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A b s t r a c t: The major issue presented in this paper is a novel QoS and vertical multi-homing and multi-

streaming framework for the fifth generation (5G) of mobile terminals with radio network aggregation capability; 

using Lyapunov optimization in 5G mobile and wireless networks. The proposed 5G (mobile and fixed) terminal is 

leading to high performance utility networks with high QoS provisioning for any given multimedia service, higher 

bandwidth utilization, traffic load sharing, lower consumption of power and multi-radio interface capabilities. Our 

framework is user-centric, targeted to always-on connectivity with using radio network aggregation for achieving 

broadband connections, maximal network utilization, minimal battery life time, maximal throughput and perform-

ances improvement. Moreover, our proposed framework is using Lyapunov drift-plus-penalty theorem that provides a 

methodology for designing algorithm to maximize the average throughput and stabilize the queuing, leading to mini-

mal queue delays. Also, we are showing the upper bound of the consumed power and the lower bound of the battery 

life time for the proposed 5G terminal. The performance of our 5G terminal framework is evaluated using simulations 

and analysis with multimedia traffic in heterogeneous mobile and wireless environment. 
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КАРАКТЕРИСТИКИ НА 5G ТЕРМИНАЛИ СО ОБЕЗБЕДЕН КВАЛИТЕТ  
НА СЕРВИС QоS И ВЕРТИКАЛНИ MULTI-HOMING И MULTI-STREAMING 

А п с т р а к т: Главното нешто што е презентирано во овој труд е нова рамка-водилка со QoS и верти-

кални multi-homing и multi-streaming за петтата генерација (5G) мобилни терминали со можност за радио-

мрежна агрегација; користејќи Лјапунова оптимизација во 5G мобилните и безжични мрежи. Предложениот 

5G (мобилен и фиксен) терминал постигнува: високи мрежни перформансни  искористености со висока QoS 

обезбеденост за било кој мултимедиски сервис, висока искористеност на опсегот, балансирано сообраќајно 

оптоварување, ниска потрошувачка на моќност и можности за едновремено користење на повеќе радио ин-

терфејси. Нашата рамка-водилка е кориснички центрирана, наменета за постојана поврзаност, користејќи ра-

дио-мрежна агрегација за постигнување на широкопојасни врски, максимална искористеност на достапните 

мрежи, максимално времетраење на батеријата, максимален битов проток и други перформансни подобрува-

ња. Наедно, предложената рамка-водилка ја користи Лјапунов drift-plus-penalty теорема за да обезбеди мето-

дологија за дизајнирање алгоритам кој го максимизира просечниот проток и ги стабилизира редовите на 

чекање. Тоа води кон помали доцнења на редовите на чекање, како и помало севкупно доцнење во мрежата. 

Исто така ја докажуваме горната граница на искористената моќност и долната граница на времето на живот 

на батеријата за предложениот 5G терминал. Перформансите за нашиот 5G терминал се евалуирани со корис-

тење на симулации и анализи со употреба на мултимедиски сообраќај во хетерогена мобилна и безжична 

средина. 

Клучни зборови: 5G терминали; агрегација; Лјапунова оптимизација; квалитет на сервис; вертикален multi-homing 

1. INTRODUCTION 

Today we are living at the period of transition 
from 4G toward 5G, and moreover until the end of 

2020 we should have the first 5G deployment. This 

paper provides 5G mobile and fixed technology 

framework that could lead to high performance 

utility networks with high QoS provisioning for 
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any given multimedia service, using any existing 

and future RATs (Radio Access Technologies). 

Looking beyond network implementations and im-

provements, the 5G networks will require smarter 
devices capable to provide broadband multimedia 

services to mobile users, with ubiquitous mobility, 

enormous processing power of the mobile equip-

ment, machine-to-machine communications, mas-

sive MIMO, better network utilization and load 

balancing, multi-homing features, advanced QoS 

support, as well as bigger memory space and 
longer battery life of mobile terminals (MTs), and 

enormous spectrum for advanced capabilities [1–

8]. The exponential growth in the amount of traffic 

carried through mobile networks is followed by a 

novel research and development works towards the 

5G era.  

