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A Short Overview on 5G and SONs
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⌘ 5G Use-Cases
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A Short Overview on 5G and SONs

◦ Densification & Massive MIMO

◦ Full Duplex Transmissions

◦ mmWave Communications

◦ D2D Communications

◦ (Re)Programmable Infrastructure: SDN, NFV & Slicing

◦ Self-Organized Networks

5

⌘ 5G Enabling Technologies
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A Short Overview on 5G and SONs

- Legacy networks are mostly centralized !
- A connection density of 1M/Km2 is expected for 5G and beyond!
- Computer networks and Telecom networks convergence
è High number of heterogeneous technologies co-exist!
- Data Tsunami:

+ Social networks generate tremendous traffic
+ New content classes (mobile video is the 4G killer APP)
+ New services (AR/VR, IoT, URLLC, …)

Dimension curse è Scalability !

Need to distribute decision-making among network entities !!

Operators won't be happy… who cares !!6

⌘ The need to decentralize decision-making
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A Short Overview on 5G and SONs

◦ Fully intelligent networks could be built

◦ Scalable systems 

◦ Seamless access and ubiquitous connectivity: plug-&-play fashion!

◦ No more (heavy) signaling

◦ Efficient spectrum/resource usage/sharing

◦ Etc.

7

⌘ Some benefits of decentralizing decision-making



Wireless AI2
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Wireless AI

Intelligence is the ability to learn, understand, and make judgments or have 

opinions that are based on reason (Cambridge dictionary)

Artificial Intelligence is the study of how to produce machines that have some 
of the qualities that the human mind has, such as the ability to understand

language, recognize pictures, solve problems, and learn (Cambridge dictionary)

Wireless Artificial Intelligence is a “new” paradigm suggesting to bring AI in 

wireless networking
9

⌘ Some Definitions
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Wireless AI

10

⌘ Gartner's Top 10 Strategic Technology Trends for 2020

Courtesy: Gartner
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Wireless AI

11

⌘ Gartner Hype Cycle for AI 2020

‘‘AI is starting to deliver on its potential 
and its benefits for businesses are 

becoming a reality’’

Courtesy: Gartner
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Wireless AI

12

⌘ AI Foundation

Courtesy: Gartner



Es
sa
id
Sa
bi
r

Le
ar

n 
to

 S
at

is
fy

 ! 
LA

TE
C

E 
Se

m
in

ar
s

Wireless AI
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⌘ Wireless AI: The Full Picture
SUBMITTEED TO IEEE COMMUNICATIONS MAGAZINE, VOL. XX, NO. X, 20XX 4

Fig. 2. The vision of 6G.

will see self-regulating societies of mobile radios for fair as well as efficient coexistence and facilitate seamless

mobile convergence across LTE, Wi-Fi and other networks.

Apart from these, 6G will utilize smart structures to provide an additional degree of freedom (DoF) to improve

the wireless links, delivering an unprecedented capacity. In the large scale, smart reflective surfaces will be

installed in buildings [3]. The smart surfaces will effectively increase the antenna aperture to collect as much radio

signals as possible that had not been possible before for improving the energy and spectral efficiency of wireless

communications. In the smaller scale, 6G will also see flexible and dynamic antenna structure possible at UEs. Early

results on fluid antennas in [4] revealed a whole new possibility for designing wireless communications systems.

Also, metamaterial-based antennas may also be implemented to make even more compact wideband antennas.

There is also glimpse of successes in other emerging areas which are not yet making much of an impact in

5G but could become reality in 6G, including wireless power transfer (WPT) and RF energy harvesting, optical
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Wireless AI

14

⌘ Wireless AI Key Enablers

Mobile Big
Data

Intelligent 
Algorithms

Intelligent 
Architecture

Wireless 

AI
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Wireless AI

◦ Issues related to the architecture : environment, target application, time scale, 
federation/coordination (if any), etc.

◦ Issues related to the learning algorithm : convergence, accuracy, 

recoverability, scalability, robustness against uncertainty, etc.

◦ Issues related to Data : availability, heterogeneity, quality/correctness, 

freshness, etc.

◦ Issues related to learning automata : role, rationality, Human Vs Machine (AV), 

selfishness, incentive, cheating, etc.

15

⌘ Design Considerations & Issues
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Wireless AI

◦ Loss of control over machines

◦ Paradoxical situations (desirable ?!) 
◦ Aggressive behaviour (e.g., transmit rate, transmit power, etc.)
◦ Abuse of power/hierarchy
◦ Information manipulation
◦ Loss of efficiency (how much ?)
◦ Etc.

