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Abstract
Millimetre-wave ultra-dense high capacity networks are an important component of future 5G and 6G cellular systems since
they are providing extremely high network capacity and speed to the end users. However, disparate types of users coexist in
such scenarios, which can make the heterogeneous network unfair in terms of allocation of resources to various users based on
their requirements. Therefore, a mechanism is required for effective spectrum sharing and to achieve overall system fairness.
In this paper, an analytical model is suggested, which is based on a two-dimensional Markov state-transition diagram, to
help set the parameter values to control the issuance of resources in coexistence layouts. A restriction approach is further
implemented to gain a fair balance of the Grade-of-Service (GoS) for both user groups using the User Admission Control
(UAC) mechanism. The developed mechanism restricts access to various channel resources for users with complete choice to
give a greater probability of access to different users with limited resource options. Various levels of restriction are investigated
in order to offer a balanced low-blocking probability performance to both user groups in order to improve the overall network
fairness. Also, the proposed approach could provide a precise level of Grade-of-Service guarantee for both the user groups if
sufficient flexibility is available within thewhole network. Our simulations results alongwith the analytical model demonstrate
that approximately 30% to 45% enhancement, in terms of grade of service (GoS), could be achieved in high to medium loads
by restricting some of the users’ flexibility. From the analytical model, it is concluded that the blocking of shadowed users
are significantly reduced from 7% to 4.5% at high traffic loads. Moreover, the obtained results and findings are verified using
a number of case studies and large-scale simulations.
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1 Introduction

A Cellular network or mobile network is defined as a radio
network of various devices (preferably mobile) distributed
over land areas called cells where every device is served
by at least one fixed location transceiver or boaster or base
station. In these networks, every cell is bounded to use a dif-
ferent set of frequencies from the neighboring cells which is
primarily used to avoid interference among devices belongs
to these cells. Additionally, these different frequencies pro-
vide guaranteed bandwidth utilization within a particular cell
in the operational cellular networks. In these networks, data
traffic across the networks is increasing significantly, day by
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day, which is due the increasing number of mobile users and
demand for the mobile devices [1].

Data traffic demand in cellular networks is escalating at
an exponential rate. In 2020, a typical mobile operator is
projected to download approximately 1 terabyte of data,
yearly [1]. The collective capacity demands from various
sources such as, organic traffic growth, social networking,
user-generated content, andmachine-type associated sensors
anddevices (internet of things)will necessitate orders of scale
capacity; and this may significantly increase, particularly, in
future wireless networks. This data traffic evolution, from
heterogeneous devices, also requires a paradigm change in
designing the network architecture and resource or capac-
ity provisioning [2]. The link capacity is approaching its
theoretical limit and further growth in system spectral effi-
ciency is only possible by increasing the node deployment
density, as suggested in [3]. Mobile network operators are
looking to facilitate and encourage subscribers to off-load
their data from small-scale (macro) base stations to the sub-
stitute single/multi-hop small-cell networks and vice versa;
which necessarily results in a basic heterogeneous network
(HetNet). In general, a HetNet comprises different tiers of
networks of multiple cell sizes/footprints and/or of various
radio access technologies. A macro base station overlaying a
multi-hop, ultra-small cell network is a simple illustrationof a
multi-tierHetNet [2]. From the perspective of a consumer and
customer, each HetNet requires to offer ubiquitous network
coverage, high throughput capacity, ultra-high data transfer
rates, secure transmission of traffic data, always-switched-on
and highly available network services, and always-connected
in order to observe the best network user experience and ser-
vice offerings [1,4]. This should be noted that some of these
network services might be essential for certain latency sen-
sitive network applications and quality of service (QoS).

While designing aHetNet system,we should also consider
the probability that the networkmay not be connected, i.e. the
probability of channel unavailability to consumers. However,
various key factors such as different obstacles, degradation of
signals, and user equipment restrictions will reduce the avail-
ability of some portion of the network to some of the users.
In such situations, those limited users will face an inadequate
network environment. A composite state with different lev-
els of accessibility is expected to occur, when users having
limited network choices (number of channels) and users with
a more comprehensive set of connectivity options coexist in
the same network environment. This is primarily because
different users often have dissimilar terrestrial locations, ele-
vation/azimuth angles and/or antenna equipment choices [5].
Meanwhile, when different users’ types coexist in the match-
ing coverage zone using resources from a shared resource
pool, then the levels of utilization of resources for both users’
groups will essentially affect each other. The presence of
diverse users’ types can even worsen the performance of the

disparate users; which certainly make the management of
the frequency spectrum a challenging task. Therefore, an
approach is needed for user admission control in order to
offer an appropriate Grade-of-Service (GoS), which is prob-
ability of a particular call that is either blocked or delay time
is more than expected in a particular circuit network, for both
users’ types. TheGoSmetric is the probability of a data/voice
packet being delayed longer than the pre-defined interval and
is illustrated as a decimal fraction [6]. The Quality of service
(QoS) metric is the measurement of the entire service perfor-
mance, such as computer network, the performance observed
by the network users. QoS is a quantitative metric for packet
loss, throughput, transmission delay, etc.

In this paper, we propose a user admission scheme for
heterogeneous networkswithmultiple radio access technolo-
gies. The goal is to ensure fairness and quality guarantees for
users in two groups with different access options (privileged
vs. shadowed) [7]. By restricting privileged users’ access to
the shared resources, fairness between the two user groups
is achieved. Furthermore, we present a novel model for mm-
Wave, multi-hop, multi-tier heterogeneous network. After an
extensive presentationof the system, amechanism to improve
resource allocation fairness is proposed. The proposedmech-
anism is mostly evaluated based on the blocking probability
experienced by “privileged” and “shadowed” users. Further-
more, this paper offers a novel solution (based on Markov
chain) and an analytical approach to model scenarios, as
described earlier. Finally, we have tested and evaluated the
proposed model through case studies and large scale sim-
ulations in a couple of scenarios. Following are the major
contributions of the work presented in this paper:

• an analytical model based on a two-dimensional state-
transitiondiagram is developed, to help resourceproviders,
in order to set the parameter values and control the
issuance of resources in a multi-hop, multi-tier HetNet
setup;

• a restriction mechanism is implemented to two differ-
ent case studies in order to guarantee system fairness, in
terms of quality of service, for each user group having
different levels of network accessibility;

• an analytical model is suggested for the restriction mech-
anism given a couple of case studies; and

• the proposed technique is validated through large scale
simulationusing certain plausible assumptions andparam-
eters.

The rest of this paper is organized as follows. We offer an
overview of the related work in Sect. 2. Section 3 describes
the multi-hop, multi-tier HetNet architecture along with its
key elements. Section 4 explains the coexistence user sce-
narios and the implemented restriction mechanism. This is
followed by the two case studies for analytical analysis in
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Sect. 5. The large scale simulation results are presented in
Sect. 6. Finally, Sect. 7 concludes the paper along with sev-
eral directions for future research and investigation.

