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In this paper, by exploiting the frequency-domain, we propose a countrywide millimeter-wave (mmWave) spectrum allocation
and reuse technique to allocate and reuse spatially the countrywide 28GHz licensed spectrum and 60GHz unlicensed spectrum to
small cells (SCs) on each floor of a building of each Fifth-Generation (5G) New Radio (NR) Mobile Network Operator (MNO) of
an arbitrary country. We develop an interference management scheme, model user statistics per SC, and interferer statistics per
apartment and formulate the amount of the 28GHz and 60GHz spectra per MNO.We derive average capacity, spectral efficiency
(SE), energy efficiency (EE), and cost efficiency (CE) when employing the proposed technique, as well as the traditional static
licensed spectrum allocation technique. We discuss the implementation of the proposed technique and evaluate the performance
under two scenarios, namely, SCs operate only in the 28GHz in scenario 1, and both 28GHz and 60GHz in scenario 2. Extensive
results and analyses are carried out for four MNOs, i.e., MNOs 1, 2, 3, and 4, in scenario 1. However, in scenario 2, in addition to
MNOs 1, 2, 3, and 4, an incumbentWireless Gigabit (WiGig) operator is considered. It is shown that the proposed technique with
no co-channel interference can improve average capacity, SE, EE, and CE of MNO 1 by 3 times, 1.65 times, 75%, and 60%,
respectively, in scenario 1, whereas 6.12 times, 5.104 times, 85.8%, and 83.15%, respectively, in scenario 2. Moreover, with an
increase in reuse factors, SE increases linearly and EE increases negative exponentially. Further, we show that the proposed
technique can satisfy SE and EE requirements for sixth-generation (6G) mobile systems. Finally, we discuss offered benefits and
point out key issues of the proposed technique for further studies.

1. Introduction

1.1. Background. *e continuing demand for high capacity
and data rate in cellular networks due to the growth of
mobile devices to serve rich and diverse multimedia con-
tends enforces mobile network operators (MNOs) to re-
design the existing networks. *e cost and scarcity of the
available licensed spectrum are the major concerns toward
addressing the high capacity and data rate demand at a low
cost per bit transmission in cellular networks. In this regard,
due to the license-free access to unlicensed bands and wide
spectrum availability in both unlicensed and licensed bands,
the operation in millimeter-wave (mmWave) bands is
considered as a potential solution to minimize spectrum
scarcity and licensing cost for fifth-generation (5G) new
radio (NR) and beyond mobile networks. However, to
operate in the unlicensed bands, certain regulatory

requirements must meet that vary among regions and bands,
including, in general, using Listen-Before-Talk (LBT) as a
spectrum sharing mechanism, a maximum channel occu-
pancy time, a minimum occupied channel bandwidth re-
quirement, and power limits [1]. Hence, due to regulatory
restrictions on the transmission power in the unlicensed
bands, like Long Term Evolution-Unlicensed (LTE-U) [2],
5G NR Unlicensed (5G NR-U) is expected to be deployed in
the small cells in the indoor coverage. Accordingly, the 3rd

Generation Partnership Project (3GPP) has recently started
expanding the operation of cellular networks to the unli-
censed bands in 2015 with the Long-Term Evolution (LTE)
in 3GPP Release-13 [3]. In this regard, due to wider con-
tiguous bandwidth availability, the 60GHz unlicensed
mmWave band is considered an attractive candidate to
operate 5G NR-U. However, the IEEE 802.11-basedWireless
Gigabit (WiGig) is in operation in the 60GHz band. Hence,
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to operate in these unlicensed bands without interfering with
each other, an appropriate mechanism is necessary for the
cellular networks to coexist with the incumbent WiGig
networks.

However, the impact of the operation of mmWave
depends on its proper allocation and exploitation that can
play a vital role in addressing the spectrum scarcity for an
MNO in a country. Spectrum allocation techniques describe
how the spectrum specified for a country is allocated to its
MNOs. *e usefulness of a spectrum allocation technique is
affected by factors, such as the amount and duration of the
allocated spectrum to an MNO, as well as the user traffic
demand of anMNO [4]. By carefully allocating the spectrum
specified for a country among its MNOs, the available
amount of spectrum for an MNO can be extended con-
siderably. Furthermore, by exploiting the available spectrum
for an MNO in space, for example, the utilization of the
spectrum can be increased. Accordingly, the spatial reuse of
the spectrum to small cells, particularly in a 3-Dimensional
(3D) space, e.g., a multistory building, is considered an
effective approach to increase the utilization of the available
spectrum.

1.2.RelatedWork. Numerous research studies addressed the
coexistence issue of WiFi with cellular networks such as LTE
and 5GNR. Notably, with regard to the LTE andWiFi (LTE/
WiFi) coexistence, the authors in [3] elaborated LTE/WiFi
coexistence mechanism in time, frequency, and power as-
pects. Further, the authors in [5] carried out a performance
analysis of 3GPP LTE and IEEE 802.11 Wireless Local Area
Networks (WLAN) using a fractional bandwidth sharing
mechanism. Furthermore, the authors in [2] reviewed the
state-of-the-art LTE/WiFi coexistence mechanisms and
showed their incorporation into the industry standards.
Besides, in [6], the authors studied an effective coexistence
mechanism between LTE-U and WiFi systems in the same
unlicensed spectrum to enable the cellular network to use
LTE-U while protecting WiFi access points. In [7], the
authors proposed a novel method to allow the coexistence of
LTE-U with WiFi networks for 5G by formulating the
problem as maximizing the Quality-of-Experience (QoE) of
the LTE-U system and solving it using a game-theoretic
approach. Further, the authors in [8] described LTE-UWiFi
heterogeneous (HetNet) architecture and outlined the
technical challenges for the effective utilization of unlicensed
bands in LTE-U WiFi HetNets.

Likewise, regarding the 5G New Radio on Unlicensed
band (NR-U) and WiFi (5G NR-U/WiFi) coexistence, the
authors in [9] addressed the coexistence of 5G NR-U/WiFi
in the 6GHz band and in [10] addressed the coexistence of
WiFi with beam-based 5G NR-U in the mmWave bands.
Moreover, in [11], the authors investigated the WiFi and 5G
NR coexisted network by implementing a mode selection
procedure in the NR base stations to use either the licensed
spectrum band or the unlicensed spectrum band. Addi-
tionally, in [12], the authors studied the coexistence of
WiGig and 5G in Unlicensed spectrum (5G-U) systems in
terms of downlink data rate by comparing three different

scenarios, including WiGig only, the coexistence of WiGig
and 5G-U and 5G-U only.

Besides, several research studies proposed to use the
Almost Blank Subframe- (ABS-) based Enhanced Intercell
Interference Coordination (eICIC) technique in LTE to
address the coexistence issue between WiFi and cellular
systems in the unlicensed band in the time-domain. For
example, by reusing the concept of ABS, the authors in [13]
proposed a simple scheme to exist the LTE system with the
WiFi system in an unlicensed band and showed an improved
throughput perWiFi user performance. Further, the authors
in [5] proposed the LTE muting mechanism, where the LTE
is kept muting transmission in n of every 5 subframes to
allow access to the channel to WiFi users.

Further, numerous research works have already addressed
the issues of spectrum allocation as well as spectrum ex-
ploitation. For example, the authors in [14] proposedmethods
for the dynamic spectrum allocation in cognitive radio sys-
tems, and the authors in [15] presented a system-level dy-
namic frequency spectrum allocation scheme based on central
heterogeneous network architecture. Using the carrier ag-
gregation technique, the authors in [16] considered the op-
timization of resource allocation, and the authors in [17]
introduced and formulated the problem of the optimum
spectrum allocation in cognitive radios. Furthermore, in [18],
a new dynamic spectrum allocation algorithm has been
proposed to resolve channel conflict problems in channel
switching. Regarding the spectrum exploitation by means of
reusing the available spectrum, the authors proposed an
analytical model to reuse themicrowave spectrum in [19], and
the 28GHz mmWave spectrum in [20] in a 3D building of
small cells. Likewise, the authors in [21] investigated a number
of Fractional Frequency Reuse (FFR) schemes, and the au-
thors proposed the Dynamic Fractional Frequency Reuse
(DFFR) method in [22] to reduce the intercell interference.

1.3. Problem Statement and Contribution. Hence, to address
the scarcity of available radio spectrum to serve growing
demands of high capacity and data rate, as an extension of
the LTE Unlicensed (LTE-U) or Licensed Assisted Acces-
s(LAA), the 5G NR-U needs to aggregate the 28GHz or
38GHz licensed mmWave spectrum and the 60GHz unli-
censed mmWave spectrum [12]. Moreover, to facilitate an
improved mmWave spectrum allocation and exploitation,
unlike the traditional static licensed spectrum allocation that
considers allocating a certain portion of the countrywide
spectrum to an MNO, the whole countrywide mmWave
spectrum can be allocated to small cells of each MNO to
increase its spectrum. Besides, due to the high floor pene-
tration loss, the same countrywide mmWave spectrum for
eachMNO can be exploited spatially in the interfloor level to
reuse the whole spectrum to small cells more than once
within a building. Hence, a technique that can aggregate the
countrywide full 28GHz licensed spectrum and 60GHz
unlicensed spectrum and allocate and reuse the aggregated
spectrum to small cells of eachMNO located on each floor of
a building to increase the available spectrum bandwidth to
serve on-demand high capacity and data rate is yet to be
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addressed, which we aim to contribute in this paper. In line
with so, we contribute the following in this paper:

(i) We propose a countrywide mmWave spectrum
allocation and reuse technique to allocate and reuse
spatially the countrywide 28GHz licensed spec-
trum and 60GHz unlicensed spectrum to small
cells located on each floor of a building of each 5G
NR MNO of an arbitrary country.

(ii) We then develop an interference management
scheme, model user statistics per small cell and in-
terferer statistics per apartment, and formulate the
amount of the 28GHz and 60GHz spectra perMNO.

(iii) We derive average capacity, spectral efficiency (SE),
energy efficiency (EE), and cost efficiency (CE)
when employing the proposed technique as well as
the traditional Static Licensed Spectrum Allocation
(SLSA) technique.

