20]
proposed the SC-FDMA-IDMA system model, which is the combination of SC-FDMA and interleaved
division multiple access IDMA) and studied the effect of carrier frequency offset (CFO) on the BER
performance of this system model.

3. UAV Communication System

In general, a UAV communication link can both send control commands from the GCS to the
vehicle and receive data about the flight on downlink, as shown in Figure 2. A bidirectional link can be
established in order to provide a communication between the drone and GCS [21]. A communication
link between these two components has to provide long-range operations as well as a continuous and
stable link. Therefore, the establishment of a channel model that is suitable for UAV characteristics
plays an important role in improving the data link of the UAV [22,23]. Furthermore, for improving
reliability of the data link, an adaptive information rate method is presented in [24].

Control commands

[——"
/////. . . ‘\\\\
GCS Bldlrect_lon?
. Communication |
——. N .4
Ground Control Station Drone
—_—

Payload Data

Figure 2. Drone communication link.

Figure 3 illustrates the components of the UAV communication system. The main component is
the microcontroller, also referred to as a flight controller, which is the core for all functioning of a UAV.
It manages failsafe, autopilot, waypoints, and many other autonomous functions. This microcontroller
interprets input from the receiver, global positioning system (GPS) module, battery monitor, inertial
measurement unit (IMU) that include an accelerometer and a gyroscope which can be used for
providing stability or maintain a reference direction in navigation system [25], and other onboard
sensors. The GCS provides relevant data about the vehicle such as speed, attitude, altitude, location,
yaw, pitch, roll, warnings, and other information [26]. As shown in Figure 3, a UAV has two links:
data link and communication link. To ensure the transmission of data between the vehicle and GCS,
a UAV uses a data link that operates in the frequency range from 150 MHz to 1.5 GHz. On the other
hand, a 2.4 GHz frequency band that determines the communication link between the transmitter and
receiver is used in order to control the vehicle. It should be noted that the transmitter and receiver
must both be on the same frequency. In point of fact, drones have exclusive use of their own frequency
allocation due to the longer range and potentially worse consequences of radio interference. Initially,
drones scan the range of frequencies within the 2.4 GHz band and use only the narrowband frequency
that is not in use by another drone. As a result of this, many drones can utilize a 2.4 GHz frequency
band simultaneously. This feature of drones can be noticeable when a number of drones are used as
flying base stations in wireless cellular networks to serve an arbitrarily located set of users [27-29].
Moreover, typical UAVs use multiple radio interfaces to maintain a continuous connection with
essential links to GCSs, other UAVs, and satellite relays.
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Figure 3. Unmanned aerial vehicle (UAV) communication system components.

The modulation and demodulation process of a transmitted signal through a wireless channel
can respectively be done in the transmitter and receiver of the UAV communication system. Figure 4
shows the typical transmitter of a UAV communication system that transmits the control commands
and telemetry data. Initially, the input data is stored in a data storage module, then, the channel coding
can be used for error correction encoding. After that, the data streams are mapped into the frames and
ready for channel modulation. The baseband modulation of each carrier can be selected among BPSK,
QPSK, 8-PSK, 16-QAM, and 64-QAM depending on the channel condition. The modulated signals are
then directly converted into the radio frequency band for wireless transmission. Before transmitting a
signal, the radio frequency (RF) amplifier can be used to convert a low-power frequency signal into a
higher one. Finally, the RF signal transmission is done at the transmitter antenna.

Tx
Input Y
Data
1
DailslI S(;o;‘age RF
oduie Amplifier
. RF
Coding Conversion
Digital
s[ymbpl ===) Baseband === Modulator
appmng Signal