2 Related work

A restriction mechanism is investigated in [5], where the
antenna directionality is restricted to someusers. In thiswork,
the restriction technique is applied to mm-wave, multi-hop,
multi-tier HetNet scenarios where the users mainly suffer
from radio link outage, caused by earthly obstacles, sig-
nificant signal degradation or instead they represent users
equipped with a simple fixed antenna system. From the per-
spective of a consumer, HetNets need to provide ubiquitous
coverage, secure and high data rates, high throughput capac-
ity, always-on, and always-connected-to-best-network user
experience. The design of a HetNet system should also con-
sider the probability that the network cannot establish a
particular connection, i.e. the probability that no resource
is available to users. However, various key factors including
different obstacles, signal degradation and user equipment
restrictions will reduce the availability of some portion of
the network to some of the users. In such situations, those
limited users will face an inadequate network environment.
The main contribution of this work is to develop an access
control approach for heterogeneous networks that will help
to balance the traffic loads between different tiers having
disparate groups of users. It is useful to achieve equal and
controlled resource allocation with overall system capacity
maximization to users having different degrees of accessibil-
ity choices [8]. Most research works in the HetNets domain
are primarily related to single-hop femtocells, picocells, and
relaycells overlaid on the edges of a macrocell for cell range
expansion—as discussed in the existing state-of-the-art liter-
ature [3,7,9,10]. here are also exists rich literature that have
discussed other issues like quality enhancement, allocation,
quality of service, grade of service, and user access privileges
[4,6,11].

In this work, it is extended one step further to multi-hop,
ultra-small cells which are spread throughout the macrocell
coverage area as shown in Fig. 1. These multi-hop links con-
sist of sevral single-hop access links and dual-hop backhaul
links which give the flexibility to respond to sudden changes
in the network as well as to minimize the energy consump-
tion of the entire network. These short range multi-hop links
enable data to be directed from the users towards differ-
ent aggregation points when some portion of the network is
unavailable at low occupancy levels [12]. A typical multi-tier
HetNet can offer both: (a) Quality-of-Service enhancement
for individual users on a link-by-link basis’ and (b) Grade-
of-Service (GoS) improvement for joint users as a group, by
taking advantage of user diversity in the network [5,13]. A

novel mm-wave, multi-hop, multi-tier heterogeneous archi-
tecture is proposed as an ultra-dense network solution for
future 5G cellular networks as shown in Fig. 1. This Het-
Net is composed of a multi-hop, Ultra-Small Cell Network
(USCN)with an overlay of aMacroBase Station (MBS). The
MBS provides conventional single-hop access connectivity
to users on the ground in coexistence with the USCN in the
same coverage area [14,15].

In this paper, we address the circumstances and situations
in which the coverage area of a macro base station (MBS)
is overlaying with highly directive mmWave base stations
(USCN), creating a heterogeneous network. In this situation,
some UEs, called privileged, have the possibility to connect
to both kind of BSs and the remaining, called shadowed, only
to USCNs. The shadowed UEs may have access to a smaller
amount of resource blocks with respect to the privileged ones
and these blocks can be also accessed by the privileged ones,
meaning that the shadowed users have to compete with the
privileged users to get the resource blocks. Consequently,
the network is clearly unbalanced in advantage of a group of
user and the network underperforms because the resources
are not optimally allocated. The author’s aim is to create a fair
network by blocking the possibility for the privileged users of
accessing to the USCN resources. The scenario investigated
will be a typical real world configuration for 5G, but the
study of the interactions among the base stations seem not
to be much explored (perhaps relatively unexplored) in the
existing literature [9,14,15].

3 Multi-hop, multi-tier heterogeneous 5G
network architecture

3.1 System architecture

The network architecture investigated in this study is a mod-
ified form of Manhattan grid like topology with ultra-dense
deployment of small base stations [16–18]. The multi-hop
network can be further classified into a low frequency access
network and a mm-wave single/dual-hop backhaul network.
Figure 2 presents an in-depth view of the proposed network
architecure which is predominantly based on dual-hop short
distance links. It visualizes the intermediate relay points
between backhaul communicating nodes. The main objec-
tive is to deliver high throughput capacity density with the
least latency in the service area with minimum cost. The key
elements of this network architecture are as follows [19]:

• Access Base Station (ABS) This is an inexpensive entity
which is responsible for providing the access to the end
users. A large number of ABSs are mounted below roof-
top height on street-lamps, traffic lights and so on. They
form a dense ultra-small access network and are placed
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Fig. 1 Multi-hop multi-tier high
capacity heterogeneous network
[9] Fibre Node

Dualhop backhaul link

ABS/RBS access link

Macro-BS access link

MS

RBS

Fig. 2 A simplified dual-hop
backhaul network model [9]

on street crossings. All these ABSs have four single
wide-beam low frequency access antennas pointing along
the streets to provide spatial diversity to outdoor MSs.
These ABSs are also installed with narrow beam direc-
tional antennas for the dual-hop backhaul connectivity
using millimetre waves. Furthermore, ABS are accessi-
ble directly to bother users to ensure single-hop or direct
communication and each user is allocated a dedicated
channel for communication.

• Relay Base Station (RBS) This is an intermediate node
and is responsible for relaying the data traffic coming
from the ABSs towards a Fibre Node. They are equipped
with mmWave antennas and provide ultra-high capac-
ity backhaul links for the uplink transmissions. Just like
ABSs, these RBSs also have the same antenna design
arrangements for its corresponding low frequency access

network and are placed below rooftop heights on street
lamps. Since, a direct access link to the RBS, preferably
those reside in coverage area of a particular user, is pro-
vided as shown in the Fig. 1. This should be noted that
we are not assigning a maximum number of RBs per user
group, but we have proposed that if number of RBs are
maximum then it is high likely that the performance of
the system will be improved specifically in term of GoS
[20]. Furthermore, the proposed scheme balances load of
users via different available paths between ABS and FN.

• FibreNode (FN)This entity is connected to the operator’s
core network via fibre and is placed on corners blocks. In
this architecture, they act as an aggregation points where
all the data from ABSs and RBSs are accumulated. It can
be a bottleneck region for the ultra-small cell network
because of data aggregation at this point. The ability to
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serve a fixed number of distinct beams that are free from
signal interference gives rise to this bottleneck.

3.2 Network path diversity

The graph G(V , E), as shown in Fig. 3, represents the avail-
able path diversity for a single ABS node in the USCN. It
illustrates the topology arrangement in the network for all
the communicating nodes. V (G) and E(G) represent the set
of vertices and directed edges respectively. A single ABS is
in direct Line-of-Sight (LOS) of four RBSs and each RBS is
then in LOS of two FNs placed one each on all 4 corners of
a block.