(iv) Further, we discuss the implementation of the
proposed technique and evaluate the performance
under two scenarios, namely, small cells operate
only in the 28GHz in scenario 1 and both 28GHz
and 60GHz in scenario 2.

(v) Extensive results and analyses are then carried out for
four MNOs, i.e., MNOs 1, 2, 3, and 4, in scenario 1.
However, in scenario 2, in addition to MNOs 1, 2, 3,
and 4, an incumbent WiGig operator is considered.

(vi) *e performance of the proposed technique with no
Co-Channel Interference (CCI) in terms of average
capacity, SE, EE, and CE of MNO 1 in scenarios 1
and 2 is evaluated, and the impact of reuse factors on
SE and EE is shown. Moreover, we show that the
proposed technique can satisfy SE and EE require-
ments for sixth-generation (6G) mobile systems

(vii) Finally, we discuss offered benefits as well as point
out key issues of the proposed technique for further
studies.

1.4. Organization. In addressing the proposed technique, we
first present the system architecture and the proposed
technique, as well as develop a frequency-domain CCI
management scheme, in Section 2. In Section 3, we model
user statistics per small cell and interferer statistics per
apartment. We also formulate an expression of the optimal
amount of 28GHz spectrum and 60GHz spectrum per MNO
for an arbitrary number of MNOs in a country. In Section 4,
we derive average capacity, SE, EE, and CE when employing
the proposed technique, as well as the traditional SLSA
technique. In addition, we show mathematically the out-
performance of the proposed technique over the SLSA
technique and discuss the implementation of the proposed
technique. In Section 5, we evaluate the performance under
two scenarios, namely, small cells operate only in the 28GHz
in scenario 1 and both 28GHz and 60GHz in scenario 2.
Extensive results and analyses are carried out by varying the
effect of the spectrum reuse and the co-channel interference of
interferer user equipments (UEs) within each apartment for

four MNOs, i.e., MNOs 1, 2, 3, and 4, in scenario 1. However,
in scenario 2, in addition to MNOs 1, 2, 3, and 4, an in-
cumbent WiGig operator is considered. Moreover, we also
show that the proposed technique with two extreme CCI
scenarios, including no CCI and the maximum CCI, for an
MNO, can achieve the SE and EE requirements for 6Gmobile
systems in both scenarios. Section 6 covers the discussion on
the offered benefits of the proposed technique, as well as its
further research directions. We conclude the paper in Section
7. In Appendix A, a list of acronyms/abbreviations is shown in
Table 1, and a list of selected notations is given in Table 2.

1.5. Declaration. *is paper was presented partly as a con-
ference article [23] that received the “Best Paper Award” at the
Fifteenth International Conference on Systems and Networks
Communications (ICSNC), Porto, Portugal, 2020. Unlike the
conference version [23] that addresses the allocation and
reuse of the 28GHz licensed mmWave spectrum only, the
scope of this journal version is extended to the allocation and
reuse of both the 28GHz licensed spectrum and 60GHz
unlicensed spectrum. Further, as compared to [23], we model
user statistics per small cell and interferer statistics per
apartment in a building and formulate the amount of the
28GHz and 60GHz spectra per MNO. We show mathe-
matically the outperformance of the proposed technique over
the traditional SLSA technique and discuss the imple-
mentation of the proposed technique. We evaluate the per-
formance of the proposed technique under two scenarios,
including small cells operate only in the 28GHz as in the case
of [23], and small cells operate in both 28GHz and 60GHz. A
more detailed performance evaluation and analysis than that
in [23] are carried out by varying the effect of the spectrum
reuse (both vertically within a building and horizontally in-
between buildings) and the co-channel interference (by
considering all possible numbers of interferer UEs within
each apartment). Finally, in addition to the offered benefits
discussed in [23], the future research directions of the pro-
posed technique are also discussed here. Because the paper
was presented partly in [23], some materials in this paper, in
terms of, e.g., text, equations, figures, tables, notations, and
abbreviations, may be found merged with that in [23] with
relevant citations. However, this paper is rewritten by defining
a set of new problems and presenting their solutions along
with additional results and findings such that the readers will
find it self-contained, detailed, and insightful with aminimum
level of commonality with its conference version [23].

2. System Architecture, Proposed Technique,
and Interference Management

2.1. System Architecture. We consider a system architecture
that consists of an arbitrary number of MNOs and WiGig
operators countrywide. Each MNO has three types of base
stations (BSs), namely, macrocell BSs (MBSs), Picocell BSs
(PBSs), and Small-Cell BSs (SBSs). Hence, we show only one
MNO, i.e. MNO 1, in Figure 1(a) of a total of four MNOs
countrywide, for example. MBSs and PBSs are located
outdoors and serve only macrocell UEs (MUs). Small cell
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Table 2: List of selected notations.

Notation Description
t Index of a TTI
T Simulation run time with the maximum time of Q
O Number of MNOs of a country
o Index of an MNO
M Amount of mmWave spectrum per MNO in SLSA
l Index of a building
L Number of buildings per macrocell
i Index of an RB
PMC, PPC, and PSC *e transmission power of a macrocell, a picocell, and a small cell, respectively, of an MNO o
ωFL Number of floors in a building
ωfl Index of a floor in a building
MC Countrywide mmWave spectrum in RBs
trnw Licensed renew term
SF,o Number of SBSs in any building l for an MNO o
εC Cost of the countrywide 28GHz mmWave spectrum MC

εo Spectrum licensing fee paid by an MNO o
No Number of subscribers of an MNO o at term trnw
NC Number of subscribers of a country at term trnw

M
l,ωfl
o,t

*e optimal amount of licensed spectrum in RBs for anMNO o on any floor ωfl in a building l in TTI
t at term trnw

σt,i,o(·) A link throughput at RB� i in TTI� t for an MNO o at trnw in bps per Hz
ρt,i,o(·) A link SINR at RB� i in TTI� t for an MNO o at trnw in dB
MMBS,o Spectrum in RBs of a macrocell for an MNO o
σCP28,O(·), σSE28,O(·), σEE28,O(·), and
σCE28,O(·)

System-level average capacity, SE, EE, and CE, respectively, for all MNOs O countrywide at trnw for
l� L when small cells of all MNOs operating in the 28GHz

σCP60,O(·), σSE60,O(·), σEE60,O(·), and
σCE60,O(·)

System-level average capacity, SE, EE, and CE, respectively, for all MNOs O countrywide at trnw for
l� L when small cells of all MNOs operating in the 60GHz

σCPCA,O(·), σSECA,O(·), σEECA,O(·), and
σCECA,O(·)

System-level average capacity, SE, EE, and CE, respectively, for all MNOs O countrywide at trnw for
l� L when small cells of all MNOs operating in the 28GHz and 60GHz

σCPSLSA,O(·), σSESLSA,O(·), σEESLSA,O(·), and
σCESLSA,O(·)

System-level average capacity, SE, EE, and CE, respectively, for all MNOs O countrywide at trnw for
l� L when small cells of all MNOs operating in SLSA

ςCP28,O,IF, ς
SE
28,O,IF, ς

EE
28,O,IF, and ςCE28,O,IF Average capacity, SE, EE, and CE improvement factors, respectively, due to operating in the 28GHz

Table 1: List of acronyms/abbreviations.

Acronym/abbreviation Definition
3D 3-Dimensional
6G Sixth-generation
BS Base station
CCI Co-channel interference
CE Cost efficiency
EE Energy efficiency
FFR Fractional frequency reuse
ISD Intersite distance
LOS Line-of-sight
mmWave Millimeter-wave
MNO Mobile network operator
Non-LOS NLOS
NRA National regulatory agency
PBS Picocell base station
RB Resource block
SBS Small cell base station
SE Spectral efficiency
SLSA Static licensed spectrum allocation
TTI Transmission time interval
UE User equipment
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BSs (SBSs) of eachMNO are dual-band enabled and deployed
only withinmultistory buildings in an urban environment that
serve only their UEs within buildings. Because of favorable
characteristics, MBSs and PBSs operate in the 2GHz spectrum
band to cover a large area to reduce handoff occurrences,
whereas SBSs operate only in the 28GHz and/or 60GHz
mmWave bands to cover a small area at high data rates.

Each MNO is allowed to get access to the countrywide
full 28GHz spectrum subject to avoiding co-channel in-
terference (CCI). Figure 1(c) shows all possible combina-
tions of co-channel interferers (0, 1, 2, and 3 for four MNOs)
for a small cell of MNO 1. However, when small cells operate
in the 60GHz unlicensed spectrum, additional CCI may
occur due to the WiGig Access Points (WiAPs) of any in-
cumbent WiGig operator. In such a case, each small cell, by
employing carrier aggregation technology, can operate in
both the 28GHz licensed and 60GHz unlicensed bands to
extend its available spectrum bandwidth opportunistically.
Moreover, due to a high floor penetration loss, both
mmWave signals get attenuated significantly such that in
practice CCI effect from one floor to its adjacent ones can be
considered negligible. Due to this reason, the same coun-
trywide spectrum can be reused to small cells of each MNO
on each floor of a multistory building as shown in
Figure 1(b), resulting in improving the system performances
further. Hence, by allowing to get access to the full coun-
trywide 28GHz and 60GHz mmWave spectrum bands and
reusing the same spectrum to small cells on each floor, both
spectrum allocation and spectrum exploitation of mmWave

can be obtained, a technique of which we propose in the
following section.

2.2. Proposed Technique. Unlike the traditional licensed
spectrum allocation techniques that mostly allocate stati-
cally a portion of the total spectrum assigned to a country to
each MNO, we propose to allocate the full 28 GHz licensed
mmWave spectrum specified for a country to each of its
MNOs to operate its small cells deployed on each floor in a
building subject to avoiding CCI from one MNO to an-
other. In addition, by exploiting the high floor penetration
loss of the 28 GHz mmWave signal, the allocated spectrum
to eachMNO can further be reused to its small cells on each
floor of a multistory building. *e licensing fee for the full
countrywide spectrum can be distributed among all MNOs
by charging each MNO fairly such that the spectrum li-
censing fee for an MNO is updated in accordance with the
change in its number of subscribers at each license renewal
term trnw.

