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SPACOMM 2018

Forward

The Tenth International Conference on Advances in Satellite and Space Communications
(SPACOMM 2018), held between April 22, 2018 and April 26, 2018 in Athens, Greece, continued
a series of events to evaluate the state of the art in academia and industry on the satellite,
radar, and antennas based communications bringing together scientists and practitioners with
challenging issues, achievements, and lessons learnt.

Significant efforts have been allotted to design and deploy global navigation satellite
communications systems, satellite navigation technologies, applications, and services
experience still challenges related to signal processing, security, performance, and accuracy.
Theories and practices on system-in-package RF design techniques, filters, passive circuits,
microwaves, frequency handling, radars, antennas, and radio communications and radio waves
propagation have been implemented. Services based on their use are now available, especially
those for global positioning and navigation. For example, it is critical to identify the location of
targets or the direction of arrival of any signal for civilians or on-purpose applications; smarts
antennas and advanced active filters are playing a crucial role. Also progress has been made for
transmission strategies; multiantenna systems can be used to increase the transmission speed
without need for more bandwidth or power. Special techniques and strategies have been
developed and implemented in electronic warfare target location systems.

The conference had the following tracks:

 Wireless Technology for 5G Networks

 Satellite and Space communications

 Satellite/space communications-based applications

 Antenna/Radar systems and signal processing

 Satellite and Free Space Optical Communications

We take here the opportunity to warmly thank all the members of the SPACOMM 2018
technical program committee, as well as all the reviewers. The creation of such a high quality
conference program would not have been possible without their involvement. We also kindly
thank all the authors who dedicated their time and effort to contribute to SPACOMM 2018. We
truly believe that, thanks to all these efforts, the final conference program consisted of top
quality contributions.

We also gratefully thank the members of the SPACOMM 2018 organizing committee for
their help in handling the logistics and for their work that made this professional meeting a
success.

We hope that SPACOMM 2018 was a successful international forum for the exchange of
ideas and results between academia and industry and to promote further progress in the field
of satellite and space communications. We also hope that Athens, Greece, provided a pleasant
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environment during the conference and everyone saved some time to enjoy the historic charm
of the city.

SPACOMM 2018 Chairs

SPACOMM Steering Committee
Timothy T. Pham, Jet Propulsion Laboratory - California Institute of Technology, USA
Stelios Papaharalabos, National Centre for Scientific Research "Demokritos", Greece
Cathryn Peoples, Ulster University & The Open University, UK

SPACOMM Industry/Research Advisory Committee
Michael Sauer, Corning Cable Systems, USA
Vittorio Dainelli, Rheinmetall Italia S.p.A., Italy
Brian Niehoefer, TÜV Informationstechnik GmbH, Germany
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Multi-User Scheduling for Narrow Band Internet of Things
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Abstract—In this paper, we investigate the performance issue of
massive Internet of Things (IoT) by evaluating to what extent
the number of devices can be accommodated. We build a system
level simulator based on the 3GPP TR 45.820 Narrow-Band IoT
standard. We find that the current First In First Out (FIFO)
approach can serve 630 devices per base station assuming that one
device can be served at a time. Then, we develop the scheduling
techniques - maximal delay tolerance and α-maximum tolerance
for a system-level performance analysis. Our experiment results
show that the proposed scheduling techniques outperform at least
2.8 times compared with the FIFO policy.

Keywords–NB-IoT; Scheduling; Resource allocation.

I. INTRODUCTION

The Internet of Things (IoT) aims to enable all devices
(i.e., electronics, transportation, sensors and home appliances)
to communicate to each other without requiring human or com-
puter interactions. By analyzing and exchanging the collected
data from these IoT devices, various services can be integrated
and be leveraged with each other to improve user experiences.
The Fifth Generation (5G) communications systems provide
faster speed and higher capacity than current 4G systems.
Therefore, the IoT market is expected to have 30 billion
connected devices by 2025 [1].

Low-Power Wide-Area Network (LPWAN) is one of the
wireless communications for massive IoT devices. Some tech-
nologies, such as Long Range Wide Area Network (Lo-
RaWAN), Sigfox and NB-IoT are designed to support a long
range service for the devices subject to the constraint of
battery life. However, LoRaWAN and Sigfox are proprietary
product. Any non-mobile operator customers can utilize them
to deploy the private network on the unlicensed frequency
band. Therefore, these two technologies are suitable for the
uncentralized local deployment. To completely realize the
scenario of everything connected, we need the centralized
signaling control to manage the data collected by the sensor.
Therefore, the Narrowband IoT (NB-IoT), which is a cellular
IoT, is proposed by the 3rd Generation Partnership Project
(3GPP) [2]. It follows the LTE standards to design some part
of the new specification for NB-IoT. In this way, the NB-
IoT can be integrated in the existing LTE specifications [3]
to coexist with the LTE system. The technical details tightly
related to the LTE specifications are presented by Rohde &
Schwarz [4]. In [5], the authors have evaluated and analyzed
that the NB-IoT system can provide the extended coverage of
20 dB. The device and network requirements of the NB-IoT
system are listed as follows:

• Extreme low data rate support ∼ few kbps
• Long delay tolerance < 10s
• Ultra-low complexity
• Long Battery Life > 10 years
• Low Cost < 5 USD
• High Cell Capacity ∼ 52k user/cell site
• Extended Coverage link budget ∼ 164 dB Maximum

Coupling Loss (MCL)
• Low Deployment and Operation Cost
• Consistent and Meaningful User Experience

The authors in [6] have proposed a link-level performance
analysis with their inner loop and outer loop algorithms. How-
ever, the system-level performance have not been developed to
evaluate the NB-IoT system before we deploy it. Additionally,
the cell capacity for NB-IoT is still an open issue. Because the
feature of repetitions for data and control signaling in NB-IoT,
repeating data transmission will decrease the system capacity
and even reduce the number of served UEs.

However, the frame structure in the uplink is different from
the legacy LTE. A new Resource Unit (RU) is designed for
NB-IoT. Besides, the scheduling delay is required in the data
transmission because of the ultra-low complexity for NB-IoT
devices. It does not consider for scheduling in the LTE system.
Therefore, we build a simulation platform to estimate the total
number of scheduled NB-IoT UEs with considerations of both
repetition and multiple users subject to the latency requirement.

We propose the scheduling algorithms to observe the
impacts of performances metrics (e.g., UE number and system
throughput) among different scheduling policy. The scheduling
algorithms are briefly summarized in the following.

• Maximum delay tolerance: UE with early-transmitted
time is served first based on the maximum delay
tolerance.

• α-maximum tolerance: Only consider the data trans-
mission time of UEs is lower than the half of max-
imum delay tolerance. Policy is same as Maximum
delay-tolerance.

The remainder of this paper are organized as follows.
Section II presents the two-dimension multi-user scheduling
and the proposed scheduling algorithms. In Section III, we
introduce the flow chart of the simulator and numerical results
are also discussed. Finally, we give our concluding remarks in
Section IV.

1Copyright (c) IARIA, 2018.     ISBN:  978-1-61208-624-8
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Figure 1. Cell architecture of NB-IoT system.

II. TWO-DIM MULTI-USER SCHEDULING

Consider the uplink transmission of the NB-IoT system, as
shown in Figure 1. N uniformly distributed User Equipment
(UE) with one omni-direction antenna are served by a base
station. The Maximum Coupling Loss (MCL) between the
transmitter and the receiver is 164 dB for NB-IoT system,
which is 20 dB more than General Packet Radio Service
(GPRS).

The piece-wise linear model is adopted for numerical
analysis. The path loss model has been defined as follows:

P (L)dB =

{ −K + 10α1 log10(d/d0) , d0 ≤ d ≤ dc
−K + 10α1 log10(dc/d0)

+ 10α2 log10(d/dc) , d > dc
(1)

where K = 20 log10
λ

4πd0
is a constant path loss factor, d0 is

a reference distance, dc = 4πhthr
λ is a critical distance, α1 and

α2 are the path loss exponents depending on the distance from
eNB to the specific UE. Note that ht and hr are the antenna
height of the transmitter and that of the receiver, respectively.

A. SNR-MCS Index Mapping
According to the above propagation model, the Signal-

Noise-Ratio (SNR) can be measured at the eNB. For higher
transmission efficiency and lower error rate, the eNB indicates
the UEs to adapt the Modulation and Coding Scheme (MCS)
index based on the corresponding Channel Quality Indicator
(CQI). However, there is no CQI reporting for NB-IoT. Thus,
we construct the SNR-to-MCS index mapping in Table I.

B. Repetitions Decision
To enhance the coverage performance, a NB-IoT system

repeats its transmitted data transmission to combat the signal
power attenuation. When the repetition number is doubled, the
data rate is halved and the coverage gain is increased by 3 dB.
Therefore, we decide the repetition number for the different
channel of each UE based on the bit error rate for BPSK or
QPSK modulation scheme. The repetition times for the data
transmission of UE k can be expressed as follows:

rk = 2
log√2

Q−1(Pb)√
2γk , (2)

where Pb is a desired target bit error rate, γk is the SNR of UE
k and Q−1(·) represents the inverse Q function. The maximum
repetition times is 2048.

TABLE I. SNR AND MCS INDEX MAPPING

Range of SNR values MCS index
Lower limit Upper limit Value

-5 -4.16 0
-4.16 -3.32 1
-3.32 -2.48 2
-2.48 -1.64 3
-1.64 -0.80 4
-0.80 0.04 5
0.04 0.88 6
0.88 1.72 7
1.72 2.56 8
2.56 3.40 9
3.40 4.24 10
4.24 5.08 11
5.08 5.92 12

TABLE II. MCS INDEX AND SUBFRAME INDEX MAPPING

MCS
ISF

0 1 2 3 4 5 6 7
0 16 32 56 88 120 152 208 256
1 24 56 88 144 176 208 256 344
2 32 72 144 176 208 256 328 424
3 40 104 176 208 256 328 440 568
4 56 120 208 256 328 408 552 680
5 72 144 224 328 424 504 680 872
6 88 176 256 392 504 600 808 1000
7 104 224 328 472 584 712 1000
8 120 256 392 536 680 808
9 136 296 456 616 776 936

10 144 328 504 680 872 1000
11 176 376 584 776 1000
12 208 440 680 1000

C. Subframe Index Selection
The BS obtains the MCS index based on the SNR value.

Then, the UL data transmission time will be determined by the
MCS index and subframe index. The mapping table is listed
in Table II defined in [7]. The values in the table indicate
that how many packet sizes can be transmitted subject to the
MCS and subframe index. The subframe index is selected for
the minimum value that greater than transmitted packet sizes
corresponding to the MCS index.

D. Scheduling Schemes
For evaluating the total scheduled UEs for NB-IoT sys-

tem, some scheduling algorithms are employed to allocate
the resource to the multiple UEs. We adopt the Minimum
Transmission Time (MTT) and First-In First-Out (FIFO) as
two basis of the scheduling schemes. The MTT policy means
the UEs with the minimum transmission time has higher
priority to be scheduled. The FIFO policy let the first-arriving
UE will be able to get the best choices. Moreover, we propose
two scheduling policies with the consideration of the latency

2Copyright (c) IARIA, 2018.     ISBN:  978-1-61208-624-8
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Figure 2. User number of NB-IoT system.

Figure 3. System throughput of NB-IoT system.

requirement. According to the delay requirement, we obtain the
transmitted time point for each of UE in the buffer. As long as
the UEs be scheduled before that time point, the delay require-
ment will be satisfied. Therefore, we propose the maximum
delay-tolerance policy. The UE with early-transmitted time
point is served first based on the maximum delay tolerance
(i.e., 10 sec). However, the UEs with long data transmission
time dominantly occupy the resource and decrease the system
performances of overall throughput and served user number.
To further enhance the system performances, we also propose
the improved scheduling policy called α-maximum-tolerance.
The parameter of α is determined by the ratio of the maximum
delay tolerance. Only the data transmission time of UEs lower
than the α of the maximum delay tolerance can be scheduled
to utilize the resource. We adopt these scheduling policies to
evaluate the system performance for the NB-IoT.

III. NUMERICAL RESULTS

Figure 6 shows the flow chart of our simulator. Table III
summarizes the used system parameters [8]–[10]. The UEs are
uniformly distributed in a single cell with the desired MCL
of 144dB. Only one UE can be scheduled to use the system
resource. We assume that all the resources are allocated to the
UEs without considering the control signal overhead. The traf-
fic modeladopted in our simulator is the Mobile Autonomous

Figure 4. SNR CDF for different scheduling policy.

Reporting (MAR) periodic traffic. The packet sizes for the
UEs are the random variable of Pareto distribution with the
shape parameter β = 1.5. The minimum and the maximum
packet sizes are 20 and 200 bytes, respectively. Additionally,
the mapping table and the channel model are mentioned in
Section II. Then, we discuss the simulation results of NB-
IoT system by using the aforementioned simulation platform.
Figure 2 shows the average total number of served UE
for MTT, FIFO, maximum delay-tolerance and α-maximum-
tolerance with α = 0.25, 0.5, and 0.75 scheduling policies.
The maximum number of the served UEs for these policies
are 4,746, 630, 208, 2.054, 1,894 and 1,788, respectively.
For MTT policy, the short-transmission-time UE numbers
are more than the long-transmission-time UE numbers as
shown in Figure 5(a). Although the long-transmission-time
UE is not many, the inner repetition for the UL transmission
quality results in more resource utilization. Type-2 RU has less
subcarriers than Type-1 RU. When Type-2 RU is adopted, the
higher MCS level is selected. Besides, both the repetition and
the inner repetition numbers will decrease , thereby freeing
the resources to serve other UEs. However, once the band is
narrow enough with the better channel condition, using Type-
3 RU is unnecessary The frame structure of ype-3 RU is a
long length of 8 ms time duration. Thus, the UE numbers
decreases as the Type-3 RU is used for the MTT policy. On the
contrary, the long-transmission-time UE has higher probability
to be allocated the resources as shown in Figure 5(b) for the
FIFO policy. In this way, the total UE number for FIFO is
10 times lower than that for MTT. Also, the advantage of
Type-2 RU is canceled by them. When the Type-3 RU is
used, the bandwidth is so narrow that it provides the higher
power spectrum density (PSD) gain with same UL transmit
power. Then, the total served UE number increases a little bit.
Other policies are all delay awareness according to the different
levels of the delay tolerance. Based on the differences of these
levels, the proportion of the long-transmission-time UE are
diverse as shown in Figure 5(c) and (d). Moreover, that results
in variations of the total served UE numbers for distinct RU
types. The average system throughput for the MTT, FIFO and
proposed policies are shown in Figure 3. Because of the low
packet size for NB-IoT devices, the system throughput is no
more than 10 kbps. Figure 4 shows the CDF of SNR for the

3Copyright (c) IARIA, 2018.     ISBN:  978-1-61208-624-8
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(a) MTT (b) FIFO

(c) Maximum delay tolerance (d) α-maximum-tolerance, α = 0.5

Figure 5. Transmission time distribution.

TABLE III. SIMULATION PARAMETERS

Carrier Frequency 900 MHz
System Bandwidth 200 kHz
BS Transmit Power 24 dBm
UE Transmit Power 23 dBm

Noise Figure 3 dB
BS Height 25 m
UE Height 1.5 m

Subcarrier Spacing {3.75, 15} kHz

Number of Sub-carriers
{1, 3, 6, 12} for 15 kHz SCS
{1} for 3.75 kHz SCS

Shadowing Deivation 8 dB
Total Number of UEs 5000

served UE. We observe that the MTT policy is unfair for the
UEs located at the worse environment, i.e., basement or the
cell edge. These UEs have no opportunity to be served. On
the other hand, UEs at the cell edge can also be served in the
FIFO and proposed policies.

IV. CONCLUSION

In this paper, we have developed a simulator to evaluate
the system-level performance for the NB-IoT system from the

Scheduler

Evaluation System 

Performance with Different 

Scheduling Strategy  

Number of Users System Throughput

Fundamental Setting

User Deployment

User Configuration

Traffic ModelScheduling Mapping Table

MCS Mapping Table Channel Model

Figure 6. Flow chart of simulation platform.

viewpoints of latency awareness. We consider the features of
the repetition with the multiple user uplink scheduling. The
MTT policy is the best method for the UEs located in the cell

4Copyright (c) IARIA, 2018.     ISBN:  978-1-61208-624-8
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center. However, the NB-IoT devices deployed at the cell edge
cannot be served. To overcome that problem, we propose the
fairness and the delay-aware methodology. The performance
of the total served UEs for the proposed maximum delay-
tolerance policy is worse than the FIFO method due to the
consideration of latency limitation. To improve that problem,
we further propose the α-maximum-tolerance policy. With
adjusting the parameter α, the delay tolerance level will be
changed to satisfy the devices requirements. Our experimental
results show that the total scheduled UEs for the improved
policy have been raised to 2.8∼3.26 times as compared with
the FIFO. Our proposed method of the α-maximum-tolerance
can provide a fairer way to schedule the UEs. Therefore, the
system-level simulator with the proposed scheduling policies
provide the preliminary methodology to evaluate the capacity
performance for the NB-IoT system.
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Abstract—This paper intends to justify why the aerospace 
communications is a key technology that will bring the Internet 
of Things (IoT) vision closer to reality. Both satellites and 
aerial platforms, such as High-Altitude Platforms (HAPs) and 
Unmanned Aerial Vehicles (UAVs), are considered. Their 
advantages are highlighted mainly in terms of the radio 
coverage and the link reliability, and their potential 
applications in several sectors are described. Emphasis is also 
given on the advanced wireless technologies that can further 
enhance the capabilities of aerospace communications. 

Keywords-High-Altitude Platforms (HAPs); Internet of 
Things (IoT); satellite networks; Unmanned Aerial Vehicles 
(UAVs). 

I.  INTRODUCTION 

The Fifth-Generation (5G) vision does not only represent 
a significant upgrade of mobile broadband communications, 
but it will bring new unique network and service capabilities 
towards the evolution of Internet of Things (IoT) [1]. The 
IoT is an information network that encompasses a large 
family of smart and critical applications and supports a 
massive number of small, low-cost and low-power 
interconnected physical objects, generally referred to as 
Machine-Type Devices (MTDs), which interact and 
cooperate without human intervention, in order to reach 
common goals. More specifically, the IoT comprises sensors 
and actuators interacting with data processing, wired and 
short- and long-range wireless communication technologies, 
ground-based processing, and humans.  

The successful operation of IoT-based networks 
envisages the seamless and synergetic integration of 
heterogeneous terrestrial and aerospace networks with 
different capabilities, which give rise to new services, 
architectures, and challenges [2]-[4]. From a 
communications engineering standpoint, the heterogeneity of 
the aforementioned technologies translates into highly 
different service requirements in terms of data traffic, end-to-
end communication delay, reliability, etc. Cloud and fog 
computing and networking can facilitate the seamless 
integration of different heterogeneous networks, whereas 
Software-Defined Radios (SDR) and Software-Defined 
Networking (SDN) could bring flexibility and support the 
cost-efficient deployment and runtime of customized 
networks [5]. Motivated by these observations, this paper 

tries to shed light on the aerospace-based IoT and describe its 
special characteristics and the benefits provided by the 
aerospace infrastructures.  

The rest of the paper is organized as follows. Section II 
describes the types of aerospace communication 
technologies. Section III underlines the advantages of 
satellites and aerial platforms, while Section IV presents the 
advanced wireless technologies that intend to enrich their 
capabilities. Section V outlines the potential applications of 
aerospace-based IoT. Finally, conclusions are drawn in 
Section VI. 

II. TYPES OF AEROSPACE COMMUNICATIONS 

Hybrid satellite-terrestrial networks are a typical example 
of cooperation between different architectures [2]. As the 
demand for comprehensive broadband and 
broadcast/multicast high-speed wireless communication 
services (e.g., voice, data, and multimedia services), global 
coverage, and ubiquitous access has grown, satellite 
networks can strongly support terrestrial backhaul networks 
and provide extensive as well as uninterrupted radio 
coverage to stationary, portable, and mobile receivers at 
frequencies ranging from 100 MHz to 100 GHz, as well as at 
optical frequencies, using different orbital architectures. 
Satellite are spaceborne vehicles capable of bringing 
communications to sparsely populated or underdeveloped 
areas, and still maintaining exclusive status in traditional 
maritime and aeronautical markets from the wide area 
perspective due to their unique coverage features.  

In recent years, the use of mobile airborne services via 
aerial High-Altitude Platforms (HAPs), i.e., airships powered 
by solar cells or aircrafts powered by fuel engine propulsion, 
flying in the stratosphere, and Low-Altitude Platforms 
(LAPs) or Low- and Medium-Altitude Platforms (LMAPs) 
flying at various altitudes in the troposphere to supplement 
wireless terrestrial infrastructure has been also suggested [6]. 
The latter includes the Unmanned Aerial Vehicles (UAVs), 
i.e., Remotely Piloted Vehicles (RPVs), drones, robot planes, 
and pilotless aircrafts [7]. These platforms are capable of 
providing ubiquitous wireless access over large coverage 
areas at low cost, while they attain network flexibility and 
adaptability due to their rapid deployment and movement on 
demand. Project Loon initiated by Google has intended to 
leverage high-altitude balloons for broadband services in 
remote locations [8], whereas Facebook [9] has attempted to 
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deploy solar-powered drones to provide Internet access to 
underdeveloped areas. Moreover, Microsoft has deployed 
balloons in the stratosphere loaded with sensors and cameras, 
which are connected to the Azure IoT platform and send the 
telemetry to the field gateway through the Constrained 
Application Protocol (CoAP). Figure 1 demonstrates a 
hybrid communication network consisting of terrestrial and 
aerospace infrastructures for IoT applications. 

III. ADVANTAGES OF AEROSPACE COMMUNICATIONS 

By leveraging the aerospace platforms, the IoT 
connectivity can be enhanced based on the additional 
communication choice. High-speed geostationary and/or 
non-geostationary satellites can provide efficient 
backhauling of aggregated IoT traffic from multiple sites and 
transfer data from Low-Power Wide Area Network 
(LPWAN) devices to applications on cloud platforms. They 
can also enable multicast/broadcast and trucking of video, 
IoT and other data across a large coverage area or a central 
site, with further terrestrial distribution to local cell sites. The 
aerospace communications have the potential to promote the 
Internet of Remote Things (IoRT) [10] in locations with 
terrestrial network constraints, i.e., remote, highly mobile, 
highly dispersed of wide geographical areas (rural, maritime, 
aero, railway, vehicular), and support massive Machine-to-
Machine (M2M) communications. The aerospace 
infrastructure is not only capable of interconnecting remoted 
or dispersed smart objects, but also ensuring effectual 
management of data-intensive applications, redundant 
connections at critical sites, reliability, low latency, and 
enhanced capacity. A typical example of IoRT is the Global 
Sensor Network (GSN) for remote environment observation, 
where massively connected IoT sensor networks are 
connected via Low Earth Orbit (LEO) satellites. 

Satellites have a major role in assisting 5G networks to 
meet sub-1ms latency requirements by delivering commonly 
accessed content to mobile base stations and multi-casting 
content to caches located at individual cells, even in places 
without fiber. Although Geostationary Earth Orbit (GEO) 
satellites latency of 250 ms (500 ms round-trip) is acceptable 
for many 5G and IoT applications and is comparable with 
the RTT of a long terrestrial link (100-200 ms), Medium 
Earth Orbit (MEO) and LEO satellite constellations allow for 
meeting more stringent latency requirements in case of voice 
and video transmission.  

The aerospace platforms are not only an important 
supplement for big data acquisition methods for IoT, but also 
can improve the network performance. Since the links of 
terrestrial systems are often blocked, the aerial platforms, 
especially HAPs and drones, have great potential to attain a 
higher chance of Line-of-Sight (LoS) communication with 
the ground users and thus enhance the coverage and 
connectivity. The UAVs can also easily move, have a 
flexible deployment, and can provide rapid, on-demand 
communications. The realization of IoRT and M2M 
communications can be further reinforced due to the 
investments in new ground segment technologies, such as 
small, electronically steerable, electronically steerable, 
and/or phased-array satellite transceivers, as well as the cost-

effective CubeSat platforms [11] based on micro, nano- and 
pico- satellites, operating as access points. 

IV. ADVANCED WIRELESS TECHNOLOGIES 

Although the local connectivity in IoT is provided by 
means of a short-range radio access technology, i.e., 
Bluetooth Smart, ZigBee, IPv6 over Low-Power Wireless 
Personal Area Networks (6LoWPAN), and Z-Wave, long-
range wireless connectivity can be achieved using 
conventional, i.e., cellular and satellite networks, or LPWAN 
technologies, e.g., Longe Range (LoRa), Sigfox, Ingenu, and 
Narrowband-IoT (NB-IoT) [12]. In the context of satellite-
based IoT applications, Inmarsat was the first to join the 
LoRa Alliance as its first satellite member and combine a 
LoRa Wide Area Network (LoRaWAN) on the ground with 
a satellite mesh in the sky. Inmarsat and other service 
providers predominantly use the lower data rate L-band (1-2 
GHz). While L-band systems will continue to support 
extremely low data-rate IoT applications, higher frequencies, 
e.g., the Ka- and Ku-bands, are positioned for future 
applications, as network traffic increases. With Ku-band, 
service providers can leverage the large number of open Ku-
band satellites, which traditionally offer lower spectrum cost 
than L-band. Although using Ka- and Ku-bands may be 
beneficial, rain effects severely affect signal propagation in 
mm-wave frequencies and a strong, dominant LoS signal is 
required for sufficient coverage due to the severe attenuation 
of the Non-Line-of-Sight (NLoS) links. 

The capabilities of aerospace networks in terms of the 
latency are in part due to the use of Adaptive Coding and 
Modulation (ACM) techniques as foreseen in the Digital 
Video Broadcasting – Satellite – Second Generation (DVB-
S2) standard, which retains outbound throughput even during 
heavy weather conditions. To further improve the 
performance of aerospace systems, algorithms based on 
cognitive radio principles can be applied that enable dynamic 
spectrum access and agile waveform adaptation (from carrier 
aggregation to unlicensed spectrum sharing). 

 

Gateway
Rural

Sensor Nodes

Application 
Server

Urban

 

Figure 1.  A simple representation of an hybrid terrestrial-aerospace 
communication network for IoT applications.  
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To successfully fulfill the growing demands for high data 
throughputs and enhanced link reliability with greater 
mobility support and extended network range, cooperative 
diversity preserves the end-to-end communication between a 
source and a destination via intermediate relays [13]. Since 
new requirements for enhanced spectral efficiency, greater 
bandwidth and higher data rates emerge, the Multiple-Input 
Multiple-Output (MIMO) [14] [15] and massive MIMO [16] 
technology can revolutionize satellite networks, exploit 
spatial diversity, and serve multiple users (i.e., multi-user 
MIMO). This has gained great interest due to the 
standardization activities on the finalized DVB - Satellite to 
Handheld (DVB-SH) standard [17], and the prospective 
DVB – Next Generation Handheld (DVB-NGH) [18] 
standard. As the performance of radar systems is limited by 
target scintillations, the application of MIMO techniques to 
Synthetic Aperture Radars (SARs) can greatly improves 
resolution and sensitivity, as well as detection and estimation 
performance of aerospace applications for the IoT by 
exploiting the diversity of target scattering [19].  

Data rates in the multigigabit regime can be achieved 
using Free-Space Optical (FSO) inter-satellite, inter-
platform, satellite-to-ground, and platform-to-ground 
connections [20]. Compared to Radio-Frequency (RF) 
systems, FSO systems are capable of providing intrinsic 
narrow beamwidth and high-speed LoS connectivity using 
the wavelength division multiplexing scheme with very 
small and compact equipment and low power consumption. 
In addition, FSO systems ensure privacy with low 
probability of interception, immunity to electromagnetic 
interference, and exemption from spectrum regulatory 
restrictions. 

V. POTENTIAL APPLICATIONS 

It is important to note that the notion of IoT comprises a 
wide variety of applications. The challenging ones that will 
be benefited by the aerospace infrastructures refer to the 
critical IoT and require very high reliability and availability 
in terms of wireless connectivity. Although the average 
volume of data transported to and from devices may not be 
large, wide instantaneous bandwidths are useful in being able 
to meet capacity and latency requirements. On the other 
hand, the low cost of the devices and the energy 
consumption is not as important as for other IoT 
applications. Typical paradigms of critical IoT applications 
are the following: 

 Transport Applications: The aerospace 
communications can improve the safety and 
management of transportation infrastructure and 
realize the Internet of Vehicles (IoV) [21]. 
Specifically, an expanded adoption of networking 
vehicles, sensors and controls can be achieved that 
will enable the smarter use of road and rail 
transportation by effectively supporting applications 
such as, signage, signaling and routing, alerts for 
road and weather conditions, level crossing 
protection, and train control systems. Satellite-based 
Global Positioning System (GPS) can determine the 

positioning of each vehicle, whereas HAPs represent 
a feasible solution for data acquisition in IoV, 
especially in rural areas. Besides, monitoring of 
vehicular traffics through drones with embedded 
cameras or sensors is also viable. By taking 
advantage of the aerospace infrastructure, the 
operation of commercial autonomous shipping can 
be enabled along with future commercial marine 
vessels, cargo logistics, and smart ports [22]. 

