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Abstract—This paper develops an innovative scalable and
low-cost QoS-based user equipment (UE) virtualization (UEV)
scheme that capitalizes on the massive connectivity and the
enhanced resources of the new UE generation in terms of connec-
tivity, computing, battery/power, etc. Exploiting the need/excess
duality and the heterogeneity in such resources at the UE plan,
we form virtual UEs (VUE)s, dynamically, owing to a carefully-
designed time-adjusting scheme for the selection of the proper
cooperative UE sets. The new UEV scheme is able to adapt
to each target UE (TUE) environment, meet its demands, and
scale with its needs, offers a reliable and efficient yet low-cost
inter-UE cooperation, reduces the overhead and power consump-
tion with respect to conventional approaches, and substantially
reduces the number of communication links and, hence, incurs
much less interference. System-level simulation results show that
the proposed QoS-based UEV scheme largely outperforms the
”dummy UEs” approach.

Index Terms—User equipment (UE) virtualization (UEV),
wireless access virtualization (WAV), 5G, user-centric architec-
ture, cloud UE, device-to-device (D2D) communications .

I. INTRODUCTION

Current 4G radio access networks (RAN)s adopt cell-centric

architectures where the cell is the network’s focal point which

serves several UEs located in its coverage area [1]- [5]. As

the number of users and the services’ data rate increase,

conventional cellular networks, whose spectrum resources are

limited, approach their limits. One straightforward way to

cope with such a huge mobile data traffic is to increase the

system capacity by deploying more and more transmission

points (TP)s. This allows not only spectrum reuse across large

geographic areas, but also the reduction in the number of

devices competing for each TP’s resources. Unfortunately, ex-

treme densification leads inevitably to high inter-cell interfer-

ence and, hence, a poor cell-edge user experience. In order to

overcome this liming factor, some remedial solutions such as

inter-cell interference coordination, coordinated beamforming

[6], and fractional frequency reuse have been introduced in

4G RAN. Although the latter offered some performance gains

at the cost of increased complexity and overhead, they were

unable to completely remove the cell-boundary effect.

By capitalizing through cell virtualization on this clear trend

of extreme densification, future 5G networks will provide, in

contrast to their predecessors, boundaryless communications

and ensure uniform and consistent user experience [7]. This

would potentially lead to substantial improvements in terms
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of network’s spectral and power efficiencies and, hence, to

the fulfillment of 5G’s pledge of ubiquitous user experience.

On the other hand, massive connectivity is also envisioned

in future 5G networks [8]-[9]. Indeed, recent years have

witnessed the surging popularity of mobile services and ap-

plications, resulting in an explosive growth in the number of

mobile devices and tremendous advances in their capabilities.

This offers new opportunities to achieve edgeless communi-

cation through wireless access virtualization (WAV) at the

UE level by inter-UEs cooperation. Indeed, multiple UEs

may be grouped to form a VUE with enhanced capabilities,

thereby allowing efficient resource allocation and coordination

and improved network performance. Nevertheless, UEV raises

several challenges mainly related to its administration and

incentives, the management of the incurred interference, and

the selection of cooperative UEs, their privacy and security,

and their battery lifetime.

Aiming to address most of these concerns, [5] proposed to

perform UEV through a network-aware device with enhanced

processing and front-end capabilities. Called dummy UE, such

a device uses the same air interface as any other UEs to

assist their discovery and help them transmitting and receiving

data. It is nothing but a relatively cheap device deployed

by the network operator to enhance performance or relieve

the traffic stress caused by hotspots. Indeed, by placing

the so-called dummy UE at an optimal geographic position

sufficiently high to give it some noticeable SINR gain (e.g.,

5 dB) over the surrounding ordinary UEs, it offers not only

substantial throughput and coverage gains, but also enables

the implementation of advanced signal processing techniques

that require accurate CSI estimates and powerful processors.

However, despite its efficiency, the so-called dummy UEs

approach suffers from several drawbacks. First, it requires

pre-planning and, hence, is unable to handle unpredictable

hotspots. Second, although dummy UEs are relatively cheap,

their deployment and maintenance can be very expensive since

they are envisioned to be introduced by the hundreds and

placed at presumably optimal yet very often hardly acces-

sible locations. Besides, these supposedly strategic positions

might fall short from delivering the target SINR gain due

to unpredictable interference caused either by neighboring

personal femtocells or other in-band device-to-device (D2D)

transmissions. The latter may cause dramatic performance

degradation and even render these dummy UEs useless. Fi-

nally, the so-called dummay UEs approach is unscalable since

it would require more dummy UEs to cope with the growth of

UEs. Even worse, these dummy UEs might quickly become
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obsolete due to the rapid technological advances in hardware.

