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ABSTRACT The traditional static allocation of a portion of the licensed spectrum specified for a country to
a mobile network operator (MNO) is no longer sufficient to address the required spectrum demand, as well
as efficient to utilize the allocated spectrum. To overcome these constraints, i.e. to increase the spectrum
availability and utilization, in this paper, we present a new paradigm for the spectrum allocation called
licensed countrywide full-spectrum allocation (LCFSA) to allocate the licensed countrywide full 28 GHz
millimeter-wave (mmWave) spectrum to each MNO of a country to operate its small cells per building
subject to avoiding co-channel interference (CCI). Since most data is generated indoors, the countrywide
full mmWave spectrum allocated to an MNO is considered reusing further to its in-building small cells. CCI
avoidance in both the time-domain and frequency-domain is presented along with deducing the conditions
for optimality. We derive average capacity, spectral efficiency (SE), energy efficiency (EE), and cost
efficiency (CE) for LCFSA, and perform extensive numerical and simulation results and analyses for a
country consisting of four MNOs. It is shown that LCFSA with both the time-domain and frequency-domain
CCI avoidance schemes provide similar performance improvement in average capacity, SE, EE, and CE by
about 296%, 164%, 75%, and 60% respectively for no interfering user equipments (UEs), whereas by about
59.2%, 6.1%, 37.2%, and 0.45% respectively for all interfering UEs with the frequency-domain CCI scheme.
Moreover, it is found that the improvement in the above metrics does not change with the spectrum reuse
factor (RF) and the number of buildings of small cells per macrocell L, and the impact of interfering UEs
can be compensated by adjusting RF. Finally, we show that LCFSA can satisfy the SE and EE requirements
for sixth-generation (6G) systems by adjusting either RF or L, or both.

INDEX TERMS 28 GHz, 5G, 6G, millimeter-wave, mobile network operator, small cells, spectrum
allocation, spectrum utilization, co-channel interference, countrywide, licensed.

I. INTRODUCTION
A. BACKGROUND
The ever-increasing user demand for the rich multimedia
services, consuming a large data volume, and requiring a high
data rate, causes existing mobile network operators (MNOs)
to face challenges from the available radio spectrum allocated
to them. Over time, even though the number of mobile
subscribers and the introduction of new types of applications
and services have been increased, the licensed spectrum
allocated to an MNO in a country has not been increased
in accordance. Such trends continue to grow, which in turn
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causes to grow the scarcity of a sufficient amount of available
licensed spectrum for an MNO to address its user demand.

Another major challenge for an MNO in a country is to
enable efficient utilization of its available licensed spectrum.
This is because the user traffic demand of different MNOs
in a country varies abruptly over time and space such that
the demand for the required amount of spectra for different
MNOs varies accordingly. This causes a great portion of the
available spectrum allocated to each MNO in a country to be
left unused or underutilized either in time or space. In this
regard, since most data is generated indoors, particularly in
dense urban multistory buildings, serving a large volume of
data at high rates indoors causes these above challenges even
more critical. Hence, increasing the available spectrum of
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an MNO in one hand and improving the utilization of its
spectrum on the other hand is crucial to maximizing serving
its increased user demand at high data rates, particularly in
dense urban multistory buildings.

In this regard, millimeter-wave (mmWave) bands are
considered as promising candidates to address both the
spectrum availability and utilization. MmWave bands offer
a large amount of bandwidth [1] that can address the scarcity
of radio spectrum. A major feature of mmWave systems is
the dominance of the line-of-sight (LOS) components in the
propagating signals because of the quasi-optical propagation
characteristics [2]. In a pure LOS mmWave channel, a high
data rate of 1-100 Gbps can be achieved [3]. Moreover, the
mmWave spectrum can allow service providers to expand
the channel bandwidth beyond 20 MHz used in the fourth
generation (4G) systems, which results in supporting the
increased data rates [4]. Furthermore, because of the very
small wavelengths and advances in low-power complemen-
tary metal-oxide-semiconductor (CMOS) radio-frequency
circuits, a large number of miniaturized antennas can be
placed in small areas of less than 1 or 2 cm2 to achieve very
high gain, which can be either fabricated at the base station
(BS) or in the skin of a mobile device to provide path diversity
from the blockage by human obstructions [1].

Besides, MNOs continue to reduce cell coverage to exploit
spatial reuse [4]. In this regard, to address the massive
deployments of small cells to provide high data rates at
a short distance, the short-range (typically, 100-200 m in
radius) mmWave technologies are considered promising [5],
particularly in urban indoor environments. Moreover, due to
the high external wall penetration loss of a building, mmWave
signals cannot penetrate easily, resulting in isolating indoor
networks from that in outdoors [4]. Such isolations allow
reusing the same outdoor mmWave spectrum indoors with
an insignificant co-channel interference effect, resulting in
an improved mmWave spectrum utilization. Furthermore,
because of the availability of a large amount of the mmWave
spectrum, a single MNO may not be able to utilize the
mmWave spectrum fully. In such cases, sharing the mmWave
spectrum dynamically among multiple operators in a country
can contribute to improving further the utilization of the
mmWave spectrum [1].

Note that though the mmWave spectrum is defined as
the spectrum ranging from 30 GHz to 300 GHz that is
mostly underutilized [5], any frequency above 10 GHz can
be loosely considered as mmWave [1]. Moreover, the spectral
allocations in the mmWave are relatively much closer than
that below 3 GHz. This results in similar propagation
characteristics of different mmWave bands unlike those
below 3GHzwhere the spectral allocations are sparse enough
such that the cell coverage varies considerably at different
bands [4].

B. RELATED WORK AND PROBLEM STATEMENT
Traditionally, a portion of the licensed spectrum specified for
a country is allocated exclusively in a static manner to each

MNO for a long term, which, however, is no longer con-
sidered sufficient to address the required spectrum demand,
as well as efficient enough to utilize the allocated licensed
spectrum for the MNO. To overcome these constraints
associated with the static licensed spectrum allocation to an
MNO, numerous approaches have already been proposed
to address both the spectrum enhancement and spectrum
utilization issues. In this regard, direct approaches such as the
primary-level spectrum aggregation and the secondary-level
spectrum trading, whereas indirect approaches such as
spectrum sharing and spectrum reusing, have been considered
effective and recommended in the existing literature to
increase the amount, as well as the utilization, of the available
spectrum of an MNO.

In spectrum aggregation such as carrier aggregation,
the available spectrum of an MNO is increased by combining
multiple component carriers in the same or different fre-
quency bands to expand the available bandwidth to increase
the peak data rate, as well as overall network capacity [6]–[8].
Carrier aggregation provides efficient spectrum utilization
by combining multiple carrier signals [8]. In line with so,
the authors in [9] have reviewed and analyzed the key chal-
lenges of realizing carrier aggregation techniques. Likewise,
in [10], the authors have evaluated the performances of carrier
aggregation schemes in Long-term Evolution-Advanced
(LTE-Advanced) mobile systems. Moreover, in [11], the
authors have investigated carrier aggregation and scheduler
structures and proposed an idea of an improved scheduler
structure for carrier aggregation.

Besides, the authors in [12] have addressed the multi-user
multiple-input multiple-output (MIMO) resource scheduling
of the LTE-Advanced system with carrier aggregation. It is
to be noted that in massive MIMO systems, a BS is
equipped with a large number of antennas (e.g., a few
hundred or thousands antennas [13]) to serve tens of users
sharing the same time-frequency resources [14]. Multiple
data streams, which are precoded before transmitting based
on the channel responses, are sent from the BS to user
equipments (UEs) using the spatial-division multiplexing
(SDM) technique [15]. By achieving considerable spatial
multiplexing gains through serving multiple users simultane-
ously [13], massive MIMO systems can enhance the system
capacity significantly [13] and provide high spectral and
energy efficiencies [13], [14], [16].