 Industrial Applications: The aerospace networks 
can also play a key role in a sub-segment of the IoT, 
referred to as the Industrial IoT (IIoT) [23], since 
they can deliver connectivity to remote locations and 
challenging environments. Although satellite 
networks are extensively deployed to support critical 
Supervisory Control And Data Acquisition 
(SCADA) applications, IIoT can be seen as an 
expansion of SCADA networks and other global 
asset tracking applications, remote control, 
automated fabrication, collaborative robots, etc. 
Applications tend to be those involving remote 
locations or extending over large land or sea areas, 
such as water level monitoring, oil and gas pipeline 
integrity, and tracking of mining trucks. Overall, the 
IIoT market seems a significant opportunity for 
satellite service providers. 

 Medical Applications: The satellites and the aerial 
platforms combined with information and cloud 
technology are playing an increasing role in the 
support of welfare and Healthcare IIoT (HealthIIoT) 
applications [24] and can be used for providing low-
cost and timely healthcare in remote and inaccessible 
areas. These technologies have a profound effect on 
the quality, safety, and efficiency of healthcare. The 
patients and the aging society can be served by 
satellite based telemonitoring, medical diagnosis and 
care from their homes, whereas interaction though 
videoconferencing between medical personnel and 
patients at home can be obtained. Moreover, using 
biomedical sensors, collection and transmission of 
medical data is feasible. Aerospace communications 
can also be used for monitoring endemics/epidemics 
at any area, while high bandwidth links can 
accommodate real-time medical imaging and remote 
robotic surgery [25].  

 Disaster and Crisis Management Applications: 
As the natural disaster or large-scale unexpected 
events easily make the terrestrial network overloaded 
or totally destroyed, hybrid satellite-aerial-terrestrial 
networks have the ability to provide more effective 
services compared to traditional infrastructures 
during the emergency situations. Aerospace 
networks can offer rapid deployment and wide 
coverage and successfully support applications, such 
as video surveillance, structural monitoring and 
protection of critical infrastructure [26]. These 
include dams, bridges and other important structures, 
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as well as security and access controls related to 
border control, flood warning, earthquake detection, 
weather and environmental monitoring, coastline 
and pipeline surveillance, trafficability of maritime 
routes, e.g., icebergs, and synthetic aperture radar 
applications. The emergence of LAPs indicates a 
stable and reliable direction for the development of 
emergency network via circular flight tracks and 
continuous observation of regional hotspots and 
hazard areas.  

 Smart Energy Applications: The aerospace 
infrastructure can efficiently handle a variety of 
electric grid automation and metering applications 
and support the integration and efficient use of all 
the energy resources and the grid infrastructure, 
using smart sensors, smart meters and smart control 
[27]. Moreover, there exists a wide range of 
applications in oil and gas that the aerospace 
infrastructure can effectively enable. These include 
monitoring and transmitting sensor data concerning 
drilling control, wellhead production, pipeline 
monitoring, distribution logistics and asset security.  

VI. CONCLUSION 

In this paper, the role of aerospace communication 
technologies in the future IoT ecosystem has been described. 
Since ubiquitous connectivity and long-range radio coverage 
are required in many critical IoT applications, satellites and 
aerial platforms along with advanced 5G wireless 
technologies can drastically change the landscape of various 
industries and strongly support the evolution of IoT. 
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Abstract—This paper investigates the outage performance of a 
Decode-and-Forward (DF) Multi-User (MU) stratospheric 
relay communication system operating over Generalized-
Gamma (GG) fading channels. This system consists of multiple 
users-sources, multiple users-destinations and a High-Altitude 
Platform (HAP) acting as a relay station in the stratosphere. 
Geometry-based optimal relay location with fixed power 
allocation is proposed, in order to minimize the outage 
probability. Exact and approximated expressions for the End-
to-End (E2E) outage probability are derived and opportunistic 
scheduling is applied, where the Source-Destination (SD) pair 
with the highest instantaneous E2E Signal-to-Noise Ratio 
(SNR) is scheduled for communication. The results highlight 
the gains offered by the opportunistic SD scheduling and the 
optimization of the relay location on the overall performance. 

Keywords-Generalized Gamma (GG) fading; High-Altitude 
Platforms (HAPs); Multi-User (MU); oppurtunistic scheduling; 
outage probability; relay location. 

I.  INTRODUCTION 

A key objective in the development of future generation 
communication systems and the Internet of Things (IoT) 
applications is the seamless integration of wireless terrestrial 
and aerospace infrastructures over heterogeneous networks 
[1] [2]. In recent years, a great interest has been drawn 
towards the development of High-Altitude Platforms 
(HAPs), intending to provide ubiquitous wireless access over 
large coverage areas at low cost, while attaining network 
flexibility and adaptability due to their rapid deployment and 
movement on demand [3]. The term HAPs defines aerial 
platforms flying in the stratosphere. 

The radio links of terrestrial nodes are usually vulnerable 
to fading effects arising from scattering, reflection, 
diffraction, or blockage of the radiated energy by objects in 
the propagation environment. Hence, exploiting the features 
of cooperative diversity techniques by preserving the End-to-
End (E2E) communication between a source (S) and a 
destination (D) via an intermediate relay (R) can fulfill the 
demands for enhanced link reliability with greater mobility 
support and extended network range [4].  

With the rapid growth of the number of connected 
devices, Fifth-Generation (5G) communication systems will 

be deployed in dense-user environments. Hence, shifting 
from Single-User (SU) to Multi-User (MU) systems is 
indispensable [5]. In MU systems, the MU diversity gain can 
significantly improve the system performance by 
appropriately designing user scheduling schemes. These 
schemes are necessary, as a single relay may be incapable of 
simultaneously serving multiple users. The opportunistic 
scheduling is a well-known and efficient user selection 
schemes that are usually used to select among the users [6]. 
In this scheme, the user with the best channel conditions is 
always allowed to conduct its transmission in both downlink 
and uplink scenarios. Also, this scheme is usually used to 
achieve the maximum sum-rate capacity in wireless 
networks. However, in scenarios where asymmetric link 
conditions exist, a trade-off between capacity and fairness 
among users arises. 

More recently, the investigation of relaying in Multi-
Source (MS) Multi-Destination (MD) networks has been 
investigated [7], since based on these schemes substantial 
achievable rate improvement in shared-spectrum multiple 
access wireless systems are offered. In these networks, 
multiple Source-Destination (SD) pairs simultaneously 
communicate with the help of relay nodes. Typical paradigm 
of this configuration is the Interference Relay Channel (IRC) 
[8], where a relay assists two independent source-destination 
pairs by using different relaying methods, as well as the 
cellular operation, in which multiple users within a cell 
communicate with each other through a base station acting as 
a relay unit.  

Motivated by the aforementioned observations, this paper 
investigates the use of a radio relay installed on a HAP that 
acts as a stratospheric relay station, between multiple user 
pairs. This configuration is envisioned to be applied in 5G 
systems, where the relay nodes are expected to be located at 
the cell edge establishing the communication links between 
cell-edge users. An opportunistic scheduling scheme is 
adopted, in order to select the pair with the best E2E channel 
among the available ones. In the proposed system, each user 
pair is able to communicate through the relay. Depending on 
the propagation environment, each link may experience 
different channel fading conditions. In particular, Rician, 
Rayleigh, and log-normal distributions are suggested to 
model the channel fading in urban, sub-urban, and rural 

11Copyright (c) IARIA, 2018.     ISBN:  978-1-61208-624-8

SPACOMM 2018 : The Tenth International Conference on Advances in Satellite and Space Communications

                            19 / 89



environments, respectively [9]. By generalizing the previous 
approaches, this paper considers that the channel fading 
follows the Generalized-Gamma (GG) distribution [10], 
which includes many well-known distributions as special 
cases, whereas it has the important advantage of 
approximately describing other distributions [11]. Also, this 
paper proposes geometry-based optimization schemes 
regarding the position of the stratospheric relay for 
determining the SD pair with the best E2E Signal-to-Noise 
Ratio (SNR). The performance of the underlying system is 
analyzed in terms of the outage probability. The results 
demonstrate the effect of the number of SD pairs, fading 
characteristics, and optimized relay location on the system’s 
performance. 

The rest of the paper is organized as follows. Section II 
presents the system model and the geometrical 
characteristics, whereas Section III analyzes the channel 
statistics. In Section IV, mathematical expressions for the 
outage probability are derived. Section V proposes 
geometrical design recommendation for optimal outage 
performance. Results are provided in Section VI. Finally, 
conclusions are drawn in Section VII. 

II. SYSTEM MODEL 

This paper considers a MS-MD relay-assisted airborne 
communication system with slowly-varying, frequency-flat 
block-fading channels, where the channel coefficients stay 
constant over an entire block of communication. As shown 
in Figure 1, the proposed system consists of one cluster of K 
users, the sources, trying to communicate with one cluster of 
K users, the destinations, with the aid of a Decode-and-
Forward (DF) stratospheric relay. This relay is situated 
approximately 20 km above the ground, equipped with two 
antennas, one for transmitting and the other for receiving. In 
this system, two users communicate with each other with the 
help of the relay since the direct links between them are 
obstructed due to high attenuation in the propagation 
medium. To aid our analysis, the subscripts Sk, R, and Dk, 
where 1 ,k K   are affiliated with the k-th source, the 
relay, and the k-th destination, respectively. All of the user 
pairs are in the set U, where the k-th user pair is denoted by 

 , .k kS D  Due to hardware limitations, the communication 

operates in a Half-Duplex (HD) mode and is conducted over 
two phases; the first phase (hop) includes the link between Sk 
and R, while the second phase (hop) involves the link 
between R and Dk. Time is divided in time-slots and multiple 
access is based on Time-Division Multiple Access (TDMA), 
where at each time-slot one SD pair is activated for 

transmission. The channel coefficients  , ,k kS R R Dh h  

between the k-th source (destination) and the relay are 
generalized gamma fading coefficients and identically 
distributed. In addition, in all cases the received signal is also 
affected by Additive White Gaussian Noise (AWGN) with 
variance .ON  

 

A. Geometrical Characteristics 

For analytical simplification purposes, we assume that 
the users and the relay are placed on a x-y plane. 
Specifically, as shown in Figure 2, the users are placed on 
the horizontal axis, whereas the relay is placed on the 
vertical axis. This assumption is reasonable since it 
minimizes the effect of path loss. The fundamental 
parameters, which describe the geometry of the proposed 

system, are the elevation angle  k kS D   of the relay 

relative to the k-th source (k-th destination), the height of the 

relay ΗR, the distance  k kS Dd d  between the k-th source              

(k-th destination) and the relay, and the distance  k kS DD D  

from the k-th source (k-th destination) to the Sub-Platform 
Point (SPP). According to this geometry, the distance 
between the k-th source and the k-th destination is .

k kS DD   

R 

1D

KD



1S



KS

1,S Rh

,KS Rh
, KR Dh

1,R Dh

 
 

Figure 1.  The MS-MD stratospheric relay fading channel.             
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Figure 2.  The geometrical characteristics of the proposed stratospheric 
relay communication system.                                            
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From Figure 2, one observes that 
kSd  can be written as a 

function of  0, / 2
kS   as follows                                 

                              / sin .
k kS R Sd H                            (1) 

Using (1) and applying the cosine law to the triangle k kS RD  

in Figure 2, 
kDd  can be also written as a function of 

kS  as 

           
2

2
2

2 .
tansin

k k

k k k
kk

R S DR
D S D

SS

H DH
d D


             (2)  

B. First Hop 

The received signal at the stratospheric relay R from the 
kth source can be expressed as 

                             , , ,
k k k kS R S S R S Ry P h x n                     (3) 

where 
kSP  is the transmit power at Sk, 

kSx  is the transmitted 

symbol from the kth source with  2
E 1,

kSx   E   is the 

statistical expectation operator, and Rn  represents the 

AWGN. The channel gain 
2

,kS Rh  has mean power [12]:  

                                      2

,E ,
k k

a
S R Sh d                            (4) 

where a is the path loss exponent. The instantaneous 
received SNR in the first hop is denoted as ,kS R  and can be 

expressed as 

                                   
2

, , .k

k k

S
S R S R

O

P
h

N
                           (5) 

Using (4), the average SNR can be expressed as 

                        2

, ,E .k k

k k k

S S a
S R S R S

O O

P P
h d

N N
                 (6) 

C. Second Hop 

The signal received at the destination can be written as 

                           
,, , ,

k k S R kk
R D R R D Dy P h y n                   (7) 

where RP  is the transmit power at R and 
kDn  is the AWGN. 

The channel gain 
2

, kR Dh  has mean power [12]: 

                                      2

,E .
k k

a
R D Dh d                            (8) 

The instantaneous received SNR in the second hop is 
denoted as , kR D  and can be expressed as 

                               
2

, , .
k k

R
R D R D

O

P
h

N
                              (9) 

Using (8), the average SNR can be expressed as 

                        2

, ,E .
k k k

aR R
R D R D D

O O

P P
h d

N N
              (10) 

Finally, the E2E SNR at the k-th destination can be 
approximated as follows 

                               , ,min , .
k k kD S R R D                       (11) 

To analyze the performance of the proposed system, 
obtaining the statistics of the E2E SNR provided in (11) is 
required. 

The scheduling is based on an opportunistic SD pair 
selection, where at each time-slot, the pair with the best E2E 
SNR is activated for communication. More specifically, the 
opportunistic SD pair selection will activate the k*-th pair 
according to: 

                         *
, ,

1
arg max  min , .

k kS R R D
k K

k  
 

             (12) 

In this way, the SD pair will be the one having the E2E 
channel offering the maximum capacity at each time-slot. 

III. CHANNEL STATISTICS 

In this paper, the GG distribution is utilized to model the 
channels for the Sk –R and R–Dk links. Hence, the Probability 
Density Function (PDF) of the instantaneous SNR received 
at R, denoted as , ,

kS R  is given by [13]  

           
  

, ,

, ,

/2 1
, ,

, /2

, , ,2

S R S Rk k
k k

S R kk S Rk

k k k

m b
S R S R

S R mb

S R S R S R

b
f

m





 






 

                                     
, /2

,

, ,

exp ,
S Rk

k

k k

b
S R

S R S R



 

         

     (13) 

where , 0
kS Rb   and , 1 / 2

kS Rm   are the distribution’s 

shaping parameters related to the fading severity, 

   , , , ,/ 2 / ,
k k k kS R S R S R S Rm m b      and     is the 

Gamma function [14, eq. (8.310/1)]. For different values of 

,kS Rb  and , ,
kS Rm  several distributions used in fading 

channel modeling can be obtained, e.g., Rayleigh (for 

, 2
kS Rb   and , 1

kS Rm  ), Nakagami-m (for , 2
kS Rb  ), 

Weibull (for , 1
kS Rm  ), and log-normal (for the limiting 

case of , 0
kS Rb   and ,kS Rm  ). In addition, the PDF in 

(13) can approximately describe the Rician fading for 

, 2
kS Rb   and    2

, , ,1 / 2 1 ,
k k kS R S R S Rm K K    where 

,kS RK  is the Rician factor of the first hop, i.e., the average 
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power ratio of the Line-of-Sight (LoS) component to the 
Non-Line-of-Sight (NLoS) component.  

The Cumulative Distribution Function (CDF) of the 
instantaneous SNR received at R can be expressed as           

 
  

 

,

,

/2

, , , ,

,
,

, /
1 ,

S Rk

k k k k

S R kk
k

b

S R S R S R S R

S R
S R

m
F

m


  


     


                                                                                                             

                                                                                            (14) 

where  ,    stands for the upper incomplete Gamma 

function [14, eq. (8.350/2)]. Note that the PDF 

 , ,R D kk
R Df   and the CDF  , ,R D kk

R DF   of the GG 

distribution for the second RF link can be defined as in the 
first RF link by replacing the indices. 

IV. DERIVATION OF THE OUTAGE PROBABILITY 

The outage probability is defined as the probability that 
the SNR at the destination goes below a predetermined 

outage threshold ,out  i.e., Pr ,
kout D outP       where 

 Pr   is the probability operation. In this case, the 

communication system cannot achieve adequate reception. 
Using (11), the outage probability can be obtained from the 
CDF of the E2E SNR as  

Dk
out outP F   and can be 

written in terms of CDFs of the two hops’ SNRs as follows 
[15]        

                , ,
1 1 1 .

S R R Dk k
out out outP F F        

      (15) 

From (15), one observes that the system gets in outage 
providing that at least one of the two hops gets in outage or, 
equivalently, the SNR of that hop becomes less than .out  
Using (14), (15) becomes 
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where        1

0
, exp / !

n k
k

n x n x x k



      for arbitrary 

integer n. At high SNRs and for the special case of 
Nakagami-m fading, using the approximation 

 exp 1x x    for small x, (16) can be approximated as 

follows [12] 

                               
, ,

, ,

,
S R R Dk k

k k

out m m

S R R D

A B
P

 
                      (17)                     

where 

                         , ,
,, / 1 ,S R S Rk k

kk

m m
out S RS RA m m                (18) 

                         , ,
,, / 1 .R D R Dk k

kk

m m
out R DR DB m m               (19) 

Note that the aforementioned approximation is valid in a 
broad SNR regime [12].  

Depending on the values of the parameters  , ,k kS R R Db b  

and  , , ,
k kS R R Dm m  the Sk–R and R–Dk links may 

experience either symmetric, e.g., Rayleigh/Rayleigh or 
Rician/Rician, or asymmetric, e.g., Rayleigh/Rician or 
Rician/Rayleigh, fading phenomena. 

V. OPTIMAL LOCATION OF THE STRATOSPHERIC RELAY 

An important design parameter is to determine the 
optimal relay position that will minimize the outage 
probability for a given set of users. For this optimal position, 
the proposed scheduling approach determines the pairs of 
users that will communicate, according to the opportunistic 
scheduling principle.  

In order to determine the optimal relay position, we set 
sin

kSx   and consider a predetermined power allocation 

 / , /
kS O R OP N P N  and fixed values of RH  and .

kSDD  

Thus, the problem of finding the optimal relay location with 
respect to Sk and Dk can be stated as follows 

   * arg  min  out
x

x P  

                                 subject to: 0< 1x                        (20) 

Using (6), (10), and (17)-(19) and computing the second 
derivative of outP  with respect to ,x  one can easily show 
that the objective function is a strictly convex function of 

 0,1 .x  Moreover, computing the first derivative of outP  

with respect to ,x  the optimal relay location is the root of the 
equation in (21).  

Standard iterative root-finding algorithms can be used to 
efficiently find numerical solutions to *x  and then compute 

arcsin .
kS x   Then, using (2), we can compute 

kDd  and 

 arcsin / .
k kD R DH d   
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VI. NUMERICAL RESULTS 

This section investigates the performance of the proposed 
system in terms of the outage probability for a wide range of 
transmit SNR values. For this purpose, a simulation setup 
was developed in MATLAB and the transmission of 106 
packets for each SNR value was performed. Unless 
indicated otherwise, the values of model parameters used are  

   / / 10 dB,
kS O R OP N P N   3,a   20 km,RH   and 

40 km.
k kS DD   By adopting the recommendations for the 

optimal stratospheric relay location in (20) and (21), we 

obtain 45 .
k kS D     For the Rician fading conditions, it 

is considered that , , 3 dB.
k kS R R DK K   Then, we obtain 

, , 1.8.
k kS R R Dm m   

Figure 3 and Figure 4 depict the outage probability as a 
function of the transmit SNR for different number of SD 
pairs and symmetric Rician/Rician and Rayleigh/Rayleigh 
fading, respectively. Both the optimal and the non-optimal 
location of the stratospheric relay is considered. One 
observes that the optimized system outperforms the non-
optimized one. Moreover, a significant performance 
improvement can be achieved, as the number of users 
increases. By comparing the results in Figure 3 and Figure 4, 
it is also obvious that the Rician/Rician fading leads to 
significantly better results. 

Figure 5 shows the outage probability as a function of the 
transmit SNR for four SD pairs and asymmetric 
Rayleigh/Rician and Rician/Rayleigh fading. One observes 
that the type of fading slightly affects the outage probability 
when the stratospheric relay is located at an optimal position. 

 

Figure 3.  Outage probability of the proposed system in terms of the 
transmit SNR for Rician/Rician fading and different SD pairs. 

 

Figure 4.  Outage probability of the proposed system in terms of the 
transmit SNR for Rayleigh/Rayleigh fading and different SD pairs. 

 

Figure 5.  Outage probability of the proposed system in terms of the 
transmit SNR for Rayleigh/Rician and Rician/Rayleigh fading conditions. 
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Overall, the design recommendations ensure the 
successful operation and feasibility of the proposed system 
regardless of the variation of the propagation phenomena of 
both links. On the contrary, the improper position of the 
relay substantially influences the system performance 
depending on the fading conditions. 

VII. CONCLUSION 

In this paper, an opportunistic MS-MD pair selection 
scheme for stratospheric relay systems over GG fading 
channels has been presented. An optimum geometry-based 
design criterion for the placement of the stratospheric relay 
has been also developed, under a high SNR assumption and 
the impact of the number of SD pairs, the type of fading, and 
the proper/improper relay location on the system 
performance has been studied. The results have 
demonstrated that the performance decreases, as the fading 
conditions worsen, the number of SD pairs decreases, and 
the stratospheric relay shifts from its optimized location. 
These results provide guidelines for the solution of the 
fundamental problem of relay placement, in order to 
guarantee the MS-MD advantage in practice.  

This work could be further improved or extended into 
different areas. Apart from the outage performance, the bit-
error-rate (BER) and the throughput performance should be 
also evaluated. It would be also interesting to apply the 
proposed schemes to systems, where the users and the relay 
are equipped with multiple antennas, in order to exploit full 
diversity, i.e., both multi-antenna diversity and MS-MD 
diversity. Since power control is important in MS-MD relay 
networks, jointly optimizing the power allocation and the 
relay location is desirable. Also, in topologies where 
asymmetric link conditions exist, scheduling should be 
modified in order to ensure fairness among the SD pairs. 
Finally, this work can be extended to additionally support 
multiple stratospheric relays with free-space optical (FSO) 
inter-platform links. 
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Abstract—5G standard is targeting much higher data rates as 

compared to existing wireless technologies to accommodate the 

ever-increasing demand for faster wireless applications. A 

transmitter is required to implement a 5G system. In this 

paper, we are presenting a 28 GHz novel monolithic 

transmitter architecture on GaN substrate that offers Size, 

Weight, Area, Power and Cost (SWAP-C) advantages. The 

transmitter contains a Yagi antenna, which consists of three 

directors, two drivers, a strip line feed, a substrate and a 

ground plane. According to simulation results, the designed 

Yagi antenna has a compact size and low loss at the selected 

frequency of 28 GHz. At this frequency, its return loss, gain, 

and beam width are -38 dB, 8.69 dB, and 57.2 degrees, 

respectively. The second component in the monolithic chain is 

a bandpass filter (BPF), which offers enhanced selectivity and 

stopband suppression on GaN substrate. The Bandpass filter 

has a minimum insertion loss of 0.6dB at 28GHz. The rejection 

level is higher than 10 dB in the stop band. Further, a 

collaborative simulation of 28 GHz mixer for upconversion 

with CLASS-E power amplifier (PA) with integrated octature 

structure to achieve robust load insensitivity is presented. In 

this paper to design high-efficiency PA, we implemented 

harmonic load pull at both the input and output of the active 

device to obtain optimum impedances at fundamental and 

second-harmonic frequencies. After an iterative process, the 

optimum input and output impedances are obtained. In 

addition, we also implemented cascaded octature power cell 

structure. The proposed balanced PA achieves a saturated 

output power (Psat) of 13.5dBm and a maximum Power Added 

Efficiency (PAEmax) of 55%. It consumes 210mW power. The 

presented transmitter configuration is designed on a GaN 

substrate with a thickness of 0.8 mm, permittivity (Er) of 9.7,  

 

and loss tangent (TanD) of 0.025. Based on its performance at 

28 GHz, the designed transmitter is being developed for the 5G 

application. 

Keywords- Yagi antenna;Filter; Mixer;Power amplifier; 5G. 

I.  INTRODUCTION  

Fifth generation wireless network (5G) has become 

research focus since it could support the explosive growth of 

data traffic, massively interconnected devices, and new 

applications. It is expected that 5G will utilize spectrum at 

millimeter wave (MMW)  frequencies to satisfy the demand 

for massive bandwidth since the spectrum resources in the 

lower frequency bands are running out.  Resources have 

been invested to develop prototype millimeter wave 5G 

mobile communication systems, especially for frequency 

band such as 28GHz. Therefore 27.5 to the 29.5GHz band is 

a strong candidate for the new 5G radio interface and much 

of the research undertaken to date has considered this band. 

For example, Samsung Electronics has built a prototype 

system including beamforming antenna that works at  

28GHz [1], However, to our knowledge single chip 

transmitter on GaN does not exist for the 5G application. An 

overview of the architecture and components for our 

transmitter module on a GaN chip are shown in Figure 1. 

The Integrated Chip consists of a chain of various individual 

components such as yagi antenna, power amplifier, 

bandpass filter, upconverter, mixer and matching circuitry. 

 
Figure 1. Transmitter architecture for 5G application 
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The presented transmitter configuration is designed on a 

GaN substrate with a thickness of 0.8 mm, permittivity (Er) 

of 9.7, and loss tangent (TanD) of 0.025. The goal is to 

ultimately fabricate the proposed transmitter module on 

GaN substrate.The Yagi antenna is designed using HFSS 

(High-Frequency Structure Simulator) simulation software. 

Rest of the blocks of the transmitter,  bandpass filter, Mixer, 

Power amplifier, and matching network circuitry are 

designed using Advanced Design System (ADS) simulation 

software.  

II. DESIGN AND RESULT & DISCUSSION OF 

TRANSMITTER MODULE ON GAN CHIP 

A.  Yagi Antenna  

Yagi antenna was proposed by researchers from Japan 

usually for radio application [2]. Such antenna was 

developed for X-band, Ku-band, and K-band, etc. 

Generally, a design of Yagi antenna places a driver and 

director’s elements on one side of PCB and places a 

reflector on the reverse side. A driver is utilized for 

radiating electromagnetic wave whilst directors and a 

reflector is utilized to focus the electromagnetic wave 

radiation from its driver. But, the design of Yagi antenna is 

more challenging if it is being designed at 28 GHz on GaN 

substrate instead of PCB. 

In this paper, we present the design of novel structure 

Yagi antenna, which shows good radiation efficiency and 

gain. The design of proposed Yagi antenna is shown in 

Figure. 2. It is composed of three directors, two drivers, a 

strip line for feed and a reflector. This antenna can be 

configured in MIMO format if needed. The antenna is made 

from gold with a thickness of 0.035 mm and electric 

conductivity of 4.1 x 107 Siemens/m considering GaN as 

substrate. In order to match antenna impedance with another 

device, the impedance was optimized for 50 Ohm. To fulfill 

such requirement, its feed- width was set to be 1.8 mm. 

Details of the Yagi antenna design parameters that allowed 

best performance is shown in Table I. Figure 3 shows 

simulated return loss of -38dB for 27.4 GHz to 28.4 GHz 

with a center frequency of 28 GHz. Antenna results are 

mentioned in Table 2.  

TABLE I.  DIMENSIONS OF PROPOSED ANTENNA 

L1 L2 L3 L4 L5 L6 L7 L8 L9 g 

1.8 0.9 2.5 1.2 2 0.8 0.5 0.3 2 0.1 

W1 W2 W3 W4 W5 W6 W7 W8 W9  

1.5 0.7 0.5 1.5 0.5 1.5 1.8 2.5 0.3  

 

 

TABLE II.  ANTENNA RESULTS 

Content  Units  

Antenna type   Yagi guda 

Antenna size (L*W)  mm*mm 8*12 

Peak Directivity  dB 8.9 

Antenna bandwidth   GHz 27.4-28.4 

Radiated power  W 0.8 

Accepted power  W 0.9 

Radiation Efficiency At 28 GHz % 96 

VSWR  At 28 GHz <1 

GaN substrate details 

Assumed during simulation 

Thickness mm 0.8 

Er  9.7 

Tan D  0 

 

B. Band-Pass Filter Design 

Filters are an essential part of wireless communications 

systems as they are required to suppress undesired signals in 

the transceiver pass-band. The size, weight, cost, and loss of 

such filters must be kept as low as possible. 

In this paper, the design of a core circuit using microstrip 

line has been conceived and designed as shown in Figure.4. 