Moreover, in the future, each wireless and 

mobile network will be responsible for handling 

user-mobility, while the terminal will make the fi-

nal choice among different wireless/mobile access 

network providers (different RATs) for a given ser-

vice or traffic flow. In that context, QoS provision-

ing for wireless and mobile multimedia networks is 

becoming increasingly important objective, since it 

requires great thoughtfulness, scalability and 

thoroughfull analysis. Since radio bandwidth is one 

of the most precious resources in wireless and mo-
bile systems, an efficient QoS framework is very 

important to guarantee the required QoS and to 

maximize radio resource utilization simultaneously 

in all present wireless and mobile networks. We 

have used the throughput parameter as a perfor-

mance metric. Moreover, the user throughput also 

defines the generations of the mobile network. On 
the other hand, in a heterogeneous wireless net-

work, with different multimedia traffic flows, each 

with different QoS requirements, achieving higher 

access probability of any given service is essential. 

The key goal of this paper is to propose a 

novel radio network aggregation technique for fu-

ture 5G mobile networks by maximization of radio 

access throughput, with high level of QoS support 

and advanced QoS routing algorithm. Moreover, 

without loss of generality, the proposed advanced 

QoS routing framework and mobile terminal de-
sign can be used in any mobile and wireless IP 

multimedia networks, including existing RATs as 

well as future ones. Therefore, in our proposal we 

have not tied to any of existing RATs. However, 

nowadays smartphones and other mobile devices 

use only one RAT at a given moment for a given 

flow. When there are different wireless and mobile 
networks on one side, and single mobile equipment 

on the other, then consequently the user of that 

mobile terminal should have possibility to use all 

available RATs in the range using his/her personal 

settings in the mobile terminal or this user can 
choose only subset of them. 

Undoubtedly, in the future generation mobile 

networks, the 5G is moving towards the user-cen-

tric concept, which is the main reason why the 

user-centric approach is accepted as a basis for our 

work. The analysis and design methodology of our 

proposed system is based on the adaptive queuing 

Lyapunov optimization techniques [9], which are 

powerful techniques for optimizing time average 

queuing networks and giving joint stability and 

performance optimization. The solutions and appli-

cations are including maximization of the aggre-

gated throughput subject to average power con-

straints on the terminal interfaces (implies longer 

battery life), minimizing average queue backlogs, 

subject to minimal queue network delay and in the 

same time achieving network stability.  

The remainder of this paper is organized as 

follows. Section 2 gives an overview of the most 

relevant research works in this field. Section 3 pre-

sents the system design of the 5G terminal with 
advanced QoS module within and Lyapunov 

optimization technique. Furthermore, in Section 4 

are given the bounds of the consumed power and 

battery life time for the proposed 5G terminals 

with AQUAplus algorithm within. In Section 5 we 

provide simulation results. Finally, the last Section 

6 concludes this paper.  

2. RELATED WORKS 

The interest for high level of QoS provision-

ing in any telecommunication network is growing 

together with the tremendous development of mul-

timedia services in mobile and wireless networks, 

where it is possible to increase or decrease the 

bandwidth of individual ongoing flows. In our 5G 

terminals are implemented Lyapunov drift-plus-

penalty techniques, which for the first time were 

applied to wireless networks in the [10] by 

Tassiulas and Ephremides, where stochastic 

Lyapunov drift is used to develop a joint optimal 

routing and scheduling algorithm. The Tassiulas-

Ephremides in [11] are introducing single-hop ra-

dio network with random changing connectivity, 

with stability properties, and a policy that mini-

mizes the queue delay, but they are not studding 

the recourse allocation problem under the assump-

tion of milt-valued connectivities. However, the 
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Lyapunov drift has since become a powerful tech-

nique for the development of stable scheduling 

strategies for wireless systems [11], [12], [13], 

[14], computer networks and switches [15], ad-hoc 
mobile networks [16], wireless sensor networks 

[17] and wireless mesh networks [18].  

Other methods for joint stability and utility 

optimization via Lyapunov drift are developed for 

stochastic networks in [19] and [20] for application 

to flow control and energy minimization. An alter-

native approach is developed in [21] using stochas-

tic gradient theory and fluid model transfor-

mations. In [22] the Lyapunov drift is also applied 

to wireless networks with multi-receiver diversity, 

where an optimal diversity backpressure routing 

algorithm is developed and shown to improve per-

formance beyond that of related diversity algo-

rithms that do not use backpressure.  