16

⌘ Side Effects

The Red 

Circle is 

False

The Blue Circle is True
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⌘ Routing Game (example)

What is the equilibrium traffic flow on each route?

Start End

City A

City B

Route 1

Route 2

X = n/100

1-x1

1

Wireless AI

100 cars

Travel time : 1,5 H
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A free Highway as a present for Thanksgiving!

18

⌘ Routing Game: Braess Paradox

Start End

City A

City B

What is the new equilibrium traffic flow on each route?

1

1x

y

0

Wireless AI

Travel time : 2 H !!
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Introduced by Pr. Dietrich Braess (1968)

New York (New York Times, December 25th, 1990)

Similar observation in Boston, London, Stuttgart, Seoul, San Diego, etc.
19

⌘ Braess Paradox: True Story

Wireless AI
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◦ Random access

◦ Power control

◦ Information game (e.g., Fake News)

◦ Social Networking: More is Less!

◦ The removal of one player can sometimes improve a team’s performance: 

Less is Better!

◦ etc.

20

⌘ Braess Paradox: Some Identified Examples in Networking

Wireless AI



Satisfaction Equilibrium3
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Satisfaction Equilibrium

A non-cooperative game is defined by the following:

▷ A set of players N = {1,...,n}

▷ A set of actions Ai = {a1,1, a1,2, … , a1,ni } for each player i

▷ The decision-making sequence

▷ A utility function Ui (function of made decisions) for each player i

▷ The information available to each player. It can be 

perfect/imperfect and/or complete/incomplete

22

⌘ Non-Cooperative Game
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Satisfaction Equilibrium

Definition. A a Nash equilibrium is a strategy profile where no player has 
incentive to unilaterally change his strategy.

Theorem 1 (John F. Nash). Every finite game has a mixed strategy Nash 
equilibrium.

Theorem 2 (Debreu, Glicksberg, Fan). Consider a strategic form game such 
that for each player
① the strategy space is compact and convex; 
② the utility function Ui(si, s-i) is continuous in si; 
③ Ui(si, s-i) is continuous and quasi-concave in si ,
è Then a pure strategy Nash equilibrium exists.

23

⌘ Non-Cooperative Game: Nash Equilibrium
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Satisfaction Equilibrium

Consider the game . 

Definition. A strategy profile P+ is a satisfaction equilibrium of the game    , if

Where  fi(.) is a correspondence function providing a subset of strategies 

yielding a utility higher than the demand.

24

⌘ Non-Cooperative Game: Satisfaction Equilibrium
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Satisfaction Equilibrium

Consider the following prisoners dilemma game:

25

⌘ Non-Cooperative Game: Satisfaction Equilibrium

Bob

Al
ic

e

Bob

Al
ic

e

OK if arrested a 
duration less than or 
equal 5 years !

A unique NE !
è (C, C) with payoffs (-5, -5)

Two SE(NE) !
è (C, C) with payoffs (-5, -5)

&
è (D, D) with payoffs (-1, -1)



Satisfaction Games in Wireless Networks4
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Some Satisfaction Games in Wireless Networks
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⌘ Satisfactory Slotted Aloha for IoT standard (LoRa, Sigfox, etc.)

E. Sabir, Rachid EL-Azouzi, Kavitha Verraruna, Yezekael Hayel, El-Houssine Bouyakhf, ‘‘Constrained Nash Equilibrium Throughput in Non-
Saturated Wireless Collision Channel’’. ACM Valuetools 2009.
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SMART URBAN MOBILITY: WHEN MOBILITY SYSTEMS MEET SMART DATA 1

Smart Urban Mobility: When Mobility Systems
Meet Smart Data

Zineb Mahrez, Student, IEEE, Essaid Sabir, Senior, IEEE, Elarbi Badidi, Member, IEEE, Walid
Saad, Fellow, IEEE, and Mohamed Sadik, Member, IEEE