Small size, low cost, and good performance multifunction 

 

 
Figure 2. (a) 3D view of Antenna in HFSS (b) dimensions of yagi guda 

antenna 

 
Figure 3. S11 response of return loss of antenna 
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filters are the main development trend in microwave/MMW 

domain. Filters with high selectivity and good stopband 

performances are extensively studied [3]. On the other hand, 

the GAN substrate has attractive characteristics, such as 

wide frequency range, static dielectric constant, low thermal 

expansion coefficient and very low water absorption [10]. In 

this paper, a Band-Pass Filter (BPF) based on broadside 

coupling H-shape resonators and half wavelength resonators 

are implemented on two-layer GAN substrate, which has 

relatively small sizes and good selectivity. 

The dimensions of BPF filter are listed in Table 3. 

TABLE III.  DIMENSIONS OF PROPOSED FILTER 

L1 L2 L3 L4 L5 L6 L7 L8 L9 g 

8.8 13.5 5 6 2 5 4 5 6.5 0.5 

W1 W2 W3 W4 W5 W6 W7 W8 W9  

3 2.2 3.5 1.5 1 1 0.6 3.5 0.1  

 

Figure 5 shows the simulated results of the designed BPF. 

The 3dB bandwidth is from 27.6GHz to 29.2GHz. This 

filter has a minimum insertion loss of 0.6dB at 28GHz. The 

rejection level is higher than 10 dB in the stop band. The 

return loss of BPF is more than -40 dB at 28 GHz.  

C. Impedance Matching Network  

At 28GHz frequency, the reflected power occurs when the 

load impedance is not matched to the characteristic 

impedance of source (mixer) and load (PA). Impedance 

matching using the passive network is critical to achieving 

maximum power transfer, minimum reflection, and 

adequate harmonic rejection. In order to overcome such 

problems, we propose matching network approach is based 

on Smith chart. Through Smith Chart, we can get a 

matching network at a certain frequency easily. When 

utilizing the Smith Chart to design matching networks at the 

center frequency, the next steps should be followed: 

 Find out the output impedance Zout of previous stage 

transistor and the input impedance Zin of next stage 

transistor. 

 
Figure 5. BPF structure with dimensions 

 
Figure 4. BPF structure with dimensions  

(a) 

 
(b) 

Figure 6. (a) the topology of the matching networks between the filter and 
antenna (c) the topology of the matching networks between the mixer and 

PA 

 

 
(a) 

 
(b) 

Figure 7. (a) Network Response of impedance Schematic of Figure. 6a (c) 

Network Response of impedance Schematic of Figure. 6c  
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 Find out the points of Zout, Zin in the Smith Chat. 

 Describe the maximum equal Q curve Qmax from the 

points of Zou, Zin.  

 In the extension of the Smith Chart constructed by Qmax, 

add appropriate microstrips and capacitances to make 

Zout and Zin conjugate match. 

Then, consider the network composed of micro-strips as the 

initial matching network. We designed such matching 

network using ADS. This network is designed to operate at 

28 GHz frequency with a normalized impedance of 50 Ω. 

Where ZS is source output impedance, ZL is load input 

impedance. We calculated stub values mentioned in Figure. 

6 using ADS. Figure. 6 shows the objective function to 

optimize the whole matching networks. Figure.7 shows 

return loss plots of machining networks; the rejection level 

is higher than 10 dB in the stop band. 

D. Mixer Design  

The transmit Signal coming from baseband is almost at 

DC, hence it must be upconverted to high frequency at 

which antenna is working. In order to do that signal must be 

up-converted using MMW mixer.   Doubly-balanced Mixers 

(DBM) are usually the desirable mixer because of their 

superior suppression of spurious mixing products and good 

port-to-port isolation [4].  An ultra-wideband balanced 

microstrip balun was reported [4], but this type of balun was 

difficult to fabricate. A 28 GHz mixer based on the 

Marchand balun was fabricated in 0.15ȝm GaAs PHEMT 

technology, similar to our proposed design in GaN 

technology. 

In this paper, a 28 GHz doubly-balance mixer based on the 

[12] Marchand balun in the 27GHz to 30 GHz RF/LO range 

and DC to 5GHz IF is presented. The collaborative 

simulation of HFSS and ADS has been adopted in mixer 

design, the balun in LO port and RF port are simulated by 

the full-wave electromagnetic simulator in HFSS, then the S 

parameter data of the balun are exported to the mixer circuit 

in ADS. The mixer offers about 10dB typical conversion 

loss, high gain compression, higher than 20dB LO-to-RF 

isolations and about 10dB return loss across 27GHz to 30 

GHz. 

1) The Balun Design  

The balun was simulated by using Ansoft HFSS and 

Agilent ADS. The Marchand balun was compensated by 

two open-circuited stubs at the output ports, the coupled line 

model in the circuit initially was used to predict the 

performance, and then simulated by using the full-wave 

electromagnetic simulator to improve the accuracy of the 

simulation finally. The 3D structure of the balun used in the 

mixer was drawn by HFSS and shown in Figure.8, which is 

designed for GaN substrate with thickness 0.8mm and 

dielectric constant 9.7. 1 is the input port and 2 3 are output 

ports. Impedances of three ports are all set to be 50 Ω and 

the microstrip line width is 0.25mm, and l. w2 and w3 stand 

for the length the width and the gap width of the microstrip 

lines, the hole is metallization and connected to ground. The 

Marchand balun is simulated by optimizing w2 and w3. 

TABLE IV.  TABLE TYPE STYLES 

L1 L2 L3 L4 L5 L6 L7 L8 

1.2 1.5 2.5 1.8 1.2 1.2 1.4 1.4 

W1 W2 W3 W4  

1.2 0.2 0.5 0.3 

 

2) The Mixer Design  

Then, the terminal S parameter data of the balun in 

HFSS are exported to the mixer circuit in ADS in Figure.9, 

the three ports network are set up to substitute the balun. RF 

 
Figure 8. structure of mixer’s balun 

 

 
Figure 9. Double balanced mixer circuit in ADS 

 

 
Figure 10. conversion Gain vs available source power 
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port and LO port is power source port, the IF port is load 

port, all the port is set to 50Ω. Two gold lines are set to near 

the real condition, the line is set to 5mm length and the 

diameter is 0. 1mm. The capacitances are used in LO port to 

make the minimal frequency of the IF port extend to DC. 

C1=C2=0.5Pf. The simulated result of the mixer circuit 

conversion gain was obtained using the harmonic balance 

method in Figure. 10. The type conversion gain is about 9. 

3dB.  

E. Power Amplifier Design  

For wireless communication systems, power amplifiers 

(PAs) with high efficiency is critical as they consume the 

majority of the power of the systems and closely related to 

the thermal problem. As a result, many categories of high-

efficiency PAs have been widely studied in recent years The 

Class-E amplifier is well known for its high efficiency and 

simple structure. Moreover, inherent output capacitor of a 

transistor deteriorates the performance of a Class-E 

amplifier at high frequency. To address above problems, the 

Class-E amplifier was designed by modifying the device 

output impedances at odd and even harmonics, so as to 

shape the output voltage and current that minimize the 

overlap to achieve high efficiency [7].  

In this paper, a simple method of designing high-

efficiency PA is presented. Compared with other works, this 

method is easier to design harmonic tuned PA and thus 

achieves relatively high efficiency with fewer harmonics to 

control. The simulated results indicate a high-efficiency 

Class-E PA is realized with 55% PAE and 13.5 dBm output 

power at 28 GHz. 

However, the challenge of the MMW PA design is to 

deliver maximum output power with a maximum Power 

Added Efficiency (PAE) and high linearity [8]. For this 

purpose, to achieve high efficiency, we have implemented 

two techniques. Technique one is harmonic load pull 

conducted at both the input and output of the active device 

to obtain optimum impedances at fundamental and second-

harmonic frequencies. After an iterative process, the 

optimum input and output impedances are obtained. 

Technique two is cascaded octature power cells structure is 

implemented. The presented circuit is implemented in GaN 

HEMT technology taking, the advantage of high-frequency 

performance and high power performance [9].  
1) Design process:  

To achieve the target output power, a total of eight stages 

were power-combined in the output stage. This output stage 

was driven by a pair of devices, and this, in turn, was driven 

by an input stage realized using a single transistor. The 

transistor sizes in each stage needed to be identical, and the 

basic power-combining topology needed to be similar.  

The individual PA structure is shown in Figure. 11 is 

composed of three series transmission lines with one 

parallel open-circuit stub located between the first two lines 

are used as the impedance matching circuit, which is a 

simplified method of the distributed multi-frequency 

matching approach, as introduced previously [10]. The 

single transmission line before the open stub is used to tune 

the impedance of the second harmonic, while the two series 

 
(a) 

 
Figure 11. (a) single stage PA design (b) octature structure PA design  

 

 
Figure 12. Transducer power gain of PA for single stage 
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transmission lines after the open stub are used to tune the 

impedance of the fundamental mode. Therefore, optimum 

impedance control at fundamental and second-harmonic 

frequencies can be realized simultaneously. The simulated 

large-signal performance is plotted in Figure. 12. 

 

F. End to End Module performance  

To investigate the loss of proposed transmitter 

architecture, we have simulated S11 of transmitter module 

chain (with Yagi antenna, a BPF, mixer, matching network 

and power amplifier) in ADS.  The results are shown in 

Figure.13. We plotted S11 to find the loss of the whole 

module and the S11 value at 28 GHz is lower than -30 dB, 

which is excellent. 

III. CONCLUSION 

The design of a novel transmitter module on a single chip 
using GaN/Si as the substrate is presented in this paper. The 
transmitter module consists of Yagi antenna, BPF, 
impedance matching network, up-conversion mixer and 
power amplifier. We investigated innovative designs for the 
transmitter components with potential for integration on a 
GaN substrate. To validate our designs, we selected 28 GHz 
but module design can be easily scaled to higher millimeter 
wave frequencies, such as 60 GHz for the 5G system. 
Designed transmitter module shows loss of less than -10 dB 
at 28 GHz, which can be further improved with design 
refinement. To our knowledge, this is first reported the 
design of monolithic transmitter module on GaN chip. Our 
proposed module will offer significant SWAP-C (size, 
weight, area, power and cost) advantages. 
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Abstract – In a typical space mission development life cycle, 
there is a stage where the spacecraft needs to test against the 
ground station for interface compatibility to ensure that the 
spacecraft will be properly tracked after launch.  This testing 
normally requires the spacecraft team to bring their flight 
equipment to the ground station facility.  While recognizing that 
testing with actual flight or engineering module is the most 
preferred option because of maximum fidelity, there are 
occasions when the use of actual flight hardware is a logistical 
challenge because of constraints in spacecraft development 
schedule. Having another test tool that can emulate the 
spacecraft signal – by recording the signal transmitted by the 
spacecraft and later regenerating a radio frequency (RF) signal 
for ground system testing - would be very useful.  It is even more 
beneficial if such spacecraft emulator is inexpensive and highly 
portable.  In this paper, we describe a new approach that 
enables ground station testing in support of deep space missions.  
This is very different from the traditional approach used in the 
Deep Space Network (DSN) where test equipment is custom 
designed and built, with much more capability in generating 
signal of different characteristics, but also at a much greater 
cost.  The new approach, which can be used in complement with 
the traditional DSN test signal generator or with spacecraft 
flight radio equipment.  The new test capability involves a very 
low-cost and light-weight recorder/playback assembly (RPA).  
This equipment leverages on the commercially available 
Software-defined Radio (SDR) and public-domain software. 
The RPA, thus far, has been used to support two missions under 
the National Aeronautics and Space Administration (NASA).  
One effort is to validate that the Uchinoura 34-m tracking 
station of the Japanese Aerospace Exploration Agency (JAXA) 
can track the upcoming NASA Exploration Mission 1 (EM-1) 
spacecraft, scheduled for launch in 2019.  The RPA helps the 
EM-1 team keeps their flight system for other 
development/testing needs.  The second effort is to help with the 
testing certification of the 21-m antenna ground station at the 
Morehead State University (MSU) in Kentucky, United States, 
prior to the time when the NASA Lunar IceCube spacecraft is 
ready for actual compatibility testing.  The RPA also enables 
MSU student/staff training on the operations of the new ground 
station.  This low-cost test signal generator allows the MSU team 
to save money and effort by not having to develop a full-scale 
self-generated telemetry test signal source. 
 
Keywords - SDR; RF Test Capability; Uchinoura; Morehead State 
University Ground Station. 

I. INTRODUCTION 
In a typical life cycle of deep space mission development, 

there is a period prior to spacecraft launch when the flight 
communications system needs to be tested for interface 

compatibility against the ground station that will be later 
tracking the spacecraft.  The compatibility testing normally 
requires the spacecraft team to bring their flight radio to the 
ground station test facility.  The tests would exercise various 
modes of spacecraft operation, e.g., different data rates, 
coding schemes, signal levels, to ensure that the signal can be 
properly processed by the ground station. Under the 
philosophy of “test as you fly”, this is a good practice to 
ensure the compatibility between flight and ground system; 
however, there are occasions when such a test poses logistic 
problem to the flight team, e.g., their equipment may be tied 
up with other development effort.  Having a test instrument 
that can serve as a substitute for flight equipment – a tool that 
records the signal transmitted by spacecraft and recreates an 
RF signal for injection into the ground station under test - 
would offer more flexibility.  The benefits are even greater if 
such a spacecraft emulator is very affordable and highly 
portable, as in this case, because it reduces the financial 
burden on the mission and simplifies the shipping logistics 
when conducting tests.   

Section II of this paper discusses a design and capability 
of the Recorder/Playback Assembly (RPA), developed at the 
Jet Propulsion Laboratory in support of NASA missions.  The 
benefits of the equipment are captured in Section III.  Some 
possible future improvements to the equipment operations, 
gained from our testing experiences, are offered in Section 
IV.  Support to the EM-1 mission testing is described in 
Section V, followed by a similar discussion on test support at 
the Morehead State University in Section VI.   

II. DESIGN ARCHITECTURE 
The Recorder/Playback Assembly offers a complementary 

capability to the test equipment typically developed in the 
NASA Deep Space Network.  Up to now, the test equipment 
is custom designed and built to the specifications so it can 
generate test signals that emulate various characteristics of 
spacecraft that require DSN support.  Such development 
requires significant effort, both in terms of financial resource 
and time.  The new SDR-based equipment described in this 
paper leverages on commercial products; thus, enables a 
quick development at low cost.  The RPA can be used in 
complement with the DSN test signal generator by recording 
its signal and replicating at another facility; thus, enables the 
test capability at the new site without much cost and effort. 

The RPA, as seen in Figure 1, comprises of three key 
components: (1) a laptop computer with a very fast 
input/output (via USB3 connections) to enable data transfer 
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from the transceiver to a disk storage, (2) a high capacity data 
storage (~3 Terabytes or greater), and (3) a commercial SDR 
RF transceiver.  The computer provides the graphical user 
interface for user to control the signal generation or signal 
recording.  It configures and controls the setting of the 
transceiver. In the recording mode, the computer transfers a 
10-MHz digitized samples from the transceiver to the disk 
storage.  In the playback mode, it reverses the digital sample 
flow, from the disk storage to the transceiver. In addition, the 
laptop also generates a Fast Fourier Transform (FFT) 
spectrum of the recorded or playback signal, using the 
digitized samples.  The second component – the disk storage 
- archives the samples. Both the computer and disk storage 
use a high speed USB3 interface for data transfer.  For a 10 
MHz I/Q sampling, the data throughput can be as much as 80 
MB/s. 
 

 
 

Figure 1. Components of the Recorder Playback Assembly 
 
The most crucial element of the RPA is the RF transceiver 

[1].  On the recording, it is equivalent to a heterodyne receiver 
where the RF signal is first down-converted to an IF 
frequency and then digitized.  On the playback, the functions 
are reversed.  The particular commercial unit we employed in 
the RPA can digitize an RF signal input up to a rate of 20 
Msps, I/Q sampling.  To enable the recorded data possibly 
used by other SDRs (e.g., for future upgrade), we chose to 
have the digitized samples written in the standard 32-bit 
format.  This prompts a high I/O rate (80 MB/s) and a large 
data storage capacity.  Our particular chosen SDR supports 
an input/output RF frequency range of 1 MHz - 6 GHz.   This 
allows the signal recording, or playback, directly at S-band 
frequency (~2.3 GHz) that the ground station expects to be 
receiving from the EM-1 spacecraft.  For the Morehead State 
University testing with the Lunar IceCube spacecraft, since 
the spacecraft RF transmitted signal will be at X-band (8.4 
GHz) which is beyond the capability of the transceiver, the 
recorded and playback signal are done at an intermediate 
frequency (IF) around 300 MHz.   In the ground system under 
test, this signal injection point is after the first RF/IF 
downconversion and prior to the carrier and symbol 
demodulation.  

The SDR transceiver can operate with an internal clock or 
be synchronized to an external 10 MHz reference.  Since the 
SDR expects a Low Voltage Transistor Transistor Logic 
(LVTTL) input level for the frequency reference, we needed 
to build an adapter to convert a typical sinusoidal reference 
(+13 dBm) to that of LVTTL.   This adapter essentially is a 

resistor-capacitor-diode network to level shift and it clamps 
the signal level to the 0-volt minimum and 3.3-volt 
maximum, as required for LVTTL compatibility.  The use of 
an external frequency reference from a highly stable clock, 
such as those produced by a Hydrogen maser at both ground 
stations of JAXA and MSU, produces a significantly more 
stable signal, which is critically important to our test 
objectives. Performance of the signal stability with and 
without the external reference is later discussed in section VI. 

 The transceiver control software is leveraged on public-
domain software available from the gnu library.  This is 
another benefit for using the commercial SDR.  We 
developed two modes of operation, either recording or 
playback.  Figure 2 shows a sample of the graphical control 
interface for data recording.  By specifying the local 
oscillator frequency, typically a few MHz off from the actual 
carrier frequency, we can position the signal to be sampled 
away from the dc component.  Figure 3 shows a similar 
control window for the playback where one can specify the 
selection of the data file and output frequency, along with 
other detailed configuration parameters such as the setting of 
RF, IF and baseband gain. In both recording and play back 
modes, an FFT spectrum, as seen in Figure 4, is provided to 
aid with signal monitoring. 

 

 
Figure 2. Control Interface for Recording 

 
 

 
Figure 3. Control Interface for Playback 
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Figure 4. Spectral monitor of recorded/playback signal 

 
These control interface windows make it easy to operate 

the system.  Typically, only a few parameters such as the 
input/output filename and the signal frequency need to be 
changed when running different tests. 

III.  BENEFITS 
From our experience, below are some key benefits of the 

RPA. 
(1) Low Cost - In application where one needs to replicate 

a test signal source that is only available from other high-end 
equipment, this low-cost recorder/playback capability is an 
attractive option.  The hardware cost, purchased in 2016, is 
around $2K.  About 1 month of effort is required to assemble 
and test the monitor & control software, leveraging on the 
programming codes available to the public.  

(2) Portability - Another feature we highly value is the 
equipment portability.  The whole RPA weighs just a bit 
heavier than a common laptop, less than 7 lbs., making it very 
easy to hand carry to a distant test site. 

 (3) Upgradability - Since the SDRs are commercial 
products and supported by a large user community who also 
provide many standard interfaces and functionality, as more 
powerful products become available, the system could be 
easily upgraded without much effort. 

 (4) Flexibility - The wide range of frequency supported by 
the transceiver provides much flexibility with testing.  It 
allows us to inject the test signal directly into the front-end of 
ground system at S-band frequency (the same signal path 
traveled by spacecraft signal during operational phase), or at 
some intermediate frequency in mid-stream of the system.  
The ease of setting the carrier frequency makes it easy to 
simulate different spacecraft signals under test.   

(5) Efficiency - The RPA can generate test signal with the 
data-repeat option.  It can continually regenerate the signal 
with only a small set of recorded data; thus, reduces the need 
for a large data storage or a long recording session. 

IV. FUTURE IMPROVEMENTS   
Although the RPA sufficiently supports our testing needs, 

there are certain features we could pursue in the future that 
would improve its operability: 

 (1) Gain setting - The gnu library allows for the gain 
setting of three stages: baseband, IF and RF.  By setting these 
gains in midrange, we are able to capture and regenerate the 
signal at nominal power level and with good quality (i.e., 
without distortion).  Having a better understanding on how 
various combinations of gain setting work would help toward 

creating a signal of different power levels that is best suited 
for various operating conditions.   

 (2) Trimming of recorded data – Some of our recorded 
data files started earlier than the actual data segment of 
interest.  Under the current capability, the entire data file is 
replayed, resulted in some wait time before reaching the 
segment of interest.  Having utility to trim the data file to just 
segments of interest would increase the efficiency of testing.     

(3) Higher frequency – As more commercial products 
become available with greater capability, we would consider 
upgrade the SDR to those operating at X-band (8.4 GHz) and 
beyond.  This would further enhance testing capability for X-
band, as well as Ka-band (26-32 GHz), missions. 

V. EM-1 MISSION SUPPORT 
One objective of the RPA development is to provide test 

support to the Exploration Mission 1, currently scheduled to 
be launched in late 2019 [2]. The EM-1 spacecraft will be on 
a three-week trajectory that takes it to the Moon, stays in the 
parking orbit for a few days, and then returns to Earth.  EM-
1 is intended to demonstrate the operation of a new spacecraft 
system, along with the new Space Launch System, prior to 
the Exploration Mission 2 that will be carrying the astronaut 
crew.  In support of future crewed mission, precise navigation 
and spacecraft orbit determination, especially for the Earth 
return segment, are important.  For EM-1, most of the 
tracking during the mission three-week operations will be 
provided by the NASA Deep Space Network; however, in the 
interest of getting supplement tracking data during the critical 
phase of the mission, e.g., Earth return, additional 3-way 
Doppler data from the JAXA antenna is deemed beneficial to 
mission navigation. 

The focus of JAXA support is mainly on tracking EM-  1 
carrier signal and providing 3-way Doppler data to the 
mission navigation.  3-way refers to a mode of operation 
where the receiving antenna tracks the spacecraft signal is 
coherent to the uplink of another transmitting antenna.   In 
our case, the DSN antenna would provide an uplink to the 
spacecraft and JAXA antenna will track the spacecraft 
downlink, in concurrent with the DSN tracking.  No telemetry 
data processing is needed from JAXA Uchinoura station.   

Normally, we could leverage a spacecraft currently in 
flight that has the same signal format to test the ground 
system compatibility with future spacecraft.  However, EM-
1 signal format is different from other lunar missions 
currently in operation, such as the Lunar Reconnaissance 
Orbiter (LRO).  EM-1 telemetry data is directly modulated 
onto the carrier.  In contrast, the LRO telemetry data is first 
modulated on a subcarrier, prior to the carrier modulation.  To 
ensure that Uchinoura system can track the EM-1 signal, it 
was decided that a replica of EM-1 signal – being recorded 
and played back by the RPA – should be used to check out 
the compatibility of the flight and ground interface.  The main 
objective is to demonstrate that the receiver at the Uchinoura 
station can track the carrier in the presence of telemetry 
modulation, and to provide good, stable Doppler data.    
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A preliminary test was recently conducted using the RPA 
to characterize the Doppler data tracked by Uchinoura station 
[3].  The RPA previously recorded the EM-1 RF test signal 
during its compatibility testing with the Deep Space 
Network. The recorded data were then used to generate a 
duplicated EM-1 signal at 2.3 GHz (S-band).  The RPA 
output was injected into the front end of the Uchinoura 
station, in front of the low noise amplifier.  The Uchinoura 
receiver successfully locked to the RPA signal and produced 
Doppler data (measured carrier frequency) as shown in 
Figure 5.  Testing was done for several EM-1 configurations 
of different telemetry data rate ranging from 72 ksps to 2 
Msps.  The test also demonstrated that it could track EM-1 
signal with both the Costa loop (relying on telemetry symbols 
only, not carrier) and the standard phase lock loop (relying on 
the residual carrier buried underneath the telemetry 
spectrum). 
 

 
Figure 5. Uchinoura test with EM-1 signal, 2017-12-01 

 
One may observe that there is a cyclic pattern within each 

data rate configuration. This is caused by the data repeat 
feature in the play back mode discussed earlier in Section III.  

VI. MSU SUPPORT 
The 21-m antenna system at the Morehead State 

University is being upgraded to support the Lunar IceCube 
mission, and likely also for other CubeSats launched on the 
EM-1 mission along with the Lunar IceCube [4][5].   This 
system will be capable of deep space tracking at X-band (8.4 
GHz).  The system has some DSN-replica digital equipment 
that are specialized in telemetry, tracking and command in 
deep space environment.  Due to limited budget and time 
constraint, the 21-m system does not have a full-scale test 
equipment that can simulate the Lunar Ice Cube signal.  The 
RPA helps to fill this gap.  It first recorded a test signal of 
Lunar IceCube characteristics that was generated by a more 
capable DSN Test Signal Generator.  The signal was then 
recreated and injected into the MSU ground station.  Through 
this effort, the RPA helps verifying the ground system 
components and building up the confidence that the MSU 
ground system would be ready to support further interface 
testing with the actual Lunar IceCube flight system when it 
becomes available. 

The recorded Lunar IceCube test signal comprises of a 
suppressed carrier modulated by telemetry data which are 
encoded with Turbo code, rate 1/6.  The preliminary test 
results demonstrated that the MSU equipment can 
successfully demodulate and decode the Lunar IceCube 
telemetry data at 64 ksps.  Further testing is needed to 
demonstrate similar performance at 384 ksps where Lunar Ice 
Cube is expected to operate.   

During the MSU testing, we were also able to characterize 
the performance of the RPA with and without the 10 MHz 
reference obtained from the on-site hydrogen maser clock.  
Figure 6 shows the measured frequency stability of the test 
signal, as detected by the receiver.  With the 10 MHz 
reference input, the carrier signal was very stable.  The 
frequency variation was within 20 mHz over short term and 
70 mHz over a period of 2.5 hrs.    

 

 
Figure 6. Stability of the test signal, with external reference.  

 

 
Figure 7. Stability of the test signal, with internal clock.  

 
When generated with the transceiver internal clock, the 

carrier frequency drifted as much as 60 Hz just over 14 
minutes, as shown in Figure 7.  With such variation, while it 
is possible to track the carrier with a wider bandwidth, it 
would be difficult to maintain symbol demodulation with the 
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maximum bandwidth allowed by the receiver.  Our 
assessment is that in order for the RPA to support telemetry 
data testing, it needs to be synchronized to a stable external 
frequency reference. 

VII. CONCLUSION 
In this paper, we discussed the use of a commercial 

software-defined radio in our testing effort at the JAXA 
Uchinoura and the Morehead State University ground 
stations.  This test tool allows us to record, and later play 
back, the EM-1 signal generated by the spacecraft under 
development, and the emulated Lunar IceCube generated by 
the DSN Test Equipment. The test capability is of low cost, 
both in term of hardware procurement and software 
development, thanks to the available commercial products 
and public domain SDR software.  One most valuable feature 
is the portability of the system.  Its light weight makes it very 
easy to transport and conduct test at other distant ground 
station, without a need for transportation shipment or on-site 
installation.  

Both preliminary testing at Uchinoura and MSU have been 
successful.  At Uchinoura, the ground station demonstrated it 
could track the recorded EM-1 signal. At the Morehead State 
University, the RPA enabled demonstration of functionality 
of the ground station, where telemetry data emulating the 
Lunar IceCube mission was successfully demodulated and 
decoded.  From our testing, we learned that it is critical to 
have the RPA using an external atomic frequency reference 
– instead of relying on the internal clock - in order to achieve 
the necessary frequency stability needed for Doppler and 
telemetry processing.   
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Abstract— The scope of this work is to present the design and
the developmental stages of a Web–based GIS (Geographic
Information System) for flood monitoring of the Arachthos
river in the Region of Epirus. The system is designed to cover
the specific river characteristics as well as the potential flood
affection in the greater area along the riversides. The
development of the WebGIS is based on the client–server
model and uses Google Maps API (Application Programming
Interface) services for data plotting. Specific scientific
instrumentation for monitoring the height of the river water
and the current meteorological conditions is connected
automatically to the system, providing relative measurements
in real-time basis. Modern methodologies are used so that to
provide valuable information and to create a trustful and
accurate system for real-time monitoring of river flow and the
early warning of possible floods.

Keywords- river floods; early-warning; monitoring; WebGIS.

I. INTRODUCTION

Natural hazard of floods, as well as its risk assessment
is a major topic of interest among many scientific
communities and the local/national governance, worldwide
[1]. The main reason behind this global interest is the
increase of storms in terms of frequency, magnitude and
impact, which is partly owed to the climate change [2].
Therefore, it is important to analyze where these hazard
events can occur, with what frequency, and which is the
vulnerability of an area in cases of possible flooding and/or
the river flow expansion beyond its riversides. The real-time
monitoring, as well as the risk management and assessment
includes suitable instrumentation, and automated
methodologies for the estimation of the level of risk,
followed by an evaluation of this risk level [3][4].

Geographical Information Systems (GIS) are already
playing a major role in the flood risk assessment [5][6].
Nowadays, there are many technological advances,
expanded Internet, GIS and relevant spatial information
technologies along with great availability of open-source

data and software. New methodologies and algorithms are
able to process huge datasets and different types of
information.