Typically, massive MIMO systems are launched in high
attitude [13] and can be deployed using an array of
antennas, which are either co-located at the same BS or
distributed to cover a certain area [17]. Moreover, unlike
the conventional approaches, where antennas are placed
further away from each other to achieve spatial diversity,
in practice, massive MIMO systems consider an antenna
spacing of half-wavelength to maintain an implementable
array aperture [13]. A noticeable feature of the massive
MIMO system is that the effect of fast fading vanishes due to
a large number of antennas deployed at the BS while serving
multiple users [16].
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However, massive MIMO systems face challenges from
acquiring an accurate channel state information (CSI) at
the BS because of channel estimation errors, feedback
delays, and quantization errors [2], [13], [14]. Moreover,
the feedback overhead in the uplink becomes prohibitive
as the number of antennas grows without bound [2].
Furthermore, in addition to the synchronization issue [18],
the limitation of space at the BS to pack a large number of
antennas within a finite volume is another critical challenge
of massive MIMO systems [2]. In this regard, to fully take
advantage of the spatial multiplexing gain, high-frequency
mmWave spectra can play a vital role due to the small
wavelengths [2]. This causes massive MIMO systems in the
mmWave band to suit ideally for addressing the high data
rate and capacity demands in the fifth generation (5G) [19]
and beyond systems by providing beamforming gain and
supporting multiple data streams using general precoding
schemes [20].

Since the massive MIMO improves the spectral efficiency
by exploiting spatial multiplexing [21], combining the spatial
multiplexing gain using the massive MIMO and the spec-
trum extension using the carrier aggregation technologies,
massive data rates and network capacities can be obtained.
In this regard, numerous studies have addressed the carrier
aggregation in massive MIMO systems. For example, in [8],
the authors have combined carrier aggregation technology
with hybrid digital and analog beamforming architecture in
massive MIMO systems and proposed a hybrid precoding
algorithm to support aggregation of two carriers. Further,
the authors in [22] have presented a novel sub-6 GHz and
28 GHz GaN switchable diplexer microwave monolithic
integrated circuit (MMIC) for carrier aggregation with
massive MIMO full-duplex link to mitigate self-interference
in carrier aggregation operation and select antenna. Fur-
thermore, in [23], the authors have introduced filter bank
multicarrier as a potential candidate in the application of
massive MIMO communication.

In spectrum trading, a certain portion of the licensed
spectrum of one MNO can be leased by another MNO to
increase its available spectrum. In this regard, the authors
in [24] have considered spectrum trading in the context of
multiple sellers and multiple buyers, whereas the authors
in [25] have proposed a scheme for selling the spectra of
multiple primary users to multiple secondary users. Likewise,
the authors of [26] have proposed a matching based double
auction mechanism for spectrum trading with differential
privacy, whereas in [27], the authors have introduced a
bandwidth-auction game for the spectrum trading problem of
a cellular network.

Further, in spectrum sharing, an MNO can share with the
licensed spectrum of another MNO using techniques such
as cognitive radio by controlling the BS transmission power
both opportunistically (e.g., interweave spectrum access) and
simultaneously (e.g., underlay spectrum access) undermutual
understanding between MNOs. In this aspect, the authors
in [28] have proposed a technique to share both licensed and

unlicensed spectra with small cells in 3-dimensional (3D)
buildings to achieve high spectral and energy efficiencies.
Also, in [29], the authors have proposed a technique to
share the licensed spectrum of all MNOs in a country with
in-building small cell BSs (SBSs) of each MNO. Further, the
authors have studied the main concepts of dynamic spectrum
sharing and different sharing scenarios in [30]. Furthermore,
in [31], the authors have studied spectrum sharing approaches
in mmWave systems.

However, in spectrum reusing, the same spectrum of an
MNO can be reused to its BSs in space subject to satisfying
a minimum co-channel interference (CCI) constraint. In this
point, in [32], the authors have proposed an analytical
model to reuse the microwave spectrum in [32] and the
28 GHz mmWave spectrum in [33] in a 3D building of
SBSs. In [34], the authors have investigated a number of
fractional frequency reuse (FFR) schemes, whereas, in [35],
the authors have proposed dynamic fractional frequency
reuse (DFFR) method for reducing the inter-cell interference
automatically.

However, all these approaches aforementioned can be
avoided if, instead of allocating a portion of the spectrum
specified for a country, the countrywide full-spectrum is
made available to each MNO for a certain license renewed
term trnw such that each MNO in a country can access the
full-spectrum dynamically subject to avoiding CCI. This
results in overcoming the lack of required spectrum of an
MNO because of the availability of the large countrywide
full-spectrum to serve its user demand, as well as addressing
the issue of the under-utilized or unused spectrum of an
MNO by allowing dynamic access to the countrywide
full-spectrum to improve its spectrum utilization, which,
however, has not been addressed yet in the existing
literature.

C. CONTRIBUTION
Hence, to increase the spectrum availability and utilization,
in this paper, we present a new paradigm for the spectrum
allocation called licensed countrywide full-spectrum allo-
cation (LCFSA) to allocate the licensed countrywide full
28 GHz mmWave spectrum to each MNO of a country to
operate its small cells per multistory building subject to
avoiding CCI either in the time-domain or in the frequency-
domain. Further, because of the low transmission power of an
SBS and a high floor penetration loss, as well as internal-wall
loss, experienced by a mmWave signal, the countrywide
full mmWave spectrum of an MNO can be reused to its
small cells within a building subject to satisfying a minimum
CCI constraint set by the MNO itself. Likewise, due to a
high external wall penetration loss of a building and the
distance-dependent free-space path-loss between buildings,
the countrywide full mmWave spectrum of an MNO can be
reused to its small cells deployed in adjacent buildings as
well. These results in improving further the utilization of the
countrywide 28 GHz mmWave spectrum.
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FIGURE 1. A system architecture consisting of four MNOs in a country. (a) the detailed architecture for MNO 1; (b) a 3D multistory building of small cells;
(c) a floor of the multistory building consisting of 18 apartments; (d) an illustration for the application of the proposed technique both with the
time-domain (TD) and frequency-domain (FD), CCI management schemes for (i) no existence of interfering UEs of other MNOs, as well as (ii) the
existence of interfering UEs of all MNOs countrywide, with an SBS of MNO 1 in an apartment of a building.

D. ORGANIZATION
In addressing the proposed LCFSA technique, we present
the system architecture and the proposed LCFSA technique
in section II. Moreover, CCI avoidance schemes for each
MNO in both the time-domain, as well as the frequency-
domain, are presented and the conditions for optimality in
each domain are defined. In section III, we derive average
capacity, spectral efficiency (SE), energy efficiency (EE),
and cost efficiency (CE) for the proposed LCFSA technique.
In section IV, extensive numerical and simulation results and
analyses for an example scenario of a country consisting of
four MNOs are carried out for the existence of the maximum
number of interfering UEs, as well as no interfering UEs, with
an SBS of an MNO in an apartment of a building. Also, it is
shown that the proposed LCFSA technique can satisfy the
required SE and EE for sixth-generation (6G) mobile systems
by changing either spectrum reuse factor (RF) or the number
of buildings per macrocell, or both. We conclude the paper in
section V.

