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Licensed Millimeter-Wave Spectrum Allocation and Reuse in Indoor Environments

Rony Kumer Saha
Department of Electrical and Electronic Engineering, School of Engineering
BRAC University
66 Mohakhali, Dhaka 1212, Bangladesh
Email: rony.saha@bracu.ac.bd

Abstract—In this paper, by exploiting the frequency domain,
we propose a Countrywide Millimeter-Wave (mmWave)
Spectrum Allocation and Reuse (CoMSAR) technique that
allocates and reuses spatially the countrywide 28 GHz spectrum to
each Mobile Network Operator (MNO) of a country to operate its
small cells per floor in a building. An interference management
scheme is developed to avoid Co-Channel Interference (CCI) in
each apartment. We model user statistics per small cell and
interferer statistics per apartment and formulate the optimal
amount of spectrum for each MNO. We derive average capacity,
Spectral Efficiency (SE), Energy Efficiency (EE), and Cost
Efficiency (CE) for the proposed technique and the traditional
Static Licensed Spectrum Allocation (SLSA) technique allocating
an equal amount of spectrum to each MNO. By varying CCI and
spectrum reuse, extensive numerical and simulation results and
analyses are 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. It is
shown that CoMSAR with no CCI provides 2.5 times higher
average capacity, SE, EE, and CE than that with the maximum
CCI. However, with regard to SLSA, it improves the average
capacity, SE, EE, and CE of MNO 1 by 300%, 165%, 75%, and
60%o, respectively, with no CCI, each of which decreases to the
minimum value when CClI is the maximum. Further, we show that
CoMSAR can satisfy SE and EE requirements for sixth-
generation (6G) mobile systems by reusing the countrywide 28
GHz spectrum to small cells of MNO 1 of about 61.2% less number
of single-floor buildings with no CCI, whereas 6.4% less number
of single-floor buildings with the maximum CCI, than that
required by SLSA. Finally, we discuss the benefits and point out
key issues of COMSAR for further studies.

Keywords—6G; 28 GHz; countrywide; millimeter-wave; mobile
network; spectrum allocation; spectrum reuse; indoor; small cell.

. INTRODUCTION

A. Background

The high capacity and data rate requirements for the
existing mobile networks impose a demand for the massive
radio spectrum availability on a Mobile Network Operator
(MNO). Due to this reason, the traditional model (Foster [2] for
allocating a portion of the licensed spectrum statically in an
exclusive manner for a long time has no longer been considered
effective to address the ever-increasing high capacity and data
rate demands. Though these requirements have been increased
over time, the availability of the spectrum for an MNO has not
increased correspondingly, resulting in the scarcity of the radio
spectrum. In this regard, spectrum allocation and spectrum
exploitation 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. The 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 an MNO (Saha [3]). By carefully
allocating the spectrum specified for a country among its
MNOs, the available amount of spectrum for an MNO can be
extended considerably. 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.

B. Related Work

Numerous research works have already addressed the issues
of spectrum allocation, as well as spectrum exploitation. For
example, Yan et al. [4] have proposed methods for the dynamic
spectrum allocation in cognitive radio systems, and Wei et al.
[5] have presented a system-level dynamic frequency spectrum
allocation scheme based on central heterogeneous network
architecture. Using the carrier aggregation technique, Shajaiah
et al. [6] have considered the optimization of resource
allocation, whereas, based on the access mechanism, Liu et al.
[7] have proposed a joint subcarrier and power allocation
method. Further, Kim et al. [8] have introduced the
functionalities required for entities related to the spectrum
allocation to propose a spectrum allocation algorithm in
multiple network operators’ scenarios. Moreover, Kim et al. [9]
have introduced and formulated the problem of the optimum
spectrum allocation in cognitive radios. Furthermore, Gu [10]
has proposed a new dynamic spectrum allocation algorithm to
resolve channel conflict problems in channel switching and
Bhuiyan et al. [11] have developed a traffic-load-aware channel
allocation mechanism for secondary users.

Regarding the spectrum exploitation by means of reusing
the available spectrum, an analytical model has been proposed
by Saha and Aswakul [12] to reuse the microwave spectrum, as
well as by Saha [13] to reuse the 28 GHz millimeter-wave
(mmWave) spectrum, in a 3D building of small cells. Likewise,
Saquib et al. [14] have investigated a number of Fractional
Frequency Reuse (FFR) schemes, whereas Hasan et al. [15]
have proposed the dynamic fractional frequency reuse (DFFR)
method to reduce the inter-cell interference. Moreover, Saha
[16] has proposed a technique to reuse the same spectrum for
small cells deployed in a building by forming 3D clusters of
small cells. Besides, in time-varying channels, Yen et al. [17]
have developed new FFR patterns for multi-cell orthogonal
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frequency-division multiple access systems with frequency or
time division duplexing (FDD/TDD). Further, Lam et al. [18]
have presented the performance of well-known frequency reuse
algorithms in terms of, e.g., system throughput and average
packet loss ratio.