Abstract—Cities around the world are expanding dramatically,
with urban population growth reaching nearly 2.5 billion people
in urban areas and road traffic growth exceeding 1.2 billion
cars by 2050. The economic contribution of the transport sector
represents 5% of the GDP in Europe and costs an average of
US $482.05 billion in the United States. These figures indicate
the rapid rise of industrial cities and the urgent need to move
from traditional cities to smart cities. This article provides a
survey of different approaches and technologies such as intelli-
gent transportation systems (ITS) that leverage communication
technologies to help maintain road users safe while driving, as
well as support autonomous mobility through the optimization of
control systems. The role of ITS is strengthened when combined
with accurate artificial intelligence models that are built to
optimize urban planning, analyze crowd behavior and predict
traffic conditions. AI-driven ITS is becoming possible thanks
to the existence of a large volume of mobility data generated
by billions of users through their use of new technologies and
online social media. The optimization of urban planning enhances
vehicle routing capabilities and solves traffic congestion problems,
as discussed in this paper. From an ecological perspective, we
discuss the measures and incentives provided to foster the use
of mobility systems. We also underline the role of the political
will in promoting open data in the transport sector, considered
as an essential ingredient for developing technological solutions
necessary for cities to become healthier and more sustainable.

Index Terms—Artificial intelligence, Autonomous vehicles,
Connected vehicles, Electric mobility, Intelligent transportation
systems, Internet of things, Open Data, Routing vehicle, Smart
mobility.

1

I. INTRODUCTION

r(q) = qi
÷
j,i

�
1 � qj

�
(1)

Effective transportation systems contribute to economic
growth and the building of prosperous cities. For example,
Chicago, Singapore, Beijing, London and many other cities
around the world, have become hubs of trade and commerce

Z. Mahrez, E. Sabir, and M. Sadik are with NEST Research Group,
ENSEM, Hassan II University of Casablanca, Morocco.

E. Badidi is with the College of Information Technology, UAE University,
PO Box. 15551, AL-AIN, UAE.

W. Saad is with Wireless@VT, Electrical and Computer Engineering
Department, Virginia Tech, Blacksburg, VA 24061, USA.

Manuscript received May 1st, 2020; revised August 26, 2020.
1This work has been conducted within the framework of the Mobicity

project funded by the Moroccan Ministry of Higher Education and Scientific
Research, and the National Centre for Scientific and Technical Research.
W. Saad was supported by the U.S. National Science Foundation under Grant
IIS-1633363.

thanks to their well-established transportation systems [1].
The economic contribution of the transport sector represents
5% of the GDP in Europe [2] and costs an average of US
$482.05 billion in the United States [3]. However, as the
urban population is expected to reach 68% of the world’s
population by 2050 [4], new cities and new infrastructures,
including buildings and transportation systems, need to be
built to meet the needs of the growing population. In the
United States alone, urban expansion costs about $400 billion
per year [5]. As a result of this urban expansion, urban
mobility will be the main source of pollution to affect the
environment severely. Gas emissions from urban transport
systems are estimated at around 60% of the total greenhouse
gas emissions [6]. According to INRIX research, US cities are
ranked among the 10 most congested cities worldwide, with
serious consequences in terms of cost and waiting time for
drivers [7]. For example, in Los Angeles, drivers spend about
102 hours a year in traffic jams, costing the city about $19.2
billion. In Moscow, drivers spend 91 hours in traffic jams [7].
In Europe, congestion in urban areas costs around 100 billion
euros per year, which also negatively impacts the economy [8].
In addition, road accidents kill more than 1.2 million people
a year [9].
In a global context, and in accordance with the sustainable
development goals (SDGs) set by the United Nations, all these
urban mobility challenges could be addressed through imple-
mented actions that will help build more sustainable cities by
2030. The SDGs involve all countries and sectors, including
the public and private sectors, academia and civil society,
to work in an interdisciplinary field related to sustainability
to ensure peace and prosperity for all. In this case, urban
mobility is linked to SDG 3 (Health and well-being), SDG7
(affordable and clean energy), SDG 9 (Industry, innovation and
infrastructure), SDG 11 (Sustainable cities and communities),
SDG 13 (Climate action), and SDG 17 (Partnerships for the
goals) [10].
In the same context, the European Commission (EC)
has created an observatory dedicated to urban mobility
(http://www.eltis.org/) to facilitate the exchange of information
on sustainable urban development. The EC also invited all
EU Member States to review urban transport planning at the
national level and worked on a White Paper on Transport
Policy entitled " Roadmap for a European Area" unique
transport" [11]. In addition to urban transport policies, the EC
has developed the URBACT (http://www.urbact.eu/) and the
CIVITAS (http://www.civitas.eu/) platforms to help European
cities build their capacity in sustainable urban mobility. These
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⌘ Satisfactory Slotted Aloha for IoT standard (LoRa, Sigfox, etc.)