II. SYSTEM ARCHITECTURE, PROPOSED TECHNIQUE, CCI
MANAGEMENT AND SPECTRUM REUSE
A. SYSTEM ARCHITECTURE
Assume that four MNOs are operating countrywide, each
having three types of BSs, namely macrocell BSs (MBSs),

picocell BSs (PBSs), and SBSs. Due to considering a similar
architecture for each MNO, only one MNO, particularly
MNO 1, is detailed as shown in Fig.1. SBSs are deployed
indoors (i.e., only within multistory buildings), one per
apartment for each MNO. Buildings as well as PBSs are
located throughout the coverage of eachmacrocell ofMNO1.
Several macrocell UEs are considered indoors, as well as
offloaded by PBSs outdoors. Except for getting offloaded by
PBSs, both indoor and outdoor macrocell UEs are served
by the MBS itself. Due to a small coverage and low
transmission power of an SBS, we assume that an SBS of
any MNO can serve only one UE at a time. Because of
inherent favorable characteristics, both MBSs and PBSs are
considered operating at a low-frequency 2 GHz microwave
band to cover a large area outdoors, whereas SBSs are
operating at a high-frequency 28GHzmmWave band to cover
a small area at a high data rate indoors.

Since user traffic demands of different MNOs in a
country vary abruptly over time and space, the demand for
the required amount of spectra for different MNOs also
changes correspondingly. By exploiting such diversity in
traffic demands of different MNOs countrywide, each of the
four MNOs is given access to the countrywide full 28 GHz
mmWave spectrum subject to avoiding CCI either in the
time-domain or in the frequency-domain. In this regard,
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we consider employing the enhanced intercell interference
coordination (eICIC) technique in both the time-domain and
frequency-domain to allow respectively time-orthogonality
and frequency-orthogonality to each MNO in accessing the
full 28 GHz mmWave spectrum specified for a country.
Since CCI for an SBS of MNO 1 in an apartment of a
building changes with the presence of UEs of other MNOs,
for simplicity, we show only the best-case (i.e., presence of no
interfering UE), as well as the worst-case (i.e., presence of all
interfering UEs), CCI scenarios for an SBS of MNO 1 in an
apartment in Fig.1(d). In the following section, we propose a
technique to allocate the countrywide full 28 GHz mmWave
spectrum to each MNO in a country by presenting CCI
management both in the time-domain, as well as frequency-
domain.

B. PROPOSED LICENSED COUNTRYWIDE
FULL-SPECTRUM ALLOCATION TECHNIQUE
We propose a novel licensed countrywide full-spectrum
allocation (LCFSA) technique for mmWave (i.e., 28 GHz
spectrum bands) mobile systems stated as follows. Each
MNO of a country is assigned with the countrywide full
28 GHz mmWave spectrum to operate its small cells deployed
in each multistory building at the cost of paying the spectrum
licensing fee subject to avoiding CCI. The allocated spectrum
to each MNO can also be reused further to its small cells both
within the same building, as well as adjacent buildings. The
amount of the spectrum licensing fee for an MNO is updated
corresponding to the change in its number of subscribers at
each license renewed term trnw.
Hence, unlike the traditional static licensed spectrum

allocation (SLSA) technique (e.g., auction) where a dedicated
portion of the licensed spectrum is allocated to an MNO for
a long term without taking into account of any concern of
its actual user demand, in the proposed LCFSA technique,
each MNO is allocated to the countrywide full 28 GHz
mmWave spectrum for a certain license renewed term trnw
by the national regulatory agency (NRA) or any third-party
subject to avoiding CCI. Hence, due to the availability of
a large spectrum, an MNO can use as much spectrum as it
needs to address its actual user demand at any renewed term.
This results in overcoming the lack of a sufficient amount
of spectrum of an MNO to serve its user demand, as well as
addressing the issue of the under-utilized or unused spectrum
of another MNO, such that the overall countrywide spectrum
utilization is improved.

Further, in the proposed LCFSA technique, at the end of
any term trnw, each MNO pays the spectrum licensing fee
to the NRA based on its number of subscribers at trnw with
respect to that of other MNOs countrywide. Hence, unlike
bound to pay for the unused spectrum in the traditional SLSA
technique, the proposed LCFSA technique allows an MNO
to pay the licensing fee only for the amount of spectrum
that it uses. Furthermore, because of a high floor penetration
loss, as well as internal-wall loss, experienced by a mmWave
signal, the countrywide full mmWave spectrum of an MNO

can be reused to its small cells within a building subject to
satisfying a minimum CCI constraint set by the MNO itself.
Likewise, due to a high external wall penetration loss of
a building and the distance-dependent free-space path-loss
between buildings, the countrywide full mmWave spectrum
of an MNO can be reused to its small cells deployed in
adjacent buildings. This results in improving further the
utilization of the countrywide 28 GHz mmWave spectrum.

C. CO-CHANNEL INTERFERENCE MANAGEMENT
Since all MNOs consider operating in-building small cells
at the same countrywide full 28 GHz mmWave spectrum,
CCI occurs when small cell UEs of more than one MNO
are scheduled simultaneously. Such CCI can be avoided by
allocating UEs orthogonally both in time-domain, as well as
in frequency-domain, as given below.

1) TIME-DOMAIN CCI AVOIDANCE
In time-domain CCI avoidance, small cell UEs of different
MNOs are allocated at a different time using techniques such
as the almost blank subframe (ABS) based eICIC as shown
in Fig.2(a). Assume that each small cell sx,o of anMNO o can
serve themaximum of oneUE ux,o at a time. Also, a UE of not
more than oneMNO o can be served at the same transmission
time interval (TTI) over an ABS pattern period (APP) tAPP
subject to satisfying the condition that if a UE of any MNO o
exists within the coverage of a small cell of any other MNOs
O\o, it must be scheduled to at least one TTI per APP to
address fairness as shown in Fig.2(a). The number of TTIs
allocated to a UE ux,o of an SBS sx,o of an MNO o is the
number of non-ABSs per APP tAPP. This implies that the
duration of an APP tAPP in terms of TTIs should be at least
the number of MNOs of a country.

Hence, the number of non-ABSs per APP tAPP for anMNO
to avoid CCI in time-domain can be stated as follows. The
number of non-ABSs per APP tAPP allocated to a UE ux,o of
sx,o of an MNO o is defined in accordance with the ratio of
the number of subscribers No,trnw of the MNO o at term trnw
to the sum of the total number of subscribers of MNOs O\o
(including No,trnw ) such that a UE ux,O\o corresponding to the
MNO O\o is present within the coverage of the small cell
sx,o of the MNO o in any TTI of the previous APP (tAPP − 1)
at term trnw. In this regard, using any conventional spectrum
sensing technique, the presence of an interfering UE ux,O\o
can be detected either by the small cell sx,o or by its small
cell UE ux,o.

Now, to find a generic expression for the optimal value
of non-ABSs for an MNO o ∈ O at any APP tAPP, let O
denote the maximum number of MNOs of a country such
that o ∈ O:O = {1, 2, . . . ,O}. Let sx,o ∈ Sx,o ={
0, 1, 2, 3, . . . , SF,o

}
denote the number of small cells of an

MNO o deployed in any building l ∈ L = {1, 2, 3, . . . ,L}.
Let ux,o ∈ Ux,o =

{
0, 1, 2, 3, . . . ,UF,o

}
denote the number

of UEs of an MNO o corresponding to sx,o ∈ Sx,o in any
l ∈ L. Let MC,max denote the countrywide total amount
of mmWave spectrum defined in terms of the number of
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FIGURE 2. CCI avoidance techniques. (a) time-domain (b) frequency-domain.

resource blocks (RBs) where an RB is equal to 180 kHz. Let
No,trnw denote the total number of subscribers of an MNO o
such that

∑O
o No,trnw ≤ NC, max,trnw where NC, max,trnw denotes

the maximum number of subscribers of a country at trnw.
Then, the optimal value of non-ABSs for an MNO o ∈ O at
any APP tAPP can be found by solving the following problem.

min
o∈O

T nABS
o,trnw,tAPP

subject to (a) No,trnw
/
Ntrnw,tAPP = T nABS

o,trnw,tAPP

/
TAPP

(b) ∀o∀trnw
∑O

o
No,trnw ≤ NC, max,trnw (1)

The solution to the above optimization problem is given
by (2), which is given in Proof 1.