The modern GIS technologies allow instantaneous
exchange of spatial information through Web-GIS platforms
providing access to various research communities, experts,
professionals and the wide public. GIS are able to present
risk related information on various spatial and temporal
scales. Such an integrated platform includes Decision
Support System (DSS) to assist decision makers through
interactive tools to better understand and handle risk
management issues and at the same time to be the
informative channels for local and regional agencies, as well
as the wide public [7]-[13].

This study presents the design of a fully automated
Web-based GIS platform, which is developed for river flood
monitoring and risk prediction along the riversides of
Arachthos (Figure 1). The short paper is organized as
follows. Section II describes the study area and the main
categories of data included in Web-based Geographical
Information System for real-time flood monitoring. Section
III presents the basic characteristics of the system and the
expected final outcomes. We conclude the paper in Section
IV.

II. DATA AND STUDY AREA

The Arachthos river is located in the northwestern
Greece and it has the source in the mountain ridge of Pindus.
This river is about 100-kilometers long and is the 8th biggest
river in Greece. The river basin covers an area of 2.000 km2.
The climate of the greater area is characterized as typical
Mediterranean with relatively mild and humid winter and
very warm summer period. Arachthos delta is an area of
great ecological interest and is protected by national /
international legislation about ecosystems. Because of the
geomorphology and the great water resources of Arachthos
basin, two hydroelectric water dams have been constructed
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and used since 1981. The dams are located a few kilometers
above the city of Arta, in the southern part of the river flow,
which leads to the river delta in the Amvrakikos sea gulf.
Although water dams could control the river flow, there are
several flooding events. The analysis of river flow and
estimation of flood risk is a complex process and highly
dependent on the local topography. Thus, a careful collection
of data with high-accuracy is needed along with a thorough
pre-processing analysis. Table 1 presents the main datasets
used to record the profile of the area and are covering all the
needs for flood risk analysis.

Figure 1. Τhe Epirus region (on the left). In its southeastern part, the 
Arachthos river is located. The river flows out in the Amvrakikos gulf (on
the right).

The data is obtained from official national databases,
governmental agencies and organizations and have been
evaluated by our science team members. The datasets are
either in vector or raster format. These datasets have been
already checked regarding their quality and they have been
used to produce additional layers of information so as to
enrich their quality, through spatial editing procedures.
Additionally, specific instrumentation to measure the river
height and the meteorological conditions along the river will
be installed and will operate in real-time basis in order to
monitor in real time the potential risk levels regarding the
possibility of flood events.

TABLE I. PARAMETERS USED TO DEVELOP THE MAIN GUI AS WELL

AS FOR THE MULTICRITERIAL ANALYSIS OF RISK LEVELS PREDICTION.

a/a Parameter a/a Parameter

1. Road network 6. Precipitation

2. Urban fabric 7. Topography (height, slope)

3. Hydrological
network

8. Census data ( population)

4. Drainage basins 9. Land use/land cover

5. Geological
information

10. river sides

III. SYSTEM DESIGN

The Web-based Geographical Information System (Web-
GIS) is composed of the main parts displayed in Figure 2. It

is consisted of the following basic components: the client,
the Web server, the functions and the database. The client
allows the interaction of the Web-GIS users with the Web
server and provides spatial information display. It comprises
an Internet browsing software, which provides the service
requesting and result visualization platform to the users on
the client side. The server consists of a Web server and a
database server.

Figure 2. System architecture of the Web-GIS.

The Web server handles all the service requests and is
responsible for transmitting the information back to the
client. The Web server parses the HTTP requests from the
clients and forwards them to the dedicated Web Service. The
Web service query for the specific geospatial data from the
database server and displays the data on the map. We use the
Apache Web server, one of the most popular server
development package and independent of the operating
system (Apache, 2017). The scripting languages are PHP and
Javascript. PHP (Hypertext Preprocessor) is a server-side
scripting language designed for Web development and
Javascript is a client-side scripting language, which creates
interactive Webpages.

The database server is My-SQL (Structured Query
Language), which is designed for high volume environments
and it runs on all major operating systems. MySQL can
contain both spatial and non-spatial data. It is able to handle
high activity operations and provides support for geographic
objects allowing location queries to be run in SQL [14].

The map display is based on Google Maps, which
provides a geographically enabled base. In addition, the
Google Map API [15] includes many built-in functionalities,
which are used to create our own applications using the
stored data. The viewer is composed of various data layer
(functionalities), which will be included in the top frame, as
well as in the side bar.

The flood risk layers of information will be provided at
the advanced system through an automated multicriterial
DSS, where real-time measurements will be integrated with
the relative informational layer of Table 1, producing the
final estimates. These flood risk layers will be automatically
updated (dynamic layer of information) and will provide
early-warning and decision support.

A few screenshots from the preliminary version of the
Web-GIS platform are displayed below, Figures 3-5.
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Figure 3. Display of Rainfall parameters of a metereological station based at Kampi, Arta.

Figure 4. Display the River side of the river Arachtos, Arta.
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Figure 5. Display the River Arachtos, Arta.

IV. CONCLUSIONS

This study presents a Web-based GIS platform under
development for monitoring the river flood and risk
prediction along the riversides of Arachthos. Modern
Information Communication Technologies (ICTs) are used
to provide real-time information as well as early-warning
risk levels regarding flood events.
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Abstract—Software (SW) quality management is a quality 
protection activity applied throughout SW development. SW 
quality management enables to implement software that is 
defect-free and meets development requirements. Quality 
management is performed through quality requirements, 
quality assurance methodology and quality testing. This paper 
shows SW quality test methods and results applied at the 
development stage of satellite control system. SW quality test 
was carried out by static test and dynamic test according to 
Verification-Validation (V-V) model proposed in SW 
engineering. The static test verifies that the source code is well 
implemented according to the requirements and design at the 
verification stage, and the dynamic test confirms in the 
validation phase whether the implemented product is running 
well. In order to efficiently perform the static test and the 
dynamic test, an SW test automation system is implemented. In 
this paper, we introduce a SW test automation system 
implemented for SW static test and dynamic test execution. 
Also, we show the results of the quality test that resulted in 
satisfying the requirements through potential errors or defects 
in the source code derived from static tests and requirements-
based coverage results derived from dynamic tests. 

Keywords-Quality; Test;  Satellite Control System (SCS); 
Static Test; Dynamic Test; Test Automation System;  Coverage. 

I.  INTRODUCTION 
The function and role of the software, which has been 

recognized as an auxiliary role of the hardware in the past, 
is gradually becoming a key factor that determines the 
completeness of the product. Accordingly, efforts are being 
made to ensure software quality from the development stage 
in order to secure software quality and efficient quality 
control. The satellite control system continuously monitors 
the state of the satellite during the operation of the satellite 
and periodically sends commands to the satellite to carry out 
a key function that enables the satellite to operate normally 
during the life of the satellite. Therefore, the SW of the 
satellite control system requires quality control from the 
development stage, so that the stability of the system should 
be secured. It is necessary to construct and operate a test 
automation system to efficiently perform the quality test of 
the SW requiring high reliability. The test automation 
system consists of a static test function that verifies the 
coding rule violation, code duplicate and complexity and a 
dynamic test function that checks the requirement based 
coverage required by the international standard [4]. Static 
testing is a technique for analyzing design documents and 

source code without direct execution of SW and examining 
whether coding rules, memory errors, duplicate code and 
code complexity are implemented according to international 
standards through coding standards, checklists, and so on 
[5]. On the other hand, the dynamic test is a technique to 
find SW defects by comparing the actual results with the 
expected results after executing the SW using test cases [6]. 
In this paper, we introduce a static test system and dynamic 
test system that verifies and validates the SW quality of the 
satellite control system. We present SW quality results 
through SW error and latent defect analysis derived from 
static test results, as well as coverage ratio analysis derived 
from dynamic test results.  
       The rest of the paper is structured as follows. In Section 
2, we present an overview of SW quality test and SW test 
automation system including SW static test flow and 
dynamic test flow. In Section 3, we show the results of SW 
static test and dynamic test. In Section 4, we show the 
derived result of SW quality analysis from SW test results. 
Finally, in Section 5, we present conclusion and future work.  

II. SW QUALITY TEST  

A.  Overview of SW Quality Test 
SW quality control by V-V technique is performed to 

verify “Is the product being built correctly?” during 
verification phase and to validate “Is the right product being 
built?” during validation phase according to development 
and testing stages [1][3][4]. In the verification stage, the 
validity of the coding according to the specification is 
verified using the static test. In the validation stage, dynamic 
tests confirm whether the implemented SW satisfies the 
specification and requirements, as shown in Figure 1 [2]. 
Software test automation system was implemented and 
applied to verify and validate software quality efficiently.  

B. Overview of SW Test Automation System 
Software test automation system was implemented in 

Windows 7 environment, and it consists of Redmine (open 
source software) [8], Git (open source software) [9], 
Continuous Integration Automation Test (CIAT) and Web-
based Quality Management System (WQMS), as shown in 
Figure 2. REDMINE is an issue management tool that 
manages issues that arise during both static and dynamic 
testing. GIT is a source configuration control tool that checks 
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the version state of committed SW. CIAT is Continuous 
Integration (CI) server that performs static and dynamic tests 
and WQMS is a web-based quality monitoring system that 
allows administrators or development departments to 
constantly monitor static and dynamic test results and to 
control test quality and manage schedules [3].  

Figure 3 shows the functional flow diagram of the SW 
test automation system. Test verification of the SW begins 
with the developer or the coding authority connecting 
directly to the test automation system and committing the 
SW. Once the SW is committed, the tests are run 
automatically after checking for the latest version. After the 
test is over, the test results will be distributed via e-mail to 
developers, administrators, managers and others involved in 
SW development. If there are errors present in the test result, 
the error will be corrected and the quality of the development 
SW is verified through retest.  

SW test automation systems can perform static and 
dynamic tests. Table I shows test items which can be 
performed using the SW test automation system. For static 
tests, one can test for coding rules, memory errors, duplicate 
code, and code complexity. For dynamic tests, one can test 
for coverage. Tests can be performed using a test automation 
system for SWs implemented in C # languages [5][6]. 

TABLE I.  TEST ITEMS OF SW TEST AUTOMATION SYSTEM  

Test Test Item Tool 

Static Test 

Coding Rule Verification FxCop 

Memory Error Verification Sparrow QCE 

Duplicate Code Verification CPD 

Code Complexity Verification CCM 

Dynamic Test Coverage Measurement SquishCoCo 

 
The static test is performed according to the static test 

flow, as shown in Figure 4. 
We derive dedicated SW coding rules for the static test 

by selecting the coding rules of error with high frequency of 
occurrence and the rules of high importance. The selection 
criteria for coding rules are as follows.  

Rule selection criteria 
- Rules that can be linked to faults when faults are dynamic 
- Rules that may cause maintenance problems 
- Rules that developers can easily understand 

Rule exclusion criteria 
- Rules that apply only to Visual Basic 
- Rules that apply only to C / C ++ 
- Rules that difficult and abstract to explain 
- Rules that proof is tough 

Selected rules applying to static test are shown in Table II 
[7]. 

TABLE II.  RULES SELECTION BY SELECTION CRITERIA 

Coding Rule Verification                                Memory Error Verification 
Tool Rule 

Description 
Applied 
Rules 

FxCop 

Design Rules 26 
Globalization 

Rules 1 

Interoperability 
Rules 11 

Maintainability 
Rules 0 

Mobility Rules 0 
Naming Rules 0 
Performance 

Rules 1 

Portability 
Rules 1 

Reliability 
Rules 0 

Security Rules 20 
Usage Rules 16 

Total Applied Rules 76 
 

Tool Rule 
Description 

Applied 
Rules 

Sparrow 

API Usage 1 

Design 1 

Forbidden 1 

Misuse 3 

Program 
Crash 4 

Quality 24 

Total Applied Rules 34 
 

The requirement-based SW dynamic test was performed 
by the procedure shown in Figure 5. 

First, the test items were derived from the requirements 
specification analysis for the system development, and then 
the test cases were designed to enable dynamic test input 
and output verification. A test case was implemented in a 
script format using a macro program so that the test 
automation system and the test case can be operated in an 
interlocking manner. The dynamic test system was 
performed by linking the implemented test case with the test 
automation system. The test cases implemented in the script 
format were implemented considering the test procedures 
and the efficient recursive test. Dynamic tests were 
performed on all the user interfaces of the implemented 
system. The test case implementation uses AutoHotKey, a 
macro program tool, and the scripted task case performs the 
dynamic test in the order of Setup, Start, Output, and End as 
shown in Figure 6.  

The Setup phase copies the necessary Data Base (DB) 
and data files before starting the test, and the Start step 
compares the actual results with the expected results while 
performing the scenarios in the test procedure based on the 
user interface. The Output stage compares the actual results 
with the expected results for the entire procedure to 
determine the success of the test. Finally, the End step 
executes the test case script as a procedure to initialize the 
test. 

III. RESULTS OF STATIC TEST AND DYNAMIC TEST 

A. Static Test  
Code rule verification and memory error verification were 

performed on a total of 80,602 lines of source codes 
according to the static test procedure. The static test 
execution result is provided through the expression screen 
of the test automation system to manager and SW 
developers, as shown in Figure 7. 

Static test results are shown in Table III. A total of 871 
rule violations were detected in the coding rule verification 
including all violations from critical warning, critical error, 
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and error violation. A total of 3,340 rule violations were 
detected in memory error verification, including all 
violations from level 1 to level 3. 

TABLE III.  STATIC TEST RESULTS 

Coding Rule Verification Results           Memory Error Verification Results 
Coding Rule # of 

Detection 
Design Rules 768 

Globalization Rules 0 
Interoperability Rules 0 

Performance Rules 3 
Portability Rules 0 
Security Rules 0 
Usage Rules 100 

Total Violation 
Number 871 

 

Memory Error 
Rule 

# of 
Detection 

API Usage 0 
Design 0 

Forbidden 0 
Misuse 0 

Program Crash 170 
Quality 3170 

Total Violation 
Number 3,340 

 

B. Dynamic Test  
Dynamic testing was performed on a requirement based 

basis and was performed on a flight dynamics subsystem. A 
total of 20 test cases were derived for the 10 test items 
through the requirements analysis for the dynamic test 
execution. The errors/faults that are found during the 
dynamic test are delivered to the developer and the recursive 
test is performed to confirm the normal operation of the 
system through the retest after the error correction. The 
result of the dynamic test is provided through the display 
screen of the test automation system, as shown in Figure 8. 

Dynamic test results of performing a requirement based 
dynamic test are shown in Table IV. Of the total of 20 test 
cases, 18 test cases have been confirmed to pass successfully. 

TABLE IV.  DYNAMIC TEST RESULTS  

Test Case 
ID Test Description Pass/Fail 

TFDS-01 Six-hour Orbit Prediction without Maneuver Pass 
TFDS -02 One-month Orbit Prediction without Maneuver Pass 
TFDS -03 One-month Orbit Prediction with Maneuver Pass 
TFDS -04 Two Stations Bias Calibration Pass 
TFDS -05 Orbit Determination Using Commercial Data 

without Maneuver Pass 
TFDS -06 Orbit Determination including Maneuver Pass 
TFDS -07 Real-time Orbit Determination Pass 
TFDS -08 Event Prediction (Eclipse & Sun-interference 

test) Pass 

TFDS -09 Station-Keeping Maneuver Planning and 
Reconstruction Pass 

TFDS -10 Station-Keeping Maneuver Preparation Pass 
TFDS -11 Station-Relocation Maneuver Planning Pass 
TFDS -12 De-Orbit Maneuver Planning  Pass 
TFDS -13 Collision Avoidance Pass 
TFDS -15 Fuel Accounting by TOT Method Pass 
TFDS -17 H Management Pass 
TFDS -18 On-board Orbit Propagator Pass 
TFDS -19 Earth Acquisition Pass 
TFDS -20 Plot Services  Pass 
TFDS -23 Data Management Fail 
TFDS -24 Process Management Fail 

IV. SW QUALITY ANALYSIS RESULT 
The SW quality level of static test can be confirmed by 

the following formula. 

Violation ratio (%) = # of violations/total line x100 

When the SW quality level of static test is derived by 
reflecting the number of violations in Table III for a total of 
80,602 lines of source code, the violation ratio of about 1% 
has calculated for the coding rule verification and about 4% 
for the memory error verification has calculated, as shown in 
Table V. 

TABLE V.  SW QUALITY LEVEL OF STATIC TEST 

Classification # of Source 
Code Line 

# of 
Violation 

Violation 
Ratio 

Coding Rule Verification 
80,602 

871 1.08% 

Memory Error Verification 3,340 4.15% 

 
The SW quality of static test results can be considered to 

be high. It is possible to implement a more reliable SW by 
debugging the violation code with the recommended code 
format suggested by the coding rule format. 

The SW quality level of dynamic test can be confirmed 
by the following formula. 

Coverage ratio (%)=# of success cases/# of total test cases 

When the SW quality level of dynamic test is derived by 
reflecting the number of success cases of 18 for a total test 
cases of 20, 90% of coverage ratio is calculated. The 
dynamic test was terminated when reaching a preset 
coverage target of 90%. The quality of the dynamic test 
results is considered to be high as the preset coverage target 
is achieved. As the preset coverage target was achieved, two 
test cases were not performed dynamic test and were marked 
as fail. By re-configuring coverage targets and performing 
source code debugging and dynamic testing, we expect 
100% coverage to be achieved. 

V. CONCLUSION & FUTURE WORK 
This paper introduced the SW quality test method of 

SCS using SW test automation system implemented to 
ensure the quality and stability of software during the 
software development period. We also presented the static 
test results and dynamic test results as well as SW quality 
analysis results. This allows for the assurance of quality and 
stability of the development software which was 
complemented by identifying and modifying the software 
errors and defects during the development period. Through 
this, it is possible to analyze SW quality of satellite control 
system, and SW quality and stability are secured. When 
participating in similar satellite control system development 
program in the future, it is expected to apply the 
implemented software test automation system to ensure that 
the quality and reliability of mature software development is 
applicable. 
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Figure 1.   SW Quality Management System 

 

 
Figure 2.   Test automation system configuration 

  

 
Figure 3.   Test Process of SW Test Automation System 
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Figure 4.   Static Test Flow 

 
 

 
Figure 5.    Dynamic Test Process Diagram 

 
 

 

Figure 6.    Test Case Script Structure 
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Figure 7.    Static test result display screen (example) 

 

 
Figure 8.    Dynamic test result display screen (Example) 
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Abstract— In this paper, we address the problem of Direction of
Departure (DOD) and Direction of Arrival (DOA) estimation for
Multiple Input Multiple Output (MIMO) radar. The work
presented studies the effect of Radar Cross Section (RCS), Signal
to Noise Ratio (SNR) and speed of targets on the performance of
the MIMO radar. Analysis can be used to find the direction of
multiple types of targets such as CAPON, MUSIC and parallel
factor (PARAFAC). To differentiate the meaning of targets,
varying targets of different types, such as bicycle, bird, man, ship
and jet have been considered. After defining suitable values for
each type of target in 2D space, the performance of each type is
discussed by using the MATLAB program.

Keywords- MIMO Radar; Target Localization; Parallel
Factor (PARAFC); Direction of Arrival.

I. INTRODUCTION

Some of the most important RADAR applications are the
detection performance and high resolution of the moving
target localization. Radar Cross Section (RCS), range, location
and velocity are utility parameters of the moving target [1][2].
To improve the accuracy of target detection and estimation,
antenna arrays have been used. MIMO radar uses multiple
transmitter and multiple receiver elements. Generally, unlike
the phased-array systems, MIMO radar has several advantages
compared to the conventional phased array systems: higher
resolution, more degrees of freedom, improved parameter
specification, better spatial coverage and detection diversity
gain. MIMO radars can be classified into two categories: (1)
MIMO radar with widely separated antennas scheme and (2)
MIMO radar using collocated antennas, which is similar to
phase array radar [3][4]. In the literature, there are many
configurations of MIMO radar according to the location of the
transmitting and receiving elements. Widely separated
antennas represent one of these configurations. In this scheme,
the separation between transmitter and receiver should be
large enough to receive the uncorrelated echoes from the
different targets. The main advantage of this scheme is that the
spatial diversity of the targets RCS enhances the radar
performance [5]. In this paper, a bistatic MIMO radar
technique with transmission spatial diversity is proposed, and
the estimation performance is analyzed. Moreover, the angles
with respect to receiver can be determined using the proposed
technique. In addition, the maximum number of targets that
can be identified with this technique is discussed in this paper.
MIMO radar can deal with multiple targets. Linearly

independent waveforms are transmitted at the same time via
multiple antennas. These independent waveforms are linearly
combined at the targets with different phases, after which the
signal waveforms reflected from different targets are linearly
independent of each other, which allow for the application of
CAPON, MUSIC and PARAFAC algorithms [6]. In this work,
we focus on the application of MIMO radar to the estimation
of DOA and the DOD of multiple targets exist in the same
range bin for bistatic MIMO radar system. We are particularly
interested to optimize the average angular error for different
types of targets.

The paper is organized as follows. In Section 2, the
previous work on the subject is summarized. The MIMO radar
signal model is presented in Sections 3 and 4. The
performance of MIMO radar is evaluated through simulations
via MATLAB in Section 5. Some concluding remarks are
given in Section 6.

II. RELATED WORK

There are many existing methods to localize the moving
target. The following parameters: the Angle of Arrival (AOA),
the Angle of Departure (AOD), the speed of the target and the
RCS are the most used to localize a moving target. Many
techniques have been proposed such as CAPON technique [6],
the MUSIC (Multiple Signal Classification) technique [7], and
parallel factor analysis (PARFAC) [8].

In this paper, we select a number of different moving
targets: simple and complex targets with different RCS and
speeds. From the existing work on the application of CAPON,
MUSIC and PARAFAC to the localization of different targets,
we notice the importance of the types of targets and the effect
of changing the speed of targets. This paper focuses on
comparing the performance criterion for different types of
targets as well as the impact of the number of antennas on the
performance of three different techniques mentioned above.

III. MIMO RADAR SIGNAL MODEL

In this section, we consider that the Coherent Processing
Interval (CPI) consists of Q consecutive pulse periods. The
Swelling II target model [8] was assumed, where RCS
coefficient is varying from pulse to pulse. The targets are
located in the far-field. The RCS coefficients are assumed to
vary independently from pulse to pulse, and the propagation
medium is non dispersive.
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The baseband received signal at the output of the receive
array after synchronization can be written as:

�� = �( ɸ) ∑ ��� (Ɵ)S +�� , where q =1,…..,Q (1)

where �� � ₵��×� collects the L samples received by

�� antennas for the ��� pulse period.

∑ = ����� (��) , with ��=[���,……���] where ��� =

����
�(���)��, i.e., qx is the Doppler frequency of the ���

target [9]. The RCS coefficients qk , k =1,…,k, are varying

independently from pulse to pulse, and �� � ₵��×� is the

noise interference term. MIMO radar transmits mutually

orthogonal waveforms. We assume that 1/ HSLS = IM. After

right multiplication of (1) by 1 HS
L

, the matched filter output

is:
�� = �( ɸ) ∑ ��� (Ɵ)+ �� , where q =1,…..,Q (2)

Where

��= 1
����� � ₵��×�� and ��= 1

����� (3)

Let us factorize (3):

�� = (�( ɸ)ʘ B (Ɵ)��
� ) + �� where, q = 1,…, Q (4)

where

�� = ��� (�� ) , �� = ��� (�� ) (5)

which can be written in the compact form:

� = (�( ɸ)ʘ B (Ɵ))�� + Z
(6)

where �=[��,……��] and �= [��,……��] are of size

����× Q and ��= [��
� , …��

�] is of size K × Q.

From [10] the CAPON estimator can be written as:

��ɸ ֥ Ɵ  � =
1

( �(ɸ)ʘb(Ɵ)����
��( �(ɸ)ʘb(Ɵ) )

(7)

��� =
1

�
���

The MUSIC estimator can be written as:

�������ɸ ֥Ɵ  �

=
1

�(ɸ)ʘb(Ɵ) )�����
� �(ɸ)ʘb(Ɵ) )

(8)

where �� is the ���� × (���� − �)

matrix contains the noise eigenvectors of RYY .

The third estimator PARAFAC was derived in [11].

PARAFAC implies the transmit and receive angles relative to

the same target are automatically paired.

IV. DATA MODEL

In this section, we consider the multiple pulses, multiple

arrays case.The MIMO radar system has the following

parameters :

 Mt transmit array.

 Mr receive array.

 K targets in a far field.

 Q transmitted pulses, and the RCS is varying

independently from pulse to pulse (Swelling II case)

 δkq is the reflection coefficient of the Kth target

during the qth pulse.

 {Ɵ}k=1
K , {ɸ }k=1

K are the DODs and DOAs with

respect to transmit and receive array, respectively.

              A(Ɵ) = [ a(Ɵ1),…., a(Ɵk) ] is the transmit steering

vector  relative to K targets, B(ɸ) = [ b(ɸ1),…., b(ɸk) ] is

receiving steering vector relative to K targets.

V. SIMULATION RESULTS

In this section, MATLAB program simulation results are
presented to verify the above analysis and compare the
performance of the three techniques (Capon, MUSIC and
PARAFAC). Localization of the multiple targets for a
Uniform Linear Array (ULA) configuration at the transmitter
and receiver can be achieved by the above algorithms [8].

We generate the matrices S, A and B as explained in the
previous section. S is generated by [S]m = (1+j/2) [HN]m,
where HN is the N × N Hadamard matrix, and N is fixed to
256.

The Signal To Noise Ratio (SNR) at the receiver is defined

as: SNR = 10log �∑ �B ∑ A�Sq �
�
�/‖�‖��Q

q=1 � dB, where

Additive White Gaussian Noise (AWGN) is assumed, and
‖. ‖� is the Frobenis norm. We consider ULA transmit and
receive arrays with � 2⁄ interelement spacing for both
arrays[8]. For the Swerling II target model, each column of

the matrix � ∈ ₵� � is generated from a complex Gaussian
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distribution with zero mean and variance 2
k

,where k is
sample drawn from a complex Gaussian distribution with zero

mean and variance
2

k
and the

Doppler frequency xk is generated by:

�� =
2 П�� ��

�

where vk is the target velocity, Tp =5x10-6 is the pulse
duration in seconds, λ =3 x 108 /fc, with fc = 1 GHz.

This subsection analyzes the impact of the number of
targets on the performance detection. The performance
criterion is the absolute value of the difference between the
true angle and estimated angle, averaged over transmit and
receive angles and over all targets. In a first experiment
(Figure 1), we consider seven types of targets. The variance
and speed of each target was given in Table I. We simulate the
presence of two to six targets , starting from K=2 with DODs
[ 100 , 200 ] and DOAs [00,300 ] until K=6, DODs [ 100 ,
200 , 300 , 400 , 500 , 600] and DOAs [00, 300, 50, 150, 25 ,30 ].
The number of pulses is Q = 100, number of samples for each
transmitted pulses is L =512, SNR =10 dB, and Swerling II
model is chosen. We plotted the performance of the CAPON
method, and we compared the performance of the different
types of targets via Monte Carlo simulation. From Figure 1, it
is clear that a better angular resolution is achieved when the
target is "Man" and the worst angular resolution is achieved
when the target is "Car". From Figure 1, we observe that the
global performance of all types of targets seriously degrade
when the number of targets is increased. In Figure 2, we
simulate the presence of two to six targets. The other
parameters are the same as in Figure 1, but, in this case we
have plotted the performance of the MUSIC technique. We
compare the performance of the different types of targets via
Monte Carlo simulation. From Figure 2, it is clear that a better
angular resolution is achieved when the target is "Boat" and
the worst angular resolution is achieved when the target is
"Fighter". From Figure 2, we observe that the global
performance of all types of targets seriously degrades when
the number of targets is increased.

In Figure 3, we simulate the presence of two to six targets.
The other parameters are the same as in Figure 1, but, in this
case, we have plotted the performance of the parallel factor
(PARAFC) technique, and we compared the performance of
the different types of targets via Monte Carlo simulation.
From Figure 3, it is clear that the best angular resolution is
achieved when the target is "Car" and the worst angular
resolution is achieved when the target is "Jet". From Figure 3,
we observe that the global performance of all types of targets
seriously degrades when the number of targets is increased.