Due to the aforementioned issues, authors in [10]-[18] have

opted for inter-UEs cooperation. The latter is actually a more

scalable virtualization solution that enables the efficient use

of available resources without requiring any costly network

infrastructure improvements. A pressing and critical question

arises, however, as how to select the set of cooperative

UEs to rip the maximum benefits of their cooperation and

significantly improve performance without increasing costs?
Conventional relay selection techniques such as [10]-[18]

could be adopted. However, they require huge information

exchange between all UEs that translate into significant extra

overhead, latency, and power consumption, all condemned

to increase exponentially with the network densification and

massive connectivity foreseen in future 5G networks. Fur-

thermore, the VUEs are usually formed in these works using

highly-complex iterative greedy search algorithms that explore

all potential set constructions to ultimately settle on groups

that are very often far from optimal. On the other hand,

by activating some UEs to cooperate with one target UE

(TUE) that needs help, the number of communications link

increased, thereby depleting system resources and causing

high interference level.

Motivated by all these issues, we develop in this paper

an innovative scalable and low-cost QoS-based UEV scheme

that capitalizes on the massive connectivity and the enhanced

resources of the new UE generation in terms of connectivity,

computing, battery/power, etc. Exploiting the need/excess

duality and the heterogeneity in such resources at the UE

plan, we form VUEs, dynamically, owing to a carefully-

designed time-adjusting scheme for the selection of the proper

cooperative UE sets. The new UEV scheme is able to adapt

to each TUE environment, meet its demands, scale with its

traffic needs, offers a reliable and efficient yet low-cost inter-

UE cooperation, reduces the overhead and power consumption

with respect to conventional approaches, and substantially

reduces the number of communication links and, hence,

incurs much less interference. Simulation results show that the

proposed QoS-based UEV largely outperforms the ”dummy

UEs” approach.

II. 5G SYSTEM MODEL

As illustrated in Fig. 1, our system consists of an ultra-

dense subnetwork comprised of extremely heterogenous sys-

tem infrastructure and UEs. The latter are assumed to have

different radio access technologies (RAT)s, antennas numbers,

processing capabilities, and, powering technologies. It is this

extreme heterogeneity, especially at the UEs plan, that will

characterize future 5G networks. As shown in Fig. 1, in such

a network some UEs may be served by macro, micro, or

femto base stations (BS)s while others are served by a set of

BSs forming a virtual BS. Furthermore, some UEs may have

access to private networks through a different RAT such as

WiFi while others might have access to a particular network

infrastructure through uncrowded bands such as mm-wave.

Some UEs might not be advanced enough to benefit from
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Fig. 1: System model.

it. All UEs in Fig. 1 could be co-located or relatively close

to each other. The subnetwork of our concern could be any

hotspot created by outdoor festivals or rallies, coffee shops,

or shopping malls. It is noteworthy here that some of UEs in

these hotspots might belong to the same subscriber or owner.

They could be smatphones, tablets, and/or wearable devices.

Such heterogeneity in both UEs and infrastructure plans

give rise to new use-cases wherein some UEs might have

access to more resources than required when others would be

in shortage. In such a case, the latter will be simply provided

by new resources, thereby depleting the system resources.

Another phenomenon that will also characterize future 5G

systems and must be underlined here is the unpredictable

interference due mostly to femtocells and in-band D2D. Both

are extremely random and, hence, unpredictable since they are

often activated by the subscriber itself in order to extend its

coverage or access a wider range of services. Consequently,

the network cannot predict such interference as it would do

with inter- and intra-cell interference in the current conven-

tional 4G context.

All these phenomena and 5G context characteristics must

be taken into account when designing the prospective UEV

strategy.