T nABS
o,trnw,tAPP

∗
=

⌈((
No,trnw

/
O∑
o=1

(1νo (No,trnw )×No,trnw )

)
×TAPP

)⌉
(2)

Proof 1: The solution to the optimization problem in (1)
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,trnw > N2,trnw > ... > NO,trnw at trnw such that the
constraint 1(b) is satisfied. Since a UE of any MNO O\o in
any TTI of an tAPP may not exist within a building l of small
cells of an MNO o, Ntrnw,tAPP can be expressed for O = 4 as
as

Ntrnw,tAPP =
O∑
o=1

(
1νo

(
No,trnw

)
× No,trnw

)
(3)

where νo ∈
{
N1,trnw ,N2,trnwN3,trnw ,N4,trnw

}
. 1 (·) defines that

1 (·) = 1 if No,trnw exists in the set νo; otherwise, 1 (·) = 0.
Since the number of ABSs and non-ABSs is strictly an

integer, using (3), as well as the constraint 1(a), the optimal
value of T nABS

o,trnw,tAPP is given by,

T nABS
o,trnw,tAPP

∗
=

(
No,trnw
Ntrnw,tAPP

)
× TAPP : o ∈ O

T nABS
o,trnw,tAPP

∗
=

⌈((
No,trnw

/
O∑
o=1

(
1νo

(
No,trnw

)
× No,trnw

))

×TAPP

)⌉

Hence, TABS
o,trnw,tAPP

∗
=

(
TAPP − T nABS

o,trnw,tAPP
∗
)

2) FREQUENCY-DOMAIN CCI AVOIDANCE
In frequency-domain CCI avoidance, UEs of all MNOs
O are allocated orthogonally to different portions of the
countrywide full 28 GHz mmWave spectrum as shown
in Fig.2(b). Particularly, UEs of not more than one MNO can
be allocated to the same frequency at any TTI per APP. Like
time-domain CCI avoidance, the existence of an interfering
UE can be detected either by the small cell or by its UE using
any conventional spectrum sensing technique. Following the
time-domain CCI avoidance, assume that the amount of
spectrum allocated to aUE ux,o of sx,o of anMNO o is defined
in accordance with the ratio of the number of subscribers
No,trnw of anMNO o at term trnw to the sum of the total number
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of subscribers of MNOs O\o (including No,trnw ) such that a
UE ux,O\o corresponding to the MNO O\o is present within
the coverage of the small cell sx,o of the MNO o in each TTI
at term trnw so long as ux,O\o exists. Then, the optimal amount
of licensed 28 GHz spectrumMo,trnw,t in RBs for anMNO o at
a term trnw in any TTI t can be found by solving the following
problem.

min
o∈O

Mo,trnw,t

subject to (a) No,trnw
/
Ntrnw,t = Mo,trnw,t

/
MC,max

(b) ∀o∀trnw
∑O

o
No,trnw ≤ NC, max,trnw (4)

The solution to the above optimization problem is given by (5)
and is given in Proof 2.

Mo,trnw,t
∗

=

(⌈(
No,trnw

/
O∑
o=1

(
1νo
(
No,trnw

)
×No,trnw

))⌉
×MC,max

)
(5)

Proof 2: The solution of the above optimization problem
can be found following the same process as in case of the
time-domain CCI avoidance such thatNtrnw,t can be expressed
as

Ntrnw,t =
O∑
o=1

(
1νo

(
No,trnw

)
× No,trnw

)
(6)

Now, using the constraint 4(a) and (6), the optimal value of
Mo,trnw,t is given by,

Mo,trnw,t
∗

=

(
No,trnw
Ntrnw,t

)
×MC,max : o ∈ O

Mo,trnw,t
∗

=

(⌈(
No,trnw

/
O∑
o=1

(
1νo

(
No,trnw

)
×No,trnw

))⌉
×MC,max

)

Note that in both the time-domain and frequency-domain,
if a UE of any MNO O\o in any TTI does not exist in the
coverage of a small cell sx of an MNO o in any building
l, then Ntrnw,tAPP = No,trnw in (3) and Ntrnw,t = No,trnw
in (6), which result in T nABS

o,trnw,tAPP
∗
= TAPP and M∗o,trnw,t =

MC,max respectively. Hence, the licensed countrywide full
28 GHz spectrum can be allocated in all TTIs to all UEs
ux,o ∈ Ux,o of all small cells sx,o ∈ Sx,o of an MNO o in
both the time-domain and frequency-domain CCI avoidance
schemes. The same process described above applies to all
MNOs o ∈ O at each renewed term trnw to update T nABS

o,trnw,tAPP
in the time-domain and Mo,trnw,t in the frequency-domain to
avoid CCI such that the countrywide full 28 GHz mmWave
spectrum can be allocated to all small cells of each MNO o
at the cost of paying the licensing fee based on its number of
subscribers No,trnw at trnw with respect to that of other MNOs
O\o countrywide.

3) A CASE STUDY FOR THE APPLICATION OF LCFSA
Figure 3 shows the application of the proposed LCFSA
technique with the frequency-domain CCI avoidance to
allocate the countrywide full 28 GHz mmWave spectrum
to all four MNOs O = {1, 2, 3, 4} in a country with the
number of subscribers No,trnw of 40%, 30%, 20%, and 10% of
NC, max,trnw respectively at any renewed term trnw. According
to (5), the amount of spectrum allocated to an SBS of any
MNO o in an apartment in any TTI t depends on the presence
of UEs of other MNOs O\o. Since an SBS of any MNO o in
an apartment of a building can serve only one UE at a time,
the maximum number of four UEs (one from each MNO)
can exist in an apartment. In this regard, a UE of an SBS
for any MNO o can exist with other UEs of MNOs O\o in a
total of eight possible ways in an apartment. Figure 3 shows
these eight possible ways of existence for a UE of an SBS of
MNO 1 with that of MNOs 2, 3, and 4, and the corresponding
countrywide full mmWave spectrum allocation to each MNO
using (5).

The maximum amount of the countrywide full-spectrum is
allocated to MNO 1 when no UE of O\o = 1 exists (i.e.,
O = {1}) with that of MNO 1 in an apartment. Likewise,
the minimum spectrum is allocated to MNO 1 when all UEs
of O\o = 1 exist (i.e., O = {1, 2, 3, 4}) in an apartment.
In general, as the presence of the number of UEs of other
MNOs O\o = 1 with that of MNO 1 in an apartment
increases, the allocation of spectrum to MNO 1 decreases,
and vice versa. The same explanation applies to the proposed
LCFSA technique with the time-domain CCI avoidance such
that instead of the spectrum, the amount of time in terms of
TTIs per APP is allocated to an SBS of any MNO o in an
apartment to use the countrywide full-spectrum based on the
presence of UEs of other MNOs O\o as given by (2).

D. 28 GHz MILLIMETER-WAVE SPECTRUM REUSE
High-frequency mmWave signals experience high atten-
uation effects in indoor environments due to a high
distance-dependent path loss, floor penetration loss, as well
as internal-wall loss within a multistory building. Further,
the transmission power of an in-building SBS is low.
Because of these high losses of mmWave signals, as well
as low transmission power of an SBS, within a building,
the 28 GHz mmWave spectrum can be reused to small cells
within a building more than once subject to satisfying a
minimumCCI constraint from one co-channel SBS (cSBS) to
another operating at the same reused spectrum. A minimum
distance between cSBSs both in the intra-floor level, as well
as inter-floor level, corresponding to the respective CCI
constraint, can be defined. The set of SBSs defined by these
minimum distances in the intra-and inter-floor levels forms
a 3D cluster of SBSs such that the same countrywide full
28GHzmmWave spectrum for anMNOcan be reused to each
3D cluster of SBSs, resulting in reusing the same spectrum
more than once to small cells in a building (i.e., intra-building
level). We adopt the model proposed by the author in [33] for
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FIGURE 3. An illustration for the application of the proposed LCFSA technique with frequency-domain CCI avoidance to allocate the
countrywide full 28 GHz mmWave spectrum to all four MNOs O = {1, 2, 3, 4} in a country at any renewed term trnw with the variation of
the number of UEs of MNOs present in an apartment of a building with respect to the SBS of MNO 1.

the 28 GHzmmWave spectrum to define a 3D cluster of small
cells in a multistory building, which we present in brief in the
following.