As illustrated in Fig. 3, each ABS has a maximum of eight
possible routes for transmitting its data to any aggregation
point (FN) in the network. Thus, the existence of these mul-
tiple routes between all these nodes exploit the available path

diversity in the network and result in much improved GoS
and higher throughput capacity [16].

3.3 Dual-hop backhaul network

The multi-hop backhaul network links are mainly composed
of single-hop and dual-hop connections. The data from/to
multiple users is routedwith low latency either via ABS/RBS

E1

ABS

RBS

FN

E2

E3
E4

E5

E6

E12

E11

E7

E8

E9

E10

V1

V2

V3

V4

V11

V5

V6

V7

V8

V9

V10

V12

V13

Fig. 3 Graph illustrating the topology for path diversity in USCN [12]

to the Fibre Node through single/dual-hop mmWave back-
haul links. A number of channel models have been used to
calculate the path loss in LOS/NLOS scenarios, to effectively
model real environments, including random effects such
as attenuation due to shadowing [11,21]. Generally, wired
networks or devices are difficult to handle then wirelessly
connected devices particularly in scenarios where potential
users are mobile entities. Note that a 2-hop set up is used in
those scenarios where direct communication is not possible
and it is primarily based on the distance measure, location
information, and etc.

Both the backhaul links use the common mmWave
resource pool due to its high directionality over a shorter
distance. Also, the signal interference from one hop does not
attenuate the signals on the second hop owing to enough spa-
tial separation between them [12]. TheSignal-to-Interference
plus Noise Ratio (SINR) for RBS n on the 1st hop (signal
transmitted from ABS m using resource block u) is:

γm,l
n,u = PA,l

B,m gB,m,l,n
u

∑N
i=1,i �=m

∑L
j=1 P

A, j
B,i gB,i, j,n

u + ∑L
i=1,i �=l P

A,i
B,m gB,m,i,n

u + σ 2
(1)

where gB,m,l,n
u is the gain of wireless backhaul link from the

lth beam of the ABS m to RBS n.
∑N

i=1,i �=m
∑L

j=1 PA, j
B,i

gB,i, j,n
u is the signal interference from other ABSs to RBS n.

∑L
i=1,i �=l P A,i

B,m gB,m,i,n
u is the interference from other beams

of ABS m using the same resource block u. σ 2 is the noise
power.

The link gain gi, ju between two entities i, j is given by
[22]:

gi, ju = Gi (�i )G j (ϑ j )

PL(di j )
(2)

whereGi (�i ) is antenna gain of entity i along horizontal and
vertical directions. PL(·p) in Eq. 2 is the mean path loss that
is assumed to have a linear dependence with the logarithmic
distance, expressed as given by Eq. 3 [23]:

PL(d)(dB) = 20 log10

(
4πdo

λ

)

+10n log10

(
d

do

)

+ Xσ (3)

where do is the close-in free space reference distance, n is the
average path loss exponent. The carrier frequency is 75GHz
and Xσ is a Gaussian RV. The Signal-to-Interference plus
Noise Ratio (SINR) from macro BS n on the 1st hop (signal
transmitted from ABS m using resource block u) is:
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γ k,l
n,u = PA,l

B,k g
B,k,l,n
u

∑N
i=1,i �=k

∑L
j=1 P

A, j
B,i gB,i, j,n

u + ∑L
i=1,i �=l P

A,i
B,k gB,k,i,n

u + σ 2
(4)

where gB,m,l,n
u is the gain of wireless backhaul link from

the lth beam of the macro BS k to ABS m and RBS n.∑N
i=1,i �=m

∑L
j=1 PA, j

B,i gB,i, j,n
u is the signal interference

from other macro BS to ABS m and RBS n.
∑L

i=1,i �=l P A,i
B,k

gB,k,i,n
u is the interference from other beams of macro BS k

using the same resource block u. σ 2 is the noise power.
Similarly, the SINRmetric for FibreNoden on the second-

hop (the signal transmitted fromRBSm using resource block
v) is derived in the same way as given in Eqs. 1–3. As, each
Fibre Node covers two orthogonal streets, they are equipped
with the two directional antennas, one for each street. The
use of directional antennas on both the sides of backhaul
link is a key factor as the interference between the beams of
base stations are kept to a minimum level. The main reason
behind the multi-hop approach is to increase the flexibility
of the network in order to respond to the dynamic changes
as well as to minimize the overall energy consumption of the
network which is explained thoroughly in [12,24].

3.4 Single-hop access network

The Mobile Stations (MSs) are facilitated by this single-
hop access network. In this study, only the outdoor MSs are
considered, since in 5G it is expected that the MSs that are
located indoors will be served by indoor infrastructure [25].
The SINR for ABS/RBS n (signal transmitted from MS k
using channel w) is:

γ k
n,w = PM

A,k g
A,k,n
w

∑P
i=1,i �=k PM

A,i g
A,i,n
w + σ 2

(5)

where PM
A,k and gA,k,n

w is the MS transmit power and gain
of access link respectively from MS k to ABS/RBS n. The
factor

∑P
i=1,i �=k PM

A,i g
A,i,n
w is the signal interference from

all other active MSs (i �= k) in the network to ABS/RBS n
using the same channel frequencyw. For the access network,
with the assumption of an omnidirectional antenna at theMS
end, the link gain is obtained by:

g j
w = G j (ϑ j )

PL(d j )
(6)

The channel propagation is modelled using the WINNER II
B1 propagation model [26] for the low frequency (3.5 GHz)
ultra-small cell access network as both the BSs and MSs are

deployed outdoors. In the WINNER II models the propa-
gation parameters may vary over time between the channel
segments. Evaluation of small cell scenarios with outdoor
and indoor users will require modification to the baseline
model. PLlos of is the path loss of B1 LOS scenarios. The
path loss for LOS scenarios is given by the following Eq. 7:

PLLOS=

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

22.7 log10(d1)+41 + 20 log10
fc
5

40 log10(d1)+9.45(dBP )+17.3 log10(h
′
BS)

−17.3 log10(h
′
MS)+2.7 log10

fc
5

(7)

where d1 is the separation distance between MS and BS, fc
is the carrier frequency, dBP is the breakpoint distance, h

′
BS

and h
′
MS are the effective BS and MS antenna heights. The

upper part of the Eq. 7 denotes the path loss for privileged
users while the lower part represents the same metric for
shadowed users. Meanwhile, the NLOS path loss (PLNLOS)
is given by:

PLNLOS = min(PL(d1, d2), PL(d2, d1)) (8)

where the PL(d1, d2) can be computed using:

PL(dk, dl) = PLLOS(dk) + 20 − 12.5n j

+10n j log10 dl + 3 log10(
fc
5

) (9)

while the value of n j is the maximum value for all possible
values of dk ; and is calculated through the following formula:

n j = max(2.8 − 0.0024dk, 1.84) (10)

where k, l ε{1, 2}. Other important parameters mentioned in
Eqs. 7–10 are further explained in [26]. During the uplink
transmission, the effective signal strength at the receiver is
obtained by accounting for the gains ofMS and BS antennas,
shadowing, path loss on the channel and interference from
other users using the same resource blocks.