III. PROPOSED QOS-BASED UEV

Fig. 2 shows the link capacity and QoS profiles of a

prospective 5G network. The 5G link capacity profile is

anisotropic due to the extreme heterogeneity of both infras-

tructure and UE sides. Indeed, as discussed above, some

co-located (or closely located) UEs may access different

quantities of resources since they have different available

RATs or priorities. They could also suffer from different levels

of unpredictable low-range interference. All these factors

should significantly broaden the differences between their link

capacities even if they are very close to each other. This is in

contrast with 4G networks wherein co-located UEs may access

the same network and are subject to almost the same interfer-

ence level, making its link capacity profile totally isotropic.

Actually, this is one of the main conceptual evolutions that

should govern 5G standards. Besides, as illustrated in Fig. 2,
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Fig. 2: 5G link capacity and QoS profiles.

the QoS requirements of co-located UEs considerably varies

from an UE to another. This is a valid assumption since

5G networks will support a wider range of services and

applications with much different QoS requirements. Actually,

this assumption is already valid in 4G context wherein for

instance UEs in the same vicinity of say a coffee shop could

launch different applications such as HD video streaming

web browsing, or simple file downloading with different QoS

requirements.

The link capacity and QoS profiles are combined in Fig. 2

to reveal many new cooperation opportunities that should be

exploited in the prospective UEV approach. Indeed, some

of the dark red discs standing for UEs with high QoS

requirement are located in light blue regions representing poor

link capacities. Whereas, UEs requiring low QoS (i.e., light

red discs) would have access to much better link capacities.

Motivated by the aforementioned observations, we introduce

in this work a novel QoS-based UEV scheme that relies on the

opportunistic association of high-QoS UEs having poor links

with low-QoS UEs having strong links. In what follows, we

will show how the former could significantly benefit from the

latter to balance their QoS deficits with the others’ excesses.

We will also show how future 5G networks could benefit from

our new UEV as well.

Two scenarios are considered here: i) Scenario 1 wherein

some UEs have additional unused resources provided through

private subnetworks or by special radio access technologies

(RAT)s not commonly used in the network, and ii) Scenario

2 wherein none of the UEs have extra resources.

A. Scenario 1

Fig. 4 illustrates Scenario 1 wherein three active UEs re-

ceive data during the same time slot. UE1 needs additional

network resources (for example bandwidth) to cater its high

QoS demands (for example throughput) while UE2 and UE3

require much less QoS but have access to extra resources

unreachable by UE1 (i.e., the network is unable to serve

UE1 using these extra resources due to their private character

and/or limited RAT at UE1). For instance, UE1 may be
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Fig. 3: Scenario 1: some UEs with extra resources.
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(b) Second step/hop

Fig. 4: Proposed QoS-based UEV approach in Scenario 1.

unauthorized to access some surrounding WiFi networks or

private femtocells and/or might not be equipped with the

proper RAT to access the resources available at some BSs.

So far, this issue is inefficiently addressed by providing UE1

with new network resources, if ever available, to meet its QoS

requirement. Even D2D capabilities cannot be exploited to

relay UE1 data through UE2 and UE3 since all three UEs

are scheduled at the same time slot. Rather, this work sees in

this situation a huge potential for UEs cooperation through

resource sharing among UE1, UE2, and UE3. Indeed, as

shown in Figs. 4(a) and 4(b), by associating these three UEs

and enabling their cooperation within a VUE, the network

can transmit UE1’s needed data through the extra resources

of UE2 and UE3 that the network could allocate to them in

excess of their QoS levels up to their cellular link capacities

(i.e., first step/hop) before their transfer through the D2D links

to UE1 (i.e., second step/hop). The new UEV scheme actually

requires a fundamental change with respect to conventional

RAN, since the data sent to UE2 and UE3 contains not

only their own information, but also that of UE1. It could

be implemented by inserting some additional pilot symbols

fractions of a given data frame with the UEs they are destined

to. Nevertheless, such concept certainly requires enhanced

UE capabilities as already envisioned in 5G, as well as a

fundamental review of the data frame’s structure that would

rethink, among other things, pilot insertion rates and positions.

By selecting and allowing the cooperation of active (i.e.,

scheduled) UEs based on their QoS (i.e., associating high-QoS

UEs having less resources with low-QoS UEs having more

resources), we open the door to an exponentially increasing

number of cooperation opportunities. Furthermore, not only
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would UE1’s QoS requirements be met, but any depletion

of network resources would be avoided thereby resulting in

substantial throughput or spectrum efficiency improvements.