Moreover, in [23] is presented an optimiza-

tion problem to minimize the total energy con-

sumed by the mobile users in executing a given 

service under total execution time constraints in 

the process of cloud offloading for multi-radio ena-

bled mobile devices. The given optimization prob-

lem does not consider joint stability and perfor-

mance optimization, since there is no usage of 

Lyapunov drift-plus-penalty technique and is not 

maximizing the average throughput. Despite all 
related works, this paper is applying a version of 

the Lyapunov drift-plus-penalty theorem in the fu-

ture 5G mobile and fixed terminals, achieving high 

performance utility networks, stability and high 

level of QoS assurance, and is place on IP level, 

enriched with vertical multi-homing and multi-

streaming features. 

3. SYSTEM MODEL AND OPTIMIZATION 

The main characteristics of our 5G terminal 

with incorporated advanced QoS user-centric 

aggregation module with vertical multi-homing 

and multi-streaming features are illustrated in Fig-

ure 1 in [24]. The 5G terminal is multi-interface 

(multi-radio interface), with several (M) interfaces, 

each for different RAT. Moreover, it can move with 

different velocities, if it is mobile 5G terminal or 

can be fixed if it is 5G proxy server, inside the 5G 

core network. The Advanced QoS-based User-cen-

tric Aggregation plus Lyapunov optimization 

(AQU Aplus) algorithm is set within the 5G termi-

nal (in both terminals: fixed and mobile). To 

emphasize that this algorithm is explained in de-

tails in [24], and is extension of our AQUA algo-

rithm placed within 5G mobile terminals and proxy 

servers, presented in related previous papers: [25] 

and [26]. 

 Our proposed system model is consisted of 

three main parts: Sources of information, Proces-
sors and Queues. We are considering N application 

sources, which are stationary independent pro-

cesses with packet arrival rates x1, x2,… xi,…, xN for 

every time slot t. Each source arrival process xi(t) 
is entering in the dedicated processor ALi inside 

the Processors part. In this part, according to the 

AQUAplus optimization the AL processors are do-
ing vertical multi-streaming and multi-homing pro-

cesses ([27] and [28]) of division of one stream 

(traffic which is originating from one source), in 

order to go over different queues. The assigned 

weight factors (wij) for each source arrival process 

xi(t) are chosen within the interval [0,1], with con-

straint: ∑
=

=
M

j
ijw

1

1 , for I = 1, 2,… N. Further, we 

are considering M queue network with queue vec-

tor Q(t) = (Q1(t), Q2(t), …, QM(t)) that evolves in 

slotted time ,...}3,2,1,0{∈t  with update equation: 

 ]0)()()(max[)1( ,tµtAtQtQ mmmm −+=+ , (1) 

where ∑
=

=
N

i
imim txwtA

1

, )()(  is arrival rate variable 

for the m-th queue, and the parameter µm(t) is out-

put serving rate variable of the m-th queue, where 

}...3,2,1{ Mm ∈ . After each queue we are trying 

to achieve maximal output serving rate )(tjµ  on 

each interface j = 1, 2,… M, so the sum of all out-

put serving rates, over the time will be also with 

maximal value.  

If we consider a random queue network state: 

))],(),...(());(),...,([()( 11 tAtAttt MMµµ∆ψ
=

 

and a control policy action αL(t) which is made 

every slot t with knowledge of the current state 

ψ(t) and is chosen within some abstract action set 

Aψ(t). For simplicity we are assuming that the ψ(t) 
process is i.i.d. over each slot. Also, we are consid-

ering a vector with time average power values for 

each interface as  

))(,...,)(,)(( 21 tptptp M∆p . 

Let the  

))(,...,)(,)(( 21 txtxtx N∆x  

be a vector of the time average arrival rates (xi(t)), 

and the ∑∑
= =

∆θ
M

m

N

i
imi txw

1 1

, )()(x  be the separable 



52 T. Šuminoski, T. Janevski 

J. Electr. Eng. Inf. Technol., 2 (1) 49–57 (2017) 

utility function of that vector, which is in the same 

time the objective function. Then, for each 5G ter-

minal we are applying stochastic utility maximiza-

tion framework to a simple flow (stream) based 

network model, so the following optimization 

problem in uplink (in the mobile 5G terminal) and 

downlink (in the fixed 5G terminal) is considered: 

Maximize: )(xθ  

Subject to:  

1. Time average flow (stream) over the queue 

Qm(t) is less or equal to the time average maximal 

output serving rate on the interface m, i.e.: 

 { }Mmtxw m

N

i

imi ,...,2,1)( max

1

, ∈∀µ≤∑
=

.  (2) 