3.5 Macro-cell network

It is the second layer of thismulti-tier heterogeneous network
which is equippedwithmassiveMultiple InputMultipleOut-
put (MIMO) system. ThisMBS provides an overlay to all the
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Fibre Node

Macro-BS

ABS RBS

Dualhop backhaul link

ABS/RBS access link

Macro-BS access link

MS

Fibre Node
ABS RBS

MS

Fig. 4 A coexistence scenario with different types of user groups [9]

ultra-small cells in the same coverage area as shown in Fig.
1. Due to this system, it is possible to have an equal number
of resource blocks for both the MBS access network and the
ultra-small cell backhaul network. The radiation pattern of
the 3-sector cell site is:

A(θ) = −min

[

12

(
θ

θ3dB

)2

, Am

]

(11)

where −180 ≤ θ ≤ 180. θ3dB is the 3 dB beam-width and
Am is the maximum attenuation with further details given in
[27]. The propagation model for this scenario is defined as:

L = 128.1 + 37.6 log10(R) (12)

where R is theMBS-MS separation distance that is measured
in kilometres (km). All other important parameters are listed
in Table 3.

4 Coexistence scenario in multi-hop,
multi-tier heterogeneous networks

A coexistence scenario is analysed for a different domain
in [5], which dealt with users having restricted antenna

directionality. In this work, we extend the applicability to
different scenarios in a mm-wave, multi-hop, multi-tier Het-
Net domain where users suffer mainly due to an inadequate
network environment. A range of elements including vari-
ous obstacles, signal attenuation andMS terminal restrictions
will lessen the accessibility of one tier of a network to some
of its users. The restriction approach is developed further and
analysed in a new domain for different types of users.

A diverse situation is probable to occur wherever users
with a full access option and users with a restricted option
coincide in the identical coverage area—as shown in Fig.
4. This is due to the fact that different MSs frequently
have different locations (geographically distributed), eleva-
tion angles, and/or antenna equipment options [5,28]. The
existence of various types of users can really reduce the
performance of the overall system; and, thus, making the
spectrum utilization process significantly inefficient. Gener-
ally, in cellular networks, users are divided into two groups
(i) line of sight (ii) and those with obstacles. Now, obstacles
can be of different type and may have different effect on the
performance of the underlined network. However, for sim-
plicity we have divided the potential users into two groups.
Secondly, line sight users may be further divided into other
group based on their distance, received signal strength indica-
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tor (RSSI), transceiver or transmitter capacity etc. However,
if the valuable reviewer is insisting on to validate the pro-
posed scheme in other scenarios as well then, we are happy
to do so. The two user types which are investigated in this
study are given below.

4.1 Privileged users

The privileged set of users can potentially access theMBS as
well as the USCN as shown in Fig. 4. These have access to
the resources available on both the tiers as shown in Fig. 5. In
realistic scenarios, there are no obstacles to block this set of
users from connecting to both the tiers due to their suitable
geographical location and smart antenna systems. In addi-
tion, we are considering user mobility. We believe that user
groups are not only based on their location information, but
various other metrics are considered such as elevation angles
and choice of the antenna equipment. Yes, user grouping is
affected i.e., a direct line of site user may transfer to other
group based on its current position and other metric. How-
ever, shifting of users from one group to another do not affect
the performance of the proposed scheme.

4.2 Shadowed users

Shadowed users represent that set of users which are suf-
fering from radio link outage, caused by earthly obstacles,
significant signal degradation or instead they represent users
equipped with a simple fixed antenna system. Therefore,
this user group has limited resource options as shown in
Fig. 5. Restriction of the privileged users up to some per-
centage is very useful as shown in the results section and
it is due to the fact that these users have access to MBs
and UCNS directly. Therefore, if restriction is not imposed
then it will be difficulty (if not impossible) for a shadowed
user to communicate. Furthermore, If privileged users are
restricted completely then we believe that fairness will be
compromised. We believe that the best possible scenarios for
restrictions are 50 and 75% while other percentages achiev-
ers approximately less fairness that is why their results were
not reported in the manuscript.

For GoS control in such scenarios, the MBS will require
knowledge of load levels (i.e. the network traffic going
through a BS) on single/dual-hop backhaul links which is
primarily based on number of connected users and their
communication activity preferably simultaneous. Every fibre
node is bounded to have knowledge of information needed to
computer load on a particular link, i.e., capacity of the chan-
nel, number of users (preferably simultaneous),l interference
etc. This could be achieved through a Fibre Node sharing this
information to the MBS through a dedicated control inter-
face. Sharing of this information is very helpful in increasing
GoS of the concerned networks as by knowing load levels

probability of blocked and delayed user is decreased signif-
icantly. The Fibre Node and MBS then decide the access
restrictions based on the detail whether the incoming user is
a part of privileged or shadowed user groups. In this paper,
through the restriction process, the GoS is controlled for both
users’ types [29].

4.3 Restrictionmechanism

In order to remove the performance discrepancy, the restric-
tion mechanism stops the privileged users from gaining
access to the USCN. Meanwhile, the MBS is the only alter-
nate option that they have to get a connection. In other
words, we temporarily change the privileged users into a
new type of restricted users by limiting their choice avail-
ability. Also, the shadowed users only have access to the
USCN resources as shown in Fig. 5a. Note that the restriction
approach, adopted in the paper, relies on an orthogonal parti-
tion of the available resources where a specific part of USCN
resources is solely used by shadowed users. This partition
was performed in the frequency domain. The main motiva-
tion, reason, and adoption of this kind of partition scheme
with respect to the alternative underlay schemes is its sim-
plicity. We are aware that the underlay schemes allow reuse
of available resources, such as successive interference can-
cellation, advanced receiver designs, and etc.

In a controlled and flexible way, this approach prevents
privileged users from accessing the USCN when their load
levels is above a certain threshold limit as shown in Fig. 5b.
The utmost elementary approach is the constant restriction
function which put on an identical and same probability of
restriction over the privileged users. It can be written as:

r( j) = Cc 0 < Cc < 1 (13)

where Cc is the coefficient of restriction function. It reserves
the reminder of the available resource blocks in the ultra-
small cell network for shadowed users which have more
limited choice flexibility in this wireless network [5]. How-
ever, once the load level of the USCN falls below the
threshold set by Eq. 13, the temporary restriction which
is applied earlier on privileged users is removed. It is this
restriction mechanism that maximizes the system perfor-
mance by limiting the choice availability for its users. Some
more advanced restriction functions are discussed in [5]
which are beyond the focus and scope of this research work.