All these benefits highlight the efficiency at low cost of the

proposed UEV approach, making it a very suitable candidate

for WAV at the UE level in future 5G networks.

B. Scenario 2

In Scenario 2, none of the three scheduled UEs has extra

resources. The network accounts for the link quality (mea-

sured through the SINR, CSI, or CQI, etc.) to allocate to the

UEs only the amount of resources required to meet their QoS

demands, as shown in Fig. 5. When UE1 increases its demand,

the network may provide it with more resources (for example

bandwidth) in order to meet its new requirements, as it is

done in current RANs and illustrated in Fig. 6. Since UE1

is experiencing poor link conditions, large network resources

must be allocated to it, thereby depleting its limited resources.

In order to circumvent this serious issue, we propose in this

paper that the resources be allocated to UE2 and/or UE3

instead of UE1 as shown in Fig. 7. Since UE2 and UE3 are

subject to much better link conditions, much less resources

are required to meet the additional UE1 demands. Again here

the data sent from UE2 and UE3 contains not only their own

information but also that of UE1. According to LTE standards,

up to 44 times less bandwidth could be used if the proposed

UEV is implemented to group high-QoS/poor-link UEs with

lower QoS/better-link UEs [19]. This proves that the proposed

UEV approach may provide substantial gains even when UEs

have the same RATs and access the same network resources.

The selection must be done here by accounting for the link

condition rather than the link capacity as in Scenario 1. We

will see in the next Section that it is even possible to make a

UE cooperate with others having the same and different RATs

and accessing the same and different private resources. This

highlights again the efficiency of the proposed approach and

its potential to increase the cooperation opportunities, thereby

capitalizing on the massive connectivity foreseen in 5G.

Although Scenarios 1 and 2 underline two particular use-

cases wherein UEs have access to different or same private

networks and special RATs, they both fall under the same roof

of resource sharing between UEs, that is by capitalizing on

their diversity, high density, and increased smart capabilities

all envisioned in future 5G.
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Fig. 5: Scenario 2: no extra resources.
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Fig. 6: Conventional approach in proposed QoS-based UEV

approach in Scenario 2.
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Fig. 7: Proposed approach in proposed QoS-based UEV

approach in Scenario 2.

IV. ENABLING MECHANISM OF QOS-BASED UEV

This section investigates mechanisms that enable the pro-

posed QoS-based UEV scheme. Let us first consider a network

of U UEs. Let cu [bits/s/Hz] and qu [bits/s] denotes the u-th

UE channel capacity and its required QoS, respectively. As in

any orthogonal frequency division multiple access (OFDMA)

air interface1 , the scheduler assigns at a given time slot t the

available subcarriers (i.e., spectral resources) to K UEs among

U so that a balance between predefined individual and/or

global goals is reached. Let wu denote the bandwidth allocated

by the scheduler to the u-th UE and wad
u its additional unused

bandwidth provided by a private subnetwork (ex., private

femtocell, WiFi network, etc.) it might access or by some

other special RATs not commonly used in the network.

The K active (i.e., scheduled) UEs can be then divided into

two sets: the set of in-need UEs (nUE)s which need more

resources to cater their target throughput

SnUE = {i|ciwi < qi} , (1)

where wAd
i = 0, i ∈ SnUE since nUEs do not have any

additional bandwidth as they are ”in-need”, and the set of

1OFDMA is considered here only as one exemple. our approach easily
extends and applies to to any other RAT such as time-division multiple access
(TDMA), code-division multiple access (CDMA), sparse code multiple access
(SCMA), non-orthogonal multiple access (NOMA) , etc, or any combination
thereof.
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Algorithm 1 Proposed QoS-based UEV algorithm.