2. All queues Qm(t) are rate stable, i.e.: 

 0
|})({|

lim =
∞→ t

tmQ

t

E
,  { }Mm ,...,2,1∈∀ . (3) 

3. The desired time average power constraints 

are meet [20] (pm(t) is the power incurred in inter-

face m of the network on slot t, and pm
av is a re-

quired time average power expenditure), i.e.: 

 av
mm

t
ptp ≤

∞→

)(suplim   , { }Mm ,...,2,1∈∀ .  (4) 

4. For the control policy action: ( )( )L tt Aψα ∈ . 

For t > 0, the used variables as time average over 

the first t slots are defined for },...,3,2,1{ Mm ∈ , 

with: 

 

{ }
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1
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lim)(

1

0

1

0

∑

∑
−

=τ
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−
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∞→

∆

∆

t

m
t

m

t

m
t

m

tp
t

tp

tx
t

tx

E

E

  (5) 

For solving the above optimization problem 

we are using the Lyapunov drift-plus-penalty 

method (using fixed penalty control parameter V) 

given in [9]. We enforce the constraints 1, 2 and 3 

of the optimization problem with the actual queue 

Qm(t) (1) and the virtual queue for each m: 

 ],0),()(max[)1( ttZtZ mmm ξ+=+  (6) 

which is easy to shown that there are mean rate 

stable [9] (with finite queue length). In (6) the vari-

ables ξm(t) are auxiliary variables for m ϵ {1, 2, 

3,…, M}, defined as av
mmm ptpt −∆ξ )()( . Moreover, 

if the low of telescoping sums is used over (6), 

then for any t > 0 we have: 

 ,)()0()(
1

0

∑
−

=τ

τξ≥−
t

mmm ZtZ  (7) 

and therefore, dividing by t and limes when t→∞ 

yields: 

 ,)(
1

lim
)0(

lim
)(

lim
1

0

∑
−

=τ
∞→∞→∞→

τξ≥−
t

m
t

m

t

m

t tt

Z

t

tZ
 (8) 

so it follows that if Zm(t) is rate stable for all m, 

because limes Zm(t)/t → 0 with probability 1, when 

t → ∞, consequently the constraint (4) is satisfied 

with probability 1. 

Furthermore, we are defining a combining 

queue vector )](),([)( ttt ZQS ∆ and the Lyapunov 

function as: 

 ( ) .)()(
2

1
))((

1

22









+∆ ∑

=

M

i
ii tZtQtL S . (9) 

If we define the one-step conditional Lyapu-

nov drift with the:  

( ) ( ) ( ){ })()()1()( ttLtLt SSSES −+∆∆ , 

then the Lyapunov drift-plus-penalty expression is 

defined as: 

 ( ) { })()),(()( tttVt L SuES α⋅+∆ . (10) 

Above we define a “penalty” vector process 

as u(αL(t),t) = (u0
1(t), u0

2(t),…, u0
M(t)), where 

)()(
1

,0 txwtu i

N

i
mi

m ∑
=

−=  for }.,...,3,2,1{ Mm ∈  The 

time average of those penalty processes we want to 

make less then (or equal to) some target value u0. 
Those penalties are representing the incoming traf-

fic arrival expenditures for the queuing, incurred 

by the control policy action αL(t) on slot t. Our 

AQUAplus algorithm seeks to minimize the upper 

bound of (10) for all t, all possible values of S(t), 
and all control parameters V ≥ 0.  

By squaring (1) and (6); then summarizing 
according to the (9) and (10), and then adding the 

“penalty” V⋅E{u(αL(t),t)|S(t)} to both sides, it is 

not difficult to show that the expression (10) has 

the following upper bound for all t (for more de-
tails see [9]):   

( ) { }

{ }.)()()(

)()()()(

)()(

)()),(()(

1

1

,

1

1 1

,

tttZ

tttxwtQ
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N
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SE
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(11) 
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Here B is a finite constant related to the 

worst-case second moments of Am(t), ξm(t), and 

µm(t) processes, i.e.: 

( )( )

{ } .)()(
2

1

)()()(
2

1

1

2

1 1

22

,









ξ+

+
















µ+∆

∑
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=

= =

M

l
m

M

m

N

i
mimi

tt

tttxwB

SE

SE

 (12) 

Furthermore, the goal of our AQUAplus algo-
rithm is: to minimize the right-hand-side of the 

inequality (11), by choosing the most appropriate 

control policy action )()( tL At ψ∈α  every slot t, ob-

serving the real and virtual queues vectors Q(t), 
Z(t) and the current state ψ(t). In that way, the 

AQUA plus algorithm is solving the above discus-

sed optimization problem, decoupling and reducing 

it into separate algorithms. The AQUA plus algo-

rithm is given in more details in [24], where for 

solving the above optimization problem we are 
using the Lyapunov drift-plus-penalty method (us-

ing fixed penalty control parameter V) given in [9].  