C. Problem Statement and Contribution

However, 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 each MNO to increase
its spectrum. Besides, due to the high floor penetration loss, the
same countrywide mmWave spectrum for each MNO can be
exploited spatially on the inter-floor level to reuse more than
once by small cells within a building. Hence, a technique that
can employ both the spectrum allocation and spectrum
exploitation means to the mmWave spectrum using in-building
small cells to allocate the countrywide mmWave spectrum to
each MNO, which is exploited further to be spatially reused by
small cells in a building is considered promising to achieve high
Spectral Efficiency (SE) and Energy Efficiency (EE)
requirements for the next generation mobile networks.

Numerous studies have already attempted to achieve the
expected SE and EE requirements for the Sixth-Generation
(6G) mobile networks by employing the mmWave spectrum
allocation and exploitation. For example, by exploiting the
power domain, Saha [19] has proposed a hybrid interweave-
underlay spectrum access and reuse technique to address the
dynamic spectrum access and reuse of the countrywide 28 GHz
mmWave spectrum to in-building small cells of each MNO in
a country to achieve the required SE and EE of 6G. Unlike the
countrywide mmWave spectrum, by exploiting the secondary
spectrum trading, Saha [20] has proposed a dynamic exclusive-
use spectrum access method to share partly and exclusively the
licensed mmWave spectrum of one MNO to another in a
country to address the SE and EE requirements for 6G. Further,
Saha [21] has presented a technique for the 3D spatial reuse of
28 and 60 GHz mmWave spectra allocated to an MNO to its in-
building small cells to achieve the expected SE and EE
requirements for 6G networks. Unlike these existing literature
works, in this paper, by exploiting the frequency domain, we
propose A Countrywide MmWave Spectrum Allocation and
Reuse (CoOMSAR) technique that considers allocating and then
reusing the massive 28 GHz mmWave spectrum specified
countrywide to each MNO of a country to operate its small cells
deployed on each floor in a multistory building to achieve the
expected SE and EE requirements for 6G mobile networks.

D. Organization

In addressing the proposed technique, we first present the
system architecture and the proposed technique, as well as
develop a frequency-domain Co-Channel Interference (CCl)
avoidance scheme, in Section Il. In Section 111, we model user
statistics per small cell and interferer statistics per apartment.
We also formulate an expression of the optimal amount of
spectrum per MNO for an arbitrary number of MNOs in a
country. In Section 1V, we derive average capacity, SE, EE, and
Cost Efficiency (CE) metrics for the proposed, as well as the
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traditional Static Licensed Spectrum Allocation (SLSA),
techniques. In addition, we show mathematically the
outperformance of the proposed technique over the SLSA
technique. In Section V, extensive numerical and simulation
results and analyses for an example scenario of a country
consisting of four MNOs are carried out by varying the effect
of the spectrum reuse and the co-channel interference of
interferer user equipments (UEs) within each apartment.
Moreover, we also show that the proposed technique with two
extreme CCI scenarios, including no CCI and the maximum
CCl, for an MNO can achieve the SE and EE requirements for
6G mobile systems. Section VI covers the discussion on the
offered benefits of the proposed technique, as well as its further
research directions. We conclude the paper in Section VII. In
Appendix A, a list of acronyms/abbreviations is shown in Table
Al, and a list of selected notations is given in Table A2.

E. Declaration

This paper is an extended version of the work Saha [1]
presented at The Fifteenth International Conference on Systems
and Networks Communications (ICSNC), Porto, Portugal,
2020. The conference article Saha [1] has been extended in two
major directions as follows.

e  With introducing the 60 GHz unlicensed spectrum, and

e  Without introducing the 60 GHz unlicensed spectrum,

in addition to the 28 GHz licensed spectrum to each small cell

such as in [1].

Particularly, we have reported the extended journal version
of [1] concerning the allocation and reuse of both the 28 GHz
licensed spectrum and 60 GHz unlicensed spectrum in [22],
whereas the allocation and reuse of only the 28 GHz licensed
spectrum in this paper.

The conference article Saha [1] is used as the basis of both
journal versions (i.e., [22] and this paper), which differ mainly
from Saha [1] in terms of enhancement of background material,
expansion of discussion, and inclusion of new problems and
results. More specifically, in both journal versions, as compared
to Saha [1],

e We model user statistics per small cell and interferer
statistics per apartment in a building.

e We show mathematically the outperformance of the
proposed technique over the traditional SLSA technique.

o  We also clarify the simulation parameters and assumptions
used for generating the performance results.

e A more detailed performance evaluation and analysis than
that in Saha [1] 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 number of
interferer UEs within each apartment).

e Finally, in addition to the offered benefits of the proposed
technique, we discuss its future research directions.