Input: nUE, pUE, cu, wu, wad
u , Neu, qu, Ri,u;

SnUE = {i; ciwi < qi};

SpUE = {p; cp(wp + wad
p ) � qp};

for i ∈ SnUE do
Vi = ∅;

Ci
pUE = {k ∈ SpUE; Ri,k � qi − ciwi}

k0 = arg
k∈Ci

pUE

max(ck);

if ck0 � ci then
Vi = Vi ∪ k0;

if wick0
> Nei then

wad
k0

=
wick0

−Nei
ck0

+ wad
k0

;

else
Nei = Nei − wick0

;

end if
end if
while Nei > 0 or Ci

pUE �= ∅ do
k0 = arg

k∈Ci
pUE

max(wad
k ck );

Vi = Vi ∪ k0;

Ci
pUE = Ci

pUE\{k0};

if wad
k0
ck0 � Nei then

Nei = 0;

wad
k0

= wad
k0

- Nei
ck0

;

else
Nei = Nei - wk0ck0 ;

wad
k0

= 0;

end if
end while

end for

provider UEs (pUE)s able to provide nUEs with data thanks

to their additional resources and/or high channel capacity

SpUE =
{
k|ck(wk + wad

k ) ≥ qk
}
. (2)

In the sequel, we propose an algorithm that selects the best

cooperative pUEs forming with nUEs VUEs Vis wherein

nUEs meet their required QoS using the available network

resources. As a first step, we need to determine for each

nUEi a set of cooperative candidates Ci
pUE. To this end, nUEi

selects from all neighboring UEs that it can have a D2D

communication with any UEi that is potentially able to serve

it by verifying if that D2D link satisfies

Ri,u ≥ Nei = qi − ciwi, (3)

where Ri,u [bits/s] is the maximum achievable rate of the D2D

link and Nei [bits/s] is the needed data rate at nUEi to meet

its QoS. Note that nUEi selects its candidates from the whole

set of active UEs in its vicinity since it is oblivious to their

allocated bandwidth and required QoS and, hence, to SpUE.

It is also noteworthy that the condition in (3) aims at reducing

the number of cooperative UEs to 1, in order to decrease the

number of D2D links. Indeed, in such a case, a UE having

enough additional resources to cover the need Nei can relay

it alone the D2D link and, hence, no other pUE is required.

nUEi feeds back its subset of UE candidates to the network

and the latter refines and reduces it by keeping only the pUEs

willing to collaborate to the following cooperative subset of

pUE candidates:

Ci
pUE = {k|Rk,i ≥ Nei = qk − cnwk} . (4)

In order to optimize its resources usage, one should start

allocating the bandwidth of nUEi to a pUE∈ Ci
pUE that

has a better channel capacity before moving on to exploiting

its additional bandwidth. This would not only increase the

spectral efficiency (i.e., more delivered data using the same

resources), but would also enhance the cooperation opportu-

nities of the other nUEs in need and waiting for their turn to

be served as well. If several candidates with better channel

conditions exist, we should naturally pick the best one (i.e.,

k0 = argmaxk∈Ci
pUE

{ck}), allocate UEk0 to Vi, and check

whether wnck0 ≥ Nei. If this condition is satisfied, then UEk0

is able to satisfy the required QoS of nUEi and, therefore, its

additional bandwidth is updated as follows

wad
k0

= wad
k0

+
wick0 −Nei

ck0

, (5)

where the second term of the right-hand-side (RHS) of the

equation above stands for the remaining bandwidth (if any)

after providing nUEi with sufficient data to meet its QoS.

Should we have wick0 < Nei, then and only would we

explore the possible exploitation of any additional bandwidth

resources pUEs ∈ Ci
pUE might have to provide nUEi with

Nei = Nei − wick0 . Again here we propose to select pUEk

that maximizes wad
k ck in order to leave as many cooperation

opportunities as possible to the other nUEs. Once this best

candidate is found, the network allocates it to Vi, then

checks its ability to entirely deliver Nei. If so, its additional

bandwidth is reduced by the spectrum amount required to

cover Nei. Otherwise, all its additional bandwidth is fully

exploited to partially cover Nei. Then we keep moving on to

the next best remaining pUEk and repeat the last steps above

until Nei = 0 (i.e., the nUEi’s QoS is satisfied) or the set

Ci
pUE is totally exhausted. Algorithm 1 summarizes all the

UE selection and VUE formation steps of the proposed QoS-

based UEV scheme discussed above.