E. Sabir, Rachid EL-Azouzi, Kavitha Verraruna, Yezekael Hayel, El-Houssine Bouyakhf, ‘‘Constrained Nash Equilibrium Throughput in Non-
Saturated Wireless Collision Channel’’. ACM Valuetools 2009.
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⌘ Satisfactory Slotted Aloha for IoT standard (LoRa, Sigfox, etc.)
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⌘ Satisfactory Slotted Aloha for IoT standard (LoRa, Sigfox, etc.)

E. Sabir, Rachid EL-Azouzi, Kavitha Verraruna, Yezekael Hayel, El-Houssine Bouyakhf, ‘‘Constrained Nash Equilibrium Throughput in Non-
Saturated Wireless Collision Channel’’. ACM Valuetools 2009.

Re-convergence of FDTPA
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⌘ Turning Power onto QoS in 5G Networks

H. El Hammouti, E. Sabir, H. Tembine, ``A fully distributed satisfactory power control for QoS self-provisioning in 5G networks''. IEEE CCNC 2017

H. El Hammouti, E. Sabir, H. Tembine, ``A Satisfactory Power Control for 5G Self-Organizing Networks’’. arXiv:1606.07904v1
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⌘ Turning Power onto QoS in 5G and IoT

H. El Hammouti, E. Sabir, H. Tembine, ``A fully distributed satisfactory power control for QoS self-provisioning in 5G networks''. IEEE CCNC 2017
H. El Hammouti, E. Sabir, H. Tembine, ``A Satisfactory Power Control for 5G Self-Organizing Networks’’. arXiv:1606.07904v1
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⌘ Turning Power onto QoS in 5G and IoT

5

unmanned aerial vehicles (UAVs) networks, commonly known
as drone networks. Supplied by limited energy resources,
drones require energy conscious behaviors in order to achieve
longer flights and better performance.
In this paper, we outline another important use case sce-

nario: a smart home. This choice is driven by two main
reasons. First, it allows to discuss practical, diverse, and
illustrative scenarios that can easily adopt the distributed
schemes proposed in Section. IV. Second, although energy
efficiency is not critical in a smart home context as energy
sustainability can be maintained by smart grids and renew-
ables, the satisfactory QoS approach can be more achievable
and cost-efficient 2.
In the following, we consider a smart home use case, with

mainly five applications/appliances:
• a camera surveillance,
• an inband D2D communication,
• an online gaming session,
• a file upload,
• and a smart vacuum cleaning.
We suppose that the appliances are connected to an Internet

gateway. We also assume that devices are not active all the
time. For example, the smart vacuum cleaner switches off
automatically when its task is accomplished. In order to
validate our analysis, we present and discuss three illustrative
scenarios in the following.
Scenario 1: This scenario covers the slow-fading channel

context. It assumes a fixed camera surveillance monitoring
and an inband D2D communication, both active when a video
game session is started. The D2D communication requires a
500 Kbps data rate, whereas the camera surveillance needs
only 200 Kbps. Finally, when the gamepad is connected,
300 Kbps are required to achieve its throughput satisfaction.
Fig. 10(a) shows the instantaneous throughput with respect

to time iterations. First, it can be seen from the figure that the
Banach-Picard algorithm reaches the satisfactory throughput
for both camera surveillance and D2D communication in only
a few iterations. Furthermore, we check the behavior of the
algorithm when an application is added. Fig. 10(a) shows that
when the gamepad is connected (at t = 10), the new demand
is quickly satisfied, and the algorithm returns back rapidly to
the satisfactory throughput levels for the other applications.
The same remark holds when the gamepad is switched off.
This experience reflects the recovery property of the Banach-
Picard algorithm, mainly, when a connected object is added
or removed. Besides, the transmit powers are represented in
Fig. 10(b). It follows from the figure that in order to achieve
a higher requirement, more effort is needed, especially when
the channels quality is comparable for all appliances.
Scenario 2: The second scenario deals with progressive

capacity discovery. It takes into account two stringent ap-
plications: inband D2D communication and online gaming.

2Smart grids present many challenges, such as costumers privacy, re-
newables availability, and systems complexity, that may hamper their wide
adoption. Hence, the satisfactory approach can be seen as a good alternative.
Another concern related to smart grids is their deployment cost which is
significantly higher than fully distributed schemes locally implemented on
smart devices.
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Fig. 4: Instantaneous throughputs and transmit powers for slow-fading channels. Channel
gains reflect the path loss, considered equal to 2.5 · 10−5, and assumed the same for
all appliances. The capacity of the network is set to 2000 Kbps.