*e above technique can also be applied if small cells of
an MNO operate in an unlicensed mmWave band except
that the additional CCI from the incumbent WiFi tech-
nologies needs to be taken into account. In this regard,
assume that small cells of MNOs operate in the 60 GHz
unlicensed band, in addition to MNOs, CCI from the
incumbent WiGig operators must be considered. We
discuss the CCI avoidance mechanism and the corre-
sponding impact on the mmWave spectrum allocated to

Countrywide millimeter-wave spectrum

A 3D multistory building deployed
with small cells and WiAPs

...

...

......

...
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Figure 1: A system architecture consisting of four MNOs and a single WiGig operator countrywide.
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each MNO in both the 28 GHz licensed and 60GHz un-
licensed bands in the following sections.

2.3. Co-Channel Interference Management

(1) 28GHz licensed mmWave spectrum: small cells of
all MNOs located on each floor within a building
operate in the same countrywide 28GHz licensed
mmWave spectrum. Hence, due to the coexistence of
UEs of all MNOs on the same floor, CCI occurs if
small-cell UEs of more than one MNO are scheduled
to the licensed spectrum simultaneously. CCI can be
avoided by allocating UEs of small cells on a floor
orthogonally in the frequency-domain such that UEs
of MNOs located on the same floor are allocated to
different parts of the 28GHz licensed spectrum as
shown in Figure 2 [24]. In other words, small-cell
UEs of not more than one MNO can be allocated to
the same frequency in any transmission time interval
(TTI). *e existence of an interfering UE can be
detected by the small cell itself using any conven-
tional spectrum sensing techniques to avoid simul-
taneous access to the same spectrum.

(2) 60GHz unlicensed mmWave spectrum: unlike the
28GHz licensed mmWave spectrum, since IEEE
802.11 technologies operate in the unlicensed bands,
e.g., 2.4 GHz, 5GHz, and 60GHz globally, CCI can
be originated from the incumbent IEEE 802.11ad/ay,
also termed as WiGig, operating in the 60GHz
unlicensed mmWave spectrum. Hence, in addition
to CCI originated from the peer MNOs, CCI from
the WiGig operators needs to be taken into account
to operate small cells of any MNO in the 60GHz
unlicensed mmWave band. In this regard, like the
28GHz licensed mmWave band, following the above
procedure as shown in Figure 2, CCI due to oper-
ating small cells in the 60GHz spectrum can also be
avoided in the frequency-domain by considering all
WiGig operators, as well as all MNOs, operating in
each apartment on any floor of a building.

3. Mathematical Analysis

3.1.ModelingUser Statistics per SmallCell. In this section, we
are interested in finding the number of users per small cell of
an MNO o in an apartment for an observation time Q. Let
Us ∈ Us � 0, 1, 2, . . . , Us,max􏽮 􏽯 denote the number of UEs
served by an SBS s of an MNO o at any time t. According to
[25, 26], sessions or call arrivals can be modeled as a Poisson
process. Hence, the traffic activity of a small cell UE served
by an in-building SBS can be modeled as an exponentially
distributed continuous-time Poisson process. Since given
the present state, the future state is independent of the past
state, the traffic activity of a UE can be modeled as a two-
state Markov chain where the off-state traffic activity to on-
state traffic activity transition rate of a UE is denoted by λ
and the on-state traffic activity to off-state traffic activity
transition rate is denoted by μ.

Let p(0), p(1), p(2), . . . , p(Us,max) denote on-state
probabilities of an SBS s (corresponding to the number of
active UEs Us) in an apartment. *e values of these prob-
abilities can be found following the Birth-Death process [25]
as shown in Figure 3. Let λUs

and μUs
denote, respectively, the

birth rate and the death rate. *en, according to [27, 28], the
following holds:

λUs
�

Us,max − Us􏼐 􏼑λ, 0≤Us ≤Us,max,

0, otherwise,

⎧⎨

⎩

μUs
� Us × μ.

(1)

Hence, the probability of any Us can be given by

p Us( 􏼁 � p(0)
λ
μ

􏼠 􏼡

Us

×

Us,max

Us

⎛⎝ ⎞⎠⎛⎝ ⎞⎠. (2)

But,

􏽘

Us,max

Us�0
p Us( 􏼁 � 1. (3)

*en, using (2) and (3), the following can be obtained:

p(0) �
1

(1 +(λ/μ))
Us,max

. (4)

Now from (2), we can find the following. In other words,
the probability that Us number of UEs are served by an SBS s
is given by

p Us( 􏼁 �
Us,max!

Us! Us,max − Us􏼐 􏼑!
×

λ
μ

􏼠 􏼡

Us

×
1

(1 +(λ/μ))
Us,max

.

(5)

Hence, the expected value of the number of UEs served
simultaneously at any time t is then given by

E Us􏼂 􏼃 � 􏽘

Us�Us,max

Us�0
Us × p Us( 􏼁( 􏼁. (6)

Note that, since the rate of arrival of UEs to any in-
building SBS s is relatively low due to the small coverage, the
value of Us is small in the Poisson distribution of small cell
UEs. In other words, smaller values of Us are more probable
than the larger ones such that the distribution of small cell
UEs of an SBS lies mostly toward the left of the curve.

3.2.OptimalAmountof SpectrumperMNO. LetO denote the
maximum number of MNOs of a country such that
o ∈ O � 1, 2, . . . , O{ }. Let SF,o denote the total number of
small cells of an MNO o in any building l ∈ L � 1, 2, 3,{

. . . , L} such that sx,o ∈ Sx,o � 0, 1, 2, . . . ,{ SF,o}. Denote MC as
the countrywide total amount of mmWave spectrum in the
28GHz licensed band, as well as 60GHz unlicensed band,
defined in terms of the number of Resource Blocks (RBs)
where an RB is equal to 180 kHz. Assume that E[Us,o] � 1,
i.e., each small cell sx,o of anMNO o, can serve the maximum
of one UE at a time.
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Let No denote the total number of subscribers of an
MNO o such that 􏽐

O
o No ≤NC where NC denotes the

maximum number of subscribers of a country at any term
trnw. Also, UEs of not more than one MNO o on the same
floor ωfl can be served by the same RB in any TTI t of a
building l. *e amount of spectrum allocated to UEs of an
MNO o on a floor ωfl in a building l at term trnw in TTI t is
defined as follows.

“*e amount of 28GHz licensed spectrum or 60GHz
unlicensed spectrum allocated to UEs of an MNO o on any
floor ωfl of a building l at term trnw is defined in accordance
with the ratio of the number of subscribers No of MNO o to
the sum of the total number of subscribersN

l,ωfl

t of all MNOs
O corresponding to the same floor ωfl of a building l in any
TTI t at term trnw.”

Note that the radio spectrum is not free of cost. Hence,
licensing more spectra causes an increase in the cost of an
MNO. Moreover, as the total amount of spectrum specified
for a country is fixed, licensing more spectrum by one MNO
causes scarcity of the required spectrum by another MNO in
a country, resulting in degrading the quality-of-service
(QoS). *is problem can be addressed if each MNO takes
license of the amount of the spectrum as low as possible
corresponding to its actual number of subscribers so that the
issue of the underutilized or unused spectrum by one MNO,

as well as the lack of a sufficient amount of spectrum for
another MNO, to serve its necessary user demand can be
addressed.

Since each MNO favors minimizing the cost of licensing
spectrum while ensuring to serve its user demands adequately
to retain QoS, we consider a minimization problem for al-
locating the countrywidemmWave spectrum to eachMNO to
increase the overall countrywide mmWave spectrum utili-
zation. Hence, the optimal amount of either 28GHz or
60GHzmmWave spectra M

l,ωfl
o,t in RBs for an MNO o ∈ O on

any floor ωfl of a building l in TTI t at a renewal term trnw can
be found by solving the following problem:

min
o∈O

M
l,ωfl

o,t

subject to

(a)
No

N
l,ωfl
t

�
M

l,ωfl
o,t

MC

(b)∀o∀trnw 􏽘

O

o

No ≤NC.

(7)

*e solution to the above optimization problem can be
expressed as follows and is given in proof:
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Small cell UEs of MNO 1 are scheduled in an apartment on any floor in any building
No small cell UE of MNO 1 is scheduled in an apartment on any floor in any building 

T1

When at least a UE of other
MNOs O\o = 1 exists in an

apartment on any floor ωfi in any
building l of small cells of MNO 1

When no UEs of other MNOs O\o = 1 exists
in an apartment on any floor ωfi in any

building l of small cells of MNO 1
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. . . 

2,t
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Figure 2: Frequency-domain CCI avoidance technique for UEs of MNO 1 in an apartment on any floor ωfl in a building l. T1, T2, and T3
define arbitrary and equal observation time intervals within |T| � Q [23].
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. . .

p (2)p (1)p (0)
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Figure 3: Occupancy or traffic in-progress state diagram for UEs per small cell in an apartment.
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M
l,ωfl∗
o,t �

No

􏽐
O
o�1 1]o

No( 􏼁 × No􏼐 􏼑
⎛⎝ ⎞⎠ × MC

⎛⎝ ⎞⎠⎡⎢⎢⎣ ⎤⎥⎥⎦. (8)

Proof. *e solution to the optimization problem in (7) can
be found as follows. In general, the number of subscribers of
all MNOs is not the same at any trnw. Hence, assume that
N1 >N2 > · · · >NO at trnw such that the constraint 7(b) is
satisfied. Since a UE of any MNO O\o in any TTI may not
exist on any floor ωfl of a building l of small cells of an MNO
o, N

l,ωfl
t can be expressed for an arbitrary value of O� 4 as

N
l,ωfl
t � 􏽘

O

o�1
1]o

No( 􏼁 × No􏼐 􏼑, (9)

where ]o ∈ N1, N2, N3, N4􏼈 􏼉. 1(·) defines that 1(·) � 1 if No

exists in the set ]o; otherwise, 1(·) � 0.
Since the number of RBs is strictly an integer, using (9),

and the constraint 7(a), the optimal value of M
l,ωfl
o,t is given by

M
l,ωfl∗
o,t �

No

N
l,ωfl
t

⎛⎝ ⎞⎠ × MC,

M
l,ωfl∗
o,t �

No

􏽐
O
o�1 1]o

No( 􏼁 × No􏼐 􏼑
⎛⎝ ⎞⎠ × MC

⎛⎝ ⎞⎠⎡⎢⎢⎣ ⎤⎥⎥⎦.