The minimum distance between cSBSs operating at the
28 GHz mmWave spectrum in the intra-floor level and
inter-floor level for an MNO o can be given respectively by,

dtra,o∗ = dm ×
(
λtra,o

Itra,o

)1.797−1

(7)

dter,o∗ ≥ dm ×


(
λter,o
Iter,o

)
10

αf(dter,o)
10

1.797−1

(8)

where dm denotes the minimum distance between a cSBS
and a small cell UE for all MNOs. λtra,o and λter,o denote
respectively the maximum number of cSBSs for anMNO o in
the intra-floor and inter-floor levels in a building. Likewise,
Itra,o and Iter,o denote respectively the optimal value of CCI for
an MNO o in the intra-floor and inter-floor levels. αf

(
dter,o

)
denotes the floor penetration loss at 28 GHz for an MNO o.
The path loss model for the 28 GHzmmWave for the distance
d considered to derive the above equations is given by,

PL (dB) = 61.38+ 17.97 log10 (d)+ X (9)

where X denotes the Gaussian random variable that repre-
sents the shadowing effect of the 28 GHz mmWave signal.

Recall that the set of SBSs defined by these minimum
distances dtra,o∗ and dter,o∗ for an MNO o forms a 3D cluster
of SBSs in a building. Hence, let λcl,tra,o and λcl,ter,o denote
respectively the number of SBSs corresponding to dtra,o∗ in
the intra-floor level and dter,o∗ in the inter-floor level, which
can be expressed as follows.

λcl,tra,o =

(
ceil

((
dtra,o∗ + (0.5× a)

)
a

) )2

(10)

λcl,ter,o = ceil
(
dter,o∗

df

)
(11)

where a denotes the side length of 10 m of a square apartment
and df denotes the height of a floor. Hence, the size of a
3D cluster of SBSs λcl,3D,o and the corresponding 28 GHz
mmWave spectrum RF εo in a building for an MNO o are
given respectively by,

λcl,3D,o =
(
λcl,tra,o × λcl,ter,o

)
(12)

εo =
SF

λcl,3D,o
(13)

where SF denotes the number of small cells in a building.
Hence, the same countrywide full 28GHzmmWave spectrum
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for anMNO o can be reused to each λcl,3D,o such that the same
countrywide full 28 GHz mmWave spectrum can be reused
more than once (defined by εo) to small cells SF in a building.
Detailed modeling for the 3D clustering of SBSs in a building
for the 28 GHz mmWave spectrum described above is out of
the scope of this paper, which can be found in [33].

Likewise, due to experiencing a high external wall penetra-
tion loss of a building and distant-dependent free-space path
loss between adjacent buildings, the countrywide full 28 GHz
mmWave spectrum of an MNO can be reused to its small
cells deployed in adjacent buildings, resulting in reusing the
same spectrum in the inter-building level. Hence, in addition
to increasing the amount of available 28 GHz mmWave
spectrum for an MNO by allocating the countrywide full
28 GHz mmWave spectrum subject to avoiding CCI either in
the time-domain or the frequency-domain described above,
the countrywide full 28 GHz mmWave spectrum can also
be reused multiple times to small cells of an MNO located
both within the same building (limited by the number of
apartments per building), as well as adjacent buildings
(limited by the number multistory buildings per macrocell).

III. MATHEMATICAL ANALYSIS
A. PRELIMINARIES
Assume that CCI constraints Itra,o and Iter,o for each MNO in
a country are the same such that the size of a 3D cluster of
SBSs λcl,3D,o for each MNO is the same, i.e. ∀o λcl,3D,o =
λcl,3D. Also, consider that the number of SBSs per multistory
building for each MNO SF,o is the same, i.e. ∀o SF,o = SF.
Then, the spectrum RF εo for each MNO in a building is
also the same, i.e. ∀o εo = ε. Let SM,o and SP,o denote
respectively the number of MBSs and the number of PBSs
per MBS of an MNO o. Let, also, T denote simulation run
time with the maximum time of Q (in time step each lasting
1 ms) such that T = {1, 2, 3, . . . ,Q}. Assume that PMC,PPC,
and PSC denote respectively the transmission power of an
MBS, a PBS, and an SBS of each MNO countrywide. Using
Shannon’s capacity formula, a link throughput at RB = i in
TTI = t for an MNO o at a renewed term trnw in bps per Hz is
given by [36], [37], (14), as shown at the bottom of the next
page. where β denotes the implementation loss factor.
Let MMBS,o denote the 2 GHz spectrum in RBs of a

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

σ
trnw
MBS,o =

∑Q

t=1

∑MMBS,o

i=1
σ
trnw
t,i,o

(
ρ
trnw
t,i,o

)
(15)

where σ and ρ are responses over MMBS,o RBs of all macro
UEs in t ∈ T for an MNO o at trnw.
Now, let κC denote the cost of the total amount of

mmWave spectrum MC,max allocated to a country. Recall
that an MNO o pays the spectrum licensing fee based on
its number of subscribers at trnw with respect to that of
all MNOs countrywide NC, max,trnw . Let an MNO o pays κo
corresponding to its subscribers No,trnw at term trnw such that

κo and κC can be expressed as

κo = κC ×

(
No,trnw

NC, max,trnw

)
(16)

κC =
∑O

o=1
κo (17)

where
∑O

o No,trnw ≤ NC, max,trnw .

B. PROPOSED LCFSA WITH TIME-DOMAIN CCI
AVOIDANCE
Let TnABS

o,trnw,tAPP denote a set including all non-ABSs
T nABS
o,trnw,tAPP

∗ for an MNO o ∈ O at all APPs in T for a
building l such that TnABS

o,trnw,tAPP ⊆ T . Let tABS,o and tnABS,o
denote respectively an ABS and a non-ABS over any APP
tAPP for an MNO o such that tABS,o ∈ TABS

o,trnw,tAPP and
tnABS,o ∈ TnABS

o,trnw,tAPP = T\TABS
o,trnw,tAPP . If all SBSs of an

MNO o in each multistory building l serves simultaneously
in tnABS,o ∈ TnABS

o,trnw,tAPP , then, the aggregate capacity served
by an SBS and all SBSs per 3D cluster in a building (i.e., for
l = 1) of an MNO o at a renewed term trnw when applying
the proposed LCFSA technique with the time-domain CCI
avoidance are given respectively by,

σ
trnw
TD,o,l=1,sx,o

=

∑
t=tnABS,o∈TnABS

o,trnw,tAPP

∑MC,max

i=1
σ
trnw
t,i,o

(
ρ
trnw
t,i,o

)
(18)

σ
trnw
TD,o,l=1,λcl,3D

=

∑λcl,3D

sx,o=1

∑
t=tnABS,o∈TnABS

o,trnw,tAPP

∑MC,max

i=1
σ
trnw
t,i,o

(
ρ
trnw
t,i,o

)
(19)

Hence, the aggregate capacity served by all SBSs in a
building of an MNO o at a renewed term trnw is given by,