This subsection analyzes the impact of signal to noise
ratio on the performance detection. In a second experiment
(see Figure 4), we simulate the presence of three targets( K=3)
characterized by DODs [100 , 200 ,300 ] and DOAs [-100,- 200

,-300 ]. The number of pulses Q = 100, the number of samples
for each transmitted pulse L =512, the number of transmit and

receive sub arrays is fixed to 5, SNR  ϵ ( 0,2,4,6,8,10 ) dB,  
and the Swerling II model is chosen. We plotted the
performance of the CAPON method, and we compared the
performance of the different types of targets via Monte Carlo
simulation. From Figure 4, it is clear that the best angular
resolution is achieved when the target is "Bird" and the worst
angular resolution is achieved when the target is "Bicycle". As
expected, from Figure 4, we observe that the performance of
all types of targets improves when the signal to noise ratio
increases. In Figure 5, we simulate the presence of three
targets. The other parameters are the same as in Figure 4, but,
in this case, we have plotted the performance of the MUSIC
technique, and we compared the performance of the different
types of targets via Monte Carlo simulation. From Figure 5, it
is clear that a better angular resolution is achieved when the
target is "Bird" and the worst angular resolution is achieved
when the target is "Bicycle". In Figure 6, we simulate the
presence of three targets. The other parameters are the same as
in Figure 4, but, in this case, we have plotted the performance
of the parallel factor (PARAFAC) technique and we compared
the performance of the different types of targets via Monte
Carlo simulation. From Figure 6, it is clear that the best
angular resolution is achieved when the target is "Bird" and
the worst angular resolution is achieved when the target is
"Jet".

TABLE I. RCS AND SPEED FOR DIFFERENT TYPES OF
TARGETS

Target Type Radar cross section
fot target ( in m2 )

Speed of target
(m/s2)

Bicycle 2 10

Man 1 6.5

Car 100 100

Fighter 40 125

Boat 0.02 20

Jumbo Jet 100 40

Bird 0.01 150

VI. CONCLUSION

In this paper, we have considered the detection and
localization of moving target in bistatic MIMO radar with
widely separated antennas, where multiple antennas transmit
linearly independent waveforms and multiple antenna receive
the reflected signal. We can significantly improve the
estimation accuracy of the bistatic MIMO radar techniques as
well as enhance their performance. The main problems
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encountered in MIMO radar detection are radar cross section
and speed of the target. To illustrate the impact of these two
parameters on the performance of MIMO radar, several types
of targets and three popular techniques (CAPON, MUSIC and
PARAFC) were considered for comparison. From the
simulation results, we have shown that irrespective of the
radar cross section and speed of target a high performance
(low angular error) can be obtained when the signal to noise
ratio increases. On the contrary, low performance can be
obtained when the number of targets increases.

Figure 1. Average angular error with number of targets (2-D capon case)

Figure 2 . Average angular error with number of targets (2-D capon case)

Figure 3. Average angular error with number of targets (PARAFAC case)

Figure 4. Average angular error with signal to noise ratio for each target (2-D

Capon case)

Figure 5. Average angular error with signal to noise ratio for each target (2-D
MUSIC case)
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Figure 6. Average angular error with signal to noise ratio for each target
(PARAFAC case)
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Abstract—The Global Positioning System (GPS), which has 
various military and civilian applications, is designed to 
estimate the locations of objects including the user. In order to 
enhance the desired GPS signal and to efficiently suppress the 
interference signals, the Angle of Arrival (AOA) information 
for the GPS signal is required on the environment of high-
power interferers. After despreading based on a conventional 
despreader, the GPS AOA can be estimated using the 
conventional AOA estimation algorithm such as Multiple 
Signal Classification (MUSIC). However, we must select the 
GPS AOA from all estimated AOAs, because the result of 
MUSIC includes AOAs of GPS and interference signals. In 
order to overcome this problem, in this paper, we propose the 
GPS AOA estimation algorithm based on a null despreader. In 
this technique, we compare the estimated AOAs based on the 
conventional despreader and based on the null despreader. 
The proposed technique efficiently estimates and selects the 
desired GPS AOA when existing high-power interference 
signals. We demonstrate the performance of the proposed 
technique via a representative computer simulation example. 

Keywords-Global Positioning System; Angle-of-Arrival; null 
despreader; Multiple Signal Classification; beamforming . 

I. INTRODUCTION 
The Location Detection Technology (LDT) is utilized in 

a variety of industrial areas and GPS is one of the 
representative LDTs for estimating the location of users or 
objects [1]-[3]. Since GPS employs the low-power Direct-
Sequence Spread-Spectrum (DSSS) signal, its Signal-to-
Noise Ratio (SNR) is very low (typically as low as -30 dB) 
and it suffers from the high-power jamming (interference) 
signals, which Jammer-to-Signal Ratio (JSR) can exceed 40 
dB [4]. Also, interference signals have various different 
forms, such as Continuous Waveform (CW) and Frequency 
Modulated (FM) signals as the Constant Modulus (CM) 
signal, a Wide-Band (WB) noise jammer, and a pulsed 
jammer which has periodic on/off characteristics [5][6]. 
Although the low SNR problem can be solved by the large 
spreading gain ( ≈ 43 dB) of GPS, the high JSR problem 
might cause the serious location estimation error for the 
conventional GPS receiver. In order to solve this problem, 
we employ the adaptive beamforming techniques based on 
the GPS AOA information, such as the Minimum-Variance-
Distortionless-Response (MVDR) [7][8] and the adaptive 
Generalized Sidelobe Canceler (GSC) [9][10]. 

Since the GPS signal power before despreading is lower 
than the noise power level, it is not possible to estimate the 

GPS AOA using the conventional AOA estimator such as 
MUSIC. After despreading, the GPS AOA can be estimated 
using the MUSIC algorithm because it is higher than the 
noise level, but we must select the GPS AOA from all 
estimated results because they include AOAs of the high-
power interference signals. In this paper, we propose the 
GPS AOA estimation technique based on a null depsreader, 
which efficiently estimates and selects the GPS AOA 
information in the high JSR environment. The estimated 
results based on the null despreader do not include the GPS 
AOA but include AOAs of interference signals, because it is 
designed to reject the GPS signal while retaining the other 
interference signals [11]. On the other hand, the estimated 
results based on the conventional despreader include AOAs 
of the GPS signal and interferers. In order to select the GPS 
AOA, we compare both results based on the conventional 
and null despreaders, and determine the AOA included in 
results of the conventional despreader but excluded in results 
of the null despreader, as the GPS AOA. 

The rest of this paper is organized as follows: In section 
II, we define the received signal model for the GPS signal, 
interference or jamming signal, and Additive White 
Gaussian Noise (AWGN). Section III describes the proposed 
GPS AOA estimation algorithm based on the null despreader. 
The performance of the proposed technique is discussed by 
the representative computer simulation results in Section IV. 
Finally, conclusions are presented in Section V. 

II. RECEIVED SIGNAL MODEL 
In this paper, we employ an antenna array with M  

elements at the receiver and focus on estimating the AOA of 
the GPS Coarse Acquisition (C/A) code. At discrete sample 
index k , the received signal vector can be modeled as 

 ( ) ( ) ( ) ( ) ( )c i ik c k b k k k= + +r d Ds v , (1) 

where ( )ic k  is  an element of the cyclostat ionary 
pseudorandom noise (PRN) code (length 20 1023N = × ), 

( )ib k  is the GPS data bit which remains constant over the 
length of one cycle of the PRN code, for the i th satellite, 
and ( )kv  is the AWGN vector (size M ) with independent 
and identically distributed components, each with zero mean 
and variance 2σ . The other quantities and sizes of matrices 
and vectors in (1) are summarized in Table I, where the  
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Figure 1. Architecture for the proposed GPS AOA estimation based on the null despreader

 
column of D  is an AOA array response vector for the 
interference signal, and L is the number of interference 
signals. Also, we assume that the receiver utilizes a grid 
antenna array of size P Q× ( M PQ= ) as described in [12]. 
 

III. GPS AOA ESTIMATION BASED ON NULL 
DESPREADER 

In this section, we describe the GPS AOA estimation 
technique based on the null despreader, which efficiently 
estimates and selects the GPS AOA when high-power 
interference signals are present. Figure 1 shows the system 
architecture for AOA estimation of the GPS signal, 
consisting of a conventional despreader, a null despreader, 
AOA estimators, and a comparator. 

A. AOA Estimation Based on Conventional Despreader 
Output 
Since each satellite employs a unique PRN code with 

twenty identical C/A codes, the PRN code for the i th 
satellite is defined as 

 [ ], , T
i i ic ca ca   (2) 

where ica  is a row vector (size 1023) of the C/A code for 
the i th satellite. The output of a conventional despreader 
includes the GPS signal, the interference signals, and 
additive noise, because the power of the GPS signal 
( T

i i N=c c ) is increased above the noise power level. Since 
T
i i N=c c , it is written as 

                        
( ) ( )

( ) ( ) ( )      
i

c i

n n

N b n n n= + +

r R c

d Ds v



                (3) 

where ( ) ( ) ( ), , 1n k k N+ −  R r r  , ( )ib n  is the GPS 

data bit for the i th satellite, ( ) ( ) in ns S c ,   

 

TABLE I.  SUMMARY OF RECEIVED SIGNAL MODEL IN (1) 

Symbol Size Definition 
( )kr  1M ×  Received signal vector 

cd  1M ×  Array response vector for the i th satellite 

D  M L×  Array response matrix for interference signals 

( )ks  1L ×  Vector of interference signals 

( ) ( ) ( ), , 1n k k N+ −  S s s  , ( ) ( ) in nv V c , and  

( ) ( ) ( ), , 1n k k N+ −  V v v  . 

For estimating AOAs of GPS and interference signals, in 
this paper, we consider the MUSIC algorithm which has the 
excellent performance for high-power signals. An auto-
correlation matrix for the output signal of the conventional 
despreader is defined as 

 ( ) ( )H
r E n n  R r r  (4) 

and its eigenstucture is given by 

 r =R Γ ΓΛ  (5) 

where { }1diag , , Mλ λ=Λ   is a diagonal matrix, lλ  is the  
l th eigenvalue. Using (5), an inverse of MUSIC cost 
function for estimating AOAs of signals is defined as 

 ( ) ( ) ( )1 1

1,
, ,H H

M L M L

θ φ
θ φ θ φ− − − −

ℑ
d d



Γ Γ
 (6) 

where ( ),θ φd  is the array response vector corresponding an 
elevation angle (θ ) and an azimuth angle (φ ), and 1M L− −Γ   
is a matrix (size ( )1M M L× − − ) whose columns are   

1M L− −  eigenvectors corresponding to the 1M L− −  
smallest eigenvalues of rR . Signal AOAs are determined 
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using the 1L + largest peaks of ( ),θ φℑ  in (6). The 
estimated results based on the conventional despreading 
output include AOAs of GPS and interference signals. 

B. AOA Estimation Based on Null Despreader Output 
A null despreader is designed to eliminate the GPS signal 

and its code consists of ten identical C/A codes and ten 
identical negative C/A codes. An example of the null 
despreadering code can be given by  

 [ ], , , , T
i i i i i− −c ca ca ca ca
  . (7) 

Since 0T
i i =c c , the output of the null despreader is written as 

 
( ) ( )

( ) ( )      
in n

n n= +

r R c

Ds v

 


 

 (8) 

where ( ) ( ) in ns S c 
  and ( ) ( ) in nv V c

 . Defining an auto-
correlation matrix for the output signal of the null despreader 
as 

 ( ) ( )H
r E n n  R r r


 
  (9) 

and using processes of (5) and (6), we estimate AOAs of 
interference signals from the L  largest peaks of ( ),θ φℑ . 
Since the GPS signal is removed by the null despreader, 

1M L− −Γ  is changed to M L−Γ  in (6). The estimated results 
based on the null despreading output include AOAs of only 
interference signals, but it does not include the GPS AOA. 

 
Figure 2. Flow-chart for the proposed GPA AOA estimation technique. 

TABLE II.  COMPUTER SIMULATION SCENARIO 

Signal Azimuth ( ° ) Elevation ( ° ) Center Frequency 
GPS 27 78 - 
CW -59,2 78,78 0.16, 0.42 
FM -81 78 0.24 
WB -29,71 78,78 0.08, 0.35 

Pulsed 47 78 - 
 

C. Selection of GPS AOA 
Although the estimated AOAs based on the conventional 

despreader consist of AOAs for interference and GPS signals, 
the estimated AOAs based on the null despreader consist of 
AOAs for only interference signals. Since the estimated 
AOAs of interference signals based on both despreaders are 
identical, we determine the AOA included in the results 
based on the conventional despreader but not included in the 
results based on the null despreader, as the GPS AOA. 
Figure 2 shows a flow-chart of the proposed GPS AOA 
estimation technique. In order to suppress interference 
signals, the estimated AOA information of the GPS signal is 
applied to the adaptive beamformer, such as MVDR or GSC. 

IV. COMPUTER SIMULATION 
In this section, we provide a computer simulation 

example to demonstrate the performance of the proposed 
GPS AOA estimation technique based on the null despeader, 
when the high-power interference signals exist. Assuming 
that we employ 8M =  antenna elements at the receiver, the 
received signal consists of two CW interference signals, one 
FM interference signal, two WB noise interference signals, 
one pulsed interference signal with the period of 100 samples, 
and AWGN. The parameters of these signals are summarized 
in Table II. In addition, SNR of the GPS signal is -30 dB, 
JSR of each interference signal is 60 dB, and the modulation 
index and the normalized modulation frequency of the FM 
interferer are 0.05β =  and 0.001mf = , respectively. 

 

 
Figure 3. Spectrum of the received signal. 
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Figure 4. Inverse of MUSIC cost function for the conventional despreading 

output. 

 
Figure 5. Inverse of MUSIC cost function for the null despreading output. 

The spectrum of the received signal, which includes two 
CW, one FM, two WB noise, and one pulsed interferes, is 
shown in Figure 3. Figure 4 shows the inverse of MUSIC 
cost function for the conventional despreading output, at the 
78 °  elevation angle, which consists of seven peaks 
corresponding to AOAs of one GPS signal (azimuth angle 
( ° ): 27) and six interference signals (azimuth angles ( ° ): -81, 
-59, -29, 2, 48, 71). Figure 5 shows the inverse of MUSIC 
cost function for the null despreading output, at the 78 °   
elevation angle, which consists of six peaks corresponding to 
AOAs of six interference signals (azimuth angles ( ° ): -81, -
59, -29, 2, 48, 71). Comparing peaks in Figure 4 and Figure 
5, we select a peak, which is included in peaks of Figure 4 
but excluded in peaks of Figure 5, as the GPS AOA. 

 
 
 

V. CONCLUSION 
The GPS AOA information is the most important factor 

for enhancing the quality of the GPS signal and suppressing 
the high-power interference signals. In this paper, we 
proposed the efficient GPS AOA estimation technique based 
on a null despreader, which is designed to remove the GPS 
signal but retain interference signals. Using the conventional 
AOA estimator such as MUSIC, the estimated result based 
on the conventional despreading output includes AOAs of 
the GPS and interference signals. However, the estimated 
AOA result based on the null despreading output includes 
AOAs of only interference signals but excludes the GPS 
AOA. In the proposed technique, we compare both results 
and select the AOA which is included in the result of the 
conventional despreader but is not included in the result of 
the null despreader, as the GPS signal. The estimated GPS 
AOA is applied to the adaptive beamformer for rejecting 
interference signals. The performance of the proposed GPS 
AOA estimation scheme was illustrated by the computer 
simulation example. The final version of the paper will 
include additional computer simulations and more details 
about algorithm. 
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Abstract—This paper presents a cylindrical waveguide slot
omnidirectional antenna. The antenna has a certain number of
vertical slots cut in the surface of the cylindrical waveguide to
form a slot array. The vertical slots are cut at equal length. The
antenna has omnidirectional radiation characteristics in the E-
plane, and “8” radiation characteristics approximately in H-
plane. The test results show that the antenna has broadband
characteristics and the amplitude changes in the E-plane under
ripple ±1 dB in S-band. The antenna has been successfully
applied to products and can be used as a communication and
radar antenna, among other uses.

Keywords- cylindrical waveguide slot array; omnidirec-
tional; broadband; antenna.

I. INTRODUCTION

The forms of the slot antenna are varied [1]. Due to the
characteristics of the waveguide field distribution, the
position of a single slot antenna is more flexible than the
dipole antenna. Using a simple excitation method, then the
slot can generate radiation [2].

Usually, in order to enhance the direction of the slot
antenna, a number of slots of equal size are cut in the
cylindrical waveguide sidewall by following a certain rule
[3]. This becomes a cylindrical waveguide slot array antenna.

The cylindrical waveguide slot array antenna has a good
mechanical strength, compact structure, high radiation
efficiency, corrosion resistance, is easy to produce and has a
series of other advantages, as indicated in [4]. It is widely
used in the radar, microwave communications and television
broadcasting systems. The cylindrical waveguide slot
antenna can be widely implemented in the L, S, C, X, and
other bands of horizontal polarized antenna.

In this paper, the cylindrical waveguide slot antenna is
made into S band omnidirectional antenna. The test results
show the antenna has an omnidirectional radiation charac-
teristic, its amplitude changes under ripple ±1 dB in the E-
plane, and has “8” radiation characteristic approximately in
H-plane. It also had broadband characteristics. The design
has been successfully applied to the radar and communi-
cation antennas.

The rest of the paper is structured as follows. In Section 2,
we describe how to design and simulate the antenna. In
Section 3, we present the test results. We conclude the paper
in Section 4.

II. DESIGN AND SIMULATION

The slot array antenna can be divided into resonant array
(standing wave array) and non-resonant array (traveling

wave array) [2]. In the case of the standing wave of the
cylindrical waveguide slot array antenna, six to seven
longitudinal slots are cut around the cylindrical waveguide.
The diameter φ value of the cylindrical waveguide is chosen 
so that the distance between the adjacent slots is about λg/2 
(λg is the waveguide wavelength).The length of each slot is 
about λ/2 (λ is the vacuum wavelength), and the width of 
each slot is 2~3mm.The terminal of cylindrical waveguide is
placed with metallic board for short circuit; the board is
about λg/2 from the center of the terminal slots [3]. An 
excitation probe is provided on one side of the center of each
slot. The slots of the antenna array are then excited in equal
phase [4]. The harmonic waves are stimulated in cylindrical
waveguide, then radiate to the outside [5]. The maximum
radiation direction is perpendicular to the cylindrical
waveguide surface [6]. In this paper, each slot array had six
longitudinal slots in a circumference of the cylindrical
waveguide. In order to obtain a higher gain, two rows of slot
arrays were cut in the cylindrical waveguide. The cylindrical
waveguide slot antenna structure is shown in Figure 1 and
the top view of the cylindrical waveguide slot antenna is
shown in Figure 2.

Figure 1. The cylindrical waveguide slots antenna structure diagram.
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Figure 2. The cylindrical waveguide slot antenna from top view.

After the basic parameters of the antenna were
calculated, the antenna was simulated and optimized by radio
frequency simulation software, then given the cylindrical
waveguide diameter φ= 100mm, L1 = 47mm, L2 = 143mm, 
L3 = 57mm, L4 = 51mm. The diameters of the probes were
not obvious to the electrical performance of the antenna. The
diameter of the probes was chosen to be 3mm in this paper.
The experiments show that the length of the probes into the
cylindrical waveguide were sensitive to the performance of
the antenna. The lengths may be determined by debugging
[7].

III. TEST RESULTS

The array antenna was manufactured using the above
optimization calculation results. The test results showed that
the lengths of the probes extending into the cylindrical
waveguide had obvious influence on the performance of the
antenna. The performance of the antenna was mainly
changed in the standing wave and the azimuth amplitude.
The changes are shown in Table I. After debugging, when
the probes extended into the cylindrical waveguide with the
length of 23 mm, the better electrical performance can be
given. The curve of Voltage Standing Wave Ratio (VSWR)
is shown in Figure 3. The far field radiation patterns of
antenna in the high, medium and low frequency in E-plane,
H-plane are shown in Figure 4. The antenna has omni-
directional characteristic in the 360° range, its amplitude
fluctuation of far field radiation pattern in E-plane does not
exceed 1.9dB, and “8” radiation characteristic approximately
in H-plane.

TABLE I. EFFECT OF THE LENGTH OF THE PROBE

EXTENDING OUT OF THE WAVEGUIDE ON THE PERFORMANCE

OF THE ANTENNA

Extending into
length (mm)

The change of
VSWR(Center

frequency)

amplitude fluctuation in
E-plane(Center frequency

/dB)

15 1.36 4.2

18 1.45 3.0

23 1.52 1.9

27 1.89 1.7

30 2.21 1.5

From Table I, when the probes extended into the cylinder
waveguide with the lengths of 23 mm, the values of
electrical performance were better.
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Figure 4. Measured radiation pattern.

(a) E-plane at 2.6GHz. (b) E-plane at 2.8GHz. (c) E-plane at 3.0GHz.
(d) H-plane at 2.6GHz. (e) H-plane at 2.8GHz. (f) H-plane at 3.0GHz.
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As seen in Figure 3, when the lengths of the probes in
the cylinder waveguide were 23 mm, the values of VSWR
were smaller. The value of VSWR can be less than 1.6 in 2.6
~ 3.0 GHz frequency range.

IV. CONCLUSION

In this paper, an S band cylindrical waveguide slot
omnidirectional antenna was presented. The antenna had an
omnidirectional radiation characteristic in the E-plane and an
“8” radiation characteristic approximately in H-plane. It had
broadband characteristics and its amplitude changed under
ripple ±1 dB in the E-plane. It can be used as communication
and radar antenna.
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Abstract—According to the airborne meter-wave electronic
reconnaissance and interference need, an 150-350MHz 45deg
oblique polarized array antenna is designed. The size of the
log-periodic antenna is reduced by make fractal to the
ordinary log-periodic antenna dipoles and load to the top,
which is like a tree. The height of the antenna is also reduced,
and the feed parallel lines are wrapped around by dielectric
materials. The array is simulated and optimized, and the
results show the array can achieve airborne meter-wave
broadband wide-angle scan work.

Keywords- ultral-wideband; log-periodic antenna; fractal;
45deg oblique polarized.

I. INTRODUCTION

In recent years, because of the advantages of finding anti-
stealth targets and counterwork anti-radiation missiles, the
meter-wave radar has been developed greatly. So, the need
of meter-wave radar counter equipment is also growing [1].

Being a popular ultra-broadband antenna, the log-
periodic antenna has a lot of advantages like technology
maturation, good acclimatization, high power capacitance
[2][3], which are suitable for the electronic warfare
equipment use. However, the ordinary log-periodic antenna
has a large size, which is bigger than the element spacing of
a broadband wide-angle scan array, and also, it is not suitable
for the airborne platform use. There is a need to miniaturize
the design.

According to the airborne meter-wave broadband wide-
angle scan antenna array need, the transverse size and
longitudinal size of the antenna are reduced by make fractal
to the ordinary log-periodic antenna dipoles, load the top and
wrap around the feed parallel lines with dielectric materials.
A 150-350MHz 45deg oblique polarized antenna array is
designed.

II. ANTENNA ELEMENT

Figure 1. Structure of the ordinary log-periodic antenna.

The ordinary log-periodic antenna is composed of a pair
feed parallel lines and some pair radiation dipoles, as shown
in Figure 1 [4]. According to the design formula, the size of
the ordinary log-periodic antenna is determined by the ratio
factor τ, the interval factor σ, and the minimum work 
frequency [5]. For 150-350MHz work, the high of the
parallel lines is not less than 0.8m, and the length of the
longest dipole is about 1m. But for the 350MHz scan 45deg
work, the element spacing of the antenna array must be less
than 0.45m. When the ordinary log-periodic antenna is used
for the array, there is too much overlap of the dipoles, which
will seriously deteriorate the cross-polarization, the coupling,
the sideline level, the gain and other indicators of the
antenna. The 0.8m height of the antenna can not meet the
installation requirements of the airborne platform.

Figure 2. Structure of the tree antenna.

The tree antenna is composed of feed parallel lines,
fractal dipoles, and metal sticks, which are loaded to the top
of dipoles, as shown in Figure 2. Two metal sticks are added
to the dipole in the two thirds of the normal dipole, and the
length of each one is 1/3 of the normal dipole, as 19-22 metal
sticks shown in Figure 3, which is called the first order
fractal dipole. In the same way, we do the fractal again to
each section of the first order fractal dipole, which is called
the second order fractal dipole, as shown in Figure 3. The
length of the dipoles are reduced by the fractal structure, and
the lowest work frequency is further reduced by load metal
sticks to the top of dipoles, which make the transverse size of
the antenna drop to half of ordinary log-periodic antenna.
So, the antenna could be the element of an antenna array
with scan ±45deg. The length of the feed parallel lines,
which is also the height of the antenna, is also reduced to be
53% of the ordinary log-periodic antenna, which is suitable
for the airborne platform use.
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Figure 3. Structure of the first order and second order fractal dipole.

Figure 4. Simulation model of the tree antenna.

The antenna element is simulated and optimized by
FEKO software, as shown in Figure 4. The feed parallel lines
are wrapped around by dielectric materials, to reduce the
antenna port impedance to be easy match, which serve also
to support weight. After being optimized, the height of the
antenna is 400mm, and the size is 700mm300mm. Figure 5
shows the Voltage Standing Wace Ratio (VSWR) results of
the antenna, and its blow 2 at whole work band. Figure 6 is
the normal gain of the antenna.

Figure 5. VSWR of the antenna element.

Figure 6. Normal gain of the antenna element.

III. ARRAY ANTENNA

The antenna array is simulated by FEKO software, as
shown in Figure 7. The size of the array is 26. For 350MHz
scan 45deg work with no grating lobe, the horizontal element
spacing chooses 400mm. There is no scan in vertical
direction, so the vertical spacing could be bigger and is
700mm.

In order to improve the low frequency performance of the
antenna array, some parasitic dipoles are added between each
antenna elements, and the height is lower than the lowest
dipole of the antenna, as shown in Figure 7. The length and
height of the parasitic dipole are 270mm and 120mm.

Figure 7. Simulation model of the array antenna.

The antennas are re-optimized. Figure 8 shows the
VSWR results of the array, and all are blow 2.4 at whole
work band. Figure 9 is the normal gain of the array, and it is
bigger than 11.5dBi. Figure 10 shows the lobe pattern of the
array at horizontal direction at 150MHz, 250MHz and
350MHz without scan, and Figure 11 shows scan 45deg.

Figure 8. VSWR of the array.

Figure 9. Normal gain of the array.
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Figure 10. Lobe pattern of the array at horizontal direction without scan.

IV. CONCLUSION

By make fractal to the ordinary log-periodic antenna
dipoles, load to the top and wrap around the feed parallel
lines with dielectric materials, the transverse size and height
of the antenna are half 53% of the ordinary log-periodic
antenna, which could achieve the needed size for the
airborne meter-wave broadband wide-angle scan antenna.
The antenna array is simulated and optimized by FEKO
software, and the results showed it meet the needs of the
system work.

Figure 11. Lobe pattern of the array at horizontal direction with scan 45deg
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Abstract—This paper proposes a triple-hop mixed Radio-
Frequency/Free-Space-Optical/Radio-Frequency (RF/FSO/RF) 
communication system, which intends to support wireless long-
range links between two terrestrial stations via two 
stratospheric relays. It is considered that these terrestrial 
stations communicate with the relays over RF links, whereas 
the relays communicate with each other over a FSO link. The 
RF channels experience Rician fading due to the Line-of-Sight 
(LoS) and Non-Line-of-Sight (NLoS) signal components. 
Besides, the optical channel is affected by atmospheric 
attenuation, atmospheric turbulence, and pointing errors. 
Mathematical expressions for the outage probability are 
derived, considering the beam wander effect. The results 
demonstrate the theoretical derivations. 

Keywords-Atmospheric turbulence; beam wander; Free-
Space-Optical (FSO) communications; High-Altitude Platforms 
(HAPs); outage probability; pointing errors; Rician channels. 

I.  INTRODUCTION 

The development of next-generation wireless broadband 
communications comprises the seamless integration of 
terrestrial and aerospace infrastructures over heterogeneous 
networks [1]. In recent years, the use of mobile airborne 
services via High-Altitude Platforms (HAPs) flying in the 
stratosphere has been suggested for civil and military 
applications [2]. To successfully fulfill the demands of future 
wireless communication services, shifting from the Radio-
Frequency (RF) domain to the optical domain is 
indispensable [3] [4]. In Free-Space-Optical (FSO) systems, 
the data is transmitted at high data rates in the multigigabit 
regime using collimated highly directed laser beams with 
compact equipment and low power consumption. The FSO 
technology ensures privacy with low probability of 
interception, immunity to electromagnetic interference, and 
exemption from spectrum regulatory restrictions.  

The stratosphere stands for a propagation medium well 
suited for FSO connections. Hopefully, the inter-HAP 
crosslink is above attenuating clouds, fog or significant 
aerosols. Hence, inter-HAP distances of up to 900 km are 
possible with 100% availability [5]. Nevertheless, 
stratospheric FSO links may experience substantial 
fluctuations in both the intensity and the phase of the 

received signal due to variations of the Index of Refraction 
Turbulence (IRT) along the propagation path resulting by the 
inhomogeneities in temperature and pressure fluctuations, 
especially for link distances of 1 km and above [6]. 
Moreover, beam pointing error effects are highly pronounced 
on the performance of a stratospheric network, which 
involves large distances and possible displacement of the 
platforms due to the winds or pressure variations of the 
stratosphere [7]. In addition, both mechanical vibrations and 
electronic noise may cause the received spots from the laser 
beams to wander on the detector planes. Hence, acquisition, 
pointing, and tracking errors should also be mitigated to 
achieve high directivity of the transmitted beam.  To extend 
the network range, and effectively combat the effect of 
turbulence, the use of relay-aided transmission schemes has 
been suggested [8]. In [7], a full-FSO system with multiple 
stratospheric relays and fixed stations on the ground was 
proposed. However, FSO systems should operate under 
accurate pointing requirements. Hence, employing FSO 
techniques is highly challenging and insufficient as soon as 
the terrestrial stations are in motion.  