Figure 4. Block diagram of a UAV transmitter.
4. The Proposed SC-FDM and OFDM

In general, SC-FDM behaves like a single-carrier system with a short symbol duration compared
to OFDM. To achieve this, SC-FDM introduces an N-point discrete Fourier transform (DFT) block
right after the serial to parallel converter in the OFDM structure. The DFT block converts parallel
sequences of symbols in the time domain to different frequency points. The major disadvantage
of the OFDM is its high PAPR. This is a consequence of the fact that the transferred signal is the
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amount of all the modulated subcarriers and some of them are in a phase with high amplitudes that
cannot be avoided [30]. Due to this reason, the power structure of the transmitter is characterized by
relatively low average- and high-power peaks. SC-FDM allows a symbol to be transmitted in parts
over multiple subcarriers, but in OFDM, we have one to one mapping between symbol and subcarrier.
For example, in OFDM one symbol occupies one subcarrier of 15 kHz, but in SC-FDM, the same
symbol is distributed among multiple subcarriers of 15 kHz, as described in Figure 5 [31].

ok 15K > l+—12x15K=180KHz ,,J Frequency

12x15K=180KHz
Multiple Subcarriers single Carrier
Resource Block Resource Block

Figure 5. Orthogonal frequency division multiplexing (OFDM) and single-carrier frequency division
multiplexing (SC-FDM).

4.1. OFDM

In Figure 5, shown above, the data can be transferred by parallel subcarriers of 15 kHz in OFDM.
On the time axis, the further divided subcarriers represent blocks of one symbol duration. This basic
unit is known as a resource element, and one symbol is carried by one resource element. In addition,
a number of resource elements are used to make a resource block that is the basic unit of scheduling.
At the beginning of the modulation process, the data is modulated by a particular modulation scheme
in order to transfer the data over these resource elements. This modulation scheme depends on the
physical channels mapped on the resource grid. Then, M-point inverse discrete Fourier transform
(IDFT) transforms the signals of the parallel frequency domain into samples of a composite time
domain signal, which are much easier to generate at the transmitter side. All we need to do is to send
these time domain samples at radio frequencies. In wireless channels, due to multipath propagation,
there can be delay spread and intersymbol interference (ISI) [32]. This interference may cause a given
transmitted symbol to be distorted by other transmitted symbols. Since OFDM uses composite IDFT
samples, a cyclic prefix is added by taking some samples from the end of a symbol period and placing
them at the beginning. It provides orthogonality between the subcarriers by keeping the OFDM
symbol periodic in the duration of the extended symbol and for that reason, avoiding intercarrier and
interchannel interference simultaneously. In the next step, a sampled signal is converted into an analog
wave by a digital to analog converter (DAC). A further composite waveform is modulated at the
desired RF for transmission. The noticeable advantage of OFDM over SC-FDM is that the frequency
domain representation of signals simplifies the signal error correction at the receiver [33].

4.2. SC-FDM

SC-FDM is a hybrid modulation technique that combines the frequency allocation flexibility
and multipath resistance of OFDM and other important characteristics of a single-carrier system.
The crucial characteristic of the SC-FDM signal generation is that the PAPR of finite frequency shifted
signal ends up being the same as that of the original modulating data symbols and this is very different
from that of OFDM for the same occupied bandwidth in the same data rate. However, if the channel
bandwidth is wider, the link between the symbol length and channel bandwidth can be considered as
the disadvantage of SC-FDM in comparison with OFDM [33]. Figure 6 presents the block diagram for
a signal processing chain of SC-FDM. The first step is the same as for OFDM, modulating the data with
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one of the modulation schemes for data transmission over the resource elements. The data is placed
over the resource elements by adjusting the phase and amplitude of the subcarrier to those derived
for the data stream. Mathematically, it means multiplying the complex modulation symbol to the
corresponding subcarrier frequency. After this process, there is another block in the signal processing
chain. To convert the data symbols from the time domain into the frequency domain, the DFT is
performed after the serial to parallel conversion. As an OFDM, afterwards, there is subcarrier mapping
and an IDFT to transform the signal in the frequency domain into the time domain signal. The cyclic
prefix can be inserted when the parallel to serial conversion is done. Before modulating the signal
with a high frequency, a pulse shaping filter can be used to get the desired spectrum [34]. The original
values of the symbols can be completely recovered if the transmitted signal is properly sampled at the
receiver. The last two steps are the same as for OFDM. Thus, there is no difference in the downlink
signal generation chain. In the same way, the reverse of what was done at the transmitter can be
accomplished at the receiver. As mentioned in Section 4.1, each subcarrier carries only one particular
modulation symbol in OFDM, while the DFT takes a symbol and spreads it via an available subcarrier
in SC-FDM. For that reason, SC-FDM is also referred to as DFT-spread OFDM [35]. Since the PAPR
is proportional to the square of the number of subcarriers involved, SC-FDM reduces the PAPR by
reducing the number of subcarriers.