5 Analytical model

In this section, network performance of the co-occurrence sit-
uation is investigated. In view of individual users get into the
system,we assume arrival and departure as poisson processes
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Fig. 5 Restriction approach
utilized to pay-off the inferior
performance i.e. GoS of
shadowed users

USCN resources MBS resources

Privileged Users

Shadowed Users
RBs for PrUs

RBs for ShUs(a) Resource blocks without restric�on 

USCN resources MBS resources

Privileged Users

Shadowed Users

(b) Resource blocks with restric�on

Restric�on level

Restricted region for 
PrUs

for both Privileged and Shadowed users. Figure 6 depicts a
state transition diagram (rate) to illustrate the performance
of n-resource blocks in the two-tier heterogeneous network.
We believe that the best possible scenarios for restrictions
are 50% and 75% while other percentages achievers approx-
imately less fairness that iswhy their resultswere not reported
in the manuscript.

Individually, every node within the diagram represents a
state. The foremost digit in the node represents the num-
ber of resource blocks employed on the MBS whereas the
subsequent digit in the node stands for number of resources
employed on the last hop of the USCN. This final hop is
responsible for the bottleneck in the USCN due to data accu-
mulation. Also, it is assumed for this analytical study that
there is no retransmission in case of blocking and no signal
interference. The arriving process for both types of users is
constant and exponential distributed. Notations used in Fig. 6
are explained below in Table 1. For simulation simplification
purposes, we consider the same number of resources (n) in
each tier of the network and assume equal arrival rate on the
MBS and USCN.

Table 1 List of mathematical notations and parameters used in the
simulations

Parameters Values

λP Arrival rate of the Privileged Users to access the network.

λS Arrival rate of the Shadowed Users to access the network.

n Number of resource blocks on each tier of a network.

μ The per channel departure rate is constant while the service
time (1/μ)

is distributed exponentially.

5.1 Key performance indicators

Ultra High Definition streaming media and cloud computing
have started to gain in popularity. In addition to high data
rates, they have generic requirements for low latencies due
to the conversational nature. While these applications have
a broad range of requirements in terms of capacity, latency
and information loss, the common challenge is to support
a large amount of mobile devices/sensors over a wide area
without affecting the performance of other services. Based
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on the demands of the new applications and the ever growing
number of mobile devices, industrial and research initiatives
have identified a set of Key Performance Indicators (KPIs).
Some of the KPIs most relevant to this thesis are:

• Latency in ms is the time it takes for a small data packet
to be transmitted over the network from initial generation
of data to its ultimate usable reception;

• Mobility in km/h is the maximum speed between a vehi-
cle and a communicating node, at which the network is
able to deliver the required QoS; and

• the blocking probability is the degree of the grade of
service that a telecommunication system can provide. It
is measured in percentage (%).

5.2 Case study # 1

This case study describes the best case scenario where both
group of users are detached as much as possible. They only
interact with each other once the MBS is fully occupied as
shown by the bottom edge in Fig. 6. The resource allocation
process is a birth-death process [30].Note that, the transitions
in a vertical direction denote both the arrival and departure

process on theMBS, whereas the transitions in the horizontal
directions denote both the arrival and departure process on
the USCN. Furthermore, in the vertical direction, we assume
that the arrival rate on the MBS is equal to λP . Similarly, in
the horizontal direction, we assume that the arrival rate on
the USCN is λS , when resources on the MBS are not fully
occupied ( j1 < n). When resources on the MBS are fully
utilized, i.e. j1 = n, then the arrival rate in the horizontal
direction equals λP + λS . This is due to the fact that when
privileged users, initially arriving at the MBS, cannot pro-
vision any available resources on the MBS, only then will
they access the USCN in search of free resource blocks. The
total system arrival rate is split into equal halves for the two
user groups (i.e. λP + λS = λT ). Only μ is the per channel
departure rate, as shown in Table 1, which might be poten-
tially constant while the service time (1/μ) is distributed
exponentially. However, the departure rate in any direction
is equal to kμ, where k denotes the total number of busy
resource blocks of that state.

The restriction mechanism explained in Sect. 4.3 is mod-
elled in such a way to improve the inferior GoS of shadowed
users. In Fig. 6, it is illustrated that due to restriction, those
states are restricted for the privileged users along the horizon-

Fig. 6 The state-transition
Markov model with the
restriction approach

123



Quality enhancement in a mm-wave multi-hop...

tal direction ( j1 = n). However, these states are accessible
in a vertical direction by the privileged users. The restriction
level extends from 0% all the way up to 100%. It is signif-
icant to govern and balance the distribution of resources to
accomplish a reasonable provisioning pattern in the coexis-
tence setup. In the Markov model we do not assume more
than 1 RB to be allocated per user. It may be one or two
or more depending on the deployment structure or position
of RBs with respect to users. It is possible that a single RB
may provide services to various users if other RBs are not
deployed in their coverage area. The allocation of a potential
RBdepends on the required rate and channel of the requesting
user in the cellular networks. Markov’s analysis is a method
for forecasting the value of a variablewhose anticipated value
is only impacted by its current state and no previous activity.
In other words, it forecasts a random variable simply based
on the existing circumstances around the variable.

The restriction process also equalizes the performance of
both user groups. Using a flexible and controlled method,
it blocks roughly privileged users to reserve appropriate
network bandwidth for shadowed users that have restricted
choice flexibility. It is this reimbursement effect which per-
mits the network to attain a balanced blocking probability—
as shown in Fig. 7. It is worth mentioning that the GoS
performance of each user group is more important than
any other criterion like the collective GoS of both the user
groups. In this research study, the poor GoS of the shadowed
users is due to the fact of their restricted access. The aim
is to enhance the performance (GoS) of shadowed users at
minimum expenses in terms of the entire system capacity,
resource usage, and complexity.