(10)

Note that if a UE of any MNO O\o in any TTI t on any
floor ωfl of a building l does not exist, then N

l,ωfl
t � No in (9),

which results in M
l,ωfl∗
o,t � MC. *is implies that the whole

countrywide 28GHz or 60GHz mmWave spectrum can be
allocated in all TTIs t to UEs of small cells of an MNO o on
any floor ωfl in a building l. *e same process described
above is applicable for all MNOs o ∈ O at each renewal term
trnw to update M

l,ωfl
o,t in any TTI t to avoid CCI. Hence, using

(8), the countrywide 28GHz or 60GHz spectra can be
reused to small cells of each MNO o on any floor ωfl in a
building l to improve countrywide 28GHz and 60GHz
mmWave spectrum utilization. Further, the higher the
number of subscribers No of an MNO o at term trnw, the
greater the amount of mmWave spectrum M

l,ωfl
o,t allocated

to MNO o on any floor ωfl in a building l in any TTI t at
term trnw. □

3.3. Modeling Interferer Statistics per Apartment. Recall that
we assume E[Us,o] � 1 for each SBS of each MNO o within
each apartment of any building. Since the arrival of a UE to
any SBS in an apartment can be modeled as a Poisson
process, under the above assumption, the presence of the
number of interferer UEs within each apartment can be
expressed following the same procedure presented for
modeling the user statistics per small cell in Section 3.1. In
doing so, let Uk ∈ Uk � 0, 1, 2, . . . , Uk,max􏽮 􏽯 denote the
number of interferer UEs served by each SBS of MNOs O\o
in any TTI t for an SBS s of MNO o, where Uk,max � O − 1.

*en, the probability of Uk number of interferer UEs for an
SBS s of MNO o in an apartment is given by

p Uk( 􏼁 �
Uk,max!

Uk! Uk,max − Uk􏼐 􏼑!
×

λ
μ

􏼠 􏼡

Uk

×
1

(1 +(λ/μ))
Uk,max

.

(11)

Hence, the expected value of the number of interferer
UEs served simultaneously in any time t in an apartment for
an SBS s of MNO o is then given by

E Uk􏼂 􏼃 � 􏽘

Uk�Uk,max

Uk�0
Uk × p Uk( 􏼁( 􏼁. (12)

From (12), it can be found that the maximum amount of
spectrum is allocated to an MNO o when no interferer UEs
of MNOs O \o exist within an apartment on any floor (i.e.,
E[Uk] � 0). Likewise, the minimum amount of spectrum is
allocated to an MNO o when each interferer UE of MNOsO
\o exist within each apartment on any floor, i.e.,
E[Uk] � (Uk,max − 1).

4. Performance Metrics Estimation
and Analysis

4.1. Performance Metrics

4.1.1. 28GHz Licensed Spectrum. Let SM,o denote the
number of macrocells and SP,o denote the number of
picocells per macrocell of an MNO o. Also, let T denote the
simulation run time with the maximum time of Q (in time
step each lasting 1ms) such that T� {1, 2, 3, . . ., Q}. Let PMC,
PPC, and PSC denote, respectively, the transmission power of
a macrocell, a picocell, and a small cell of an MNO o. Using
Shannon’s capacity formula, a link throughput at RB� i in
TTI� t for an MNO o at trnw in bps per Hz is given by [29]:

σt,i,o ρt,i,o􏼐 􏼑 �

0 ρt,i,o < − 10 dB

β log2 1 + 10 ρt,i,o(dB)/10( )􏼒 􏼓 − 10 dB≤ ρt,i,o ≤ 22 dB

4.4 ρt,i,o > 22 dB

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

,

(13)

where β denotes the implementation loss factor.
Let MMBS,o denote the spectrum in RBs of a macrocell for

an MNO o. *en, the total capacity of all macrocell UEs for
an MNO o at trnw can be expressed as

σMBS,o � 􏽘

Q

t�1
􏽘

MMBS,o

i�1
σt,i,o ρt,i,o􏼐 􏼑, (14)

where σ and ρ are responses over MMBS,o RBs of all macro-
UEs in t ∈ T for an MNO o at trnw. If all SBSs sωfl ,o

on any
floor ωfl in a building l of anMNO o serves simultaneously in
all TTI t ∈ T in the 28GHz licensed spectrum, then the
aggregate capacity served by an SBS, all SBSs per floor ωfl, as
well as all SBSs on all floors ωFL in a building l, of an MNO o
at a renewal term trnw are given, respectively, by
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σl,ωfl
28,o,sx,o

� 􏽘
t∈T

􏽘

M
l,ωfl∗
o,t

i�1
σt,i,o ρt,i,o􏼐 􏼑, (15)

σl,ωfl
28,o,sωfl ,o

� 􏽘

Sωfl ,o

sx,o�1
σl,ωfl
28,o,sx,o

, (16)

σl,ωFL
28,o � 􏽘

ωFL

ωfl�1
σl,ωfl
28,o,sωfl ,o

. (17)

Due to a short distance between a small cell UE and its
SBS and a low transmission power of an SBS, we assume
similar indoor signal propagation characteristics for all L
buildings per macrocell for anMNO o at trnw.*en, by linear
approximation, the system-level average aggregate capacity,
SE, and EE for all MNOs O operating in the 28GHz
countrywide at trnw for l� L can be given by

σCP28,O(L) � 􏽘
O

o�1
σMBS,o + L × σl,ωFL

28,o􏼐 􏼑􏼐 􏼑. (18)

Since (L × σl,ωFL
28,o )≫ σMBS,o, roughly, (18) can be given by

σCP28,O(L) � 􏽘

O

o�1
L × σl,ωFL

28,o􏼐 􏼑, (19)

σSE28,O(L) �
σCP28,O(L)

MC + 􏽐
O
o�1 MMBS,o􏼐 􏼑 × Q􏼐 􏼑

, (20)

σEE28,O(L) �

􏽐
O
o�1

L × SF,o × PSC􏼐 􏼑

+ SP,o × PPC􏼐 􏼑 + SM,o × PMC􏼐 􏼑
⎛⎝ ⎞⎠⎛⎝ ⎞⎠

σCP28,O(L)/Q􏼐 􏼑
,

(21)

where SF,o � 􏽐
ωFL
ωfl�1 sωfl ,o

denotes the total number of SBSs in
any building l for an MNO o.

4.1.2. 60GHz Unlicensed Spectrum. When small cells of all
MNOs operate only in the 60GHz unlicensed mmWave
spectrum, the maximum number of operators in an
apartment is equal to the sum of all MNOs O (when op-
erating in the 28GHz licensed band) and WiGig operators.
Since the value of O does not change, the above equations
from (7) to (21) for the 28GHz licensed spectrum are equally
applicable for the 60GHz unlicensed spectrum to find the
average capacity σCP60,O(L), SE σSE60,O(L), and EE σEE60,O(L) of
small cells of all MNOs when operating in the 60GHz
spectrum using (18), (20), and (21), respectively.

Note that even though O does not change when small
cells of MNOs operate in the 60GHz, if any WiAP coexists
with small cells of MNOs in an apartment, the amount of
unlicensed spectrum allocated to WiAPs is given by (8), i.e.,
in accordance with the percentage of the number of sub-
scribers of WiGig operators with respect to that of all MNOs
O. In other words, unlike in case of operating in the 28GHz
licensed spectrum, the existence of any WiAP causes not to
allocate the full countrywide unlicensed spectrum MC to
MNOs O since some percentage of the unlicensed spectrum
MC is allocated to WiAPs. Note that even if the number of
UEs of small cells is too high or too low, each operator
(either a WiGig or an MNO) is allocated to a fair amount of
unlicensed spectrum defined by (8) such that UEs of neither
an MNO nor a WiGig operator get deprived of being al-
located to the 60GHz unlicensed spectrum. Moreover, like
LTEmuting, the proposed techniquemutes the transmission
of small cells of MNOs on the unlicensed spectra defined by
(8) to allow the transmission of only WiAPs of WiGig
operators to avoid their unexpected blockage and provide
fair access to the unlicensed spectrum.

4.1.3. 28GHz Licensed and 60GHz Unlicensed Spectra. If
small cells are enabled with both the 28GHz and 60GHz
mmWave bands using the Carrier Aggregation (CA) tech-
nology such that each small cell of an MNO can operate in
both the 28GHz and 60GHz spectrum bands, the average
capacity of small cells in (18) is given by the sum of the
capacities achieved by both the 28GHz and 60GHz
mmWave spectra as given below:

σCPCA,O(L) � σCP28,O(L) + σCP60,O(L)􏼐 􏼑,

σSECA,O(L) �
σCPCA,O(L)

MC + 􏽐
O
o�1 MMBS,o􏼐 􏼑 × Q􏼐 􏼑

,

σEECA,O(L) �
􏽐

O
o�1 L × SF,o × PSC􏼐 􏼑 + SP,o × PPC􏼐 􏼑 + SM,o × PMC􏼐 􏼑􏼐 􏼑􏼐 􏼑

σCPCA,O(L)/Q􏼐 􏼑
.

(22)
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Note that due to paying a spectrum license fee for the
28GHz spectrum and no license fee for the 60GHz spec-
trum, in defining SE above when small cells operate in the
60GHz spectrum as well, we consider the 28GHz licensed
spectrum as the effective spectrum.