Output Data

Demodulation
Parallel-*Seria
N-point IDFT

Subcarrier
Demapping/
Equalization

M-point DFT

Serial »Parallel

Input Data

Modulation
Serial »Paralle
N-point DFT

Subcarrier
Mapping

M-point IDFT
Parallel>Seria

Cyclic Prefix
insertion

Cyclic Prefix
removal

Wireless
Channel

Figure 6. Block diagram of the SC-FDM modulation process.

5. Experiments and Performance Measures

5.1. Experiments

In general, our work is divided into two parts. In the first part of our research, we have performed
the experimental setup by using the ArduPilot Mega (APM) 2.8 microcontroller and Mission Planner,
which is the suitable GCS application for this microcontroller. The APM 2.8 microcontroller uses the
micro air vehicle link (MAVLink) protocol [36] to maintain a connection between the APM 2.8 and GCS.
During our experiments, the APM 2.8 board was tested instead of drone in order to obtain the flight
data that were used to analyze the SC-FDM modulation for a UAV communication system. As we
mentioned in Section 3, the UAV has a data link that utilizes the frequency range from 150 MHz to

249



Electronics 2018, 7, 352

1.5 GHz. In our work, two 3DR 915 MHz telemetry radios were used to provide this data link. To set
up a connection between the APM 2.8 and Mission Planner GCS, one of the 3DR 915 MHz telemetry
radios was plugged into the APM 2.8, as shown in Figure 7, while a second telemetry radio was
connected to a PC using a USB cable. Since we have the communication link between two telemetry
radios, we can check the link status in terms of the number of transmitted packets, frequency range,
number of channels, and Ty power, as shown in Figure 8a. We configured the connection settings using
Mission Planner. After establishing a successful connection, the telemetry data were obtained from
the GCS. It should be noted that these data can be represented as signals when they are carried by
the MAVLink through a wireless link between the APM 2.8 and GCS. All relevant information about
APM 2.8 such as altitude, yaw, pitch, roll, attitude, vertical speed, ground speed, etc., are shown in the
“Flight Data” screen of the Mission Planner, see Figure 8b. When we move the APM 2.8 microcontroller
from one place to another, the “Flight Data” screen will display the telemetry data according to the
new position of APM 2.8. Afterwards, the telemetry data collected from the GCS were imported into
the MATLAB for the modulation process.
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(b)

Figure 8. Mission Planner ground control station (GCS): (a) Radio link status; (b) “Flight Data” screen.

In the second part of our work, we have used the data that were gathered from the GCS and static
simulation parameters shown in Table 1 for the modulation process. For this part, MATLAB was used
to perform the modulation process.

Table 1. Simulation parameters.

Parameter Value

System bandwidth 10 MHz

Frequency 2.4 GHz

Modulation scheme BPSK, QPSK, 8-PSK, 16-QAM, 64-QAM
Number of subcarriers 1024

Data block size 32

Cyclic prefix 64

Pulse shaping filter Raised-cosine (RC)/Root raised-cosine (RRC)
Roll-off factor 0.3

Oversampling factor 5

Number of iterations 10*

Subcarrier spacing 10 kHz

Equalization Zero forcing/Minimum mean square error (MMSE)

5.2. Performance Measures

The input data symbols x, for 0 < n < N — 1 are modulated by one of the modulation schemes
using an N-point DFT to generate a representation of the frequency domain of the input symbols and
then, the SC-FDM output sequence Xy for 0 < k < N — 1 is given by:

N-1 - 27nk
Xp=) xe !N, 0<k<N-1L (1)
n=0

The SC-FDM symbol X[k] is a complex number that consists of real and imaginary parts.
According to the central limit theorem, as the number of subcarriers N gets larger, the real and
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imaginary parts of the SC-FDM symbols follow the normal (Gaussian) distribution and the probability
density function (PDF) of X[k] can be shown as [30]:

x =2

fx (x) = —ex?, 2
I
where ¢ is the standard deviation.