Both applications aim at improving their QoS by exploring
the network capacity.
In order to enhance the quality of the D2D communication

and the file upload application, the connected devices can tar-
get the maximum achievable throughput by implementing the
progressive capacity discovery algorithm. Fig. 11 shows the
instantaneous throughputs and transmit powers with respect
to time, for slow-fading channels. Fig 11(a) shows that once
a user’s request is reached, the device increases its demand
slightly, and adjusts its power in order to reach the new target
(Fig 11(b)). When the capacity of the network is reached,
devices cannot improve their throughput. Moreover, the figure
shows a tradeoff between the necessary time and the accuracy
to reach the maximum throughput. Clearly, when ζ is large,
the time needed to achieve a better performance is limited.
However, additional demands can be rejected, as shown in
Fig 11(a). Unlike when ζ is smaller, the demand adjustment
is more accurate, and the time needed to meet with the exact
maximum throughput is larger. Finally, Fig 11(b) highlights a
tradeoff between the required transmit power and the channel
state. Mainly, when the channel state is better, less effort is
needed to achieve a QoS satisfaction.
Scenario 3: This last scenario considers fast-fading chan-

nels. It assumes that the smart vacuum cleaner moves through
the house with a target throughput set to 100 Kbps. The smart

5

unmanned aerial vehicles (UAVs) networks, commonly known
as drone networks. Supplied by limited energy resources,
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ables, the satisfactory QoS approach can be more achievable
and cost-efficient 2.
In the following, we consider a smart home use case, with

mainly five applications/appliances:
• a camera surveillance,
• an inband D2D communication,
• an online gaming session,
• a file upload,
• and a smart vacuum cleaning.
We suppose that the appliances are connected to an Internet

gateway. We also assume that devices are not active all the
time. For example, the smart vacuum cleaner switches off
automatically when its task is accomplished. In order to
validate our analysis, we present and discuss three illustrative
scenarios in the following.
Scenario 1: This scenario covers the slow-fading channel

context. It assumes a fixed camera surveillance monitoring
and an inband D2D communication, both active when a video
game session is started. The D2D communication requires a
500 Kbps data rate, whereas the camera surveillance needs
only 200 Kbps. Finally, when the gamepad is connected,
300 Kbps are required to achieve its throughput satisfaction.
Fig. 10(a) shows the instantaneous throughput with respect

to time iterations. First, it can be seen from the figure that the
Banach-Picard algorithm reaches the satisfactory throughput
for both camera surveillance and D2D communication in only
a few iterations. Furthermore, we check the behavior of the
algorithm when an application is added. Fig. 10(a) shows that
when the gamepad is connected (at t = 10), the new demand
is quickly satisfied, and the algorithm returns back rapidly to
the satisfactory throughput levels for the other applications.
The same remark holds when the gamepad is switched off.
This experience reflects the recovery property of the Banach-
Picard algorithm, mainly, when a connected object is added
or removed. Besides, the transmit powers are represented in
Fig. 10(b). It follows from the figure that in order to achieve
a higher requirement, more effort is needed, especially when
the channels quality is comparable for all appliances.
Scenario 2: The second scenario deals with progressive

capacity discovery. It takes into account two stringent ap-
plications: inband D2D communication and online gaming.

2Smart grids present many challenges, such as costumers privacy, re-
newables availability, and systems complexity, that may hamper their wide
adoption. Hence, the satisfactory approach can be seen as a good alternative.
Another concern related to smart grids is their deployment cost which is
significantly higher than fully distributed schemes locally implemented on
smart devices.
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Fig. 4: Instantaneous throughputs and transmit powers for slow-fading channels. Channel
gains reflect the path loss, considered equal to 2.5 · 10−5, and assumed the same for
all appliances. The capacity of the network is set to 2000 Kbps.