4.1.4. Traditional SLSA Technique. In the traditional SLSA
technique, a fair allocation of the licensed mmWave

spectrum to each MNO in a country is assumed, i.e., each
MNO is given a license exclusively for an equal amount of
the mmWave spectrum of M RBs such that for O� 4,
MC � 4M. Now, using (17)–(21), the system-level average
capacity, SE, and EE of small cells of all MNOs O coun-
trywide when operating in the 28GHz spectrum at trnw for
l� L can be given by

σCPSLSA,O(L) � 􏽘
O

o�1
σMBS,o + L × 􏽘

ωFL

ωfl�1
􏽘

Sωfl ,o

sx,o�1
􏽘
t∈T

􏽘

M

i�1
σωfl

sx,o,t,i,o ρωfl
sx,o,t,i,o􏼒 􏼓⎛⎝ ⎞⎠⎛⎝ ⎞⎠, (23)

σCPSLSA,O(L) � 􏽘
O

o�1
L × 􏽘

ωFL

ωfl�1
􏽘

Sωfl ,o

sx,o�1
􏽘
t∈T

􏽘

M

i�1
σωfl

sx,o,t,i,o ρωfl
sx,o,t,i,o􏼒 􏼓⎛⎝ ⎞⎠, (24)

σSESLSA,O(L) �
σCPSLSA,O(L)

MC + 􏽐
O
o�1 MMBS,o􏼐 􏼑 × Q􏼐 􏼑

, (25)

σEESLSA,O(L) �
􏽐

O
o�1 L × SF,o × PSC􏼐 􏼑 + SP,o × PPC􏼐 􏼑 + SM,o × PMC􏼐 􏼑􏼐 􏼑􏼐 􏼑

σCPSLSA,O(L)/Q􏼐 􏼑
. (26)

4.1.5. Cost Efficiency. Let εC denote the cost of the coun-
trywide 28GHz licensed mmWave spectrum MC. Recall that
anMNO o pays the spectrum licensing fee based on its number
of subscribers No at trnw with respect to that of all MNOs NC.
Assume that an MNO o pays the spectrum licensing fee of εo

corresponding to No at trnw such that εo can be given by

εo �
No

NC

􏼠 􏼡 × εC. (27)

Now, define Cost Efficiency (CE) as the cost required per
unit achievable average capacity (i.e., per bps) such that the
CE at term trnw can be expressed as follows when small cells
operate in the 28GHz licensed spectrum.

ςCE28,O �
εC

σCP28,O(L)
. (28)

Likewise, for SLSA, CE can be expressed as follows:

ςCESLSA,O �
εC

σCPSLSA,O(L)
. (29)

Note that, the 60GHz unlicensed mmWave spectrum is
exempted from paying licensing fees such that when small
cells operate only in the 60GHz unlicensed spectrum, CE is
theoretically zero, representing an ideal state. However, if
small cells operate in both the 28GHz licensed spectrum and
60GHz unlicensed spectrum, CE can be expressed as follows:

ςCECA,O �
εC

σCPCA,O(L)
. (30)

4.2. Performance Improvement

4.2.1. Performance Improvement Factors. *e factors rep-
resenting an improvement in average capacity, SE, EE, and
CE due to the 28GHz licensed mmWave spectrum can be
expressed, respectively, as follows:

ςCP28,O,IF �
σCP28,O(L)

σCPSLSA,O(L)
, (31)

ςSE28,O,IF �
σSE28,O(L)

σSESLSA,O(L)
, (32)

ςEE28,O,IF �
σEE28,O(L)

σEESLSA,O(L)
, (33)

ςCE28,O,IF �
ςCE28,O

ςCESLSA,O

. (34)

Now, following (31)–(33), we can express average ca-
pacity, SE, and EE improvement factors when small cells
operate either in only the 60GHz spectrum or in both the
28GHz and 60GHz spectra. However, because CE is zero
when small cells operate in only the 60GHz unlicensed
spectrum, the CE improvement factor is also zero. *is
implies that no further improvement in CE can be possible
due to reaching an ideal state. However, if small cells operate
in both the 28GHz and 60GHz bands, CE improvement
factor can be given by
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ςCECA,O,IF �
ςCECA,O

σCESLSA,O(L)
. (35)

4.2.2. Performance Improvement Analysis. In the following,
we analyze the outperformance of the proposed technique
over the traditional SLSA technique in terms of average
capacity, SE, EE, and CE. In doing so, we consider the
countrywide subscriber statistics of all MNOs on any floor
ωfl in a building l at a renewal term trnw in time t. Assume
that the number of countrywide subscribers of MNO 1,
MNO 2, MNO 3, and MNO 4 is, respectively, 10%, 20%,
30%, and 40% of the total number of subscribers in a
country. Since the spectrum is allocated to any MNO o in
proportionate to its number of subscribers, using (8), the
allocated spectra to MNO 1, MNO 2, MNO 3, and MNO 4,
are given, respectively, by M

l,ωfl
1,t � (0.1 × MC), M

l,ωfl
2,t � (0.2

×MC), M
l,ωfl
3,t � (0.3 × MC), and M

l,ωfl
4,t � (0.4 × MC).

Hence, the total amount of the spectrum used to serve
user demands of all MNOs when employing the proposed
technique is given by

M
l,ωfl ,Prop
O,t � 0.1 × MC( 􏼁 + 0.2 × MC( 􏼁 + 0.3 × MCx( 􏼁 + 0.4 × MC( 􏼁,

M
l,ωfl ,Prop
O,t � MC.

(36)

On the other hand, when employing the traditional SLSA
technique, each MNO o is allocated to an equal amount of
spectrum of (0.25 × MC). However, the number of sub-
scribers of MNO 1, MNO 2, MNO 3, and MNO 4 is not the
same such that eachMNOdoes not need the same amount of
spectrum. More specifically, since the amount of spectrum
required to serve the user demand of any MNO varies in
accordance with its number of subscribers, MNO 1, MNO 2,
MNO 3, and MNO 4 can use, respectively, 10%, 20%, 25%,
and 25% of MC. Hence, the total amount of the spectrum
used to serve user demands of all MNOs when employing
the SLSA technique is given by

M
l,ωfl ,SL
O,t � 0.1 × MC( 􏼁 + 0.2 × MC( 􏼁 + 0.25 × MC( 􏼁 + 0.25 × MC( 􏼁,

M
l,ωfl ,SL
O,t � 0.8 × MC.

(37)

From (36) and (37), we can write the following:

M
l,ωfl ,Prop
O,t >M

l,ωfl ,SL
O,t . (38)

Since the achievable capacity is directly proportional to
the spectrum bandwidth, the following relation holds:

σl,ωfl ,Prop
O,t > σl,ωfl ,SL

O,t , (39)

where σl,ωfl ,Prop
O,t ∝M

l,ωfl ,Prop
O,t and σl,ωfl ,SL

O,t ∝M
l,ωfl ,SL
O,t denote,

respectively, the achievable capacities corresponding to the
spectra in (36) and (37) due to employing the proposed and
SLSA techniques.

Since SE is directly proportional, whereas EE and CE are
inversely proportional, to the achievable capacity, using (20)

and (25) for the SE, (21) and (26) for the EE, and (28) and
(29) for the CE, it can be shown that the proposed technique
provides better SE, EE, and CE performances than the
traditional SLSA technique.

4.3. ImplementationPerspectives. *e implementation of the
proposed technique warrants the following issues, including
updating the dynamic usage of the countrywide spectrum in
the 28GHz and 60GHz on each floor by UEs of different
MNOs and the WiGig operator and enforcing CCI man-
agement. In this regard, SBSs of each MNO per floor can
keep sensing to detect the status of the shared full coun-
trywide spectrum usage and coordinate with SBSs of other
MNOs on the same floor to update the CCI status and
amount of the shared spectrum usage for each MNO.
However, such coordination among SBSs of different MNOs
generates control signaling overheads depending on the size
of the group of the coordinated SBSs. *e larger the size of
the group of the coordinated SBSs, the greater the amount of
generated control signaling overheads, as well as delay in
updating the CCI status.

In general, depending on the architectural characteris-
tics, coordination can be performed in two ways, namely,
centralized and distributed manners [30]. In centralized
coordination (CEC) of multiple MNOs sharing the same
spectrum, instead of coordinating one MNO to another
directly, MNOs coordinate with each other via a central
entity, e.g., spectrum controller, which can be the National
Regulatory Agency (NRA), that controls sharing of the
common spectrum among MNOs. Typically, CEC is pref-
erable for static spectrum sharing schemes such that
updating spectrum usage status on a real-time basis is not
necessary [30], i.e., the spectrum sharing among MNOs is
performed on a long-term basis. *ough CEC is easy to
control and can provide fair and reliable spectrum alloca-
tion, it suffers from the necessity of additional network
infrastructure, the long delay from real-time traffic trans-
missions, as well as large control signaling overheads due to
dynamic spectrum usage.

Unlike CEC, in distributed coordination (DIC), MNOs
coordinate with each other directly in a distributed manner
[30]. *e presence of interferers can be detected on-demand
using spectrum sensing techniques to improve system
performance locally by avoiding CCI.*ough it suffers from
the reliable detection of idle bands and the reduction in
overall data transmission time due to the flexible quality-
of-service (QoS) requirements, DIC is suitable for MNOs to
coexist with WiFi systems. Hence, based on the pros and
cons of centralized and distributed coordination approaches,
we present a hybrid centralized-distributed coordination
approach to implement the proposed spectrum sharing
technique using both coordination approaches as given
below.

*e implementation is divided into two parts, inter-
MNO countrywide that does not require frequent spectrum
usage updates and intersmall cell of MNOs that requires
frequent spectrum usage updates. In inter-MNO country-
wide, since the allocated spectrum M

l,ωfl
o,t to each MNO o is
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Figure 4: Illustration of implementation of the proposed technique using a hybrid centralized-distributed coordination approach.

Table 3: Default parameters and assumptions.