Furthermore, in Section 4, we are focusing on 

the upper bound of the consumed power and the 
lower bound for the battery life time for our pro-

posed 5G terminals with AQUAplus algorithm 

within.  

4. CONSUMED POWER  

AND BATTERY LIFE TIME 

Let we have Zm(t) ≤ Zm
max, where the upper 

bound of the virtual queue Zm(t) is defined as: 

)(
maxmaxmax av

mmmm ppQZ −+∆  

or each  

 },,...,3,2,1{ Mm ∈  (13) 

where Qm
max is maximal length of the real queue 

Qm(t), where we assumed that: Qm(t)≤Qm
max. From 

the other side, pm
max is maximal power, that can be 

consumed on radio interface m, and pm
av

 is a re-

quired average power expenditure on the radio in-

terface m, as it was defined in the previous section.  

Next we will prove that: for each positive 

number T , which is the number of time units for 

one time slot, the total consumed power for each 

radio network interface m, for each time slot T, is 

determined by the upper bound of the expression T 
pm

av+ Zm
max, i.e. the following inequality is satisfied: 

 

,)(
max

10

0

m
av

m

Tt

t
m ZpTp +⋅≤τ∑

−+

=τ  
         { },...2,1,00 ∈∀ t { }...3,2,1∈∀T   (14) 

In order to prove the above upper bound, we 

will start from the equation (6), and also, we will 

assumed that av)()( mmm ptpt −∆ξ . According to that, 

we have the following: 

    ].0,)()(max[)1( av

mmmm ptptZtZ −+=+  (15) 

Applying the above defined upper bound for 

this virtual queue, i.e. assuming that Zm(t + 1) ≤ 

Zm
max we have the following inequality: 

 .]0,)()(max[
maxav

mmmm ZptptZ ≤−+  (16) 

Let we start from the dynamic equation (15), 

and knowing that for each time slot τ ≥ 0 the fol-

lowing is satisfied: 

 
av)()()1( mmmm ppZZ −τ+≥τ−+τ . (17) 

If the above equation (17) is summarized on 

{ }1,.. 21 −∈ ttτ  and applying the low of telescoping 

sums (method of differences, i.е. differentials) we 

get: 

 ∑∑
−

=τ

−

=τ

−τ≥−
1

a
1

12

2

1

2

1

.)()()(
t

t

v
m

t

t
mmm pptZtZ  (18) 

Next, replacing the t1 = t0, and t2 = t0+T – 1, 

plus assuming that 
av

mp  is a constant value, the ex-

pression (18) is transformed into:  

 
.)(

)()1(

av
1

00

0

0

m

Tt

t
m

mm

pTp

tZTtZ

⋅−τ≥

≥−−+

∑
−+

=τ

 (19) 

Because the expression from the left side of 

the inequality (18) for sure is equal or lower then 

Zm
max

 so, with small rearrangements, we proved 

that the (14) satisfied. 

With that, the statement for the total consu-

med power for our proposed system model is pro-

ved, and is smaller or equal to ,· maxav

mm ZpT +  i.е. 

is proportional to: the time for using all included 

radio interfaces, the average allowed power (for 
each interface) and the maximal backlog value of 

the network queues. If the values of the above 

mentioned parameters are lower, consequently the 

total consumed power should be smaller and the 

power supplies for the 5G terminal’s battery will 
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be also small. In that direction, the overall life time 

of the battery will be longer (the energy efficiency 

of the 5G terminal’s battery will be with large 

value). 

Furthermore, if we observe the radio network 

interface m, which is wireless transmitter and re-

ceiver, let his initially used energy is Em from the 

battery with total energy E (where ∑
=

=
M

m
mEE

1

). 