σ
trnw
TD,o,l=1,SF,o

=

(
ε × σ

trnw
TD,o,l=1,λcl,3D

)
The distance between an SBS and its serving small

cell UE is short and the transmission power of an SBS
is low. Moreover, a mmWave signal typically gets highly
attenuated indoors, resulting in a small coverage of an
SBS. Hence, taking all these into account, we assume a
similar indoor signal propagation characteristics for all L
buildings per macrocell for an MNO o at trnw. Then, by linear
approximation, the system-level average capacity, SE, and EE
for all MNOsO countrywide at trnw can be given respectively
as follows for l = L,

σ
sys,trnw
TD,cap,O (L)

=

∑O

o=1

(
σ
trnw
MBS,o +

(
L × σ trnwTD,o,l=1,SF,o

))
(20)

σ
sys,trnw
TD,cap,O (L)

=

∑O

o=1

(
σ
trnw
MBS,o +

(
L × ε × σ trnwTD,o,l=1,λcl,3D

))
σ
sys,trnw
TD,SE,O (L)
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=

∑O
o=1

(
σ
trnw
MBS,o +

(
L × ε × σ trnwTD,o,l=1,λcl,3D

))
((
MC,max +

∑O
o=1MMBS,o

)
× Q

) (21)

σ
sys,trnw
TD,EE,O (L)

=

∑O
o=1

((
L×SF,o×PSC

)
+
(
SP,o×PPC

)
+
(
SM,o × PMC

))(∑O
o=1

(
σ
trnw
MBS,o +

(
L × ε × σ trnwTD,o,l=1,λcl,3D

))/
Q
)
(22)

Now, define cost efficiency (CE) as the cost required per
unit achievable average capacity (i.e., per bps) such that the
CE of small cell networks at term trnw can be expressed as
follows.

ς
sys,trnw
TD,CE,O=

κC∑O
o=1

(
σ
trnw
MBS,o+

(
L×ε×σ trnwTD,o,l=1,λcl,3D

))
(23)

C. PROPOSED LCFSA WITH FREQUENCY-DOMAIN CCI
AVOIDANCE
Like in the time-domain CCI avoidance, assume that all
SBSs of an MNO o in each multistory building l serve
simultaneously in all TTI t ∈ T . Then, the aggregate capacity
served by an SBS and all SBSs per 3D cluster in a building of
anMNO o at a renewed term trnw when applying the proposed
LCFSA technique with the frequency-domain CCI avoidance
are given respectively by,

σ
trnw
FD,o,l=1,sx,o

=

∑
t∈T

∑Mo,trnw,t
∗

i=1
σ
trnw
t,i,o

(
ρ
trnw
t,i,o

)
(24)

σ
trnw
FD,o,l=1,λcl,3D

=

∑λcl,3D

sx,o=1

∑
t∈T

∑Mo,trnw,t
∗

i=1
σ
trnw
t,i,o

(
ρ
trnw
t,i,o

)
(25)

Hence, the aggregate capacity served by all SBSs in a
building of an MNO o at a renewed term trnw is given by,

σ
trnw
FD,o,l=1,SF,o

=

(
ε × σ

trnw
FD,o,l=1,λcl,3D

)
(26)

Similarly, the system-level average capacity, SE, EE, and
CE for all MNOs O countrywide at trnw can be expressed as
follows for l = L,

σ
sys,trnw
FD,cap,O (L)

=

∑O

o=1

(
σ
trnw
MBS,o +

(
L × σ trnwFD,o,l=1,SF,o

))
(27)

σ
sys,trnw
FD,cap,O (L)

=

∑O

o=1

(
σ
trnw
MBS,o +

(
L × ε × σ trnwFD,o,l=1,λcl,3D

))
σ
sys,trnw
FD,SE,O (L)

=

∑O
o=1

(
σ
trnw
MBS,o +

(
L × ε × σ trnwFD,o,l=1,λcl,3D

))
((
MC,max +

∑O
o=1MMBS,o

)
× Q

) (28)

σ
sys,trnw
FD,EE,O (L)

=

∑O
o=1

((
L×SF,o×PSC

)
+
(
SP,o × PPC

)
+
(
SM,o × PMC

))(∑O
o=1

(
σ
trnw
MBS,o +

(
L × ε × σ trnwFD,o,l=1,λcl,3D

))/
Q
)
(29)

ς
sys,trnw
FD,CE,O

=
κC∑O

o=1

(
σ
trnw
MBS,o +

(
L × ε × σ trnwFD,o,l=1,λcl,3D

)) (30)

D. TRADITIONAL SLSA
Assume that in the traditional SLSA technique, each MNO
is licensed exclusively for an equal amount of mmWave
spectrum of M RBs. Then, the aggregate capacity served
by an SBS, SBSs per 3D cluster, and all SBSs per building
l = 1 of an MNO o at a renewed term trnw when applying the
traditional SLSA technique are given respectively by,

σ
trnw
SLSA,o,l=1,sx,o

=

∑
t∈T

∑M

i=1
σ
trnw
t,i,o

(
ρ
trnw
t,i,o

)
(31)

σ
trnw
SLSA,o,l=1,λcl,3D

=

∑λcl,3D

sx,o=1

∑
t∈T

∑M

i=1
σ
trnw
t,i,o

(
ρ
trnw
t,i,o

)
(32)

σ
trnw
SLSA,o,l=1,SF,o

=

(
ε × σ

trnw
SLSA,o,l=1,λcl,3D

)
(33)

Then, the system-level average aggregate capacity, SE, EE,
and CE for all MNOs O countrywide at trnw can be expressed
as follows for l = L,

σ
sys,trnw
SLSA,cap,O (L)

=

∑O

o=1

(
σ
trnw
MBS,o +

(
L × σ trnwSLSA,o,l=1,SF,o

))
(34)

σ
sys,trnw
SLSA,cap,O (L)

=

∑O

o=1

(
σ
trnw
MBS,o +

(
L × ε × σ trnwSLSA,o,l=1,λcl,3D

))
σ
sys,trnw
SLSA,SE,O (L)

=

∑O
o=1

(
σ
trnw
MBS,o +

(
L × ε × σ trnwSLSA,o,l=1,λcl,3D

))
((
MC,max +

∑O
o=1MMBS,o

)
× Q

) (35)

σ
trnw
t,i,o

(
ρ
trnw
t,i,o

)
=


0, ρ

trnw
t,i,o < −10 dB

β log2

(
1+ 10

(
ρ
trnw
t,i,o (dB)

/
10
))
, −10 dB ≤ ρtrnwt,i,o ≤ 22 dB

4.4, ρ
trnw
t,i,o > 22 dB

 (14)
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TABLE 1. Simulation parameters and assumptions.

σ
sys,trnw
SLSA,EE,O (L)

=

∑O
o=1

((
L×SF,o×PSC

)
+
(
SP,o×PPC

)
+
(
SM,o × PMC

))(∑O
o=1

(
σ
trnw
MBS,o +

(
L × ε × σ trnwSLSA,o,l=1,λcl,3D

))/
Q
)

(36)

ς
sys,trnw
SLSA,CE,O

=
κC∑O

o=1

(
σ
trnw
MBS,o +

(
L × ε × σ trnwSLSA,o,l=1,λcl,3D

)) (37)

E. PERFORMANCE METRICS IMPROVEMENT FACTOR
Hence, the factor representing an improvement in average
capacity, SE, EE, and CE can be expressed respectively for all

MNOs O countrywide when applying the proposed LCFSA
technique with the time-domain CCI avoidance as follows.