Both applications aim at improving their QoS by exploring
the network capacity.
In order to enhance the quality of the D2D communication

and the file upload application, the connected devices can tar-
get the maximum achievable throughput by implementing the
progressive capacity discovery algorithm. Fig. 11 shows the
instantaneous throughputs and transmit powers with respect
to time, for slow-fading channels. Fig 11(a) shows that once
a user’s request is reached, the device increases its demand
slightly, and adjusts its power in order to reach the new target
(Fig 11(b)). When the capacity of the network is reached,
devices cannot improve their throughput. Moreover, the figure
shows a tradeoff between the necessary time and the accuracy
to reach the maximum throughput. Clearly, when ζ is large,
the time needed to achieve a better performance is limited.
However, additional demands can be rejected, as shown in
Fig 11(a). Unlike when ζ is smaller, the demand adjustment
is more accurate, and the time needed to meet with the exact
maximum throughput is larger. Finally, Fig 11(b) highlights a
tradeoff between the required transmit power and the channel
state. Mainly, when the channel state is better, less effort is
needed to achieve a QoS satisfaction.
Scenario 3: This last scenario considers fast-fading chan-

nels. It assumes that the smart vacuum cleaner moves through
the house with a target throughput set to 100 Kbps. The smart

H. El Hammouti, E. Sabir, H. Tembine, ``A fully distributed satisfactory power control for QoS self-provisioning in 5G networks''. IEEE CCNC 2017
H. El Hammouti, E. Sabir, H. Tembine, ``A Satisfactory Power Control for 5G Self-Organizing Networks’’. arXiv:1606.07904v1
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Fig. 5: Instantaneous throughputs and transmit powers using the progressive capacity
discovery algorithm for slow-fading channels. The step size is ζ = 100 Kbps. The
maximum capacity is 2000 Kbps.

devices channel gains are represented in Fig. 12(a). Mainly,
the smart vacuum cleaner channel follows an exponential
distribution with a unit-normalized parameter.
Fig. 12(b) depicts the evolution of the average throughput

with respect to time. In order to track the fast varying channel
observed by the moving smart vacuum cleaner, the Mann-
iterates algorithm is used. The figure shows that the algorithm
reaches the satisfactory throughput after a few variations
around the applications requirements. The transmit powers
are updated within iterations in order to track the efficient
satisfactory equilibrium as depicted by Fig 12(c).

VI. OPEN PROBLEMS

Although satisfactory solutions can bring important energy
savings to the network, they also present many challenges that
need to be addressed.
Conditions of existence: any envisioned satisfaction solu-

tion heavily relies on the existence of satisfaction equilibria.
Theoretical investigations related to conditions of existence
of satisfaction equilibria are still an open research area. The
existence of satisfaction equilibria depends on the environment
settings, which is very challenging when dealing with random
environments. Furthermore, conditions that determine the ex-
istence of satisfactory solutions depend also on the studied
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Fig. 6: Average throughput, transmit powers, and channel states with respect to time
for fast-fading channels. The smart vacuum cleaner channel follows an exponential
distribution with parameter 1. The network capacity is set to 2000 Kbps.

QoS metrics, the network capacity, and devices parameters as
mentioned in Section III.
Latency reduction: another challenge related to satisfac-

tory solutions implementation is the time of convergence of
distributed algorithms. This is especially important for dense
networks where connected objects will take a long time before
reaching the optimal solution. Therefore, the reduction of
algorithms latency in dense networks still requires a particular
attention.
Adapted solutions: Other refined solution concepts such as

“robust satisfaction equilibria” or “long term satisfaction equi-
libira” can be more adapted to fast varying contexts, and hence,
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Fig. 5: Instantaneous throughputs and transmit powers using the progressive capacity
discovery algorithm for slow-fading channels. The step size is ζ = 100 Kbps. The
maximum capacity is 2000 Kbps.

devices channel gains are represented in Fig. 12(a). Mainly,
the smart vacuum cleaner channel follows an exponential
distribution with a unit-normalized parameter.
Fig. 12(b) depicts the evolution of the average throughput

with respect to time. In order to track the fast varying channel
observed by the moving smart vacuum cleaner, the Mann-
iterates algorithm is used. The figure shows that the algorithm
reaches the satisfactory throughput after a few variations
around the applications requirements. The transmit powers
are updated within iterations in order to track the efficient
satisfactory equilibrium as depicted by Fig 12(c).

VI. OPEN PROBLEMS

Although satisfactory solutions can bring important energy
savings to the network, they also present many challenges that
need to be addressed.
Conditions of existence: any envisioned satisfaction solu-

tion heavily relies on the existence of satisfaction equilibria.
Theoretical investigations related to conditions of existence
of satisfaction equilibria are still an open research area. The
existence of satisfaction equilibria depends on the environment
settings, which is very challenging when dealing with random
environments. Furthermore, conditions that determine the ex-
istence of satisfactory solutions depend also on the studied
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Fig. 6: Average throughput, transmit powers, and channel states with respect to time
for fast-fading channels. The smart vacuum cleaner channel follows an exponential
distribution with parameter 1. The network capacity is set to 2000 Kbps.