5.2.1. PAPR

One of the key parameters for analyzing the performance of the transferred signal is its
peak-to-average power ratio (PAPR), which indicates how extreme the peaks are in a waveform.
This can be determined as the ratio of peak power to the average power of the transmitted signal [37].
In a multicarrier system, PAPR occurs when the different subcarriers do not correspond to a phase with
each other at each point. It means that these subcarriers are different relative to each other for different
phase values. The value of PAPR depends on the number of subcarriers involved as well as on the
modulation scheme. It should be mentioned that high PAPR requires a high power consumption for
transmitting a signal. In other words, it can be said that the efficiency of the power amplifier will be
very low. On the other hand, a lower value of PAPR results in an increase in the flight time (battery life)
of the vehicle. The PAPR of the transmitted signal is defined in the units of dB and it can be expressed
as follows:

| Xmax|*
PAPR;p = 10log,, .2 ) ®)
ms

where X4y is the maximum value and X;;s is the mean square value of the signal. Here, PAPR is
equivalent to the crest factor, as it is defined in decibels. Now, if we consider that X, denotes the
crest factor, it can be written by:

Xinax = k:Or,'{?)i, N-1 X 4)

The cumulative distribution function (CDF) of X4y is the probability that X;,;,, will take a value
less than or equal to x. The CDF of X, is described by [38]:

FXnm (x) = P(Xmax < x)
= fox fYk(y)dy (5)

-2
oy ¥
— fO %e 207 dy,

2
CDF=1—¢2”. 6)

Since we have the Equations (5) and (6), we can characterize the PAPR by using a complementary
cumulative distribution function (CCDF). The CCDF of the PAPR is the probability of the PAPR which
is higher than a certain PAPR value and it can be calculated as:

_2\N
CCDF=1—-P(PAPR<x)=1- (1—eﬁ> . )

5.2.2. BER

Another important parameter for measuring the performance of a wireless channel of a UAV
communication system is the bit error rate (BER). When data is transmitted over a wireless link
between the vehicle and GCS, the BER specifies the number of errors that appear in the received data.
The environmental conditions and changes to the propagation path are the fundamental reasons for the
communication channel degradation and the respective BER. To achieve an acceptable BER, i.e., for the
transmission of control commands on the uplink, a typically acceptable BER is around 1076107,
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while that acceptable value for the transmission of the payload data on the downlink is 107310~ [39].
All the available factors must be balanced. Usually, it is difficult to achieve all the requirements and
some compromises are required. Moreover, a higher level of error correction is needed in order to
recover the original data. This can help to fix the effects of any occurred bit error. It results in the fact
that the overall BER can be improved. If the bidirectional communication between the transmitter
and receiver is established very well and the signal-to-noise ratio (SNR) is high, then the BER will
be potentially insignificant and will not have an observable effect on the whole UAV communication
system. The BER is equal to the number of bit errors (Ng) divided by the total number of transmitted
bits (Nt), as expressed by the following equation:

BER = —E. 8)

The N can be computed by comparing the transmitted signal with the received signal. The BER
is most often expressed in terms of SNR. The SNR can be defined as the ratio of bit energy (E;) to the
noise power spectral density (N,), which is a power per Hz and it is expressed as follows:

SNR =, )

where E;, is a measure of energy and can be defined by dividing the carrier power by the bit rate.
The probability of bit error (P,) represents the probability that the error rate arises in the received
signal. The P}, for M-ary PSK can be defined as:

P, = ZQ{ zszv sin(;f)} , (10)

where Eg; is the average energy of transmitted symbol. Q represents the scaled form of the complementary
error function (erfc) and it is given by:

1 X
x) = zerfe|l —= |. 11
Q) = yerfe( 35 an
It is necessary to note that each different kind of modulation scheme has its own value for the
error function. This is due to the fact that each type of modulation scheme executes in different ways
in the presence of noise.
Finally, we can calculate the P, for M-ary QAM by using the following equation:

o~ _ L ﬂ
Ph74<1 \/71\/1)Q{ (Ml)No}' (12)
5.2.3. Pulse Shaping

The pulse shaping can be used to make the transmitted signal more suitable for the communication
channel. In general, pulse shaping is important to ensure the correspondence of a signal in its frequency
band. In this paper, a raised-cosine (RC) and root raised-cosine (RRC) pulse shaping filters are used to
get the desired spectrum.

To perform the frequency response of the RC filter, we use the following equation:

1—a

T, 0<Ifl < %7
Hre(f) = H{i+cos[Z(If1-52)]} % <Ifl< % (13)
0, otherwise
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where f is the frequency, T is the symbol period, and « is the roll-off factor and its value can be between
0 and 1. The representation of the time domain of this filter is given by:

sin (Zt) cos &t
hrc(t) = SRUE o (14)

Fi-37]

where f is the time. Equations (13) and (14) are used to realize the frequency and impulse responses of
the RC filter. Then, the frequency domain transfer function of the RRC filter can be written as:

Grre(f) = 4/ Hre(f)- (15)

The impulse response of the RRC filter is given by:

sin(Z(1—a)) + % cos(H (1 +a))
> .
4 v
f o
Finally, the performance of each modulation scheme for SC-FDM and OFDM can be measured
by calculating the different values of the above-mentioned parameters. To achieve the comparative
results that are presented in the following section, the simulation parameters and the data that were
collected from the GCS were utilized as the inputs of the system performed with MATLAB.

Srrc(t) = (16)

6. Results Analysis

In this research, MATLAB was used to perform the PAPR simulations of SC-FDM and OFDM as
well as the probability of bit error simulation for SC-FDM using different kinds of modulation schemes
such as BPSK, QPSK, 8-PSK, 16-QAM, and 64-QAM. Of course, it is essential to select the optimal
number of subcarriers, types of the pulse shaping filters and channel equalization when simulation
parameters are inputted. The number of subcarriers and symbols depends on the cyclic prefix and
the subcarrier spacing. When RC and RRC pulse-shaping filters are used to filter a symbol stream,
they can minimize an ISI. Half of this filtering can be done on the transmitter and the second half can
be done on the receiver.

The impulse and frequency responses of the RC filter based on different roll-off factors have been
plotted and shown in Figure 9. Furthermore, the equalizer can be used to get the recovery of the
transmit symbols by reducing an ISI. By removing all IS, the zero forcing equalizer can be the optimal
choice in the noiseless channel. On the other hand, when a channel is noisy, this equalizer significantly
amplifies the noise at frequencies. In this case, the minimum mean square error (MMSE) equalizer can
be more efficient than zero forcing. The main function of an MMSE equalizer is minimizing the ISI
components and the entire power of the noise in the output instead of eliminating ISI completely.

Figures 10 and 11 plot the peak-to-average power ratio (PAPR) measurements of SC-FDM
and OFDM against the complementary cumulative distribution function (CCDF). According to the
simulation results, which are shown in Figures 10 and 11, the SC-FDM has an advantage over OFDM
because of its lower PAPR that leads to an increase in battery performance for a UAV. As shown in
Figure 10a,b, it can be seen that the PAPR value of SC-FDM for a BPSK modulation scheme (5.6 dB)
is almost the same as that for QPSK (5.7 dB) when the CCDF is 10™4. At the same point, the PAPR
value of OFDM for BPSK is 8.8 dB and, for QPSK, it equals 8.6 dB. In addition, the simulation results
show that 8-PSK has a slightly lower PAPR value than 16-QAM for both SC-FDM and OFDM. From
Figure 11, it can be observed that increasing the order of QAM modulation scheme (16-QAM and
64-QAM) results in increasing the PAPR values of SC-FDM and OFDM from 8 dB and 10 dB to 10 dB
and 12.2 dB, respectively. From Figures 10 and 11, we can conclude that the abrupt change in the
CCDF value comes from the fact that PAPR values are expressed in logarithmic scale for both SC-FDM
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and OFDM modulation techniques. The PAPR values of SC-FDM and OFDM for different modulation
schemes are presented in Table 2.
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Figure 9. The impulse and frequency responses of the remote control (RC) filter: (a) The impulse
response; (b) the frequency response.
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Figure 10. The PAPR performances of SC-FDM and OFDM for M-ary PSK modulation schemes:
(a) BPSK; (b) QPSK; (c) 8-PSK.
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PAPR(dB)