5.3 Equilibrium analysis

Law of Conservation of Flow at statistical equilibrium states
that the rate of flow into state ( j1, j2) is equal to the rate of
flow out of state ( j1, j2). At any random point of time, the
system can be in any state ( j1, j2) with a state probability
P( j1, j2) [31]. The states in Fig. 6 could be divided into four
different parts in the corners, six parts on the edge and only
one part in the centre with total of eleven various equilibrium
equation formats, respectively. However, it is impossible to
have a non-positive number of provisioned resources in sys-
tem; therefore, the condition P(−1, j2) = P( j1,−1) = 0,
(0 ≤ j1, j2 ≤ n) is applied to simplify the equilibrium
expression. Using this method, the number of equation for-
mats could, therefore, be minimized to only six, that are
mathematically demonstrated as follows:

For state ( j1, j2), 0 ≤ j1, j2 < n, we have

(λP + λS + j1μ + j2μ) · P( j1, j2)

= ( j1 + 1)μ · P( j1 + 1, j2) + ( j2 + 1)μ · P( j1, j2 + 1)

+λP · P( j1 − 1, j2)

+λS · P( j1, j2 − 1)

[P(−1, j2) = P( j1,−1) = 0] (14)

For state ( j1, n), 0 ≤ j1 < n,

(λP + j1μ + nμ) · P( j1, n) = ( j1 + 1)μ · P( j1 + 1, n)

+λP · P( j1 − 1, n) + λS · P( j1, n − 1)

[P(−1, n) = 0] (15)

For state (n, j2), 0 ≤ j2 < RL ,

(λP + λS + nμ + j2μ) · P(n, j2) = ( j2 + 1)μ · P(n, j2 + 1)

+λP · P(n − 1, j2) + (λP + λS) · P(n, j2 − 1)

[P(n,−1) = 0] (16)

For state (n, RL),

(λS + nμ + RLμ) · P(n, RL ) = (RL + 1)μ · P(n, RL + 1)

+λP · P(n − 1, RL ) + (λP + λS) · P(n, RL − 1) (17)

For state (n, j2), RL < j2 < n,

(λS + nμ + j2μ) · P(n, j2) = ( j2 + 1)μ · P(n, j2 + 1)

+λP · P(n − 1, j2) + λS · P(n, j2 − 1) (18)

Finally, for state (n, n),

(nμ + nμ) · P(n, n) = λP · P(n − 1, n) + λS · P(n, n − 1)

(19)

In the (n + 1)2 equations as described above, only one is
redundant, which justifies that it could be derived from other
(n + 1)2 − 1 equations. Since, the system will always be
in a particular state; therefore, the state probabilities should
essentially satisfy the normalization Eq. [30], given by the
following Eq. 20:

n∑

j1=0

n∑

j2=0

P( j1, j2) = 1 (20)

The (n+1)2 equations along-with the normalization equation
could be represented in a matrix format, given by:

AP = B (21)

where P is the (n + 1)2 x 1 state probability vector, A is the
(n + 1)2 x (n + 1)2 coefficient matrix, and B is the (n + 1)2

x 1 constant vector. Through solving the above equation of
matrix, we can achieve the state probability vector i.e. P
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and all other (n + 1)2 state probabilities i.e. P( j1, j2), 0 ≤
j1, j2 ≤ n), effectively.

P = A−1B (22)

It is too complex to derive an expression of P( j1, j2) in
a closed form [32] for the restricted scenario presented in
this paper. Therefore, we used numerically derived outcomes
from the above equations in subsequent parts of the paper.

5.4 Blocking probability

The state probabilities i.e. P( j1, j2), 0 ≤ j1, j2 ≤ n) that
incorporate the restriction function are calculated. The block-
ing probability of Shadowed Users (PBSH ) is equal to the
addition of the individual state probabilities on the right edge,
as shown in Fig. 6.

PBSH =
n∑

j1=0

P( j1, n) (23)

Note that, the blocking probability of the Privileged Users
(PBPR) should also consider the blockingprobability caused
by the restrictionmechanism along-with the state probability
P(n, n).

PBPR =
n∑

j2=RL+1

P(n, j2) (24)

The restriction function also provides a certain degree of
controllability over the whole network performance. For
example, the probability of both the user groups can be equal-
ized, i.e. For a complete fair network.

PBPR = PBSH (25)

5.5 Analysis and results

In this section, the analytical model and the Monte-Carlo
simulation results of the coexistence scenario for 24 resource
blocks (n = 24) are investigated and compared. The arrival
rates for both the user groups are identical (λP = λS =
λT /2). Note that a 0% restriction means that the privileged
users have complete access to the USCN as well as MBS
while at 100% restriction level, the privileged users can
only access the MBS. At 100% restriction, the whole USCN
resources are reserved for the shadowed users.

As expected, with an increase of restriction level, the
blocking probability for the shadowed users decreases while
the blocking for the privileged users increases. From 60%
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Fig. 7 Performance evaluation of restriction for certain levels of offered
traffic [OT corresponds to λT ]
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Fig. 8 Impact of increasing offered traffic on shadowed users

restriction onwards, the improvement in performance is neg-
ligible due to system saturation. The restriction mechanism
is able to equalize the performance of both the user groups
as indicated by the fairness region in Fig. 7. These results
also indicate the inherent discrimination in this system when
both these users types coexist. In the case of no restriction, the
shadowed users have much poorer performance compared to
privileged users due to their confined number of choices.

Figures 8 and 9 illustrates the effect of increasing offered
traffic on the blocking probability performance of both the
user groups. At 180 Mbps, the PBSH is reduced from 6.9
to 5.4% and 4.5% with restriction levels of 25% and 75%
respectively. From these results it is very clear that the restric-
tion mechanism is mostly effective at high traffic loads.
Therefore, it is most beneficial to postpone the restriction

123



Quality enhancement in a mm-wave multi-hop...

110 120 130 140 150 160 170 180

Offered Traffic, Mbps

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

B
lo

ck
in

g 
P

ro
b,

 P
b (%

)
Blocking Probability for Privileged Users

PrUs (Restrict-0%)-Analytical
PrUs (Restrict-25%)-Analytical
PrUs (Restrict-75%)-Analytical
PrUs (Restrict-0%)-Simulation
PrUs (Restrict-25%)-Simulation
PrUs (Restrict-75%)-Simulation
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Table 2 List of mathematical notations

Parameters Values

λP1 Arrival rate of privileged users to access MBS.

λP2 Arrival rate of privileged users to access USCN.

process until high offered traffic. The restriction is intended
to provide free resource blocks for the shadowed users pri-
marily in times of high traffic. For privileged users, the same
restriction levels increases PBPR from0.4% to2%and4.5%.
The slight discrepancy between the analytical and simulation
results is due to the state probability P(n, n)which represents
the blocking caused by unavailability of resources rather than
the restrictionmechanism. Overall, these results demonstrate
that the proposed analytical model is a good enough to rep-
resent the entire system.