Parameters and assumptions Value
28GHz and 60GHz spectra countrywide 200MHz (each)
Number of MNOs, WiGig operators, and
subscribers 4, 1, and NC

Number of subscribers for MNOs 1, 2, 3, and 4,
respectively

40%, 30%, 20%, and 10% of NC (28GHz only) 35%, 25%, 15%, 10% and 20% of NC (both
28GHz and 60GHz)

For each MNO
E-UTRA simulation case1 3GPP case 3
Cellular layout2, intersite distance (ISD)1, 2,
transmit direction Hexagonal grid, dense urban, 3 sectors per macrocell site, 1732m, downlink

Carrier frequency2, 4 2 GHz non-line-of-sight (NLOS) for macrocells and picocells, 28GHz and 60GHz LOS
for all small cells

Number of cells 1 macrocell, 2 picocells, 280 small cells per building

Total BS transmit power1 (dBm) 46 formacrocell1, 37 for picocells1, 19 for small cells operating in 28GHz1, 3, 17.3 for small
cells operating in 60GHz5

Co-channel small-scale fading model1, 3, 4, 5 Frequency selective Rayleigh for 2GHz, none for 28GHz and 60GHz
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updated at each term, trnw, which is relatively a long time,
CEC is suitable to reallocate M

l,ωfl
o,t to eachMNO o at any trnw

with limiting control signaling overheads and overall low
latency as shown in Figure 4. However, in the intersmall cell
of different MNOs within an apartment on any floor of a
building, spectrum usage status of SBSs of all MNOs along
withWiAPs of theWiGig operator is updated real-time basis
in every TTI level (which is a very short time of 1ms) such
that DIC is suitable to reallocate the spectrum (both licensed
and unlicensed) to each SBS of each MNO per apartment
(Figure 4).

5. Performance Evaluation

5.1. Default Parameter and Assumption. Table 3 shows the
default simulation parameters and assumptions used for
evaluating the performance of the proposed technique for
all MNOs O countrywide. *e performance metrics are
derived analytically for an arbitrary number of MNOs in a
country, and the evaluation is carried out for four MNOs
(i.e., O� 4) as an example scenario. *e arrival of mobile
traffic to a small cell is captured using the Poisson process
to model the presence of UEs of MNOs within each
apartment. Simulation assumptions and parameters used
for the performance evaluation are in line with the rec-
ommendations from the standardization bodies such as
3GPP and International Telecommunication Union-
Radiocommunication Sector (ITU-R).

For simplicity in analysis and finding a closed-form
expression, we assume that each small cell of an MNO o can
serve one UE at a time, i.e., E[Us,o] � 1. Moreover, because
of the favorable signal propagation characteristics in indoor
environments and the availability of large spectrum band-
width, we consider the 28GHz licensed mmWave spectrum
and 60GHz unlicensed mmWave spectrum bands to serve
high data rates within a short distance. However, all the
macrocells and picocells are considered operating at the
2GHz band to provide large coverage and fewer hand-offs.
Because high-frequency signals exhibit a low multipath
fading effect indoors, the Line-Of-Sight (LOS) large-scale
signal propagation model is assumed for the 28GHz and
60GHz spectra. Further, due to serving a UE at a short
distance over a LOS channel by an SBS, similar signal
propagation characteristics are considered within the same
building, as well as between adjacent buildings.

Because of a high external wall penetration loss, low
transmission power, and the existence of distance-depen-
dent path loss for the distance in-between adjacent buildings
for high-frequency signals, we assume an insignificant CCI
effect from SBSs of one building to that of adjacent buildings
resulting in reusing the same spectrum to SBSs within each
building. Furthermore, we adopt the full buffer traffic model
to consider serving user traffic at all the time and the
proportional fair scheduler to provide a balanced trade-off
between the fairness and throughput performances. *e
performance results are generated by a simulator built using
the computational tool MATLAB R2012b taking into

Table 3: Continued.

Parameters and assumptions Value

Path
loss

MBS and a UE1
Outdoor macrocell
UE PL(dB)� 15.3 + 37.6 log10R, R is in m

Indoor macrocell
UE PL(dB)� 15.3 + 37.6 log10R+ Low, R is in m

PBS and a UE1 PL(dB)� 140.7 + 36.7 log10R, R is in km
SBS and a UE1, 2,
4, 5

PL(dB)� 61.38 + 17.97 log10R, R is in m (for 28GHz) PL(dB)� 68 + 21.7log10(R), R in m
(for 60GHz)

Lognormal shadowing standard deviation (dB) 8 for MBS2, 10 for PBS1, and 9.9 for SBS(for 28GHz)2, 4, and 0.88 (for 60GHz)5

Antenna configuration Single-input single-output for all BSs and UEs
Antenna pattern (horizontal) Directional (120°) for MBS1, omnidirectional for PBS1 and SBS1

Antenna gain plus connector loss (dBi) 14 for MBS2, 5 for PBS1, 5 for SBS1, 3

UE antenna gain2, 3, 5 0 dBi (for 2GHz), 5 dBi (for 28GHz), 5 dBi (for 60GHz biconical horn)
UE noise figure2, 3, 5 and UE speed1 9 dB (for 2GHz) and 10 dB (for 28GHz and 60GHz), 3 km/hr
Picocell coverage, number of macrocell UEs,
and macrocell UEs offloaded to all picocells1 40m (radius), 30, 2/15

Indoor macrocell UEs1 35%
3D multistory building and SBS models
(square-grid apartments): number of buildings,
number of floors per building, number of
apartments per floor, number of SBSs per
apartment, number of SBSs per building, area
of an apartment, materials used

L, 35, 8, 1, 280, 10×10m2, reinforced concrete

Scheduler and traffic model2 Proportional fair and full buffer
Type of SBSs Closed subscriber group femtocell BSs
Channel state information Ideal
TTI1 and scheduler time constant (tc) 1 ms and 100ms
Total simulation run time 8 ms
Taken 1from [31], 2from [32], 3from [33], from4 [34], from5 [35].
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account all parameters and assumptions stated above and
given in Table 3. Finally, the algorithm used to generate the
performance results is given in Algorithm 1.

5.2. Performance Result and Analysis. *e performance of
the proposed technique is evaluated for two spectrum
scenarios, including the 28GHz licensed band, as well as
60Hz unlicensed band, with regard to the traditional SLSA
technique. When operating only in the 28GHz licensed
band, we assume that MNO 1, MNO 2, MNO 3, and MNO 4
have the number of subscribers of 40%, 30%, 20%, and 10%,
respectively, of the total number of subscribers countrywide
NC at any term trnw (Table 3). However, when small cells of
an MNO operate as well in the 60GHz unlicensed band, due
to the presence of the incumbentWiAPs that may cause CCI
to small cells, in addition to four MNOs, we assume that a
single WiGig operator coexists with MNOs in each apart-
ment. Accordingly, we assume that the WiGig operator has
the number of subscribers of 20% of the total number of
subscribers countrywide such that a subscriber base of 30%,
25%, 15%, and 10%, respectively, of MNO 1, MNO 2, MNO
3, and MNO 4, is assumed (as an example scenario) when
small cells are operating in the 60GHz unlicensed band,
along with the 28GHz licensed band.

5.2.1. Impact of the 60GHz Unlicensed Spectrum and CCI.
In both spectrum scenarios, we consider UEs of MNO 1 to
evaluate the performance of the proposed technique by varying
the number of co-channel interferer UEs of ICCI� 0 to ICCI� 3
ofMNOsO \o� 1 per apartment on a single floor of a building
for a country with O� 4 MNOs. Figure 5 shows the perfor-
mance improvement of the proposed technique in terms of the
average capacity, SE, EE, and CE with respect to that of the
traditional SLSA technique. Note that in (8), ICCI� 1 corre-
sponds to a UE of MNO� 2 with 30% of subscribers, and
ICCI� 2 corresponds to UEs of MNO� 2 plus MNO� 3 with
20% of subscribers. Whereas ICCI� 0 and ICCI� 3 correspond

to two extreme scenarios, defining, respectively, when no CCI
occurs due to the absence of UEs of all other MNOs O\o� 1,
and when the maximum CCI occurs due to the presence of
UEs of each MNO of O\o� 1 on a floor in a building.

With no co-channel interferer UEs in any apartment
(i.e., ICCI � 0), the maximum amount of full countrywide
mmWave spectrum can be allocated to SBSs of MNO 1 on
each floor in all TTIs. As ICCI increases, the amount of
allocated spectrum to MNO 1 decreases, and for the max-
imum co-channel interferer UEs, ICCI � 3, only 40% in
scenario 1 and 30% in scenario 2 of the countrywide
spectrum can be allocated to SBSs of MNO 1 on each floor.
Hence, the 28GHz licensed spectrum and the 60GHz un-
licensed spectrum allocated to SBSs of MNO 1 on each floor
with ICCI � 0 are 2.5 times (1/0.4) and 3.33 times (1/0.3),
respectively, of the allocated spectrum ICCI � 3.

Since the achievable capacity depends directly on the
amount of available spectrum, the maximum and minimum
average capacities, SE, EE, and CE for MNO 1 can be
achieved, respectively, with ICCI � 0 and ICCI � 3 in both
scenarios as shown in Figure 5. Moreover, Figure 5 also
shows that the proposed technique with no CCI provides 2.5
times higher in scenario 1 and 2.8 times higher in scenario 2
average capacity, SE, EE, and CE performances than that
with the maximum CCI. Furthermore, with regard to the
traditional SLSA, the proposed technique improves the
average capacity, SE, EE, and CE of MNO 1 by 3 times, 1.65
times, 75%, and 60%, respectively, in scenario 1, whereas by
6.12 times, 5.104 times, 85.8%, and 83.15%, respectively, in
scenario 2, with no co-channel interferer UEs, ICCI � 0. *e
values of the above performance metrics indicate the im-
portance of operating the existing and future networks in the
unlicensed bands along with the licensed bands to enhance
the network performance significantly (e.g., 2.04 times in
average capacity, 3.09 times in SE, 14.4%, in EE, and 38.58%
in CE improvements when operating additionally in the
60GHz unlicensed band in scenario 2 with respect to op-
erating only in the 28GHz licensed band in scenario 1).
Moreover, the improvement factors, in general, decrease as

(1) Input: O� 4, Q, trnw, NC, M, No, MC, SF,o, PMC, PPC, PSC, Lmax, ωFL
(2) For L � 1, 2, 3, . . . , Lmax􏼈 􏼉

(3) For t� {1, 2, 3, . . ., Q}
(4) For o ∈ O � 1, 2, . . . , O{ }

(5) Find M
l,ωfl∗
o,t using (8)

(6) Estimate Average Capacity: σCP28,O(L), σCP60,O(L), σCPCA,O(L), and σCPSLSA,O(L)

(7) Estimate SE: σSE28,O(L), σSE60,O(L)¸σSECA,O(L), and σSESLSA,O(L)

(8) Estimate EE: σEE28,O(L), σEE60,O(L), σEECA,O(L), and σEESLSA,O(L)

(9) Estimate CE: ςCE28,O, ς
CE
CA,O, and ςCESLSA,O

(10) End
(11) End
(12) End
(13) Find improvement factors (for 28GHz only): ςCP28,O,IF, ς

SE
28,O,IF, ς

EE
28,O,IF, ς

CE
28,O,IF

(14) Find improvement factors (for 28GHz and 60GHz): ςCPCA,O,IF, ςSECA,O,IF, ςEECA,O,IF, ςCECA,O,IF
(15) Output: display improvement factors given in lines 13 and 14 for MNO o� 1
(16) Plot: for no CCI and maximum CCI for MNO o� 1: σSE28,O(L), σSECA,O(L), σSESLSA,O(L)

ALGORITHM 1: Proposed technique.
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ICCI increases and get to a minimum when ICCI � 3 in both
scenarios, irrespective of the type and number of operating
spectrum bands. Hence, CCI plays a vital role in the overall
performances of an MNO when small cells are allocated to
the countrywide either only licensed, or both licensed and
unlicensed, mmWave spectrum bands.