Motivated by these observations, this paper investigates 
the use of two stratospheric relays acting as Decode-and-
Forward (DF) relay nodes, in order to facilitate challenging 
triple-hop long-range wireless communication between two 
terrestrial mobile stations. Although the Amplify-and-
Forward (AF) scheme is simple to implement, DF offers 
better performance and is a common assumption in multi-
hop networks. A mixed RF/FSO/RF airborne communication 
scenario is considered, where an RF transmission scheme is 
adopted for the communication between the terrestrial 
stations and the stratospheric relays, whereas these relays are 
interconnected through an FSO link. A stratospheric 
communication channel is expected to be Rician in its 
general form [9]. Hence, the Rician distribution is adopted to 
model the channels for the RF links. To investigate the effect 
of atmospheric turbulence on the FSO link, a Kolmogorov 
power spectrum for refractive-index fluctuations is 
considered and the Gamma-Gamma (G-G) distribution is 
used, which matched data values obtained from 
measurements, under a variety of turbulence conditions [10]. 
Finally, the effects of pointing errors are described by the 
Rayleigh distribution [7]. Mathematical expressions are 
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derived for the outage probability and numerical results are 
provided for different values of the system parameters. 

The rest of the paper is organized as follows. Section II 
presents the system model. In Section III, the RF and FSO 
fading channels are modeled. In Section IV, the outage 
probability is mathematically derived. Results are provided 
in Section V. Finally, conclusions are drawn in Section VI. 

II. SYSTEM MODEL 

This paper considers a mixed RF/FSO/RF airborne 
communication system with slowly-varying and frequency-
flat-fading channels. As shown in Figure 1, the transmitted 
signal from a source node propagates through two serial DF 
stratospheric relays of similar size and type before arriving at 
a destination node. It is considered that the direct link 
between the source and the destination is obstructed due to 
high attenuation. To aid our analysis, the subscripts S, D, and 

,mR  where 1 2,m   are affiliated with the source, the 
destination, and the m-th relay, respectively. In this system, 
the S–R1 and R2–D links use RF technology, while the R1–R2 
link is based on FSO technology. The communication is 
assumed to operate in a half-duplex mode and to be 
conducted over three phases: S → R1, R1 → R2, and R2 → D. 
The source and the destination are equipped with single 
antennas. Besides, the relays not only include antennas, but 
also lasers and photo-detectors.  

A. First RF Link 

The received signal at the stratospheric relay R1 can be 
expressed as [11] 

                           
1 1 1 1, , , ,S R S S R S R Ry P h x n                      (1) 

where SP  is the transmit power, 
1,S Rh  is a non-zero-mean 

complex Gaussian random variable, 
1,S Rx  is the transmitted 

symbol from the source with  1

2

,E 1,S Rx   E   is the 

statistical expectation operator, 
1Rn  represents the zero-mean 

complex Gaussian noise at R1 with 
1,o RN  noise Power 

Spectral Density (PSD). Using (1), the instantaneous Signal-
to-Noise Ratio (SNR) at R1 can be written, respectively, as 

                                 
1 1

1

2

, ,
,

.S
S R S R

o R

P
h

N
                           (2) 

B. FSO Inter-HAP Link 

In the FSO link, the cost-effective Intensity Modulation 
Direct-Detection (IM/DD) is employed. The received RF 
signal at the R1 is decoded and converted to optical signal by 
employing the Subcarrier Intensity Modulation (SIM) 
technique. In particular, after filtering by a Bandpass Filter 
(BPF), a Direct Current (DC) bias is added to the filtered RF 
signal to ensure that the optical signal is non-negative. Then, 

the biased signal is sent to a continuous wave laser driver. 
The retransmitted optical signal at R1 is written as [12] 

                           1 1, ,1 ,R opt opt S Ry P My                       (3) 

where optP  denotes the average transmitted optical power 

and it is related to the relay electrical power 
1RP  by the 

electrical-to-optical conversion efficiency η1 as 

11 ,opt RP n P and M denotes the modulation index.  

The optical signal at R2 received from R1 can be 
expressed as                             

                     1 2 1 2, ,1 ,R R opt S R Ry I P My n                  (4) 

where 0I >  is the received fading gain (irradiance) between 
the laser of R1 and the photodetector of R2 through the 
optical channel and 

2Rn  is the zero-mean complex Gaussian 

noise at R2 with 
2,o RN  noise PSD. 

The DC component is filtered out at R2 and an optical-to-
electrical conversion is performed. Then, assuming that           
M = 1, the received signal can be expressed as 

                     
1 2 1 2, , ,R R ele opt S R Ry I P P y n                   (5) 

where 
12 1 2ele opt RP n P n n P   is the electrical power 

received at R2 and 2n  is the optical-to-electrical conversion 
efficiency. 

The instantaneous SNR at R2 can be approximated as 
[11] 

                              2 1 1 2, ,min , ,R S R R R                          (6) 

where  1 2 1 2

2
, 1 2 ,/ .R R R o Rn n P I N   

The performance of the FSO link is limited by 
background radiation and thermal noise, which can be 
modeled as independent and identically distributed (i.i.d.) 
AWGN, as an accurate approximation of the Poisson photon-
counting detection model [13]. 

Source Destination

1S - R 2R - D

1R 2R

RF RF

     FSO 

On-Off Keyed

Light Pulses

 

Figure 1.  Simple representation of the triple-hop mixed RF/FSO/RF 
stratospheric communication system. 
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C. Second RF Link 

The FSO signal at the R2 is finally reconverted to an RF 
signal before being sent to the destination over the second 
RF link. The signal received at the destination is written as 

                            
2 2 2, , ,D R R S R S Dy P h x n                       (7) 

where 
2RP  is the transmit power, 

2R Sh  is a non-zero-mean 

complex Gaussian random variable (leading to a Rician 
distributed amplitude), 

2 ,R Sx  is the signal transmitted by the 

R2 with  2

2

,E 1,R Sx   and Dn  is the zero-mean complex 

Gaussian noise at D with ,o DN  noise PSD. Using (7), the 

SNR at the destination can be written as 

                                2

2 2

2

, ,
,

.
R

R D R D
o D

P
h

N
                           (8) 

The instantaneous end-to-end SNR at the destination can be 
approximated as [11] 

                           1 1 2 2, , ,min , , .D S R R R R D                     (9) 

III. STATISTICAL MODELING OF THE TRIPLE-HOP MIXED 

RF/FSO/RF CHANNEL 

In this paper, the Rician distribution is utilized to model 
the channels for the RF links. The Probability Density 
Function (PDF) of the instantaneous SNR received at R1, 
denoted as 

1, ,S R  is given by [14]  

              1

, 11
1 1

,1
, 1 1

, ,

1
exp 1

S R

S R
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           (10) 

where 1K  is the Rician factor of the first RF link, i.e., the 

average power ratio of the Line-of-Sight (LoS) component to 
the Non-Line-of-Sight (NLoS) component, and  0I   is the 

modified Bessel function of the first kind and zero-th order. 
The Rician factor 1K  strongly depends on the elevation 

angle of the HAPs and the operating frequency [15]. The 

PDF  , 22
,R D R Df   of the Rician distribution for the second 

RF link with Rician factor K2 can be defined as in the first 
RF link by replacing the indices. 

For the FSO link, a composite optical channel model is 
used [7]. In particular, the channel state I  models the 
random attenuation of the propagation channel that arises 

due to the path loss ,lI  the atmospheric turbulence ,aI  and 

the pointing errors .pI  The combined optical channel model 
is defined as follows  

                                 .l a pI I I I                                  (11) 

Since the time scales of these fading processes are of the 

order of 3 210 s to 10 s [16]- - , which are far larger than the 

bit interval ( )910 s for multi-Gbps systems ,-» I  is constant 

over a large number of transmitted bits [17]. 

A. Effects of Atmospheric Attenuation 

The atmospheric attenuation is deterministic and is 
defined by the exponential Beers–Lambert Law [18]  

                                     exp ,lI L L                          (12) 

where  lI L  is the atmospheric attenuation loss of the FSO 

link over a path of length L, i.e., the distance between the 
relays, and σ is the wavelength- and weather-dependent 

attenuation coefficient. The attenuation lI  is considered 
fixed during a long period of time.  

B. Effects of Turbulence 

In this paper, the effects of turbulence are modeled using 

the G-G distribution. Hence, the PDF of aI  is given by [19]                        
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  (13) 

where  uK   is the u-th order modified Bessel function of 

the second kind. Note that (13) can be written in terms of the 

Meijer’s G-function as   2,0 2
0,20.5 / 4 / 2 / 2uK x G x u u   

   

[20]. The parameters a  and b  are directly related to the 
atmosphere and can be adjusted to achieve a good agreement 

between  a
a

I
f I  and measurement data. These parameters 

are determined by the Rytov scintillation model. However, 
for large distances, as those involved in the proposed system, 
this model is inappropriate due to the hot spot displacement 
of the beam caused by the beam wander, i.e., the deflection 
of the beam due to turbulence. By considering the beam 
wander effect, a  and b  can be modeled as [21] 
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where 2 2 7/6 11/61.23R nC k L   is the Rytov variance, 2
nC  is 

the index of refraction structure parameter, 22 / ,e LTL kw   
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2 /k    is the wave number,   is the carrier wavelength, 
2 5/61 1.33LT Rw w     is the long-term spot radius, w is 

the beam radius at the receiver, 22 / ,L kw   2
pe  is the 

variance of pointing error caused by beam wander ([22], p. 

350), 2
B  is the Rytov variance with beam wander correction 

([22], p. 351),  2 2
0 0 0/ ,      0 01 / ,L F    0F  is 

the phase curvature parameter of the Gaussian beam at the 

transmitter, 2
0 02 / ,L kw   and 0w  is the transmitter beam 

radius. Using [23, eq. (3)], one can also obtain the 

Scintillation Index (SI) 2.I  The value of 2
nC  represents the 

turbulence condition of the atmosphere and can be estimated 
using the Hufnagel-Valley model, which is based on various 
empirical scintillation data of the atmosphere. This model 
defines the index of refraction structure parameter as a 
function of the wind speed and the altitude of the HAPs 
above the ground level as ([22], p. 481) 

         
2

102 50.00594 10 exp
27 1000n
u h

C h h       
   

 

                      16 ˆ2.7 10 exp exp ,
1500 100

h h
A           

   
 (16) 

where Â  is the nominal value of the  2 0nC  at the ground, u 

is wind speed in m/s, and h is the altitude of the HAPs in 

meters. As 2
nC  increases, the turbulence becomes stronger. 

For applications involving propagation along a horizontal 

path, it is customary to assume that 2
nC  remains constant 

[22]. 

C. Effects of Pointing Errors 

To ensure that the communication scenario is viable, 
proper LoS alignment between the relays via appropriate 
pointing and tracking mechanisms is required. In this paper, 
a model that incorporates geometric spreading in the pointing 
error PDF ([18], p. 1703) is used. Considering a Gaussian 
beam profile of beam waist wz (at a distance z) and modeling 
the random radial displacement of the beam at the detector as 

Rayleigh distributed, the PDF of the pointing error pI  
includes the random attenuation due to both geometric 
spreading and pointing errors and can be expressed as [18] 
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where / 2 ,eq swg s=     2 2 2erf / 2 expeq zw w u u u       

is the equivalent beam width at the receiver, u =  

( ) ( )/ 2 ,r za wp  ss  is the jitter standard deviation due to 

the pointing error at the detector determined by the degree of 

the misalignment between the apertures, ( ) 2
erf ,A ué ù= ë û  and 

ra  is the receiver aperture radius.  

Using (12), (13), and (17), the PDF of the composite 
channel in (11) can be evaluated by writing the Bessel 
function  uK   in terms of the Meijer’s G-function as [7]               
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Using (18), the PDF of the instantaneous SNR received at R2, 
denoted as 

1 2, ,R R  can be expressed as  
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where 
1 2,R R  is the average SNR received at R2.  

IV. DERIVATION OF OUTAGE PROBABILITY 

The outage probability is defined as the probability that 
the SNR at the destination falls below a predetermined 
outage threshold ,out  i.e.,  Pr ,out D outP     where 

 Pr   is the probability operation. In this case, the 

communication system cannot achieve adequate reception. 
The outage probability can be obtained from the Cumulative 
Distribution Function (CDF) of the end-to-end SNR as 

 .out D outP F   This CDF can be written in terms of the 

CDFs of the three hops’ SNRs as [24] 

 D outF                                         

        1 1 2 1, , ,1 1 1 1 ,S R out R R out R D outF F F             

                                                                                      (20) 

where  
1, ,S R outF    

1 2, ,R R outF   and  
1,R D outF   are 

the CDFs of the SNRs of the first, second, and third hop, 
respectively. One observes that the system falls in outage 
providing that at least one of the three hops gets in outage or, 
equivalently, the SNR of one hop becomes less than .out   

The CDF of the instantaneous SNR received at R1 can be 
expressed as [25] 

           
, 1 11

1

1
, 1 1 ,

,

2 1
1 2 , ,

S R S R S R
S R

K
F Q K  



 
  
  

    (21) 

where  1Q   is the first-order Marcum Q-function. The CDF 

 , 22
,R D R DF   of the Rician distribution for the second RF 

link can be similarly defined by replacing the indices. 
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The CDF of the instantaneous SNR received at R2 can be 
obtained as follows 

                         
,1 2

1 2 ,1 2 1 2
,

0

.
R R

R R R RR RF f x dx



                 (22) 

Using (19) and [26, eq. (07.34.21.0003.01)], (22) becomes 
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(23) 

The expressions in (21) and (23) can be numerically 
evaluated using well-known software packages, e.g., 
Mathematica and MATLAB. 

V. RESULTS 

In this section, the performance of the proposed system is 
evaluated in terms of the outage probability. Unless indicated 
otherwise, the values of model parameters used are 

1 2, , 20 dB,S R R D    
1 2, 50 dB,R R   0 dB,out   K1 = 

K2 = K = 10 dB, L = 400 km, 20 km,h   0.01 dB/km   

(clear weather conditions), 0 2 cm,w w   Θ0 = 0 (focus 

Gaussian beam), and 0.15 m.s   Note that a laser 

aperture diameter of 2 0.3 mra =  is assumed. Then, 

1.38 mzw   [27]. A wavelength λ = 1550 nm is considered 

for the FSO link since it is widely used for most airborne 
optical communication scenarios. In addition, two values of 

the wind speed that determine 2
nC  are considered; 

1 10 m/su   (best case) and 2 30 m/su   (worst case) [23]. 

For these values, we obtain 
1

2 19 2/3
, 1.72 10  m ,n uC     

2

2 18 2/3
, 1.55 10  m ,n uC   

1

2
, 0.2,R u 

2

2
, 1.82,R u 

1

2
,I u 

0.08,  and 
2

2
, 0.67.I u   

Figure 2 depicts the outage probability for different 
values of the Rician factor K1 = K2 = K and u = 10 m/s. It is 
obvious that increasing the Rician factor improves the 
performance of the system. Note that a certain outage floor 
exists at high values of K due to the average SNR over the 
FSO link. Hence, all curves tend to the same saturation 
floor. 

Figure 3 demonstrates the outage probability for both the 
best and worst case of turbulence conditions and different 
inter-HAP distance. As this distance decreases, a significant 
performance improvement can be achieved. However, the 
variation of the FSO propagation distance slightly affects the 
outage probability when the worst case of turbulence 
conditions is observed. 

O
ut

ag
e 

Pr
ob

ab
il

it
y

 

Figure 2.  The outage probability in terms of the RF average SNR for 
different Rician factor of the RF links. 

 

Figure 3.  The outage probability in terms of the FSO average SNR for 
different turbulence conditions and different inter-HAP distance. 

 

Figure 4.  The outage probability in terms of the FSO average SNR for 
different normalized jitter standard deviation. 
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Finally, Figure 4 shows the effect of the normalized jitter 
standard deviation /s ras  on the outage probability for                    

u = 10 m/s. One observes that the performance significantly 
degrades and the pointing errors have a dominant effect on 
the system performance, as /s ras  increases. 

VI. CONCLUSION 

In this paper, the performance of a triple-hop mixed 
RF/FSO/RF stratospheric communication system has been 
investigated. The results have depicted that the Rician factor 
significantly influences the system performance. These 
results have also underlined that the performance degrades, 
as the inter-HAP distance increases. However, for the worst 
turbulence case, this distance slightly affects the outage 
probability. Finally, the results have shown that the 
misalignment-induced fading has a severe effect on the 
system performance. Since there are no experimental data 
available in the literature to fully verify the theoretical 
results, future research efforts may be devoted to collecting 
measured channel data in real-world propagation conditions. 
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Abstract—In this paper, propagation characteristics of
Gaussian-Bessel-correlated Schell-model beam (GBSM) in
turbulent atmosphere have been studied through simulation
and experimentation. Without studying its quality in
communication directly, we use scintillation index (SI) and
beam expansion to estimate such beams as signal lights. We use
Monte-Carlo method to generate the phase screen for modeling
the atmosphere in simulation. An experiment consisting of a
phase-only spatial light modulator (SLM) and a rotating
ground-glass disk (RGGD) is used to generate a GBSM beam.
A box with fans and heaters inside creates a real, but much
stronger, turbulent atmosphere environment along the
propagation path. Comparing to other kinds of beams, like
conventional Gaussian Schell-model beam (GSM), GBSM has
a faster speed of beam expansion and better fluctuation
characteristics in far propagation range while GSM and
GBSM have the same initial coherence radius.

Keywords- GBSM; generation; turbulence; propagation.

I. INTRODUCTION

Since the appearance of the laser, it has been used in
fields of communication, detection, illumination, imaging
and even in military for its advantages in coherence and
orientation. However, influenced by atmospheric turbulence,
especially near the ground, the front wave of the beam
breaks and the beam intensity fluctuates, which limits the
usage of laser in atmosphere. Since Ronald Fante [1] proved
in 1981 that a partially coherent beam has extreme
improvement on the intensity fluctuation, people have
studied many kinds of beams with different coherence
profiles. Besides the conventional Gaussian Schell-model
beams (GSB) [2], beams with non-Gaussian coherence
degree like pseudo-Bessel-correlated beams (PBCB) [3],
multiple Gaussian Schell-model beams (MGSB) [4],
Laguerre-Gaussian Schell-model beams (LGSB) [5],
rectangular Gaussian Schell-model beams [6] have also
been studied in turbulence.

All of such beams with spatial partial coherence are
better than coherent Gaussian beam with respect to the
scintillation index. Moreover, the lower the coherence
degree, the lower the SI. Since so many achievements have
come out in this field, scintillation of GBSM still remains its
value for study. Thus, we want to further compensate this
work.

The rest of the paper is structured as follows. In
Section 2, a method to generate GBSM is introduced in
theory and tested in an experiment. Afterwards, the average
intensity distribution of GBSM beam is deducted
theoretically, and the intensity fluctuation quality is
analyzed via simulation in Section 3. We conclude the paper
in Section 4.

II. GENERATION OF GBSM

A. Gaussian-Bessel-correlated Schell-model beam

The GBSM is a partially coherent beam with
non-conventional correlation form defined by
Gaussian-Bessel function. Even though it has stochastic
field, the GBSM can be described by auto-correlation
function, a second-order moment of optical field U(r), as (1)

〈�(�����⃗ )�∗(�����⃗ )〉 =

〈�(�����⃗ )〉〈�∗(�����⃗ )〉�� �
|������⃗ �������⃗ |

�
� ��� �−

|������⃗ �������⃗ |�

�� �,

(1)
where the superscript asterisk means conjugation of the
field, and the angular bracket means ensemble average. J0

here means the first kind of Bessel function on zero-order.
α is the parameter controlling the Bessel component, and β
determines the truncation width of exponential function.

To generate such a beam, we use a Kepler telescope
structure with a RGGD [7] placed on the common focus of
two lenses, see Figure 1. When a Gaussian-Bessel beam,

U(�⃗) = �� �
|�⃗|

��
� ��� �−

��

��
�� (2)

where s⃗ is a vector which describe the location of arbitrary
field point on plane in front of the first lens f1, illuminates
the first lens of the telescope, there will appear an annular
beam spot on the RGGD. Assuming the field through the
RGGD becomes totally incoherent, we can consider the
field behind RGGD as a random field which obeys δ 
distribution,

M������⃗ , �����⃗ � = 〈�(�1���⃗ )�∗(�2���⃗ )〉

= ��������⃗ ��������⃗ �δ������⃗ , �����⃗ � (3)

where I(t) means the beam intensity on point t,

I��⃗� = ���⃗��∗��⃗�. (4)
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With Fresnel diffraction theory, we can find optical
field U(t) in (4) is Fourier transformation of U(s) in (2). It
has the convolution between an annular impulse and a
Gaussian function

U��⃗� ∝ ��� �
��

���
��� � ���⃗� −

���

����
� ∗ ��� �−

����
���

����
� �. (5)

When α is far smaller than β, we can consider that I(t)
becomes a convolution between square of two parts as (6)

I��⃗� ∝ � ���⃗� −
���

����
� ∗ ��� �−

�����
���

����
� �. (6)

After passing through the second lens f2, the
auto-correlation function of U(r) can be obtained,

〈�(�����⃗ )�∗(�����⃗ )〉 = �
�

2���
�

�

� ����

�

��

� ����M������⃗ , �����⃗ �
�

��

× ��� �
��

2��
������⃗ − �����⃗ �

�
−

��

2��
������⃗ − �����⃗ �

�
� ��� �−

��

2��
��

� +
��

2��
��

��

               = �
�

2���
�

�

� ���I��⃗���� �
��

��

(�����⃗ − �����⃗ ) ∙ �⃗�
�

��

           ∝ �� �
��|�����⃗ − �����⃗ |

����
� ��� �−

��
�|�����⃗ − �����⃗ |�

2��
���

� �

(7)
In the deduction of (7), considering the integration in

the third line is, mathematically, a Fourier transformation
of I(t) which is represented in (6), it is convenient to derive
to the last result by multiplying the Fourier transformations
of each part in convolution of I(t). By changing the
parameters of the incident beam, we can adjust the
coherence quality conveniently.

B. Generation of GBSM in experiment

From Figure 1, we establish an experiment structure to
generate a GBSM beam, which is presented in Figure 2. We
use He-Ne laser (632.8nm) as the laser source. Phase-only
SLM (HOLOEYE PLUTO) is used instead of an axicon to
generate a Gaussian-Bessel beam. After passing through the
telescope structure with RGGD, a partially coherent beam
comes out. As the glass is using 320 mesh quartz sand to
grind, the RGGD has a coherent length of about 80um,
making every 1mm2 illumination area include about 150
coherent units, which can be regarded to meet the demand
for δ distribution. The RGGD has a diameter of 60mm, 
when the optical axis is 20mm from the disk center, and
illumination area about 2mm2, rotation speed adjusted to

1r/s, the coherent time of the beam will be fixed at about
50us. To observe this beam, we use a CMOS with exposure
time of 200us. The beam in CMOS is presented in Figure
3(a). According to Gaussian momentum theory [8], we
calculate the coherence degree of optical field through count
the intensity variation from 2000 pictures and finally print it
in Figure 3(b). Even though the graph is not excellently
matching the expectation, we can still tell the tendency of
Gaussian-Bessel function. Many factors lead to this
deviation. The Bessel-Gaussian beam created after SLM is
not accurate enough. Crosstalk between the fringes exists.
Furthermore, coherence length of RGGD is still too large to

Figure 2. Experiment illustration of GBSM generation. SLM: spatial light
modulator. f1, f2: lenses with focus length of f1 and f2 respectively. Laser:

632.8nm He-Ne laser

(b)
Figure 3. Generation of GBSM, (a) is the picture of a sample from
CMOS and (b) is the curve graph of coherence degree varying with

the field point distance relative to beam radius

(a)

Figure 1. GBSM beam generation illustration
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form the δ distribution, which makes the coherence degree 
out of its shape. Also, because of the improper set of axis,
we miss the details and since the interval between each pixel
on the CMOS is limited, it is unavailable for us to adjust the
axis setting to a proper one.

III. PROPAGATION CHARACTERISTICS OF GBSM

A. Average intensity of GBSM in atmospheric turbulence
The extended Huygens-Fresnel theory has the advantage

to calculate such complex random optic field. As compared
to the Rytov approximation, this method avoids to deduce
the first and second order perturbation from turbulence to
optic field, which is difficult and worthless. This theory
divides the entire field into countless spherical secondary
sources, and the influence from randomly varying refractive
on the wave front can be described by the widely acceptable
complex phase perturbation factor for spherical wave.

The atmospheric turbulence is described by turbulence
eddies and turbulence influences the beam propagation by
randomly changing reflective index. We deem that the
reflective index n(R) has a spatial power spectrum

Φ�(�) = 0.033��
�����/���� �−

��

��
�� (8)

which is named Tatarskii spectrum. ��
� is refractive index

structure constant used to describe the fluctuation intensity

of turbulence. �� =
�.��

��
represents the spatial frequency of

inner scale l0. Utilizing extended Huygens-Fresnel theory,
the average intensity of beam after propagating a length of L
in atmospheric turbulence can be written as

I(�⃗, �) = �
�

2��
�

2

� � �2�1�2�2

∞

−∞

〈�(�����⃗ , 0)�∗(�����⃗ , 0)〉

× ��� �
��

2�
|�1���⃗ − ��⃗ |2 −

��

2�
|�2���⃗ − ��⃗ |2� 〈���[�(��⃗ , �1���⃗ ) + �∗(��⃗ , �2���⃗ )]〉

(9)
where ϕ stands for the additional phase from the turbulence 
eddies through which the beam passes. We have assumed
the stochastic behavior of optic source and that of refractive
distribution are stochastically independent. The part in
angular bracket can be written as [9]

〈���[�(�⃗, �����⃗ ) + �∗(�⃗, �����⃗ )]〉 ≈ −0.145��
2�2���

1/3�2 (10)
where we use an algebraic substitution

��⃗ = �1���⃗ − �2���⃗ . (11)

If we also make

��⃗ =
�

�
(�1���⃗ + �2���⃗ ) (12)

and substitute (1) and (10-11) into (9), after integrating, the
average intensity turn into a convolution

I(�⃗, �) ∝ �(|��⃗ | − �) ∗ ��� �−
�2

�2
�, (13)

where

T =
�

����
(14)

is the radius of annular beam profile, and

�� =
�����

����
� +

����
�

�
+

�����

����
+ 5.724��

2�
2
�3��

1/3 (15)

is the beam expansion which result from free space
diffraction and turbulence fluctuation. Through (14) and

(15), we can see the radius of annular beam profile has
nothing to do with turbulence fluctuation. Apart from
propagation length and wavelength, only the parameter of
Bessel function part has the ability to determine the ring’s
radius. Since the inner scale l0 is in the magnitude of
millimeter, when it is in short propagation length, the
second part of (15) is the majority determines the beam
radius, instead of the part associated with β. Hence, the ring
profile cannot be observed if T<w, or

α >
�

√������
. (16)

Making α reach to infinity, Eq. (13) reduces to the intensity
distribution of GSM. Beam expansion (15) becomes beam
radius

��
� =

�����

����
� +

����
�

�
+

�����

����
� + 5.724��

2�
2
�3��

1/3 . (17)

Compared to GSM, the GBSM beam, with a same
coherence length, obviously has a larger beam expansion.
However, if the hollow profile becomes useful, the GBSM
beam may have advantage over GSM.

B. Scintillation index
Even though we have given out the average intensity of

beam after propagating through turbulence, we have no idea
how the intensity fluctuation is. The Monte-Carlo method
helps us create a phase screen through which the optical
beam will get a randomly changing phase factor. This phase
factor represents the influence of turbulence on the laser
beam. In order to reduce the simulation error, the
propagation of laser beam is devised into several parts. For
each part, the angular spectrum method is used to calculate
the output field.

The scintillation index is a normalized variance of
intensity, which is used to estimate the intensity fluctuation
of the laser beam. SI is defined as below,

��
� =

〈��〉

〈�〉�
− 1. (18)

For a communication application, a low intensity fluctuation
is of much expectation. Because the receiver always has an
effective area, leading to a so called aperture averaging,
analyzing the total energy fluctuation on a fixed area is
more helpful. And, since both the optical field and the
channel media have random characteristics, a large number
of samples are necessary. After about 2000 realizations, the
statistical result becomes stable.