By exploiting the QoS dimension as shown in (2)-(5),

our proposed QoS-based UEV approach encompasses various

cooperation scenarios resulting from the heterogeneity of

both UE and infrastructure plans characterizing future 5G

networks. Indeed, UEs with the same channel conditions (bad

or good) could help each other should they have different

QoS requirements. Besides, UEs with relatively good channel

conditions and low QoS may help others with much worse

channel conditions and higher QoS requirements. This is in

sharp contrast with existing techniques that consider a sole

scenario wherein high-capacity UEs assist those with low

capacity [10]-[18]. Section VI will show that the significantly

increased cooperation opportunities allowed by our QoS-

based UEV scheme offers substantial improvements both in
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network throughput and spectral efficiency and also in terms

of required QoS satisfaction.
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(f) Proposed QoS-based UEV

Fig. 8: UE satisfaction level.

V. BENEFITS OF PROPOSED QOS-BASED UEV

The benefits of the proposed QoS-based UEV approach are

discussed and summarized below.

• Dynamic and adaptive: The proposed approach selects

an appropriate set of cooperative pUEs able to help

nUE meet its QoS requirement. This set is dynamically

adjusted to cope with the variations of nUE’s operating

conditions and environments (i.e., its QoS demands, its

link capacity/quality, the number of potential cooperative

UEs, their link conditions and QoS requirements, etc.).

• Low complexity: By exploiting the QoS dimension, the

proposed approach substantially simplifies the selection

process of cooperative UEs. Indeed, in contrast with

conventional approaches, it avoids resorting to complex

yet sub-optimal iterative greedy algorithms that explore

all potential set constructions to ultimately settle on

groups that are very often far from optimal.

• Low overhead and power costs: The selection pro-

cess can be implemented locally, at the TUEs, thereby

avoiding the prohibitive overhead and power costs that

would have been incurred if we were to proceed in a

conventional way by feeding back all CSI to the network.

• Reduced interference level: The association of high-

QoS/low-capacity UEs with relatively lower-QoS/higher-

capacity UEs opens the door towards a dramatic re-

duction in the number of UE-to-network (or user-to-

infrastructure) communication links and, hence, in the

network’s interference levels. Indeed, a VUE may trans-

mit/receive data and signaling2 only through small UEs’

subsets including, thereby decreasing communication

links’ number. This is in contrast with conventional UEs

selection algorithms which activates non-active UEs to

make them cooperate with TUE and, hence, increases

even more the communication links and their incurred

interference [10]-[18]. This is actually another conceptual

difference characterizing our approach using which TUEs

data is transmitted along with cooperative UEs data.

• Improved network resource management: The pro-

posed UEV approach allows tremendous savings in net-

work resources. Indeed, not only it significantly reduces

the number of communication links, but it also keeps

only the best ones that require much less resources to

achieve exactly the very same target performance. As

mentioned in Section III, according to the LTE standard,

our approach would require until 44 times less resources

in the spectral domain [19].

• Scalability: The more UEs we have in the network,

the more cooperation opportunities arise for even better

exploitation by our QoS-based UEV scheme, hence,

the higher are its performance and added value. Con-

sequently, our approach may capitalize on the massive

connectivity foreseen in 5G networks. This is in contrast

with the so-called “dummy UEs” approach [5] whose

complexity and cost explode with the number of UEs.

VI. SIMULATION RESULTS

In this section, we verify through system-level simulations

the efficiency of the proposed QoS-based UEV scheme and

compare its performance with the “dummy UEs” approach

[5] and the ”best relay selection” strategy wherein each UE

selects the best non-active (i.e., non-scheduled) UE that could

relay data to it at the highest rate [12]. We consider an

heterogenous network of 7 hexagonal macros with inter-site

distance of 1000 m (i.e., 500 m radius) and transmit power

of 46 dBm and 200 uniformly distributed picos with 100 m

radius and transmit power of 23 dBm. We assume that each

cell sector/site (i.e., macro/pico) and each UE has two transmit

and two receive antennas, respectively. Each macro and all

2 It is noteworthy that different UE subsets can be considered for signaling
and useful data communication.
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Tab. I: Achieved UE data rate and satisfaction level with 100 and 200 picos for (q1, q2) = (0.5, 1.5) Mbps.