5.2.2. Effect of the Spectrum Reuse. Figures 6(a) and 5(b)
show the effect of reusing the same countrywide 28GHz and
60GHz spectra both vertically to each floor of SBSs of MNO 1
in a multistory building, as well as horizontally to each
building of SBSs over a macrocell coverage of MNO 1. As can
be seen from Figure 6, the proposed technique provides better
SE and EE performances than the traditional SLSA technique,
with the variation in either ωFL, or L, or both, irrespective of
the level of CCI in both scenarios. Like L� 1, scenario 2
provides better SE and EE performances than scenario 1 due
to contributing additional capacity from the 60GHz unli-
censed mmWave spectrum to the 28GHz licensed spectrum.
Moreover, with an increase in the number of floors ωFL, i.e.,
vertical reuse factor (RF), as well as the number of buildings L,
i.e., horizontal RF (hRF), SE increases linearly, whereas EE
increases negative exponentially, irrespective of the degree of

CCI. Note, however, that since SE is affected additionally by
the optimal amount of countrywide spectrum, the proposed
technique in both scenarios with the maximum CCI provides
insignificant SE while noticeable EE improvement over the
traditional SLSA technique because of its higher average
capacity performance, as shown in Figures 6(a) and 5(b).

Hence, the performance of the proposed technique in
scenario 1 and scenario 2 is greatly influenced by the CCI,
the operation in the unlicensed bands, and the spectrum RF.
A significant performance gain can be achieved when the
aggregate CCI is limited to a low value, small cells operate in
the unlicensed mmWave bands in addition to the licensed
mmWave bands, and spectrum RFs are increased noticeably.
However, due to a small coverage of an indoor small cell in
the high-frequency mmWave spectrum bands and a low
probability of co-existing all interferer UEs of MNOs O
\o� 1 within an apartment, the proposed technique can
improve considerably the average SE and EE performances
in scenarios 1 and 2. Moreover, the impact of CCI can be
compensated by increasing the RF. For example, the pro-
posed technique in scenario 1 with the maximum CCI for
vertical RF (vRF)� 6 can provide better SE and EE per-
formances than when operating under no CCI scenarios for
vRF� 1 for any hRF.
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Figure 5: Performance improvement of the proposed technique (when small cells operate in the 28GHz spectrum, as well as when small
cells operate in both the 28GHz and 60GHz bands) with respect to that of the traditional SLSA technique due to the change in the number of
co-channel interferer UEs of MNOs O\o� 1 per apartment on a single floor of a building for UEs of MNO 1 of a country with O� 4 MNOs
and a single WiGig operator. (a) Average capacity, (b) spectral efficiency, (c) energy efficiency, and (d) cost efficiency.
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5.3. Performance Comparison. According to [36, 37], the
future 6G mobile systems are expected to require 10 times
average SE (i.e., 270–370 bps/Hz) as well as 10 times average
EE (i.e., 0.3×10− 6 Joules/bit) of that of 5G mobile systems
[38, 39]. Using Figure 6, Table 4 shows the variation in the
required values of the vRF ωFL and hRF L when employing
the traditional SLSA technique and the proposed technique
with no CCI, as well as the maximum CCI, for each

apartment on each floor of any building for MNO 1 in
scenario 1 and scenario 2 to satisfy both the SE and EE
requirements for 6G mobile systems.

FromTable 4, it can be found that the required SE and EE
for 6G can be achieved by changing either vRF ωFL or hRF L
such that their product, i.e., (ωFL × L), defines the achievable
SE and EE performances. Moreover, the proposed technique
can satisfy both the SE of 370 bps/Hz and EE of 0.3 µJ/bit for
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Figure 6: (a) SE and (b) EE performances of the proposed technique versus SLSA with a change in vRF and hRF for MNO 1.

Table 4: Required VRF and HRF for the proposed and SLSA techniques to satisfy SE and EE requirements for 6G mobile systems.

Vertical RF

Horizontal RF

Proposed
technique
with no
CCI

Proposed
technique

with
maximum

CCI

Traditional
SLSA

Proposed technique
with no CCI

Proposed technique
with maximum CCI

Traditional
SLSA

SE EE SE EE SE EE Minimum required to satisfy SE and EE
Scenario 1 (when small cells operate only in the 28GHz licensed spectrum band)
1 12 1 29 1 31 1 12 29 31
6 2 1 5 1 6 1 2 5 6
Scenario 2 (when small cells operate in both the 28GHz licensed spectrum and the 60GHz unlicensed spectrum band)
1 5 1 14 1 31 1 5 14 31
6 1 1 3 1 6 1 1 3 6
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6G mobile systems by reusing (horizontally) the country-
wide 28GHz mmWave spectrum to small cells of MNO 1 of
about 61.2% less number of single-floor (i.e., ωFL � 1)
buildings (i.e., L� 12) with no CCI, whereas 6.4% less
number of single-floor buildings (i.e., L� 29) with the
maximum CCI than that required by the traditional SLSA
technique (i.e., L� 31).

However, in scenario 2, when small cells operate in both
the 60GHz unlicensed spectrum and the 28GHz licensed
spectrum, the same SE and EE requirements for 6G can be
satisfied by reusing (horizontally) both mmWave spectra to
small cells of MNO 1 of about 83.87% less number of
single-floor (i.e. ωFL � 1) buildings (i.e., L � 5) with no CCI,
whereas 54.83% less number of single-floor buildings (i.e.,
L� 14) with the maximum CCI than that required by the
traditional SLSA technique (i.e., L � 31). Hence, this implies
that scenario 2 (due to operating both in the 28GHz li-
censed and 60GHz unlicensed bands) outperforms sce-
nario 1 (due to operating only in the 28GHz licensed band)
by reusing the same spectrum to SBSs of 58.33% (i.e., L� 5)
less number of single-floor (i.e. ωFL � 1) buildings with no
CCI, whereas 51.72% (i.e., L � 14) with the maximum CCI
than that required by scenario 1 by reusing the same
spectrum to SBSs of L � 12 number of single-floor buildings
with no CCI and L� 29 number of single-floor buildings
with the maximum CCI.

6. Offered Benefits and Further Outlooks

6.1.OfferedBenefits. *e proposed technique benefits from a
number of issues as follows. Unlike the traditional SLSA
technique, the proposed technique ensures the availability of
a large amount of spectrum by allocating the countrywide
full (instead of a portion) mmWave spectrum to each MNO.
Further, it provides an efficient spectrum utilization by
allowing each MNO dynamic and flexible (instead of static
and dedicated) access to the countrywide spectrum. Fur-
thermore, it allows an MNO to pay only for the amount of
spectrum that it uses to serve its user demands (i.e., in
proportionate with the number of its users) at any term trnw,
resulting in reducing the cost per unit capacity (i.e., bps).

6.2. Further Outlooks

6.2.1. Modeling 3D Spectrum Reuse. In this paper, we limit
reusing the same countrywide full spectrum in small cells of
an MNO o on each floor (i.e., 2-dimensional space) of a
multistory building. However, the countrywide full spec-
trum allocated to an MNO o in the primary-level can be
exploited in the 3D space of a multistory building of small
cells to increase the vertical RF even further for a building.
More specifically, by enforcing amaximumCCI, a minimum
distance between co-channel small cells (each located in an
apartment) can be defined in both the intrafloor and
interfloor levels to form a 3D cluster of small cells of an
MNO o within a building. *e allocated spectrum per MNO
can then be reused to each 3D cluster of small cells of an

MNO o to improve the spectrum utilization. For example,
adopting [17], a minimum distance between co-channel
small cells for the 28GHz mmWave spectrum in the
intrafloor level and interfloor level, respectively, for any
MNO o at any term trnw can be expressed as follows:

Δa � Δm ×
Ξa
Ithra

􏼠 􏼡

(1/1.797)

, (40)

Δe ≥Δm ×
Ξe/Ithre( 􏼁

10 αf Δe( )/10( 􏼁
􏼠 􏼡

(1/1.797)

, (41)

where Ithra and Ithre denote, respectively, intrafloor and
interfloor CCI constraints at a small cell UE. Ξa and Ξe
denote, respectively, the maximum number of co-channel
small cells in the intrafloor level and interfloor level. Δm

denotes the minimum distance between a co-channel small
cell and a small cell UE and αf(Δe) denotes the floor
penetration loss at the 28GHz.

Let sa
l and se

l denote, respectively, the number of small
cells corresponding to Δa,l and Δe,l in a building l such that a
3D cluster consists of S3D,l � (sa

l × se
l ) small cells. Hence, the

same spectrum of MNO o can be reused for each cluster of
(sa

l × se
l ) small cells in a building. Let SF,l denote the max-

imum number of small cells of anMNO o in a building l such
that the number of times the same spectrum of MNO o can
be reused in building l (i.e., the spectrum RF for MNO o in-
building l) can be expressed as follows:

ω3D,l �
SF,l

s
a
l × s

e
l( 􏼁

,

ω3D,l �
SF,l

S3D,l

.