QoS metrics, the network capacity, and devices parameters as
mentioned in Section III.
Latency reduction: another challenge related to satisfac-

tory solutions implementation is the time of convergence of
distributed algorithms. This is especially important for dense
networks where connected objects will take a long time before
reaching the optimal solution. Therefore, the reduction of
algorithms latency in dense networks still requires a particular
attention.
Adapted solutions: Other refined solution concepts such as

“robust satisfaction equilibria” or “long term satisfaction equi-
libira” can be more adapted to fast varying contexts, and hence,
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Fig. 5: Instantaneous throughputs and transmit powers using the progressive capacity
discovery algorithm for slow-fading channels. The step size is ζ = 100 Kbps. The
maximum capacity is 2000 Kbps.

devices channel gains are represented in Fig. 12(a). Mainly,
the smart vacuum cleaner channel follows an exponential
distribution with a unit-normalized parameter.
Fig. 12(b) depicts the evolution of the average throughput

with respect to time. In order to track the fast varying channel
observed by the moving smart vacuum cleaner, the Mann-
iterates algorithm is used. The figure shows that the algorithm
reaches the satisfactory throughput after a few variations
around the applications requirements. The transmit powers
are updated within iterations in order to track the efficient
satisfactory equilibrium as depicted by Fig 12(c).

VI. OPEN PROBLEMS

Although satisfactory solutions can bring important energy
savings to the network, they also present many challenges that
need to be addressed.
Conditions of existence: any envisioned satisfaction solu-

tion heavily relies on the existence of satisfaction equilibria.
Theoretical investigations related to conditions of existence
of satisfaction equilibria are still an open research area. The
existence of satisfaction equilibria depends on the environment
settings, which is very challenging when dealing with random
environments. Furthermore, conditions that determine the ex-
istence of satisfactory solutions depend also on the studied
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Fig. 6: Average throughput, transmit powers, and channel states with respect to time
for fast-fading channels. The smart vacuum cleaner channel follows an exponential
distribution with parameter 1. The network capacity is set to 2000 Kbps.

QoS metrics, the network capacity, and devices parameters as
mentioned in Section III.
Latency reduction: another challenge related to satisfac-

tory solutions implementation is the time of convergence of
distributed algorithms. This is especially important for dense
networks where connected objects will take a long time before
reaching the optimal solution. Therefore, the reduction of
algorithms latency in dense networks still requires a particular
attention.
Adapted solutions: Other refined solution concepts such as

“robust satisfaction equilibria” or “long term satisfaction equi-
libira” can be more adapted to fast varying contexts, and hence,

H. El Hammouti, E. Sabir, H. Tembine, ``A fully distributed satisfactory power 
control for QoS self-provisioning in 5G networks''. IEEE CCNC 2017, Las Vegas, 
NV, USA

H. El Hammouti, E. Sabir, H. Tembine, ``A Satisfactory Power Control for 5G 
Self-Organizing Networks’’. arXiv:1606.07904v1 
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Fig. 5: Instantaneous throughputs and transmit powers using the progressive capacity
discovery algorithm for slow-fading channels. The step size is ζ = 100 Kbps. The
maximum capacity is 2000 Kbps.

devices channel gains are represented in Fig. 12(a). Mainly,
the smart vacuum cleaner channel follows an exponential
distribution with a unit-normalized parameter.
Fig. 12(b) depicts the evolution of the average throughput

with respect to time. In order to track the fast varying channel
observed by the moving smart vacuum cleaner, the Mann-
iterates algorithm is used. The figure shows that the algorithm
reaches the satisfactory throughput after a few variations
around the applications requirements. The transmit powers
are updated within iterations in order to track the efficient
satisfactory equilibrium as depicted by Fig 12(c).

VI. OPEN PROBLEMS

Although satisfactory solutions can bring important energy
savings to the network, they also present many challenges that
need to be addressed.
Conditions of existence: any envisioned satisfaction solu-

tion heavily relies on the existence of satisfaction equilibria.
Theoretical investigations related to conditions of existence
of satisfaction equilibria are still an open research area. The
existence of satisfaction equilibria depends on the environment
settings, which is very challenging when dealing with random
environments. Furthermore, conditions that determine the ex-
istence of satisfactory solutions depend also on the studied
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Fig. 6: Average throughput, transmit powers, and channel states with respect to time
for fast-fading channels. The smart vacuum cleaner channel follows an exponential
distribution with parameter 1. The network capacity is set to 2000 Kbps.