First, we check the impact of Bessel parameter on the
scintillation index. We make α vary from 0.002m to infinite 
at which the light becomes GSM. Gaussian parameter β is
fixed on the value of 0.05m. Detection diameter is set to
50mm. Their scintillation indices on the observation plane,
which is placed several different distances away from
transmission plane, are presented in Figure 4(a). Same as
our recognition of relationship between scintillation and
beam coherence degree, the SI decreases with the beam
coherence length which, in this case, is determined by α, 
except the infinite one by β. Figure 4(b) is the responding 
beam radius variation, which is contrary to SI.
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Even though we have studied the effect of coherence
parameter, the profile of coherence degree distribution is
still of much importance. As conventional GSM beam has
already proved to be better than coherent Gaussian beam, we use GSM only to compare with GBSM beam. In this

simulation, the laser wavelength is 1.55 um. Coherence
length and beam width is fixed to about 3.5 mm and 14 cm,
respectively. The result of the scintillation index on the
detection area of such two kinds of beams varying with
propagation length is presented in Figure 5. According to
the result, obviously, the GBSM beam has a larger on-axis
scintillation in a short range, but it becomes the smaller one
in the long range. The reason of this result is unclear. There
is only a surmise of it, which is based on the evolution of
intensity distribution of GBSM. As the ring-like profile this
beam has in a short range, even it may be blurry when the
ring’s radius is less than the Gaussian expansion, the lower
level of average energy distribution on the center point
leads to a larger relative fluctuation. With the further
propagation of the beam, the ring of GBSM diffuses, but
slowly comparing to GSM, which making more energy left
in the center area. This may control the scintillation
increasing slowly.

(a)

(b)

Figure 4. Scintillation indices (a) and beam radius (b) of GBSM beams
with different Bessel parameter α of 0.002, 0.004, 0.006, 0.008, infinite

varying with propagation length

Figure 5. Scintillation indices of GBSM and GSM with the same
coherence length of 3.5mm versus propagation length

(a)

(b)

Figure 6. Intensity distribution (a) and off-axis scintillation (b) of
GBSM with Bessel parameter of 0.001 after propagating 6km in

turbulence
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In the last part, we determined the optical intensity
distribution. We saw the beam profile would become a
hollow. It is of considerable need to research the off-axis SI.
According to (16), setting α to be 0.001m and β still 0.05m,
after 6km propagation, the beam profile and off-axis
scintillation index is presented in Figure 6. The interval in
Figure 6(b) between two vertical lines corresponds to the
ring part of profile in Figure 6(a). There are two rapid rises
separated by the ring area. Without theoretical analysis, the
reason why it happens is unclear.

IV. CONCLUSION

In this paper, we have analyzed the average intensity
and scintillation index of GBSM. Compared to GSM, it has
an annular intensity profile, leading a larger beam intensity
distribution. However, the radius of the annular profile is
fixed by Bessel parameter and propagation length, making
the beam somewhat controllable and practical. Its
scintillation index is lower over a long distance, but rapid
rise of scintillation index off the axis likely causes the
application limitation of GBSM. We have generated a
GBSM beam using a SLM and an RGGD. The result seems
acceptable.

Next, we plan to use this beam as a communication light
source, testing its application in communication. Since the
partial coherence of beam leads to intensity fluctuation even
in initial plan of beam propagation, but there is a time
average process when the beam is used in communication,
so it is necessary to analyze the influence from coherence
time of the source, observer and random media on
scintillation index.
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Abstract—Free Space Optical Communications (FSOC) has 
proved to be a reliable alternative to radio frequency systems 
in providing high speed wireless data links, especially for 
satellite communications. To further improve the FSOC 
performance, plenty of novel light source beams are proposed 
and evaluated, among which Airy beams have gained intensive 
research efforts in the past decade, owing to its remarkable 
features. An ideal Airy beam is able to propagate in free space 
without diffraction, and it is resistant to atmospheric 
turbulence due to the self-healing feature. Besides, the main 
lobe of an Airy beam follows a controllable ballistic trajectory, 
which can be particularly useful to improve the link robustness 
in presence of blockage. However, if the transverse extent of 
the Airy beam is confined by a finite optical aperture, the non-
diffractive features no longer retain. But within the limited 
diffraction-free range, the Airy beam is still able to self-heal 
and self-bend, making it valuable for enhancing the 
survivability of FSOC systems. In this study, we first examined 
the effects of truncation methods on the Airy diffraction-free 
range and found out that the aperture-truncated Airy (ati-Airy) 
beam is more preferable in terms of propagation distance. 
Then, the scintillation behavior of ati-Airy beams is 
investigated under the conditions of controlled self-bending as 
well as self-healing from obstructions. 

Keywords-free space optical communications; Airy beam; 
truncated Airy beams; beam propagation; scintillation index. 

I.  INTRODUCTION  

With the ever increasing demand of high bandwidth in 
satellite data transmission, in recent years Free Space Optical 
Communications (FSOC) has become one of the mainstream 
physical-layer technologies [1][2]. Most of the current FSOC 
systems use traditional Gaussian beams as the optical source. 
In order to improve the receiving performance, various novel 
beams have been proposed [3]-[6], among which is the Airy 
beam [7]. The reason why the Airy beam is considered 
promising in FSOC roots in its remarkable features—non-
diffracting propagation in free space [8], self-accelerating in 
the transverse direction [9] and self-healing in the presence 
of obstacles [10].  

In the context of FSOC, it is of great beneficial if optical 
beams can propagate without diffraction, since the power 
loss due to diffractive spreading can be minimized in long-
haul links. However, for an Airy beam to fulfill the ideal 
diffraction-free feature, the transmitter (TX) optics should be 

larger than the spatial extent of the Airy field, which is 

determined by 2 3
0k x [11], where k is the optical wave number 

and x0 is the characteristic length of the Airy function. For 
effective capture and tracking in a practical system, x0 should 
not be too small, and reasonable values of x0 would require 
intimidatingly large TX apertures. That being said, in the real 
world of FSOC, the transmitting beam is always truncated by 
the finite TX aperture. Fortunately when that happens, the 
Airy beam is still able to propagate without much spreading 
within a limited distance called (nearly) diffraction-free 
range, beyond which severe diffraction takes place.  

Despite its limited propagation distance, the truncated 
Airy beam is appealing. The well preserved self-accelerating 
feature makes it unique as an optical carrier, bringing the 
possibility of circumventing obstacles on the path to the 
receiver. If the obstacle is too big to circumvent, the Airy 
beam can even regenerate the blocked part of its optical field, 
which is known as self-healing. Therefore, optical links built 
with Airy beams can be more robust than the existing line-
of-sight (LOS) links, especially in satellite communication 
scenarios, where blockage caused by clouds or other objects 
frequently occurs. 

In this study we try to demonstrate the performance of 
truncated Airy beams in FSOC links. By means of wave 
optics simulation (WOS), the effects of various truncation 
methods on the diffraction-free range are numerically 
examined. Reaching at the conclusion that the aperture 
truncated ideal Airy beam is diffracted least, we further 
investigate its scintillation behavior when the ballistic 
trajectory is dynamically controlled. Then, by blocking the 
main lobe at the initial plane or at the halfway point of 
propagation, we have managed to analyze the aperture-
averaged scintillation, as well as the mean Signal-to-Noise 
Ratio (SNR) of the regenerated main lobe. In addition to 
horizontal links, the propagation through vertically 
distributed turbulent atmosphere is also studied with non-
uniformly distributed phase screens. 

The rest of this paper is structured as follows. Section II 
is intended to find out in the presence of a circular hard 
aperture, which truncation method enables the longest 
diffraction-free propagation distance. Then, in Section III, 
the self-accelerating and self-healing properties of truncated 
Airy beams are examined from the perspective of 
scintillation index. Section IV is a brief summary of the 
presented work. 
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II. DIFFRACTION FREE RANGE OF TRUNCATED AIRY 

BEAMS 

The Airy functions are the solution of the paraxial wave 
equation of diffraction, and for (1 + 1) D case the beam wave 
envelope is given as 

 2 3( , ξ) ( ξ / 4)exp (6 ξ ξ ) 12 ,U s Ai s i s       (1) 

where s = x / x0 represents the transverse scale normalized by 

the Airy characteristic length x0, ξ = z/ 2
0kx  is the normalized 

propagation distance, and k = 2π/λ is the optical wavenumber. 
In order to dynamically control the drop point, or the 

trajectory of the main lobe, the “initial velocity” parameter υ 
is introduced into the initial plane expression which leads to 

  ( , 0) ( )exp υ ,U s Ai s i s   (2) 

from which the transverse shift of the main lobe s0 can be 
determined by 

 2
0 ξ 4 υξ.s     (3) 

Then, we can see that the acceleration of the ballistic is 
actually immutable (in the normalized s-ξ coordinate it is 
1/2), yet the drop point of the main lobe can be easily 
controlled via υ at a specified distance ξ. 

Let us rewrite a 2D ideal Airy beam in the initial plane in 
this way: 

  ( , ) ( ) exp υ ( ) exp υ ,x y x x y yU s s Ai s i s Ai s i s      (4) 

where sx = x/x0 and sy = y/x0, with the characteristic length in 
both directions assumed to be equal. 

As mentioned in the introduction, an ideal Airy beam 
exhibits infinite size and thus carries infinite energy, 
requiring truncation to restrict its power so that it can be 
physically realized. In the presence of truncation an Airy 
beam is no longer perfectly diffraction resistant. The specific 
truncation method matters a lot to its diffraction-free range.  

 
Figure 1.  Intensity patterns at the initial plane of (a) ideal Airy beam 
without truncation, (b) aperture-truncated Airy beam, (c) exponentially 

decaying Airy beam and (d) Airy-Gauss beam. 

In FSOC systems, the finite TX aperture forms a natural 
boundary, beyond which no beam wave field can exist. An 
ideal Airy beam truncated by the TX optics is called 
aperture-truncated ideal Airy (ati-Airy) beam, and its field in 
the initial plane can be written as 
 ati ( , ) ( ) exp( υ ) ( )exp( υ ) circ( ),x y x x y yU s s Ai s i s Ai s i s R   (5) 

where circ () is a circle binary window and R is the radius of 
the TX aperture.  

Considering the rectangular shape of an Airy beam, to 
make full use of the circular aperture which is most common, 
we may not put the main lobe of the airy beam right in the 
center of the aperture. A feasible layout is illustrated in 
Figure 1 (a).  

The most intensively studied finite energy Airy beam so 
far, however, is the exponentially decaying Airy (ex-Airy) 
beam, which in the initial plane can be expressed as 

 ex ( , ) ( )exp (α υ) ( ) exp (α υ) ,x y x x y yU s s Ai s i s Ai s i s      (6) 

where α is the exponential truncation factor, used to ensure 
spatial convergence of energy. 

Another way to truncate an infinite Airy beam is to apply 
a Gaussian apodization, which is called the Airy-Gauss (AiG) 
beam: 

 
 AiG

2 2

( , ) ( ) exp υ

( ) exp υ exp ω

x y x x

y y

U s s Ai s i s

Ai s i s r

 

      ，
  (7) 

where r = 2 2
x ys s and ω is the width of the Gaussian 

apodization function. 
Since propagation distance is the major drawback of an 

FSOC system based on Airy beams, it is necessary to find 
out which truncation method in (5-7) enables the largest 
diffraction free range for a given TX aperture size and a 
constant Airy characteristic length. There is an analytic 
formula to calculate the non-diffraction range of an aperture 
truncated Airy beam [11], but there only the 1D case is 
considered and it is difficult to generalize to a 2D scenario 
where the Airy beam is truncated by a circular aperture. 
Also in [11], the authors have demonstrated that the 
expression for predicting the maximum propagation distance 
of ex-Airy beams in [12] is incorrect. As for the AiG beam, 
no prediction for the diffraction free range is available at all.  

Here, we try to find out the maximum diffraction-free 
range of truncated Airy beams with characteristic length x0 = 
25 mm, and the TX pupil radius is set as R = 200 mm. In 
order to make a fair comparison between the three truncation 
methods, the truncation parameters of the ex-Airy beam and 
the AiG beam should be adjusted so that the presence or 
absence of the specific aperture barely causes extra power 
loss. This is important because aperture truncation exists 
anyway for any source beam. Further, the optical power of 
all the beams in the launching plane is made equal. With the 
above considerations, the launching fields within the aperture 
are shown in Figure 1 (b-d), where the intensity distribution 
of an ideal, untruncated Airy beam is also given as a 
reference in Figure 1 (a). 

For more flexibility, we use the multi-step wave optics 
simulation (WOS), which is a numerical method based on 
the FFT version of the Fresnel diffraction integral [13], to  
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Figure 2.  Evolution of intensity profiles in the x-z plane of (a) ideal Airy 

beam without truncation, (b) aperture-truncated Airy beam, (c) 
exponentially decaying Airy beam and (d) Airy-Gauss beam. 

simulate the propagation process of those truncated Airy 
beams. Here, the diffraction free range is defined as the 
distance from the initial plane at which the full width at half 
maximum (FWHM) of the intensity peak of the main lobe 
doubles. And the FWHW of the main lobe is measured by its 
width on the diagonal of the quadrate Airy pattern. The 
evolution of intensity cross-section of the four Airy beams 
from Figure 1 is shown in Figure 2, and the corresponding 
measured FWHMs are given in Figure 3. It is clearly seen 
that apart from the ideal Airy beam, all the truncated beams 
are subjected to diffractive spreading beyond a certain 
distance. In comparison with the ex-Airy beam and the AiG 
beam, the ati-Airy beam has an obviously longer range of 
nearly diffraction-free propagation, which is about 27 km in 
this case, well consistent with the conclusion drawn in [11]. 
The other two counterparts, however, rapidly collapse 
beyond 18 km, and are thus excluded from further 
discussions below. 

 
Figure 3.  FWHM as a function of propagation distance of Airy beams 

with different truncations. 

III. EFFECTS OF SELF-ACCELERATION AND SELF-HEALING 

ON SCINTILLATION IN ATMOSPHERIC TURBULENCE 

In Section II, we have made it clear that in terms of 
propagation distance, the ati-Airy beam performs better as an 
optical carrier than the ex-Airy beam and the AiG beam. And 
in this section we will find out how well ati-Airy beam’s 
self-acceleration and self-healing act in turbulent atmosphere. 

A. Self-acceleration 

Without external refractive-index potential along the 
whole optical path, the acceleration of lateral shift of an Airy 
beam is only dependent on the Airy characteristic length x0. 
If x0 is constant then in a specified meridian plane, there is 
only one possible initial velocity/launching angle for the 
main lobe to connect the transmitter with a certain receiver. 
But since in the 3D space there are numerous meridian 
planes, circumvents are possible if we just rotate the 2D 
launching beam pattern in the launching plane. Under 
conditions that the transceivers suffer from vibrations, 
dynamically controlled drop points can be useful in fast 
tracking.  

Now, we are interested in that whether the dynamic 
control of the ballistic trajectory would affect the turbulence 
reception performance. To this end, we will examine the 
scintillation index of an ati-Airy beam in a 20 km horizontal 
link. The transmitting beam is the ati-Airy beam shown in 
Figure 1(b), with x0 = 25 mm, and its main lobe adjusted to 
(0.1 m, 0.1 m) position in the launching plane to fully utilize 
the aperture with radius R = 200 mm. The drop point of the 

main lobe is controlled by υ through (3), ranging from x∈(0, 

0.5 m) in the receiver plane, and the free-space trajectories of 
the main lobe are plotted in Figure 4(a). The atmospheric 
channel is implemented through 17 evenly distributed phase 
screens, sampled by 512 points with 3 mm sampling 
intervals in each side. The scintillation is calculated by the 
normalized intensity flux variance of a D = 20 mm receiver 
centered on the main lobe intensity peak, and the results are 
shown in Figure 4(b). The minor fluctuations in the curve are 
mainly due to simulation inaccuracies, and it is safe to 
conclude that for truncated Airy beams, the scintillation 
behavior is not affected by the initial velocity control. 

 
Figure 4.  Ati-Airy beams with varied initial velocities. (a) trajectories of 

the main lobe and (b) scintillation measured at the drop point on the 
receiver plane. 
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Figure 5.  Evolution of intensity profiles of an ati-Airy beam (a) without 
obstruction, (b) with the main lobe obstructed at the initial plane and (c) 

with the main lobe obstructed at 10 km. 

B. Self-healing  

Then we look into the self-healing of ati-Airy beams. 
Figure 5 illustrates the self-healing process of ati-Airy beams. 
Figure 5(a) shows an unobstructed ati-Airy beam 
propagating in free space, while in Figure 5(b) the main lobe 
is obstructed in the initial plane, and in Figure 5(c) the 
obstruction in applied in the middle of the path, i.e. 10 km. 
We see that when the main lobe is obstructed in the initial 
plane, it is almost fully recovered at the receiver end. By 
comparison, if the obstruction happens halfway, the 
recovered main lobe seems much weaker in intensity. One 
reason for this is because in halfway the side lobes have 
already dispersed and thus are not able to provide as much 
power flow. The other reason is that the recovery distance in 
the case of Figure 5(c) is shorter than that in Figure 5(b). 
Anyway, in either case the receiver, located at the position 
where the main lobe is supposed to be, is able to detect the 
recovered signal so that the link will not fail. 

Next, we study the scintillation behavior of the ati-Airy 
beams with obstructions located at positions as shown in 
Figure 5(b, c). Nevertheless considering the fact that not all 
obstacles are totally opaque, we introduce the transparency 
of the obstacle as a variable τ, and the shape of the obstacle 
is a rectangle that just covers the main lobe of the Airy beam, 
see Figure 6 for the effect and shape of the obstacle in the 
initial plane. 

We will begin with a 20 km horizontal link then a 20 km 
vertical link. The horizontal atmospheric link parameters for 
simulation are the same as those used in Figure 4(b), only 
that  

 
Figure 6.  Shape and effect of the obstacle at the launching plane with 

transparency (a) τ = 0.3, (b) τ = 0.5, (c) τ = 0.7 and (d) τ = 1. 

the lateral shift is set to be zero. Three different receiver (RX) 
aperture sizes are considered, namely, 20 mm, 50 mm, and 
100 mm, all centered at the intensity peak of the receiving 
main lobe. Simulation results are shown in Figure 7. 

It seems neither the scintillation behavior nor the mean 
SNR is greatly affected, indicating that the self-healing 
process has perfectly counteracted the effects of the obstacle 
obstructing the main lobe in the launching plane. Similar 
results can be seen in Figure 8 in which case the main lobe is 
obstructed at 10 km, i.e. halfway of the path.  

 
Figure 7.  With the main lobe obstructed in the launching plane, aperture-
averaged scintillation and mean SNR of ati-Airy beams as a function of the 
obstacle transparency τ in a 20 km horizontal link with (a, b) 2

nC  = 2×10−17 
and (c, d) 2

nC = 1×10−17. 
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Figure 8.  With the main lobe obstructed at 10 km, aperture-averaged 

scintillation and mean SNR of ati-Airy beams as a function of the obstacle 
transparency τ in a 20 km horizontal link with (a, b) 2

nC  = 2×10−17 and (c, 
d) 2

nC  = 1×10−17. 

Until now we have investigated Airy beams propagating 
along a horizontal path. Taking advantage of the flexibility 
of wave optics simulation, we can further examine the 
performance of Airy beams in turbulent vertical paths. We 
simulated the case of a 20 km vertical turbulence channel 
where the H-V5-7 model [14] is applied with the ground-level 
turbulence set to 2

nC (0) = 1×10−14. To account for the 
altitude dependent 2

nC  profile, 17 nonuniformly distributed 
turbulence phase screens are used for accurate simulation of 
the channel. The obstacle is put at the halfway of the path, i.e. 
10 km, obstructing the main lobe. The results are shown in 
Figure 9, from which we can see that in the uplink, if the 
obstacle is translucent then the scintillation will increase a bit 
but if it is totally opaque, the scintillation even decreases 
compared with the case of no obstacle (τ = 0), and the 
resultant mean SNR can increase by 1 dB. While for the 
downlink, highly opaque obstacles will lead to increase 
scintillation and decreased SNR. 

In general, the self-healing of the ati-Airy beam makes it 
resistant to obstructions in its propagation path, as a result of 
which the reception performance is not heavily degraded. 
This can be explained this way: when the main lobe is 
blocked, the power of the adjacent side lobes begins to flow 
to the vacancy. Note that this self-healing flow of optical 
power comes from a larger area than that occupied by the 
original main lobe, giving rise to some area averaging in 
scintillation. This type of averaging also takes place in the 
propagation of self-focusing beams, such as RPCBs (Radial 
Partially Coherent Beams) [15], working in essentially the 
same mechanism with the well-known aperture averaging 
effect. 

 
Figure 9.  With the main lobe obstructed at 10 km, aperture-averaged 

scintillation and mean SNR of ati-Airy beams as a function of the obstacle 
transparency τ in a 20 km (a, b)uplink and (c, d) downlink. 

As can be seen from the results in this section, the self-
acceleration and self-healing of truncated Airy beams are 
barely affected by the presence of turbulence. Therefore, 
these beneficial properties can be exploited in atmospheric 
free-space laser communication channels. 

IV. CONCLUSION AND FUTURE WORK 

To investigate the feasibility of applying Airy beams in 
FSOC systems, we have firstly compared the diffraction-free 
range of three commonly used truncated Airy beams. With 
the presence of a hard aperture, an ideal Airy beam with no 
additional truncation (i.e., the ati-Airy beam) can propagate 
longer than the exponentially decaying Airy beam and the 
Airy-Gauss beam, making it more preferable for long-
distance FSOC links. Then, the scintillation behavior of ati-
Airy beams is studied when the lateral shift acceleration is 
controlled. It is found that varying the initial velocity will not 
obviously affect the reception quality. Moreover, the area 
scintillation and mean SNR of ati-Airy beams in the presence 
of an obstacle with varying transparency is examined. 
According to the simulation results, if either the main lobe of 
the beam is obstructed in the launching plane or in halfway, 
either in a horizontal or a vertical path, the reception 
performance maintains quite well. This strongly indicates 
that, the self-healing feature of an ati-Airy beam makes it 
resistant to obstacles blocking the propagation path and can 
thus benefit the link robustness a lot.  

In the following research, we will investigate the 
feasibility of applying truncated symmetrical Airy beams in 
long distance free-space laser communications.  
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Abstract—As each optical link carries a huge amount of hybrid 

traffic requests, failure of any link may cause huge data loss. In 

this paper, we mainly discuss the reliable Routing and 

Spectrum Allocation (RSA) problem over network coding 

enabled Elastic Optical Network (EON) for hybrid types of 

traffic requests. As the link fails, a new routing will reconfigure 

to establish the backup-protection connection for the traffic 

request. The nodes capable of network coding over network 

coding enabled EON change the traditional RSA mechanism, 

which makes the routing processes more complex. To address 

this problem, we propose a mathematical model to formulate 

such problem, with the purpose of utilizing the minimal 

spectrum slots to serve the traffic requests. Besides, a heuristic 

algorithm called “Reliable Multipath RSA (RM-RSA)” is 

proposed to solve the model with multipath strategy. For 

different types of traffic requests, unicast or multicast requests, 

RM-RSA could provide different routing strategies. The 

simulation is conducted to verify the efficiency of the proposed 

RM-RSA, as the changes of average number of multicast 

receiver, network size, and number of traffic requests. 

Compared with the benchmark algorithm, the proposed RM-

RSA shows more efficient in the spectrum utilization. 

Keywords-reliable RSA; hybrid services;multipath; network 

coding; EON. 

I.  INTRODUCTION  

The tremendous bandwidth demand triggered by the new 
emerging high bandwidth services over the optical networks 
calls for a flexible and reliable network architecture [1]. Each 
spectrum link carries a large amount of data, and any link 
failure may cause data loss of 1Gb/s or 1 Tbit/s. How to 
guarantee the reliable and efficient transmission of service 
requests becomes urgent to solve, when the network breaks 
down. Network coding has the natural characteristic of 
reliable transmission by encoding and encrypting 
information. Network coding enabled Elastic Optical 
Network (EON) is the ideal support to accommodate the 
hybrid requests in the real optical networks [2][3].  

We review recent research on the area of reliable and 
efficient RSA. A new survivable multipath provisioning 
scheme for unicast services is proposed in EON [4][5]. An 
Integer Linear Programming (ILP) model and a shared 
protection virtual optical network mapping algorithm based 
on different dynamic cost model is also proposed [6]. Single 
transmission type of service is considered in the research of 
reliable Routing and Spectrum Allocation (RSA) above. 
However, various types of services exist in the real optical 
networks. Survivable multipath routing of two types of 

traffic demands, anycast and unicast, is studied in EONs [7]. 
However, none of the research above is to accommodate 
hybrid services reliable and efficient in network coding 
enabled EON. The routing becomes more complex as the 
nodes capable of network coding, and narrow granularity of 
spectrum resource poses more challenge on spectrum 
allocation over network coding enable EON.  

This paper mainly investigates the reliable RSA problem 
over network coding enabled EON for hybrid services. The 
rest of this paper is organized as follows. Section II describes 
the reliable RSA problem and presents the mathematical 
model for the problem. Section III proposes an efficient 
heuristic algorithm to solve the model. Section IV shows the 
simulation results and makes comparisons of the 
performances of different algorithms. Section V concludes 
the paper and presents the future work.  The 
acknowledgement closes the article. 

II. RELIABLE RSA PROBLEM 

Network coding enabled EON could be a strong support 
network to provision the hybrid services of multicast and 
unicast reliable and efficient. This section mainly discusses 
the reliable RSA problem over network coding enabled 
EON. A mathematical model is proposed to formulate the 
problem. Table I shows the parameter definitions of the 
model. The network coding enabled EON is represented 

by ),( EVG . Given a set of hybrid services, multicast 

services   Miii

i

M nRinDsR  ,,,  and unicast 

services   Uiii

i

U nRindsR  ,,, , the object of the 

mathematical model is to accommodate the hybrid services 
in a reliable way with the minimal spectrum resources, 
considering the constraints. 

In the routing stage, the nodes capable of network coding 
change the routing process for multicast service. Compared 
with routing in EON of establishing one end-to-end path for 
each source and destination node pair, at least two link-
disjoint paths should be established from the source node to 
each destination node in multicast group [8]. Figure 1 shows 
the topology of reliable routing for multicast over network 
coding enabled EON, and multipath transmission strategy is 
adopted to accommodate multicast services. For each source 

and destination node pair  kii ds ,, , )2( ww link-disjoint 

parallel paths are established as the working path
kidP

,
, 

representing as the solid lines. Each working path should be 
provided with a link-disjoint backup protection path, 
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representing as the dotted lines.  Note that it has been proved 
that the best spectrum utilization can be realized only as the 
number of link-disjoint parallel paths for each source and 
destination node pair is less than 3 [5]. Thus, w is set as 2 in 

the proposed model. Besides, it is reasonable to limit the 
value of w , so as to establish the network coding based 

multicast tree in the topology. Figure 2 shows the reliable 
routing topology of unicast over network coding enabled 
EON. The unicast service is transmitted through multiple 

paths
idP and 

idP is provided a link-disjoint backup 

protection path set
idP .  

In the spectrum allocation stage, narrow granularity of 
spectrum resources requires spectrum contiguity constraint 
and non-overlapping spectrum constraint. Note that we 
consider the guard band as a default in the spectrum 
requirement of service request, and guard band constraint is 
not constrained in the model. 
 

 
Figure 1. The topology of reliable routing for multicast over network coding 

enabled EON. 

 

 
Figure 2. The topology of reliable routing for unicast over network coding 

enabled EON. 

TABLE I.  THE PARAMETER DEFINATION OF THE MATHEMATICAL 

MODEL 

Parameter Description 

),( EVG  The physical topology of EON. 

V  The node set of EON. 

E  The edge set of EON. 

MnR  The index set of multicast requests. 

UnR  The index set of unicast requests. 

 iii

i

M nDsR ,,
 

The i-th multicast request set.  

 iii

i

U ndsR ,,
 

The i-th unicast request set. 

is  The source node of the i-th request. 

jid ,  The j-th destination node of multicast iD . 

jidP
,

 The working path set from is to jid , . 

jidP
,

 
The backup protection path set 

from is to jid , . 

k

d ji
p

,
 The k-th path in path set. 

 

 Minimize: 
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p
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Equation (1) represents the objective function of the 
mathematical model, aiming to minimize total spectrum slots 
of hybrid services occupied on both working paths and 
backup protection paths. There are some variables needed to 

be defined. Where
f

pO is the boolean variable, and if the f -

th spectrum slot is occupied by path p , 
f

pO =1; otherwise, 

f

pO =0. 
e

p is the boolean variable, and if the link e is used 

by the path p ,
e

p =1; otherwise, 
e

p =0. 
p

i is the boolean 

variable, and if the path p is used to serve the 

reqeust iR ,
p

i =1; otherwise, 
p

i =0. 

 Constraints: 
Equations (2) and (3) ensure the establishment 

constraints of network coding based multicast tree (NCMT) 

for multicast request
i

MR . Note that, the number of link-
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disjoint parallel paths for  jii ds ,, should be less than 3 so as 

to achieve the most optimal resource utilization [5]. The 
number of multiple link-disjoint parallel paths w is set to 2 in 

this paper, represented as (2).  