ς
sys,trnw
cap,TD,IF =

σ
sys,trnw
TD,cap,O (L)

σ
sys,trnw
SLSA,cap,O (L)

(38)

ς
sys,trnw
SE,TD,IF =

σ
sys,trnw
TD,SE,O (L)

σ
sys,trnw
SLSA,SE,O (L)

(39)

ς
sys,trnw
EE,TD,IF =

σ
sys,trnw
TD,EE,O (L)

σ
sys,trnw
SLSA,EE,O (L)

(40)

ς
sys,trnw
CE,TD,IF =

ς
sys,trnw
TD,CE,O

ς
sys,trnw
SLSA,CE,O

(41)
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FIGURE 4. Improvement factors for MNO 1 in terms of average capacity, SE, EE, and CE when no interfering UE of other MNOs
O\o = 1 exist with a small cell UE of MNO 1 in an apartment for ε = 1.

FIGURE 5. Improvement factors for MNO 1 in terms of average capacity, SE, EE, and CE when all interfering UE of other MNOs
O\o = 1 exist with a small cell UE of MNO 1 in an apartment for ε = 1.

Similarly, when applying the proposed LCFSA technique
with the frequency-domain CCI avoidance, the improvement
factors for average capacity, SE, EE, and CE can be expressed
respectively as follows.

ς
sys,trnw
cap,FD,IF =

σ
sys,trnw
FD,cap,O (L)

σ
sys,trnw
SLSA,cap,O (L)

(42)

ς
sys,trnw
SE,FD,IF =

σ
sys,trnw
FD,SE,O (L)

σ
sys,trnw
SLSA,SE,O (L)

(43)

ς
sys,trnw
EE,FD,IF =

σ
sys,trnw
FD,EE,O (L)

σ
sys,trnw
SLSA,EE,O (L)

(44)

ς
sys,trnw
CE,FD,IF =

ς
sys,trnw
FD,CE,O

ς
sys,trnw
SLSA,CE,O

(45)

IV. PERFORMANCE EVALUATION
A. DEFAULT PARAMETER, ASSUMPTION AND ESTIMATION
Table 1 shows the simulation parameters and assumptions
used to evaluate the performance of the proposed LCFSA

VOLUME 8, 2020 166623



R. K. Saha: LCFSA: A New Paradigm for mmWave Mobile Systems in 5G/6G Era

FIGURE 6. The impact of the variation in RF ε and L on the SE of MNO 1 when applying the proposed technique with the
time-domain and frequency-domain CCI avoidance schemes.

technique both with the time-domain, as well as the
frequency-domain, CCI avoidance schemes with respect to
that of the traditional SLSA technique. MNOs 1, 2, 3, and
4 are assumed to have the number of subscribers of 40%,
30%, 20%, and 10% of NC, max,trnw respectively at any term
trnw.

If we consider only the first-tier of cSBSs in both the
intra-floor and inter-floor levels and the double-sided cSBSs
in the inter-floor level, we can then have λtra,1 = 8 (Fig.1(c))
and λter,1 = 2 (Fig.1(b)). Following [33], αf

(
dter,1

)
= 55 dB.

Now, using (8),
(
2
/
Iter,1

)
�

(
105.5

)
such that irrespective

of the normalized value of Iter,1 ≤ 1, dter,1∗ ≥ d0 =
1 m is sufficient to reuse the same 28 GHz spectrum in
the inter-floor level, where d0 = 1 m is the minimum
distance between an SBS and its serving UE. In other words,
a minimum distance, which corresponds to dter,1∗ ≥ d0, of 1
floor between cSBSs in the inter-floor level is sufficient to
reuse the same mmWave spectrum. Note that the value of a
floor height is considered as df = 3 m.

However, dtra,1∗ decreases exponentially with an increase
in the normalized value of Itra,1 ≤ 1 [38]. Assume that Itra,1 =
0.25 such that using (7), we can find dtra,1∗ = 34.4 m, which
corresponds to a minimum distance of at least 3 apartments
between cSBSs in the intra-floor level. Note that the side
length of a square apartment is considered as 10 m. Now,
using (10)-(13), λcl,tra,1 = 9 and λcl,ter,1 = 1 such that the
size of a 3D cluster of SBSs λcl,3D,1 = (9× 1) = 9, which

corresponds to a spectrum RF ε1 =
(
90
/
9
)
= 10. Since

we assume that each multistory building consists of 5 floors
and there are 18 apartments per floor such that exactly one
SBS per MNO is deployed within each apartment, the same
countrywide full 28 GHz spectrum for MNO 1 can be reused
to SBSs 2 times per floor and 10 times per building.

B. PERFORMANCE RESULT AND ANALYSIS
For the spectrum RF ε = 1 and a single building of SBSs
(i.e., l = 1), the improvement factors for MNO 1 in terms of
average capacity, SE, EE, and CE are shown in Fig.4 when
no interfering UE, whereas in Fig.5 when all interfering UEs
of other MNOs O\o = 1 exist with a small cell UE of
MNO 1 in an apartment. It can be found from Fig.4 that
the proposed LCFSA with both the time-domain and
frequency-domain CCI avoidance schemes provide similar
performance improvement in average capacity, SE, EE, and
CE by about 296%, 164%, 75%, and 60% respectively over
that of the traditional SLSA technique when no interfering
UE exists (i.e., for no CCI) with a small cell UE of MNO 1.
These improvements can be clarified by the fact that the
traditional SLSA allocates an equal amount of 25% of the
countrywide full 28 GHz spectrum to each of the four MNOs.
This implies that MNO 1 can use a maximum of 25%
of the countrywide full 28 GHz spectrum in each TTI of
any |T | = Q = TAPP (i.e., 8 TTIs). In contrast, when
no interfering UE exists with a small cell UE of MNO 1,
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FIGURE 7. The impact of the variation in RF ε and L on the EE of MNO 1 when applying the proposed technique with the
time-domain and frequency-domain CCI avoidance schemes.

the proposed LCFSA technique allows each MNO to access
the countrywide full 28 GHz spectrum such that MNO 1 can
now use the maximum of 100% of the countrywide full
28 GHz spectrum in each TTI of any |T | = Q = TAPP in
both the time-domain and frequency-domain CCI avoidance
schemes. Since the capacity and SE are directly proportional
to the available spectrum of anMNO, the proposed technique
improves both the capacity and SE performances. Likewise,
EE and CE are inversely related to the achievable capacity
such that an increase in capacity results in reducing the energy
required per bit, as well as the cost of per bit/s.

However, when all interfering UEs of other MNOs O\o =
1 exist with a UE of MNO 1 in an apartment, MNO 1 can
use the maximum of 100% of the countrywide full 28 GHz
spectrum only in half of the total TTIs of any |T | = Q =
TAPP (i.e., 4 TTIs) in the time-domain, and 40% of the
countrywide full 28 GHz spectrum in each TTI of |T | =
Q = TAPP (i.e., 8 TTIs) in the frequency-domain. Hence,
from Fig.5, when all interfering UEs of otherMNOsO\o = 1
exist with a UE of MNO 1 in an apartment, the proposed
LCFSA with the time-domain improves average capacity,
SE, EE, and CE by only about 99%, 32.5%, 50%, and
20% respectively, which also differ slightly from that with
the frequency-domain (i.e., by about 59.2%, 6.1%, 37.2%,
and 0.45% respectively). Note however that the reduction
in improvement is due to the fact of the ceiling T nABS

1,trnw,tAPP
∗

and M1,trnw,t
∗ to their respective nearest integer values, and

the impact of the ceiling error with T nABS
1,trnw,tAPP

∗ is higher
than that with M1,trnw,t

∗. Since the proposed technique with
the frequency-domain CCI avoidance scheme provides near
actual values (i.e., fewer errors) in improvement factors for
average capacity, SE, EE, and CE, the proposed LCFSA
technique with the frequency-domain CCI avoidance scheme
is preferable to the time-domain CCI avoidance scheme.