(42)

Since the spectrum reuse can be performed to small cells
deployed on the same floor of a building and the 28GHz
mmWave signal faces high floor penetration loss,
ω3D,l ≥ωFL,l may satisfy, resulting in improving the average
capacity, SE, EE, and CE even further. We consider this issue
as a part of our future studies.

6.2.2. Impact of Frequency Bands on Spectrum Exploitation.
Figure 7 shows the path loss responses with the variation in
carrier frequency bands between an SBS and its UE. *e
parameters and assumptions used for the path loss esti-
mation are given in Table 5. It can be observed that the path
loss is the most in the 140GHzTHz band and decreases with
a corresponding decrease in the carrier frequency. *is is
because a high-frequency signal gets affected more by the
propagating environment than that of a low-frequency one.
Since the usable mmWave frequencies for 5G as well as the
THz frequencies for the upcoming 6G range largely, there is
a corresponding impact on the reuse of the spectrum. For
example, the distance-dependent path loss for the 60GHz
mmWave band can be expressed as [41].
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PL(dB) � 68 + 21.7 log10(d), where d is in the meter.
Like the 28GHz band, adopting [42], a minimum distance
between co-channel small cells for the path loss of 60GHz
mmWave spectrum as given above in the intrafloor level and
interfloor level, respectively, for any MNO o can be
expressed as follows:

Δa,60 � Δm ×
Ξa
Ithra

􏼠 􏼡

(1/2.17)

, (43)

Δe,60 ≥Δm ×
Ξe/Ithre( 􏼁

10 αf Δe,60( )/10( 􏼁
􏼠 􏼡

(1/2.17)

, (44)

where Δm, Ξa, and Ithra for the intrafloor level, as well as Ξe
and Ithre for the interfloor level, are the same for both the 28-
GHz and 60-GHz mm wave bands. Now, taking the ratio of
(43) to (40), we can find the following for the intrafloor level:

Δa,60

Δa,28
�
Ξa
Ithra

􏼠 􏼡

(1/2.17)− (1/1.797)

,

Δa,60

Δa,28
�
Ξa
Ithra

􏼠 􏼡

− 0.373

.

(45)

However, 0≤ Ithra ≤ 1 and Ξa is a positive integer such
that the following holds:

Ξa
Ithra

􏼠 􏼡

− 0.373

< 1. (46)

Hence,

Δa,60 <Δa,28. (47)

*is implies that the minimum distance in the intrafloor
level decreases with an increase in frequency. Moreover, due
to the higher frequency band, αf(Δe,60)≥ αf(Δe,28). Hence,
following the above procedure for the intra-floor level, it can
be shown that the following holds for the interfloor level:

Δe,60 <Δe,28. (48)

Let sa
l,60 correspond to Δa,60 and se

l,60 corresponds to Δe,60
such that a 3D cluster at the 60GHz band consists of
s3D,l,60 � (sa

l,60 × se
l,60) small cells. *en, from (47) and (48),

we can find the following:

s
a
l,60 × s

e
l,60􏼐 􏼑< s

a
l,28 × s

e
l,28􏼐 􏼑,

s3D,l,60 < s3D,l,28.
(49)

Hence, the 3D cluster size decreases with an increase in
frequency, i.e., more reuse of the same amount of spectrum
bandwidth at the 60GHz band can be made than that of the
28GHz band for the same number of apartments in a
building. Since there are other mmWave bands considered
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Figure 7: Path loss responses within a building between an SBS and its UE with a variation in the carrier frequency.

Table 5: Parameters and assumptions for path loss estimation.

Parameters and assumptions Value
Transmit direction Downlink
SBS operating bandwidth (for each carrier frequency) 50MHz
Transmission power (dBm)6 (for each carrier frequency) 10
Path loss (140GHz)6 75.89 + 21.17 log10(d)

Lognormal shadowing standard deviation (dB) 0.5712 (for 140GHz)6

Small-scale fading model No small-scale fading effect for 140GHz6

SBS antenna gain6 (for 140GHz) 21 dB
SUE antenna gain6 and noise figure 6 (for 140GHz) 21 dB and 10 dB
6 Taken from [40].
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effective for the existing 5G mobile systems (e.g., 26GHz,
39GHz, and 73GHz) and THz bands (e.g., above 100GHz)
for the upcoming 6G mobile systems, a detailed under-
standing of how the mmWave and THz spectrum bands
impact their reuse in in-building scenarios is necessary for
5G and upcoming 6G mobile systems, which we consider
addressing as further studies.

6.2.3. mmWave Spectrum Allocation and Reuse in Outdoor
Environments. In this paper, we limit investigating the
proposed countrywide mmWave spectrum allocation and
reuse technique to indoor SBSs deployed in multistory
buildings. However, the propagation characteristics of
mmWave signals in outdoor environments differ greatly
from those in indoor ones, particularly, rain and atmo-
spheric absorption effect, cell coverage, shadowing effect
from large buildings, outage probability, user density, speed,
mobility, and handover management. All these aspects have
a significant impact on the allocation and reuse of the
mmWave spectrum outdoors. Hence, how to allocate the
countrywide mmWave spectrum to each MNO in outdoor
environments without causing CCI to each other and reuse
the same mmWave spectrum for any MNO spatially need
considerable research works. We aim to address this issue of
the mmWave spectrum allocation and reuse in outdoor
environments in our future research studies.

7. Conclusion

In this paper, by exploiting the frequency-domain, we have
proposed a countrywide millimeter-wave (mmWave) spec-
trum allocation and reuse technique that allocates and reuses
spatially the countrywide 28GHz licensed spectrum and
60GHz unlicensed spectrum to each Fifth-Generation (5G)
New Radio (NR) Mobile Network Operator (MNO) of an
arbitrary country to operate its small cells per floor in a
building. An interference management scheme has been
developed to avoid Co-Channel Interference (CCI) among
small cells of 5G NR MNOs within each apartment on each
floor. We have modeled user statistics per small cell and co-
channel interferer statistics per apartment and formulated the
optimal amount of the 28GHz licensed and 60GHz unli-
censed mmWave spectra of each MNO. We have derived
average capacity, spectral efficiency (SE), energy efficiency
(EE), and cost efficiency (CE) of each MNO when employing
the proposed technique, as well as the traditional Static Li-
censed Spectrum Allocation (SLSA) technique that allocates
an equal amount of the 28GHz licensed spectrum to each
MNO.We have shown analytically the outperformance of the
proposed technique over the SLSA technique and discussed
the implementation of the proposed technique by presenting
a hybrid centralized-distributed coordination scheme.

*e performance of the proposed technique has been
evaluated under two scenarios, namely, small cells of each
MNO operate only in the 28GHz licensed band in scenario 1
and both 28GHz licensed and 60GHz unlicensed bands in
scenario 2, with regard to the traditional SLSA technique. By
varying CCI and spectrum reuse factor, extensive numerical

and simulation results and analyses have been carried out for
a country consisting of four MNOs, i.e., MNOs 1, 2, 3, and 4,
with a subscriber base of, respectively, 40%, 30%, 20%, and
10% of the countrywide subscribers in scenario 1. However,
in scenario 2, in addition to MNOs 1, 2, 3, and 4, with a
subscriber base of, respectively, 30%, 25%, 15%, and 10%, an
incumbent Wireless Gigabit (WiGig) operator has been
considered with a subscriber base of the remaining 20% of
the countrywide subscribers.

It has been shown that the proposed technique with no
CCI can achieve 2.5 times and 3.33 times higher average
capacity, SE, EE, and CE in scenario 1 and scenario 2, re-
spectively, than that with the maximum CCI. Further, with
regard to the traditional SLSA, the proposed technique with
no CCI can improve the average capacity, SE, EE, and CE of
MNO 1 by 3 times, 1.65 times, 75%, and 60%, respectively, in
scenario 1, whereas 6.12 times, 5.104 times, 85.8%, and
83.15%, respectively, in scenario 2. Hence, when operating
additionally in the 60GHz unlicensed band in scenario 2 with
respect to operating only in the 28GHz licensed band in
scenario 1, the network performance enhances significantly
(i.e., 2.04 times in average capacity, 3.09 times in SE, 14.4%, in
EE, and 38.58% in CE), indicating the importance of oper-
ating the existing and future networks in the unlicensed
mmWave bands along with the licensed mmWave bands.
With an increase in the number of co-channel interferers ICCI,
the above improvement factors decrease and get to a mini-
mum when ICCI is the maximum, i.e. 3, in both scenarios.

Moreover, with an increase in the vertical reuse factor
(vRF) ωFL and horizontal reuse factor (hRF) L, SE increases
linearly and EE increases negative exponentially, irrespective
of the value of ICCI. Overall, the performance gain improves
with a decrease in CCI and an increase in vRF and hRF when
small cells operate in scenario 2. Further, we have shown that
the proposed technique can satisfy SE and EE requirements
for sixth-generation (6G) mobile systems by reusing the
spectrum in scenario 1 and scenario 2, respectively, to small
cells of MNO 1 of about 61.2% and 83.87% less number of
buildings with no CCI, whereas 6.4% and 54.83% less
number of buildings with the maximum CCI than that
required by SLSA for vRF� 1. Finally, we have discussed
offered benefits and point out key issues of the proposed
technique for further studies.

Data Availability

Data, primarily, in the form of numerous simulation as-
sumptions and parameters reported previously by the stan-
dardization bodies, including 3rd Generation Partnership
Project (3GPP) [31, 32] and International -Telecommunication
Union-Radiocommunication Sector (ITU-R) [33], in-
cluded and detailed within the article in Table 3, were used
to carry out the performance evaluation of this study. Other
prior studies than these above [31–33] were cited at rele-
vant places within the text as references [34, 36–39, 42]. No
data other than these were used to evaluate the perfor-
mance studies. Taking into account all these parameters
and assumptions, performance results were generated by a
simulator running on a personal computer, which was built
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by the author using the standard computational tool
MATLAB R2012b. MATLAB codes are not publicly
available. However, supports for writing MATLAB in-
struction codes can be provided over the emails querying
directly to the author at rony107976@gmail.com.
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