                     M

PPp

p

i nRiw

jidjid




,

,,
,

                    (2) 

  EePPpp
jijinm ddnm

e

p

e

p  ,,,0
,,

   (3) 

Equations (4) and (5) ensure the routing constraints for 

unicast request
i

UR , and the source node and destination 

node is connected with w link-disjoint paths. Here, w is set 

to 2.  

                          U

PPp

p

i nRiw

idid




,
,

                    (4) 

     EePPpp
iinm ddnm

e

p

e

p  ,,,0     (5) 

Equations (6) and (7) ensure that the spectrum contiguity 
constraint [4] on the working paths and backup protection 
paths for the multicast and unicast requests, respectively. 
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Equations (8) and (9) ensure the non-overlapping 
spectrum constraint [4] on the working paths and backup 
protection paths for the multicast requests and the unicast 

requests, respectively. Where
f

p is the boolean parameter, 

and if the f -th spectrum slot is occupied on every link of 

path p ,
f

p =1; otherwise, 
f

p =0. 
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k

d

f

p

f

p
DjPPpfO

jijiji
k

jid

k
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,,,
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k
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f

p

f

p
PPpfO ,,,0                 (9) 

       As we research some related references, most 
mathematic models of RSA problem are formulated over the 
EON [4][7]. A new survivable multipath provisioning 
scheme is proposed and an ILP model is developed for the 
scheme in [7]. However, the proposed model just considers 
one type of service, unicast. Although an ILP model of 
survivable multipath routing is proposed for hybrid services 
of anycast and unicast traffic, multicast services are not 
served over the EON. Due to that the routing process is quite 
different in network coding enabled EON, as demonstrated 
in Equations (2)-(5), these models can not be applied into our 
problems. Although the model of hybrid services efficient 
provision problem in [2] is proposed in network coding 
enabled EON, reliable connection is not guaranteed as link 

failure occurs. In our proposed model, reliable of RSA over 
network coding enabled EON is formulated for hybrid 
services of unicast and multicast services. 

III. PROPOSED ALGORITHMS 

A. Reliable Multipath RSA 

Due to that the mathematical model is not efficient to 
solve the reliable RSA in large networks, an efficient 
heuristic algorithm, called “Reliable Multipath Routing and 
Spectrum Allocation (RM-RSA)”, is proposed. The detailed 
procedures of RM-RSA are shown below. 

Step 1: To initialize the NCMT set
i

NCMTT , the backup 

protected NCMT set
i

NCMTT  for multicast service
i

MR , unicast 

routing set
i

UT , backup protected unicast routing set
i

UT  for 

unicast service
i

UR , layered graph set ),( ppp EVU , and 

total occupied spectrum slots Nfstotal . 

Step 2: According to transmission types of unicast or 

multicast, clarifying the hybrid services into U

i

U nRiR ,  

and M

i

M nRiR , ; 

Step 3: Adopting multicast priority strategy, to process 
the service request one by one; 

Step 4: Subject to the spectrum contiguity constraint of 
(6), and non-overlapping spectrum constraint of (8), adopting 

the layered graph approach [9] to establish ),( ppp EVU , 

which meets with the spectrum requirement of
i

MR ; 

Step 5: Based on ),( ppp EVU obtained in Step 4, 

utilizing the Warshall-Floyd algorithm [10] to establish 
w(w=2) link-disjoint parallel paths for 

each  jii ds ,, of
i

MR as the working paths, subject to the 

constraints of (2) and (3); 
Step 6: To mark the usage status of occupied spectrum 

slots in B0 as used, and set the weight of occupied link as 
Inf; 

Step 7: To establish the backup protection structure of 

each working path for each  jii ds ,, of
i

MR as Step 5, and set 

the spectrum usage status in B0 as reserved; 
Step 8: To calculate total occupied number of spectrum 

slots saved as Nfstotal , and initialize the weight matrix 

of  EVG , ; 

Step 9: Repeating from Step 4 to Step 8, establishing the 
reliable NCMT until all the destination 

nodes jid , ,  iDj ,1 are connected to is ;  

Step 10: To save the established NCMT as
i

NCMTT and 

backup protected NCMT as
i

NCMTT  and calculate total 

spectrum utilization saved as Nfstotal ; 
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Step 11: Repeat from Step 4 to Step 10, until 

all M

i

M nRiR , are processed; 

Step 12: Subject to the spectrum contiguity constraint of 
(7), and non-overlapping spectrum constraint of (9), adopting 

the layered graph approach [9] to establish ),( ppp EVU , 

which meets with the spectrum requirement of
i

UR ; 

Step 13: Based on the obtained ),( ppp EVU in Step 12, 

utilizing the Warshall-Floyd algorithm [10] to establish 

w(w=2) link-disjoint parallel paths for  ii ds , of
i

UR as the 

working paths, subject to the constraints of (4) and (5); 
Step 14: To mark the usage status of occupied spectrum 

slots in B0 as used, and set the weight of occupied link as 
Inf; 

Step 15: To establish the backup protection path for the 

working path of  ii ds ,  according to the method in Step 13; 

Step 16: To calculate total occupied number of spectrum 

slots saved as Nfstotal , and initialize the weight matrix 

of  EVG , ; 

Step 17: To obtain
i

UT and backup protected 

structure
i

UT  and calculate total spectrum utilization saved 

as Nfstotal ; 

Step 18: Repeat from Step 12 to Step 17, until 

all U

i

U nRiR , are processed; 

IV. SIMMULATION RESULTS 

In this section, we conducted simulations to evaluate the 
performance of the proposed algorithms. Two commonly 
used algorithms select as the benchmark algorithms, which 
are K shortest paths-first fit algorithm (KSP-FF) and K 
shortest paths-random fit (KSP-RF). Note that, we 
considered the reliable routing path for each working path, 
and the benchmark algorithms become Reliable-KSP-FF 
(RKSP-FF) and Reliable-KSP-RF (RKSP-RF).  

We use the tools of MATLAB to realize the simulation. 
The spectrum resources over the network coding enabled 
EON are deployed on the C band, and the total capacity of 
spectrum link is 4.475THz. The spectrum granularity is 
assumed as 12.5GHz, and the corresponding number of 
spectrum slots on each spectrum link provides 358 at most. 
The index number of source and destination nodes are 

random selected in the range of ],1[ N . The number of 

parallel link-disjoint paths are set as 2. The total occupied 

number of spectrum slots Nfstotal consider as only 

parameter to evaluate the spectrum utilization of the 
proposed algorithm. The performance of the proposed 
algorithm is evaluated in the test networks of random 
networks. The impacts of different parameters of average 
receiver number, network size, and number of hybrid 
requests are evaluated on the performance of the proposed 
algorithm in the following. Besides, as serving multicast 

requests, the performances of the proposed algorithm 
considering network coding or not are compared.  

A. Impact of average receiver number 

Figures 3 and 4 show that RM-RSA consumes the least 
number of spectrum slots to accommodate the hybrid 
services of same scale and different scales among other 
benchmark algorithms, respectively. As the average receiver 
number (nD) increases, RM-RSA considering network 
coding outperforms RM-RSA in the performance of 
spectrum utilization, and the average spectrum utilization is 
improved by about 9.8%. This is reasonable because under 
the layered graph approach, spectrum allocation considers 
firstly, and routing is established based on a set of layered 
graph meeting with the spectrum requirement.  Besides, 
network coding could also improve the spectrum utilization 
of link. 

 

    
Figure 3. As serving same scale of hybrid requests in the random networks 

of (a) n=200; (b) n=400, the impact of nD on the spectrum utilization of 
RM-RSA.  

   
Figure 4. As serving different scales of hybrid requests in the random 
networks of (a) n=200; (b) n=400, the impact of nD on the spectrum 

utilization of RM-RSA. 

B. Impact of network size 

As the random network size n increases, the proposed 
algorithm RM-RSA shows the best spectrum utilization 
performance among other benchmark algorithms in both 
random networks of small size and large size shown in 
Figures 5 and 6. As serving same scale of hybrid services, 
RM-RSA reduces the average spectrum resources 
consumption by about 29.64% among other benchmark 
algorithms. Moreover, RM-RSA shows more efficient, 
especially in large random networks than in small random 
networks.  
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Figure 5. As serving same scale of hybrid requests in the random networks 

of (a) small size; (b) large size, the impact of n on the spectrum utilization of 
RM-RSA. 

 

 
Figure 6. As serving different scales of hybrid requests in the random 

networks of (a) small size; (b) large size, the impact of n on the spectrum 
utilization of RM-RSA. 

 

 
Figure 7. As serving same scale of hybrid requests in the random networks 

of (a) n=200; (b) n=400, the impact of nR on the spectrum utilization of 
RM-RSA. 

 

   
Figure 8. As serving different scales of hybrid requests in the random 
networks of (a) n=200; (b) n=400, the impact of nR on the spectrum 

utilization of RM-RSA. 

C. Impact of number of hybrid requests 

As the number of hybrid requests increases, RM shows 
the best spectrum utilization among other algorithms in both 
random networks in Figures 7 and 8. Note that, the 
simulation results above are obtained under the specific 
simulation conditions, as serving the limited size of hybrid 
requests. 

V. CONCLUSION AND FUTURE WORK 

      In this paper, we mainly investigate reliable multipath 

RSA for hybrid services of unicast and multicast over 

network coding enabled EON. We formulate a mathematical 

model and propose an efficient heuristic algorithm “Reliable 

Multipath RSA (RM-RSA)”. Simulation results show that 

the proposed algorithm RM-RSA shows the best spectrum 

utilization among other benchmark algorithms in random 

networks, as different parameters of average receiver 

number, network size, and number of hybrid requests 

change. A large number of simulations need to evaluate the 

impact of large-scale request services on the performance of 

the algorithm in the future work. Due to that free space 

optical (FSO) communication networks have high 

requirement for reliable transmission, the application of the 

proposed scheme into the FSO can be a good choice. 
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Abstract—Effective integration of high speed, power efficient, 

compact and reliable free space optical communication 

terminals with small satellite platforms can pave the way to 

satellite constellations telecommunication networks. This paper 

will discuss the current architecture limitations that prevent 

the integration, and the critical technologies to be addressed 

for the realization of these systems, including compact wide 

field of view optical antenna, Micro-Electromechanical System 

(MEMS) gimbal-less fast acquisition and tracking mechanism, 

spatial diversity and beam shaping techniques for atmospheric 

channel. This development would explore the landscape of 

miniaturized high capacity rugged free space optical 

communication systems for future space networks. 

Keywords-free space optical communication; small satellties, 

CubeSats; optical antenna; MEMS; beam steering; acquisition, 

tracking and pointing; spatial diversity; beam shaping. 

I.  INTRODUCTION  

The rapid growth of satellite constellations, enabled by 
the increasing availability of small-sized and low-cost 
satellites such as Low Earth Orbit (LEO) Cubesats, can 
provide global real-time remote sensing and communication 
network [1]. Data-intensive satellite sensors produce a large 
amount of information to be transmitted to the ground in a 
short time, which requires high-capacity communications. 
Information security is also becoming an urgent issue in 
satellite constellations, because the amount of critical and 
valuable data to be communicated is increasing. Tiny 
satellites such as nanosats and small microsats may lack the 
power supply or mass for large conventional radio 
transponders. Small satellite applications are constrained by 
their ability to provide high bandwidth secured data 
communications for highly capable payloads [2]. 

Free Space Optical Communications (FSO) have evolved 
as a promising alternative for high-capacity data links from 
space, due to the high gain of a narrow beam, ultralow inter-
channel interference and featuring smaller and lighter 
terminals [3]. Moreover, FSO communications integrated 
with a quantum receiver, provide a requisite platform for 
intrinsically hack-proof secure communication, known as 
Quantum Key Distribution (QKD) [4]. Free Space Optical 
Communications can enable high speed multi-access space 
networks [5] to spread across previously inaccessible 
platforms including satellite-to-satellite crosslinks, up-and-
down links between space platforms and aircraft, ships, 
among mobile and stationary terminals, and other ground 
platforms. Figure 1 shows Free Space Optical 
Communication Network [6]. 

 

Figure 1.  Free Space Optical Communication Network. 

 

Figure 2.  Atmospheric effects on Free Space Optical Communications. 

However, traditional FSO system using large size 
telescope with narrow Field of View (FOV), and power 
consuming gimbal based Acquisition, Tracking and Pointing 
(ATP) mechanism [7], cannot meet the requirements of cost 
and Size, Weight, and Power (SWaP) in nanosatellite 
applications. Furthermore, atmospheric turbulence induced 
effects such as scintillations, beam wander and beam jittering 
can degrade free space optical communication link 
performance [8][9]. Figure 2 shows atmospheric effects on 
Free Space Optical Communications [6].  

The effective integration of high speed, power efficient, 
compact and reliable free space optical communication 
terminals with small satellite platforms can pave the way to 
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satellite constellations telecommunication networks. This 
paper will discuss the current architecture limitations that 
prevent the integration of laser communication terminals 
onboard small space platforms, and explore the critical 
technologies to be addressed for the realization of these 
systems.  We will discuss compact wide field of view optical 
antenna [10] in Section II, and MEMS gimbal-less 
retroreflective acquisition and tracking mechanism [11] in 
Section III. Section IV presents spatial diversity and beam 
shaping techniques [12] for atmospheric channel. 
Fundamental limits of performance and design 
methodologies for promising future research and 
development will be given. These technologies would help 
explore the landscape of miniaturized high capacity rugged 
free space optical communication systems for the 
development of future satellites networks. 

II. WIDE FIELD OF VIEW OPTICAL ANTENNA  

In traditional FSO communication systems, several types 
of telescopes have been utilized at the front-end of optical 
antenna, such as Galileo telescopes and Cassegrain 
telescopes. Schmidt-Cassegrain telescopes are the most 
popular types of telescopes that eliminate the spherical 
aberration and compensate for high-order aberration such as 
coma and astigmatism. It has a slight light loss due to the 
secondary mirror obstruction compared to refractors. A 
compact optical antenna using off-axis free form surface 
triple mirrors [13] was developed to eliminate the obstruction 
for a high speed laser communication system.  

However, the narrow FOV of optical antenna is the 
inherent characteristic that makes it difficult to maintain the 
Line-Of-Sight (LOS) links for FSO communications. A 
compact bidirectional adaptive optical receiver with a wide- 
angle tracking and adaptive compensation can improve the 
concentration of laser beam energy and reduce signal fading. 
Design of a compact adaptive optical receiver utilized fiber-
tip positioning systems and piezoelectric bimorph adaptive 
mirrors for beam steering and low-order wavefront control 
[14]. In order to observe a large FOV and acquire a wide 
spatial acquisition range, a correction procedure can be 
developed [7] from a wide FOV lens imaging model to a 
pinhole imaging model and used a fisheye lens in a coarse 
pointing system [15]. In addition, multiple-aperture imaging 
systems, beam divergence changing mechanisms and an 

optical phased array receiver can be investigated to improve 
the optical antenna [16] field-of-view for FSO  
communications. 

Figure 3 shows wide field of view optical antennas for 
free space optical communications [17]. A wide FOV 
antenna can be achieved by using a single-element fisheye 
lens group to collect the wide field beam, and a steering 
mirror to couple the beam into a multi-mode fiber [10]. The 
inherent motion environment demands on the accuracy of a 
tracking mechanical coupling system. Another method to 
improve the FOV and eliminate the tracking mechanism is to 
use angle diversity receiver, where an array of narrow-FOV 
non-imaging receiver elements are oriented along different 
directions to cover a wide FOV. Diversity schemes such as 
select-best, equal gain combining [18], and maximal-ratio 
combining [19] can be employed to improve the received 
Signal-to-Noise Ratio (SNR) performance. However, 
implementation of angle diversity using a separate optical 
receiver for each directional element is excessively bulky 
and costly. A fly-eye imaging diversity receiver [20], which 
consists of a single imaging optical concentrator that forms 
an image of the received light from different directions on a 
separating element of detector array. Imaging receivers and 
multi-beam transmitters [21] can reduce the required 
transmitter power. Moreover, when the multiple beams from 
multiple receiver elements are spatially separated and 
independently combined, the effects of intensity fluctuation 
average out to reduce the probability of signal fades.  

An off-axis catadioptric fisheye wide FOV optical 
antenna for FSO communications [10] is shown in Figure 4. 
The optical antenna consists of a fisheye lens group and a 
catadioptric telescope with off-axis aspheric surface mirrors. 
The optical device elements are numerically analyzed and 
optimally designed so that the receiver structure can make a 
positive contribution in enlarging the FOV and reducing 
optical aberrations. In order to correct the incident beam 
translation and compensate the beam wandering or beam 
jittering effects, a double-level tracking mechanism is 
incorporated into the optical antenna. The purpose of this 
optical antenna is to provide a 60-degree wide field of view 
to expand the tracking range, and mitigate optical aberrations 
to improve the tracking accuracy for FSO systems [10]. 
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Figure 3.  Wide field-of-view optical antennas for free space optical communications [17]. 
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III. MEMS GIMBALESS ACQUISITION AND TRACKING  

Free space optical communication system usually 
employs an ATP mechanism to point the receiver’s narrow 
field of view at the small divergence beam [7]. ATP system, 
consisting of a coarse pointing system, a fine pointing 
system, and a point-ahead system, has already been 
incorporated into a satellite terminal to compensate for the 
LOS error and dynamic disturbance [5]. However, traditional 
ATP systems have large size, high power consumption and 
high cost. The complex coarse pointing system increases 
weight and volume of optical antenna and reduces tracking 
efficiency. This approach is impractical for small satellite 
applications requiring small size and low weight. Thus, a 
compact and power efficient gimbal-less acquisition and 
tracking mechanism should be developed for small satellite 
platforms. 

 

Figure 4.  Off-axis Catadioptric Wide field-of-view optical antenna  

For acquisition and tracking mechanism, beam steering 
can be accomplished by changing the refractive index of the 
medium through which the beam is transmitted or by the use 
of mirrors, prisms, lenses, or rotating diffraction gratings 
[22]. Optical beam steering approaches include mechanical 
mirror-based gimbals, GM mechanisms that rotate mirrors, 
Risley prisms, phased-array diffraction optics, and Micro-
Electromechanical System (MEMS) using micro-mirrors 
[23]. Conventional mechanical Fast Steering Mirrors (FSMs) 
using voice coils have large mirrors (25mm) with large 
moving masses and high power (10W) consumption, which 
make them more susceptible to shock and vibration. 
Piezoelectric mirrors offer sufficient steering range (50 mrad) 
and resolution (5 urad), but piezoelectric actuation exhibits 
strong nonlinearity and hysteresis which require the use of a 
complex and large size controller. Galvanometer 
Mechanisms (GM) have the small size, low cost and large 
steerable angle (~40 degree), but at the cost of low steering 
speed (~60 Hz) and high-power consumption (~W). MEMS-
based beam steering  are much speedier (~kHz), more 
precise and reliable, and requires a lower power (~mW). 
Though MEMS beam steering are restricted to small mirrors 
(1-8mm) or a smaller coverage cone (~10 degree) [23]. We 

can use a beam expander to adjust beam size or a wide angle 
field fisheye lens to magnify the optical scan-angles  [10]. As 
a promising beam steering approach within the SWaP 
constraints, gimbal-less MEMS-based beam acquisition and 
tracking mechanism can be developed for flexible FSO 
satellite network. 

 

Figure 5.  Experiment Setup of 2D MEMS beam steering mechanism to 

switch Free Space Optical Communication links [11] 

For reconfigurable FSO links, we need a beam 
acquisition and tracking mechanism that can automatically 
search for the target receiver position quickly, point the beam 
from transmitter to receiver aperture, and track the center of 
aperture precisely. Traditional acquisition and tracking using 
mechanical mirror-based gimbals and electrical feedback 
signals from the receiver would be lengthy. In addition, a 
single FSO device assembly, including beam steering and 
alignment machinery, should have high efficiency in terms 
of size, cost and power consumption [22]. For this reason, 
we proposed a separate visible laser beacon based tracking 
system that integrated a 2D gimbal-less MEMS mirror with 
retroreflective optics [22]. This system uses a high sensitive 
photodetector at the transmitter to detect the reflective light 
from retroreflective tags placed around the receiver apertures. 
This concept  [22] was recently demonstrated for a MEMS 
beam steerable FSO link working at a data rate above 10 
Gb/s  [24] with a field-of-view (FOV) of ±4.2◦. Experiment 
setup of gimbal-less MEMS beam acquisition and tracking 
mechanism to switch Free Space Optical Communication 
links for a flexible wireless data center inter-rack network is 
shown in Figure 5. 

With the initial target location, MEMS beam acquisition 
mechanism auto-search for the target around the initial 
location within the beam steering angle range. According to 
various distance and angular directions of retroreflective 
receiver aperture, we develop intelligent MEMS scanning 
patterns for beam acquisition and tracking mechanism [11]. 
The adaptive beam acquisition patterns and tracking 
algorithm parameters are optimized in term of the acquisition 
time, searching efficiency and tracking accuracy.  
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Figure 6.  Beam acquisition and tracking position accuracy of MEMS 

switchable FSO system as function of scan angle [22]. 

 
Figure 7.  BER performance as function of tracking angle for the fixed 

FSO link and the MEMS tracking FSO at 10Gbps [22]. 

An adaptive scan pattern is performed for intelligent 
acquisition and tracking system, to search and identify the 
retro-reflective receiver aperture at arbitrary positions within 
the scanning range of the MEMS mirror [22]. As hitting a 
retro-reflector, a strong signal peak is detected and 
associated to the MEMS mirror position. The estimated 
positions of the retro-reflectors are used as initial values of 
the reference positions for the line of sight alignment of 
tracking system [11]. For this experiment, we enhance the 
distance from MEMS transmitter to retroreflective receiver 
by using adaptive threshold detection and intelligent 
acquisition tracking patterns, and improving optical power 
coupling efficiency. When the retroreflective receiver 
aperture is moved along a linear transition direction at 
various distance, beam acquisition and tracking positions and 
response times are recorded in order to characterize MEMS 
tracking system with respect to acquisition accuracy and 
tracking latency. Figure 6 and Figure 7 show tracking 
position accuracy and BER performance of MEMS beam 
switchable FSO at 10 Gbps, respectively. 

Design and implement of an agile reconfigurable 
bidirectional 10Gbps FSO system incorporated with 
intelligent beam acquisition and tracking mechanism is built 
based on gimbal-less two-axis MEMS micro-mirror and 
retro-reflective optics [22]. The gimbal-less MEMS 
reconfigurable FSO links with intelligent adaptive 
acquisition and tracking are evaluated over various distances 
and directions to improve the acquisition latency and 
tracking accuracy [11]. Optical power loss and bit error rate 
of reconfigurable 10Gbps FSO links with mobility are 
evaluated over a short distance. The long distance FSO 
system can be achieved by using high power lasers such a s 
MOPA and EDFA, high sensitive photodetectors of APD 
single photon detectors and high gain wide field-of-view 
optical antennas. Further research work will focus on long 
distance bidirectional reconfigurable free space optical 
communication links using advanced MEMS adaptive 
acquisition and tracking to address environment effects such 
as LOS blockages, vibrations and intensity fluctuations.  

IV. SPATIAL DIVERSITY AND BEAM SHAPING   

Intensity fluctuations or scintillation of laser beam 
propagation through atmospheric turbulence will degrade the 
BER performance and channel capacity of free space optical 
communications between satellites and ground platforms. In 
order to improve communication performance, scintillations 
can be mitigated by means of spatial diversity using multiple 
transmitted beams and multiple receivers [25], reducing 
spatial coherence of the transmitted beam [26] and advance 
beam shaping techniques. 

A. Spatial diversity and Spatial coherence 

Spatial diversity using multiple transmitted beams and 
multiple receivers can also be employed to reduce 
scintillation and ultimately improve FSO channel capacity. It 
has been shown that the scintillation of a beam array can be 
reduced by carefully adjusting the spatial separation of 
beamlets [25][27]. However, scintillation of a beam array 
will increase significantly if the spatial separation of 
beamlets is smaller than the correlated length. In addition, 
the received energy from the beam arrays is low unless the 
constituent beamlets are inclined to overlap at the receiver 
aperture, which is difficult to achieve over long propagation 
distances. The use of multiple transmitters and receivers has 
also been suggested for use in Multiple-Input–Multiple-
Output (MIMO) configurations [27]. 

Partially coherent beams with reduced spatial coherence 
show lower scintillation at the cost of larger divergence 
angle and lower average received power. Partially coherent 
beams have a lower scintillation than fully coherent beams. 
However, a partially coherent beam has a larger beam 
spreading and forms a large spot in the receiver aperture, 
which leads to a loss of the transmitted energy being 
received by the detector. By optimizing the spatial coherence 
length, the improvement in scintillation reduction can 
overcome the penalty of power reduction and significant 
signal-to-noise ratio gains can be obtained in weak 
atmospheric turbulence [28]. 
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Figure 8.  BER performance of MIMO free space optical communications 

in atmospheric turbulence [17]. 

 

Figure 9.  Channel capacity of MIMO free space optical communications 

using multiple partially coherent beams [12]. 

However, MIMO FSO links studied so far employ the 
fully coherent beams whose spatial correlated length is large 
and the induced scintillation is strong. The mutually 
independent MIMO branches require a relatively larger 
separation between the transmitter and receiver apertures 
than the correlated length. Partially coherent beams with 
shorter spatial coherence lengths can help reduce the 
scintillation and correlation length in strong turbulence, and 
eventually reduce the required separation space between 
independent apertures [12]. Thus, we proposed to develop 
MIMO FSO links whose spatially separated beamlets can 
have lower spatial coherence lengths that lead to reduced 
scintillation and smaller separation between transmitter and 
receiver apertures [12]. BER performance of MIMO FSO 
links in non-Kolmogorov moderate to strong turbulence was 
evaluated in Figure 8, and the effect of spatial coherence 
length of partially coherent beams on capacity of MIMO 
FSO links  [12] was analyzed in Figure 9. The approach that 
incorporates partially coherent beams into the MIMO FSO 
links could reduce scintillations and correlation length and to 
improve average channel capacity in weak-media 

atmospheric turbulence. In strong turbulence, large scale size 
of turbulent eddy will become shorter than the spatial 
coherence length, which lead to the increasing large-scale 
log-irradiance variance and the decreasing average capacity. 

B. Beam shaping and Airy beams 

Beam shaping is the process of redistributing the 
irradiance and phase of a beam of optical radiation. The 
beam shapes is defined by the irradiance distribution and the 
phase of the shaped beam is a major factor in determining 
the unique propagation properties of the specific beam 
profiles, such as Bessel beams, Laguerre beams, Vortex 
beams and Airy breams. Airy beams exhibit non-diffraction 
property that can propagate over many Rayleigh lengths 
without any appreciable change in intensity profiles [29]. 
Moreover, Airy beams resist diffraction while their main 
intensity maxima or lobes tend to transversely accelerate 
during propagation along parabolic trajectories in free space. 
The self-bending behavior persists over long distances, 
although the center of gravity of these wave packets remains 
constant and diffraction eventually takes over. It is also 
shown that Airy beams have the self-healing properties and 
can self-reconstruct after propagating through obstacles and 
retain their intensity profiles under turbulent conditions [30]. 
Therefore, the non-spreading, self-bending and self-healing 
properties of Airy beams can make them serve as robust 
propagation beams resilient against atmospheric turbulence.  

 

Figure 10.  Self-healing of Airy beam propagation through obstructions. 

The irradiance and phase distribution of Airy beam are 
controlled and generated by using a Spatial Light Modulator 
(SLM) or a hologram phase screen. The SLM is displayed by 
the Airy beam hologram that consists of the superposition of 
a 2D phase mask and a diffraction grating. The first order of 
diffraction is then Fourier transformed using a lens to 
generate Airy beams. The generated amplitude and phase 
distribution of Airy beam determine the self-bending and 
self-healing propagation properties through free space, 
scattering media and turbulent media as shown in Figure 10. 
The performance optimization as a function of beam 
parameters such as coherence length, characteristic length, 
aperture coefficient and deflection coefficient can be 
explored to mitigate intensity fluctuation and improve free 
space optical communication performance. 
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V. CONCLUSION AND FUTURE WORK 

The effective integration of high speed, power efficient, 
compact and reliable free space optical communication 
terminals with small satellite platforms can pave the way to 
satellite constellations telecommunication networks. This 
paper discussed the current architecture limitations and 
explore the critical technologies, such as compact wide field 
of view optical antenna, MEMS gimbal-less retroreflective 
acquisition and tracking mechanism, spatial diversity and 
beam shaping techniques for atmospheric channel. Further 
research will focus on long distance MEMS reconfigurable 
free space optical communication to address environment 
effects such as LOS blockages and intensity fluctuations. 
These technologies would help explore the landscape of 
miniaturized high capacity rugged free space optical 
communication systems for future satellites networks. 
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