QoS metrics, the network capacity, and devices parameters as
mentioned in Section III.
Latency reduction: another challenge related to satisfac-

tory solutions implementation is the time of convergence of
distributed algorithms. This is especially important for dense
networks where connected objects will take a long time before
reaching the optimal solution. Therefore, the reduction of
algorithms latency in dense networks still requires a particular
attention.
Adapted solutions: Other refined solution concepts such as

“robust satisfaction equilibria” or “long term satisfaction equi-
libira” can be more adapted to fast varying contexts, and hence,
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Fig. 5: Instantaneous throughputs and transmit powers using the progressive capacity
discovery algorithm for slow-fading channels. The step size is ζ = 100 Kbps. The
maximum capacity is 2000 Kbps.

devices channel gains are represented in Fig. 12(a). Mainly,
the smart vacuum cleaner channel follows an exponential
distribution with a unit-normalized parameter.
Fig. 12(b) depicts the evolution of the average throughput

with respect to time. In order to track the fast varying channel
observed by the moving smart vacuum cleaner, the Mann-
iterates algorithm is used. The figure shows that the algorithm
reaches the satisfactory throughput after a few variations
around the applications requirements. The transmit powers
are updated within iterations in order to track the efficient
satisfactory equilibrium as depicted by Fig 12(c).

VI. OPEN PROBLEMS

Although satisfactory solutions can bring important energy
savings to the network, they also present many challenges that
need to be addressed.
Conditions of existence: any envisioned satisfaction solu-

tion heavily relies on the existence of satisfaction equilibria.
Theoretical investigations related to conditions of existence
of satisfaction equilibria are still an open research area. The
existence of satisfaction equilibria depends on the environment
settings, which is very challenging when dealing with random
environments. Furthermore, conditions that determine the ex-
istence of satisfactory solutions depend also on the studied
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Fig. 6: Average throughput, transmit powers, and channel states with respect to time
for fast-fading channels. The smart vacuum cleaner channel follows an exponential
distribution with parameter 1. The network capacity is set to 2000 Kbps.

QoS metrics, the network capacity, and devices parameters as
mentioned in Section III.
Latency reduction: another challenge related to satisfac-

tory solutions implementation is the time of convergence of
distributed algorithms. This is especially important for dense
networks where connected objects will take a long time before
reaching the optimal solution. Therefore, the reduction of
algorithms latency in dense networks still requires a particular
attention.
Adapted solutions: Other refined solution concepts such as

“robust satisfaction equilibria” or “long term satisfaction equi-
libira” can be more adapted to fast varying contexts, and hence,

H. El Hammouti, E. Sabir, H. Tembine, ``A fully distributed 
satisfactory power control for QoS self-provisioning in 5G 
networks''. IEEE CCNC 2017, Las Vegas, NV, USA

H. El Hammouti, E. Sabir, H. Tembine, ``A Satisfactory Power Control 
for 5G Self-Organizing Networks’’. arXiv:1606.07904v1 
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S. Arabi, H. El Hammouti, E. Sabir, H. Elbiaze, M. Sadik, ``RAT Association for Autonomic IoT Systems''. IEEE Network, 
Volume: 33 , Issue: 6 , Nov.-Dec. 2019

⌘ RAT Assignment for IoT
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⌘ RAT Assignment for IoT
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Summary

◦ AI/ML/DL is quite attractive to enable ambient intelligence
è Scalability and convergence are still to be solved

◦ Need to consider cross-layer optimization for efficient SE
è Hardware and software co-design is a must

◦ AI is speculated to be the next big game changer

◦ One thing is almost sure, 6G is likely to be AI-driven

39

⌘ Concluding Remarks
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A Short Overview on 5G and SONs

◦ Ultra Reliable Low Latency Communications

◦ Haptic communications, VR/AR and Tactile Internet

◦ Cognitive Radio, Flexible Radio & SDN

◦ Nomadic Infrastructure (e.g., UAV, Under-Water Networks, …)

◦ Industrial Internet of Things (IIoT)

◦ Etc.

40

⌘ Some Use-Cases where SE might be useful
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