Then, the guaranteed battery life time (tbat) for the 

proposed 5G terminal can be found by the deriva-

tion from the direct dependency of the total energy 

and the total battery power, i.е. from the following 

starting point:  

 ,)(total

batt

E
tp =   (20)  

and from the fact that for a particular radio inter-
face m, the total energy on the m-th interface is: 

    .}{,)( ,...3,2,1

10

0

MmptE
Tt

t
mbatm ∈τ= ∑

−+

=τ

 (21) 

By summarizing the (21) for all used radio 

network interfaces, the total energy E could be 
found. Consequently, the battery life time (durati-

on) for our proposed 5G terminal is: 

 .},...3,2,1{,

)(
1

10

0

Mm

p

E
t

M

m

Tt

t
m

bat ∈

τ

=

∑ ∑
=

−+

=τ

  (22) 

If on the last equation (22) we apply the 

equation (14) for the total consumed power of the 

network radio interface m, then the total battery 

life time is determined with the following expres-

sion: 

( )
.

1

avmax

1

maxav ∑∑
==

+⋅

=

+⋅

≥
M

m
mk

M

m
km

bat

pTZM

E

ZpT

E
t

  

  (23) 

If we assumed that all radio network inter-

faces have the same average power expenditure, 

then we can get the particular equation for the bat-

tery life time of our proposed 5G terminal: 

 ( ) .
max av

k
bat

TpZM

E
t

+⋅
≥  (24) 

As can be noticed, the battery life time of the 

5G terminal is determined by the existence of 

lower bound, given with the right side of the ex-

pressions (23) and (24). Consequently, the battery 

of the 5G terminal will have longer life, if the 

available energy per radio network interface is 

higher, and is inverse proportional from: the num-

ber of used interfaces (M), maximal backlog value 

of the queues, the duration of the time slot T, and 

the value of the average power (pav) per radio inter-

face. One can notice that the radio network inter-

faces which are not used (up) at the particular time 

slot should not be included in the calculations, so 

we can get longer battery life time for the 5G ter-

minal. The derivation above (in the expression 

(24)) is solved by the assumption that all radio in-

terfaces are launched (active) and that all of them 

are having the same average power expenditures 

(pm
av

). 

5. SIMULATION RESULTS AND ANALYSIS 

In this section, we provide a simulation of the 

proposed AQUAplus algorithm for a 5G scenario 

including total wireless network coverage for the 

250 5G mobile terminals, from several RATs. The 

resulting average power for each interface within 

the 5G terminals is set to be pm
av

 = 0.7 W. The 

control parameter is V = 10. All exogenous stoc-

hastic inputs (sources) are independent Poisson 

processes, with three basic packet arrivals’ rates: 

λ1 = 50 packets/s, λ2 = 24.316 packets/s and 

λ3=68.9655 packets/s (corresponding to the packet 

arrival’s rates of VoIP, VoIP-conference and data, 

respectively). The Figure 1 shows simulation re-

sults over 10
7
 slots for the average sum queue 

backlog (in units of packets) versus different val-

ues for the total input packet arrival rate (different 

number of active application sources), when the 

complete arrival rate vector for N = 10 sources is λ 
= [68.9655; 50; 24.316; 100; 50; 50; 24.316; 50; 

68.9655; 68.9655]. If the number of sources is N = 

9, then there will be summarized only first nine 

arrival rates from the vector λ and etc. In all four 
cases the 5G mobile terminals are moving with 

average velocity of 40 km/h.  

The maximal output serving rate vectors µM 

for all cases are:  

– if M = 1, then µ1 = (1/250)·[44 643];  

– if M = 2, then µ2 = (1/250)·[44 643·12 500];  

– if M = 4, then µ4 = (1/250)·[6 694.4·12 500  

                                              ·5 000 – 44 643];  

– if M = 6, then µ6 = (1/250)·[6 694.4 12 500– 

                        –5 000 44 643·5 000·6 694.4]. 
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Fig. 1. Average queue backlog versus number interfaces 

in 5G terminals 

Undoubtedly, as the total number of used in-

terfaces in 5G terminals is higher, the average 

queue backlog is smaller. The case when they are 6 

interfaces is achieving superior results for any 

number of data sources over other three cases (es-

pecially with the case when there is only one used 

interface and there is no Lyapunov drift-plus-pen-

alty optimization technique, i.e. there is no 

AQUAplus algorithm within the used mobile ter-

minals). To emphasize that the above maximal 

output rates are carefully chosen to be adequate to 

the maximal uplink serving rates (by dividing the 

uplink bit rates with the average number of bits per 

packet) of LTE/LTE-Advanced, IEEE 802.11n, 

IEEE 802.16e, IEEE 802.16m and IEEE 802.11ac 

RATs, shared between 250 mobile terminals in one 

cell.  