(b)

Figure 11. The peak-to-average power ratio (PAPR) performances of SC-FDM and orthogonal frequency
division multiplexing (OFDM) for M-ary QAM modulation schemes: (a) 16-QAM; (b) 64-QAM.

Table 2. PAPR results for SC-FDM and OFDM.

Modulation Scheme PAFR (dB)
SC-FDM OFDM
BPSK 5.6 8.8
QPSK 5.7 8.6
8-PSK 7.6 9.7
16-QAM 8 10
64-QAM 10 12.2

The probability of bit error of different modulation schemes for SC-FDM is shown in Figure 12.
From this figure, we can observe that the BPSK and QPSK modulation schemes achieve better
performances than other modulation schemes. It is evident that BPSK and QPSK modulation schemes
are very suitable for the SC-FDM modulation technique, according to their PAPR and the probability
of bit error performances, see Table 2 and Figure 12.
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Figure 12. The probability of bit error of different modulation schemes for SC-FDM.

In our work, in order to evaluate the complexity of the proposed framework in terms of
computation time, we used a computer with an Intel(R) Core(TM) i7-4790 CPU 3.60 GHz; RAM:
16.0 GB; Operating System: Windows 8.1 Pro 64-bit and MATLAB R2016a. As demonstrated in
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Figure 13, the computation time of SC-FDM and OFDM modulation techniques depends on the
number of subcarriers.
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Figure 13. Computation time comparison of SC-FDM and OFDM.

In Table 3, we have shown the computation time of SC-FDM and OFDM modulation techniques.
The computation time of SC-FDM ranged from 222 to 6653 ms with |N| € [256, 4096], while the range
for OFDM was between 350 and 9723 ms. We can conclude that the computation time of SC-FDM is
lower than that of OFDM.

Table 3. Computation time for SC-FDM and OFDM.

C tation Ti
Number of Subcarriers omputation Time (ms)

SC-FDM OFDM
256 222 350
512 542 829
1024 1278 1916
2048 2941 4348
4096 6653 9723

7. Conclusions

In this paper, we have analyzed the SC-FDM modulation technique in order to provide an efficient
communication link between the vehicle and GCS, since the communication link is an essential part
of the UAV. The main purpose of this work was to analyze the SC-FDM modulation technique by
comparing it with the OFDM. In general, this paper is divided into two parts. In the first part, a UAV
communication link, UAV communication system components, as well as some related works have
been discussed. On the other hand, the second part provided a brief overview of SC-FDM and
OFDM modulation techniques and discussed the simulation results obtained by using various types of
modulation schemes such as BPSK, QPSK, 8-PSK, 16-QAM, and 64-QAM. The comparative results
show that SC-FDM is more effective than OFDM for the UAV communication system, leading to a
noticeable improvement in terms of efficiency of the UAV communication link and the flight time of
quadcopters. Moreover, by analyzing the results of our work, we have found that BPSK and QPSK are
optimal modulation schemes for the SC-FDM modulation technique.

Due to the fact that the currently used 2.4 GHz band for UAV communication link is utilized
by many different communication systems leading to the generation of interferences, some drones
have already been designed to operate in the 5.8 GHz band. Thus, our further research will focus on
analyzing the 5.8 GHz band for a UAV communication system.
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