Figures 6 and 7 show the impact of the variation in RF and
L on SE and EE performances respectively of the proposed
technique. It can be found that both SE and EE improve
with an increase in RF and L. Moreover, for any value of
RF, SE increases linearly, whereas EE increases negatively
exponentially with an increase in L. For any value of RF
ε > 1 and L > 1, the SE and EE responses of the
proposed LCFSA technique with the time-domain, as well
as frequency-domain, CCI avoidance schemes vary similarly
as in the case of RF ε = 1 and L = 1. For example,
LCFSA with the time-domain CCI avoidance scheme for
RF ε = 10 shows the best, whereas the traditional SLSA
for RF ε = 1 shows the worst, SE and EE performances
for any value of L. Note that due to the presence of RF
and L both in the numerator (i.e., in LCFSA) and the
denominator (i.e., in SLSA) in the expressions of average
capacity, SE, EE, and CE performance improvement factors,
the improvement factors of these metrics do not change with
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FIGURE 8. Impact of varying RF ε on the improvement of the SE response of the proposed LCFSA technique with the time-domain,
as well as the frequency-domain, CCI avoidance schemes in the worst-case CCI scenario.

a change in RF and L, i.e. these metrics are independent of RF
and L.

Since (L × ε × σ trnwTD,o,l=1,λcl,3D
) � σ

trnw
MBS,o and (L × ε×

σ
trnw
FD,o,l=1,λcl,3D

) � σ
trnw
MBS,o (i.e., the aggregate capacity

of macrocell UEs is very low as compared to that of
small cell UEs in both the time-domain as well as the
frequency domain, CCI avoidance schemes), the capac-
ity can be expressed approximately as σ sys,trnw

TD,cap,O(L)
∼=∑O

o=1 (L × ε × σ
trnw
TD,o,l=1,λcl,3D

) and σ sys,trnw
FD,cap,O(L)

∼=
∑O

o=1

(L×ε×σ trnwFD,o,l=1,λcl,3D
). Since σ sys,trnw

TD,cap,O(L) and σ
sys,trnw
FD,cap,O(L)

depend on T nABS
1,trnw,tAPP

∗ andM∗1,trnw,t respectively, each affected
directly by the number of interfering UEs, by considering an
appropriate value RF (i.e., ε) in a building, the CCI effect
from interfering UEs of other MNOs O\o = 1 to an SBS
of MNO 1 can be overcome. Hence, in the worst-case CCI,
T nABS
1,trnw,tAPP

∗
= 4 TTIs and M1,trnw,t

∗
= 80 MHz for an

observation time Q = TAPP = 8 TTIs and countrywide
full 28 GHz mmWave spectrum MC,max = 200 MHz.
However, in the best case CCI (i.e., when no interfering
UEs is present), MNO 1 can use MC,max = 200 MHz for
Q = TAPP = 8 TTIs. Hence, to overcome the CCI effect in
the worst-case, the required value of RF in the time-domain
is ε = (8 TTIs/4 TTIs) = 2, whereas in the frequency-
domain is ε = (200 MHz/80 MHz) = 2.5. This can be found

in Figs. 8 and 9, which show that the SE and EE responses
of the proposed LCFSA technique with the time-domain CCI
avoidance for the worst-case CCI for ε = 2, as well as with
the frequency-domain CCI avoidance for the worst-case CCI
for ε = 2.5 that coincide with their respective best-case CCI
for ε = 1.

C. PERFORMANCE COMPARISON
According to [43], [44], it is expected that the future 6G
mobile systems would require 10 times average SE (i.e.,
270-370 bps/Hz) and 10 times average EE (i.e., 0.3 × 10−6

Joules/bit) of 5G [45], [46]. Considering 370 bps/Hz for the
SE and 0.3 µJ/bit for the EE requirement for 6G, using
Figs. 6 and 7, Table 2 shows that the proposed LCFSA
technique can satisfy the SE and EE requirements for 6G
with both the time-domain, as well as the frequency-domain,
CCI avoidance schemes. Noticeably, satisfying both SE and
EE requirements for 6G is dominated by the requirement
of SE. Moreover, the worst-case CCI requires more reuse
of the same countrywide full 28 GHz mmWave spectrum
either intra-building level or inter-building level. In summary,
depending on the deployment scenario of an operator’s small
cell networks indoors, the proposed LCFSA technique can
satisfy the required SE and EE for 6G mobile systems by
changing either RF ε or L, or both.
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FIGURE 9. Impact of varying RF ε on the improvement of the SE response of the proposed LCFSA technique with the time-domain,
as well as the frequency-domain, CCI avoidance schemes in the worst-case CCI scenario.

TABLE 2. L and RF ε requirements for the proposed LCFSA technique in both the time-domain and the frequency-domain for the best-case (B), as well as
worst-case (W), CCI scenario for MNO 1 to fulfill average SE and EE requirements for 6G mobile systems.

V. CONCLUSION
In this paper, we have proposed a new technique for the spec-
trum allocation called licensed countrywide full-spectrum
allocation (LCFSA) to allocate spectrum to mobile network
operators (MNOs) in a country. Unlike the traditional
static spectrum allocation technique that suffers from the
insufficient spectrum availability and inefficient spectrum
utilization due to allocating a portion of the licensed coun-
trywide spectrum to each MNO in a country, the proposed
LCFSA technique allocates the licensed countrywide full
28 GHz millimeter-wave (mmWave) spectrum to each MNO
to operate its in-building small cells subject to avoiding
CCI either in the time-domain or the frequency-domain
such that both the spectrum availability and utilization
can be increased. Because most mobile data are generated
indoors, to address a large volume of data at high rates, the
countrywide full mmWave spectrum allocated to an MNO is
reused further to its in-building small cells.

Numerical analysis of CCI avoidance in both the
time-domain and frequency-domain has been carried out to
deduce the conditions for optimality in time and spectrum to
serve user traffic demands of each MNO. We have derived
average capacity, spectral efficiency (SE), energy efficiency
(EE), and cost efficiency (CE) for the proposed LCFSA
technique. We have then performed extensive numerical and
simulation results and analyses for a country consisting of
four MNOs for the existence of the maximum number of
interfering UEs, as well as no interfering UE, with an SBS
of an MNO in an apartment of a building.

It has been shown that the proposed LCFSA with both the
time-domain and frequency-domain CCI avoidance schemes
provide similar performance improvement in average capac-
ity, SE, EE, and CE by about 296%, 164%, 75%, and 60%
respectively over that of the traditional SLSA technique when
no interfering UE exists (i.e., for no CCI) with a small
cell UE of MNO 1. However, when all interfering UEs of
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other MNOs exist with a UE of MNO 1 in an apartment,
the proposed LCFSAwith the time-domain improves average
capacity, SE, EE, and CE by only about 99%, 32.5%,
50%, and 20% respectively, whereas, with the frequency-
domain, it improves by about 59.2%, 6.1%, 37.2%, and
0.45% respectively. These differences in responses with
time-domain and frequency-domain have occurred due to the
fact of the ceiling T nABS

1,trnw,tAPP
∗ andM1,trnw,t

∗ to their respective
nearest integer values, and the impact of the ceiling error with
T nABS
1,trnw,tAPP

∗ is higher than that with M1,trnw,t
∗ such that the

proposed LCFSA technique with the frequency-domain CCI
is preferable to the time-domain CCI avoidance scheme.

Moreover, due to the presence of RF and L both in the
numerator and the denominator in the expressions of average
capacity, SE, EE, and CE performance improvement factors,
the improvement factors of these metrics do not change
with a change in RF and L. Furthermore, by adjusting RF,
the impact of interfering UEs, particularly in the worst-case
CCI scenario can be compensated. Finally, we have shown
that the proposed LCFSA technique can satisfy SE and EE
requirements for 6G systems by adjusting either RF ε or L,
or both. Hence, depending on the deployment scenario of an
operator’s small cell networks indoors, the proposed LCFSA
technique can satisfy the required SE and EE for 6G mobile
systems by changing either RF ε or L or both.
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