5.6 Case study # 2

In the previous section, the case is analysed where the
privileged users only access the USCN when there are no
resources available on the MBS. However, this case study
is more general and flexible where the performance of the
restriction mechanism is analysed when the privileged users
are allowed to have equal access to both types of networks
from the very beginning. This approach is likely to be less
advantageous due to greater interaction between both types
of users. The aim is to understand the degradation in system
performance which results from this higher degree of inter-
action. The set of equilibrium equations for this case study
are detailed in Sect. 5.7. Two more notations for this case
study are described in Table 2:

where λ denotes the arrival rate. The total arrival rate for
such scenario is written as, λT = λP1 + λP2 + λS while for

privileged users, the two arrival rates (λP1 = λP2) are equal
to λT /4. Detail discussion is provided later in this section.

5.7 Equilibrium analysis

The set of equilibrium equations are given below for scenario
(Case study # 2) when the privileged users are allowed to
access the USCN from the very start. For state ( j1, j2), 0 ≤
j1 < n, 0 ≤ j2 < RL , we have:

(λP1 + λP2 + λS + j1μ + j2μ) · P( j1, j2)

= ( j1 + 1)μ · P( j1 + 1, j2) + ( j2 + 1)μ · P( j1, j2 + 1)

+λP1 · P( j1 − 1, j2) + (λP2λS) · P( j1, j2 − 1)

[P(−1, j2) = P( j1,−1) = 0] (26)

For state ( j1, RL), 0 ≤ j1 < n,

(λP + λS + j1μ + RLμ) · P( j1, RL )

= ( j1 + 1)μ · P( j1 + 1, RL ) + (RL + 1)μ · P( j1, RL + 1)

+λP · P( j1 − 1, RL ) + (λP2 + λS) · P( j1, RL − 1)

[P(−1, RL ) = 0] (27)

For state ( j1, j2), 0 ≤ j1 < n, RL < j2 < n,

(λP + λS + j1μ + j2μ) · P( j1, j2)

= ( j1 + 1)μ · P( j1 + 1, j2) + ( j2 + 1)μ · P( j1, j2 + 1)

+λP · P( j1 − 1, j2) + λS · P( j1, j2 − 1)

[P(−1, j2) = P( j1,−1) = 0] (28)

For state ( j1, n), 0 ≤ j1 < n,

(λP + j1μ + nμ) · P( j1, n) = ( j1 + 1)μ · P( j1 + 1, n)

+λP · P( j1 − 1, n) + λS · P( j1, n − 1)

[P(−1, n) = 0] (29)

For state (n, j2), 0 ≤ j2 < RL ,

(λP + λS + nμ + j2μ) · P(n, j2) = ( j2 + 1)μ · P(n, j2 + 1)

+λP1 · P(n − 1, j2) + (λP + λS) · P(n, j2 − 1)

[P(n,−1) = 0] (30)

For state (n, RL),

(λS + nμ + RLμ) · P(n, RL) = (RL + 1)μ · P(n, RL + 1)

+λP · P(n − 1, RL) + (λP + λS) · P(n, RL − 1) (31)

For state (n, j2), RL < j2 < n,

(λS + nμ + j2μ) · P(n, j2) = ( j2 + 1)μ · P(n, j2 + 1)

+λP · P(n − 1, j2) + λS · P(n, j2 − 1) (32)
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Finally, for state (n, n),

(nμ + nμ) · P(n, n) = λP · P(n − 1, n) + λS · P(n, n − 1)

(33)

5.8 Analysis and results

The total arrival rate for such scenario is written as, λT =
λP1 + λP2 + λS while for privileged users, the two arrival
rates (λP1 = λP2) are equal to λT /4. This restriction and
assumption is applied in a similar way, as explained in Sect.
4.3, but the rate of transitions are different along both verti-
cal and horizontal directions as indicated in Fig. 10. We are
aware that different arrival rates will have an essential impact
on our outcomes. Initially, when the load level on the USCN
is below the restriction limit, the horizontal transition is the
summation of λP2 and λS but once that restriction limit is
crossed, the horizontal transition is only caused by the λS as
shown in Fig. 10. These are restricted states in the horizontal
direction for the privileged users, but they are accessible ver-
tically when those users want to access theMBS as indicated
by vertical transition λP1. However, the remainder of the for-

ward and backward transitions are the same as explained in
Sect. 5.2.

Once, the resources on the MBS are fully occupied (i.e.
j1 = n), the states which are restricted by the restriction
process become forbidden for the privileged users as shown
by the bottom edge in Fig. 10. With such a configuration,
there are not enough resources available for the shadowed
users on the USCN due to severe competition between both
the user groups and as a result the performance is severely
degraded.

In this case, the resources available for the privileged users
are significantly under utilized. Figure 11 clearly indicates
that PBSH is very poor even at low traffic loads but with
application of the restriction mechanism, the performance of
these users is enhanced. Without restriction, PBPR is 0%
due to the excessive availability of resources to privileged
users. Also, above 60% restriction, the improvement in per-
formance is negligible due to system saturation. From Figs.
11 and 12, it is clear that this kind of access for the privileged
users makes the entire system underperform and inappropri-
ate.

Figure 12 also illustrates that PBSH is reduced from 9%
to 4.2% with the restriction process. On the contrary, PBPR

Fig. 10 The state-transition
diagram in case of allowing a %
of PrUs to access USCN from
the beginning
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Fig. 11 Performance evaluation of restriction for certain levels of
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is increased from 0% to 3.5% with 50% restriction. Again, it
equalizes the blocking probability performance of both the
user groups but the fairness region in this scenario is reduced.
It is this compensation effect that allows the system to achieve
a balanced GoS. Also, it is clear that the restriction process
is most effective at high traffic loads. Thus, it is beneficial to
suspend the restriction until high traffic levels because at low
occupancy levels it is likely to cause unnecessary blocking.
Therefore, the users with a high degree of choice are kept on
those segments of a network which are inaccessible by the
users with a more limited resource options. By comparing
the blocking probabilities in the fairness regions of Figs. 7
and 11, for the different levels of OT, the convergence levels
seem more or less the same, despite the different allocation
scheme. This is due to the fact that both case studies have
fewer variations, similar parameters, and most importantly,
the outcomes are averaged over multiple runs. We observed
significant differences between both for certain experiments.
Furthermore, the blocking probability levels, when displayed
in average, as shown in Fig. 13 are quite similar with those
reported in Figs. 7 and 11. However, this closeness does not
necessarily mean same outcomes [10,33].