100 picos 200 picos
Average

rate [Kbps]
5%-ile
[Kbps]

Full
satisfaction [%]

Average
satisfaction

Average
rate [Kbps]

5%-ile
[Kbps]

Full
satisfaction [%]

Average
satisfaction

No D2D 507.80 109.20 5.70 0.187 587.20 120.00 6.50 0.220
Best relay 589.90 111.60 8.20 0.214 736.80 177.40 21.70 0.422
Dummy UEs at 1 dB 612.30 123.70 14.20 0.327 668.30 145.90 18.20 0.367
Dummy UEs at 5 dB 1,180.30 308.90 43.70 0.539 1,260.60 358.10 48.90 0.621
QoS-based UEV 1,260.60 340.20 60.03 0.742 1,450.70 517.40 80.16 0.852

Tab. II: Achieved UE data rate and satisfaction level with 100 and 200 picos for (q1, q2) = (0.5, 1) Mbps.

100 picos 200 picos
Average

rate [Kbps]
5%-ile
[Kbps]

Full
satisfaction [%]

Average
satisfaction

Average
rate [Kbps]

5%-ile
[Kbps]

Full
satisfaction [%]

Average
satisfaction

No D2D 499.30 125.90 6.20 0.207 563.50 125.60 8.50 0.317
Best relay 562.40 127.30 7.00 0.294 731.80 181.90 24.60 0.483
Dummy UEs at 1 dB 608.60 130.00 16.40 0.380 661.70 152.80 20.00 0.405
Dummy UEs at 5 dB 1,156.20 319.70 45.40 0.581 1,251.10 377.70 49.30 0.692
QoS-based UEV 1,245.03 655.00 89.53 0.950 1,382.00 812.94 96.43 0.986

picos located in its coverage area form a hyper-cell that serves

the UEs using dynamic point selection. A hotspot is emulated

by randomly deploying in a disc of 1000 m radius 1000 mobile

UEs with nomadic/pedestrian speed of 3 km/h.

In all simulations, we consider that all UEs have access to

all network’s resources, except in Tab. II where we add in each

macro 100 private picos whose resources are accessible only

by one half of the UEs regardless of their QoS requirements.

Furthermore, we assume that half of the UEs require a

minimum QoS rate of q1 Mbps versus q2 < q1 Mbps by

the other half. Please note here that a user with QoS q1 > q2
whose link capacity allows it to get the data rate R1 > q1
(i.e., in excess) could transfer a portion of it, say δR, to a

neighboring user with QoS q2 whose link capacity gives it

a data rate R2 < q2 (i.e., in need) such that R2 + δR = q2
(i.e., resource transfer and balance), and yet still have as one

possibility R1 − δR > q1 (i.e., still in excess of minimum

QoS). Hence, the achieved average rate could exceed the

average target QoS level, here of (q1 + q2)/2.

For the sake of fairness, we adopt the same decode-and-

forward (DF) cooperation mode both in [5] and the proposed

QoS-based UEV approach. In order to compare the two

schemes, we opt for the following metric:

SUE = min

(
RA

RT
, 1

)
, (6)

where SUE stands for the satisfaction level, RA is the actual

(i.e, delivered) rate, and RT is the target rate (i.e., RT = q1
or RT = q2). SUE reaches its maximum 1 when the UE is

fully satisfied [i.e., RA ≥ q1, hence its minimum with 1 in

(6) if still in excess, or RA = q2] and its minimum 0 when

the latter is not served at all.

In a preliminary qualitative assessment, we plot in Fig. 8

the UE satisfaction level achieved either without applying any

UEV approach or using the “dummy UEs” and the proposed

UEV schemes. In particular, Figs. 8(d) and 8(e) consider

100 and 200 dummy UEs, respectively, strategically placed at

optimal positions presumably providing 5 dB SINR gains over

their neighboring UEs, whereas Figs. 8(b) and 8(c) reduce the

latter to 1 dB due to the stronger-than-expected interference

levels that could easily arise anytime from all unpredictable

inband D2D or private small cell transmissions.

The conventional case of Fig. 8(a) where none of the UEV

approaches is adopted, the network performs very poorly with

the red-colored very-low-satisfaction level dominating. This

is hardly surprising because conventional networks would be

currently unable to accommodate the huge traffic demand

arising from the very likely 5G hot-spot scenario consid-

ered herein. In Figs. 8(d) and 8(e), however, the “dummy

UEs” approach provides noticeable UE satisfaction gains

that increase (see green-colored high-satisfaction-level dots

becoming more and more numerous) both with more dummy

UEs (Figs. 8(b) and 8(d)) and/or higher-SINR-gain dummy-

UE positions (Figs. 8(c) and 8(e)), actually more so with

the latter. Indeed, the “dummy UEs” approach is extremely

vulnerable to the unpredictable yet inevitable interference that

reduces the SINR gains expected at the dummy-UE positions

from their nominal to practical levels set here as one example

to 5 and 1 dB, respectively. As such, we see from Figs. 8(c)