By the Little’s theorem [29] and [30], divid-

ing the average queuing backlog with the average 

arrival rates yields an upper bound on average time 

delay. Consequently, in the case with more inter-

faces within 5G terminal with AQUAplus algo-

rithm will cause minimal average time delay. It is 

noticeable that the delays start to rice when the 

number of sources is equal to the number of RAT 

interfaces which are launched (M). 

Furthermore, Figure 2 presents the average 

queue delays versus the average velocity of 5G 

mobile terminals, when the number of sources is 

fixed on N=3, with arrival rate vector λ = [λ1 λ2 λ3]. 

The maximal output serving rate vectors µM 

for all cases are:  

– if M = 1, then µ1 = (1/250)·[6 694.4];  

– if M = 2, then µ2 = (1/250)·[6 694.4·12 500]; 

– if M = 3, then µ3 = (1/250)·[6 694.4·12 500 

                                                      ·         5000];  

– if M = 4, then µ4 = (1/250)·[6694.4·12500· 
                                                     ·5000.2250];  

– if M = 5, then  µ5 = (1/250)·[ 6694.4·12500 

                                    ·5000·2250·12053.57]. 

 
Fig. 2. Average  delay versus average velocity  

of 5G mobile terminals. 

It is evident that as the number of RAT inter-
faces is higher (i.e. for M = 5) the value of the av-

erage delay is lower for each velocity, even it is 

with rising trend versus velocity. If there is only 

one RAT interface (there is no vertical multi-

homing and multi-streaming features) the average 

queue delay values are maximal (see the curve 

where M = 1 in the Figure 2). Also, with smaller 

number of interfaces the average throughput is 

smaller and is supporting only those RAT inter-

faces belonging to the RAT with best mobility 

support. A key observation about the above algo-

rithm is that it does optimal flow control decisions 

and simultaneously causing network queuing stabi-

lity and minimal network queue delays. Moreover, 

as the number of available RATs is increasing – 

more RAT interfaces are launched, so more superi-

or overall performances are achieved. Also, we 

must take care of the trade-off between the battery 

life time (which is smaller when there are more 

active radio interfaces (М)) and the achievable 

throughputs included in the overall performance of 

the 5G terminals.  

In the same time, we must to take in conside-

ration the average power constrains for each radio 

interface, in order to avoid uncontrolled interferen-

ce between the different RAT interfaces. 

6. CONCLUSION 

The paper presents а novel analytical frame 

work for 5G terminal with vertical multi-homing 

and multi-streaming features for 5G mobile broad 

band networks, which is maximizing the time ave-
rage throughput and stabilize the queuing, simul-

taneously providing minimal queue backlog and 
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minimal average queue delay. Also the upper 

bound of the consumed power and the lower bound 

of the battery life time for the proposed 5G termi-

nals with AQUAplus algorithm within are pre-
sented. The 5G terminal with Lyapunov drift-plus-

penalty technique implemented in the user 5G mo-

bile terminals and in the 5G core network (e.g., in 

5G proxy server or 5G cloud), is handling simulta-

neously multiple multimedia sources (applications) 

via multiple wireless and mobile network inter-

faces. The presented framework is leading to the 
practical policy control algorithms that are prova-

bly optimal and stable network, with high level of 

QoS provisioning.  

Therefore the proposed 5G terminal can be 

easily generalized in a multi-RAT heterogeneous 

future 5G scenario, for different existing and future 

mobile broadband services globally, which are be-

ing typically accessed through mobile terminals, 

such as smartphones and lap-tops, due to higher 

penetration of mobile broadband compared to fixed 

broadband including developed and developing 

countries. In that manner, the next logical step is 

radio networks aggregation which will provide fur-

ther increment in the data rates using the available 

RATs as well as future defined ones. Of course, for 

5G there will be also new access schemes with 

higher spectrum utilization than 4G. However, ra-
dio network aggregation feature, as proposed in 

this paper, provides possibility to combine even 

newly proposed 5G RATs with 4G RATs (LTE-Ad-

vanced and Mobile WiMAX 2.0), 3G RATs, as 

well as WLAN 802.11ac/ad/af. Finally, efficient 

QoS-based usage of available mobile resources is 

essential for implementation of the 5G paradigm 
and achieving the 5G desirable performances and 

goals. 
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