6 Large scale simulation results

This section presents results which are obtainedwhen a num-
ber of constraints, like signal interference and retransmission
are included in the system. It is carried out to evaluate the
performance of restriction mechanism explained in Sect. 4.3
on a large scale network with different levels of occupancy.
The base station antenna profiles, gains and transmit pow-
ers are defined in [27,34]. Important simulation parameters
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Fig. 12 Impact of increasing offered traffic on both users groups

Table 3 Simulation and experimental parameters

Parameters Values

Coverage area 450x450 m

Building size 75x75 m

Street width 15 m

Building height 6 m

Transmit power of RBS/ABS 35/35 dBm

Transmit power of MS for USCN/MBS 10/23 dBm

Antenna Height of FN/RBS/ABS/MS/MBS 10/4/4/1.5/15 m

Antenna Beams for Rx FN/RBS/ABS 2/3/4

Antenna Beams for Tx RBS/ABS 2/4

Antenna elements in MBS 8

SINR threshold for USCN/MBS 1.8/-3 dB

Log-normal shadowing factor 3 dB

Carrier frequency for USCN/BN/MBS 3.5/75/3.5 GHz

Number of FN/RBS/ABS/MS 4/16/16/2000

Resource blocks for USCN/BN/MBS 20/20/20

Inter-arrival time Exponential Distribution

Noise floor -114 dBm/MHz

Mean file size 2 MB

Iteration per offered traffic 200k

FN: Fibre Node, RBS/ABS/MBS: Relay/Access/Macro Base Station,
USCN:Ultra-SmallCellNetwork,MBS:MacroBase Station, BN:Back-
haul Network, MS: Mobile Station, Tx: Transmit, Rx: Receive

are listed in Table 3. The experiments were performed in
MATLAB2016 running on a server of 64 cores (3.8GHz)
and 512GB of main memory. Various aspects of the network
systemsweremodelled, using different parameters, as shown
in Table 3, and described later in this section.

Themain assumptions in thiswork are summarized below:
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• Data traffic is modelled using a file transfer-based traffic
model, where the file size and the inter-arrival time follow
anExponentialDistributionwhich simulates a succession
of packets delivered in the network.

• It is assumed that the delay caused by queuing and signal
propagation is negligible compared to the transmission
time. For the uplink, specific mean to are employed to
reduce the cubic metric of the transmitted signals; there-
fore, to improve the efficiency of transmitting power
amplifier.

• Only the uplink transmission from the users are con-
sidered, as the data traffic likely to have a similar
performance on the downlink side as well.

• Due to the small size of mm-wave antennas on the back-
haul side ofUSCN, enough angular and spatial separation
exists between the beams ofABSs/RBSs tominimize sig-
nal interference.

• Any blocked or interrupted files will be backed off for a
random time and retransmitted until successfully deliv-
ered.

The metric used in this simulation to assess the full scale
network performance is the blocking probability. It is worth
mentioning that there are three main factors which give rise
to blocking in the system: (i) unavailability of resources;
(ii) the restriction process; and (iii) the poor quality of a
communication channel.

Figure 13 illustrates the effect of increasing the restriction
level on the performance of full scale network. In the absence
of restriction, the blocking of shadowed users is severely high
whilst for the privileged users, it is at very low level. As indi-
cated in Fig. 13, the system achieves fairness around 50% of
the restriction for all levels of occupancy. Furthermore, this is
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Fig. 14 Impact of increasing offered traffic on both users groups

also clear that the restriction process ismost beneficial at high
traffic loads. Thus, it is appropriate to postpone the restriction
until high occupancy because at low traffic loads it is likely to
cause unnecessary blocking in the system. These simulation
results also validate the analytical results mentioned in Sect.
5.5.

From Fig. 14, it is clear that in case of restriction, the rise
in blocking for the privileged users is comparatively higher
from the analytical model explained in Sect. 5.2. It is due to
the presence of the signal interference and retransmission of
traffic in the system. These simulation results also validate
that the basic premise of applying the restriction factor is still
applicable on a large scale scenario. Furthermore, it can be
predicted from the analytical model what the restriction level
needs to be for a complete fair system.

7 Conclusions and future work

In this paper, a novel mm-wave, multi-hop, multi-tier hetero-
geneous network is being investigated for the improvement
in Grade-of-Service (GoS) and to achieve the overall system
fairness and balance. The mm-wave, multi-hop, ultra-small
cell and a single-hop massive MIMO base station collec-
tivelymake the two-tier heterogeneous network.A restriction
mechanism has been, then, applied to this multi-tier network
which sacrifices some diversity of the mobile users for the
sake of other user in the network. Furthermore, the users are
divided into two separate users’ groups. This classification of
users is based on certain network parameters like geograph-
ical sites (location), azimuth/elevation angles and antenna
equipment choices [35]. Different levels of restriction mech-
anism are examined and a comparison is drawn using certain
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performance metrics. From the analytical model, it is con-
cluded that the blocking of shadowed users are significantly
reduced from 7% to 4.5% at high traffic loads. It is achieved
by limiting some choice flexibility of full access users for
more restricted type of users. The restriction mechanism
reserves some portion of ultra-small cell network for users
with restricted choice flexibility, once the load level crosses
that load threshold. It is this compensation effect that allows
the system to achieve a balanced and fair GoS for the entire
network [36,37].

From both the case studies, it is concluded that such a
restriction technique will be useful in real systems, where
users having greater freedom of choice can be directed on
to other parts of the network, inaccessible by other users. It
is also shown how the multi-hop, ultra-small cell network
operates well in the presence of MIMO base station and pro-
vides the flexibility to adapt to the dynamic changes in future
wireless networks. The work in this paper can be extended
in three different ways. (i) Only two user groups have been
investigated in this paper for examining the system fairness.
One user group has association with the dense ultra-small
cells network while the second user group has access to both
the tiers of the network. However, we can analyse a third
user as well which has only access to the MBS part of the
network [38]. Initially, the restriction mechanism has been
applied only in one dimensional, but we can apply the restric-
tion along both the dimensions. (ii) Moreover, the data traffic
generated by the privileged users has been divided equally
between both tiers of HetNet. However, we can study the
effect of splitting the same data traffic into any two unequal
portions. (iii) Finally, a constant restriction function has been
used to implement the restriction process for achieving net-
work fairness and grade of service. However, different types
of restriction functions can be studied that progressively con-
strains access to channels at high occupancy level [39,40].

In the future, we will investigate how other parame-
ters affect the blocking probability, e.g., number of antenna
beams, SINR threshold, different number of resource blocks,
etc. For simulation simplification, we considered the same
number of resources (n) in each tier of the network and
assumed equal arrival rate on theMBS and USCN. However,
heterogeneity should be considered as an important parame-
ter. The way fairness metric is defined is somewhat abstract,
in this work. A more rigorous definition needs to be explic-
itly provided, e.g., using the Jain’s fairness index which has
been widely used for fairness evaluation in resource alloca-
tion among various traffic flows. This should also be noted
that the restriction approach, adopted in the paper, relies on an
orthogonal partition of the available resources where a spe-
cific part of the USCN resources is solely used by shadowed
users. This partition was performed in the frequency domain.
We are aware that the alternative underlay schemes allow
reuse of available resources, such as successive interference

cancellation, advanced receiver designs, etc.; and should be
considered as part of our future research.
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