and 8(d) that the dummy UEs approach performs better with

higher SINR gains at the dummy-UE positions (i.e., 5 versus 1
dB) yet with less dummy UEs (i.e., 100 versus 200). Fig. 8(f)

illustrates the performance of the proposed QoS-based UEV

approach in terms of UE satisfaction level. The dominating

green-colored very-high-satisfaction-level dots reveal unam-

biguously its superiority over the ”dummy UEs” scheme in

all four considered scenarios of Fig. 8(b) to 8(e), i.e., even in

the most favorable conditions of a larger number of dummy

UEs all placed at optimal positions offering the full 5 dB

SINR gain.

Tabs. I and II quantitatively evaluate at two target QoS

couples (q1, q2) of (0.5, 1.5) and (0.5, 1) Mbps, respectively,

the performance of a conventional network without D2D com-

munications, the “best relay selection” technique, and both the

proposed QoS-based UEV and the “dummy UEs” schemes

in terms of the average rate, the 5%-ile rate (i.e., coverage),
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the full-satisfaction percentage (i.e., relative number of UEs

achieving SUE = 1), and the average satisfaction score (i.e.,

expectation of SUE over all UEs) achieved by the UEs in the

presence of 100 or 200 picos. From these tables, we report

the following main observations:

• All tested schemes see their data rate performance improve,

either on average or at 5%-ile, when the number of picos

and/or the average target QoS rate (q1 + q2)/2 increase(s),

i.e., when there is a stronger offer of and/or demand for more

resources.

• All tested schemes still see their satisfaction performance

improve, either in full-achievement percentage or on average,

when the number of picos increases, i.e., when there is a

stronger offer of resources. However, they see it decrease

when the average target QoS rate (q1 + q2)/2 increases, i.e.,

when there is a stronger demand for more resources, thereby

underlying the resulting penalty in terms of decreasing fairness

among UEs.

• The ”best relay selection” scheme offers some performance

gains against the conventional ”no D2D” case in terms of

all measured metrics. However, the ”dummy UEs” approach

could offer much more noticeable performance gains (except

in terms of rate performance at 1 dB dummy positions in

Tab. II with 200 picos), more so when the dummy UEs are

indeed placed optimally at higher SINR-level positions. These

performance improvements remain, however, dependent on

and hence vulnerable to achieving the higher SINR levels

required at the dummy positions in real-world conditions.

As such, they offer little guarantees in practice due to the

stronger-than-expected interference levels that could easily

arise anytime from all unpredictable inband D2D or private

small cell transmissions. The ”dummy UEs” approach can lose

up to about 50% in all measured performance metrics when

the dummy positions see their SINR gains fall from 5 to 1

dB.

• Most importantly, the proposed QoS-based UEV scheme

unambiguously surpasses all tested benchmarks and outper-

forms the ”dummy UEs” at 5 and 1 dB dummy UE positions,

respectively, by as much as over 10% and 110% gains in terms

of throughput, over 10% and 180% gains in terms of coverage

(i.e., 5%-ile rate), over 40% and 320% gains in terms of full

satisfaction level, and 40% and 130% in terms of average

satisfaction score, respectively.

These remarkable performance gains highlight unequivo-

cally the net superiority of the proposed QoS-based UEV

approach and it perfect suitability as a candidate for WAV

at the UE level in future 5G networks.

VII. CONCLUSION

This work developed an innovative scalable and low-cost

QoS-based UEV scheme that forms VUEs, dynamically, ow-

ing to a carefully-designed time-adjusting scheme for the

selection of the proper cooperative UE sets. The new UEV

scheme is able to adapt to each TUE environment, meet its

demands, and scale with its traffic needs, offers a reliable

and efficient yet low-cost inter-UE cooperation, reduces the

overhead and power consumption with respect to conventional

approaches, and substantially reduces the number of com-

munication links and, hence, incurs much less interference.

System-level simulation results show that the proposed QoS-

based UEV scheme largely outperforms the “dummy UEs”

approach.
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