Note that due to an extended version of Saha [1] and being
[22] published earlier than this paper, some materials in this
paper, in terms of, e.g., text, equations, figures, tables, notations,
and abbreviations, may be found merged with that in [22] by
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citing [22]. Finally, this paper is written such that the readers
will find it self-contained, detailed, and insightful in contrast to
its conference version Saha [1].

Il. SYSTEM ARCHITECTURE, PROPOSED TECHNIQUE AND
INTERFERENCE MANAGEMENT

A. System Architecture

Figure 1 shows the system architecture consisting of four
MNOs, defined as MNO 1, MNO 2, MNO 3, and MNO 4,
operating in a country. We assume that all MNOs have similar
system architectural features including three types of Base
Stations (BSs), namely macrocell BSs (MBSs), Picocell BSs
(PBSs), and Small Cell BSs (SBSs). Hence, for simplicity in
evaluating the performances, the detailed architecture of only
one MNO, i.e., MNO 1, is shown in Figures 1(a) and 1(b). SBSs
are deployed only within 3-dimensional multistory buildings
(Figure 1(b)). Both SBSs and PBSs are located within the
coverage of an MBS. All macrocell UEs per MBS are served
either by the MBS itself or any PBSs. Due to the favorable
characteristics, MBSs and PBSs operate at a low-frequency
band, i.e., 2 GHz, whereas all in-building SBSs operate at the
28 GHz mmWave band (Figure 1(a)).

We consider that each MNO is given access to the
countrywide 28 GHz mmWave spectrum to extend its spectrum
at all times by enforcing the frequency-domain CCI
management scheme, as shown in Figure 1(c). Given that CCl
for an MNO o increases with an increase in the number of UEs
of other MNOs O\o (Figure 1(c) for MNO 1), Figure 1(c) shows
all possible CCI scenarios for a small cell in an apartment of
MNO 1 on a floor based on the presence of UEs of other MNOs
O\o within the same apartment of a building. For simplicity,
CCI scenarios are shown for a single small cell each serving
one UE at a time in an apartment on a floor. Besides, the
penetration loss of a typical reinforced concrete floor in the 28
GHz mmWave spectrum is about 55 dB for the first floor
[23][24][25]. Hence, by exploiting the high floor penetration
loss of the 28 GHz mmWave spectrum, on top of the spectrum
extension by allocating the countrywide massive 28 GHz
spectrum to each MNO, we consider the spectrum exploitation
by reusing the same countrywide spectrum to SBSs of each
MNO on each floor of a building to increase spectral utilization
(Figures 1(b) and 1(c)). We propose a technique for the
spectrum allocation and the spectrum exploitation of the
countrywide 28 GHz spectrum to each MNO in what follows.

B. Proposed Technique

We propose a countrywide mmWave spectrum allocation
and reuse (CoMSAR) technique to extend the available
spectrum for an MNO and to increase its utilization as follows.

Each MNO of a country is assigned with the massive 28
GHz mmWave spectrum specified countrywide, which is
reused further, to operate its small cells deployed on each floor
in a building at the cost of paying the spectrum licensing fee
subject to avoiding CCI. The amount of the spectrum licensing
fee for an MNO is updated corresponding to the change in its
number of subscribers at each license renewal term ¢, .
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In this regard, for the 28 GHz mmWave spectrum
allocation, each MNO s allocated to the countrywide 28 GHz
mmWave spectrum by the National Regulatory Agency (NRA)
or any third party for a term t,,, . For the 28 GHz mmWave

spectrum reuse, each MNO can exploit the high floor
penetration loss of a multistory building at mmWave such that
the allocated countrywide full 28 GHz mmWave spectrum can
be reused to its SBSs deployed on each floor due to the
insignificant or no CCIl generated between adjacent floors
(Figure 1(b)). This results in reusing the allocated countrywide
spectrum to an MNO more than once to its SBSs within a
multistory building and, hence, improving the countrywide 28
GHz mmWave spectrum utilization.

Each MNO pays the licensing fee to the NRA, which is
defined by the administration based on the ratio of its actual
number of subscribers to the sum of the total number of
subscribers of all MNOs countrywide at t,,, . Hence, the

proposed technique can help overcome the lack of a sufficient
amount of spectrum of an MNO to serve the necessary demand
of its users, as well as address the issue of the under-utilized or
unused spectrum of other MNOs, which in turn improve the
overall countrywide spectrum utilization. Also, an MNO pays
the licensing fee only for the amount of spectrum that it uses at
any term t__ (i.e., in accordance with its number of users).

mw

C. Co-channel Interference Management

Since all MNOs consider operating in-building small cells
at the same countrywide 28 GHz mmWave spectrum, CCI
occurs when small cell UEs of more than one MNO on the same
floor in a building are scheduled to the same frequency
simultaneously. Such CCI can be avoided by allocating UEs
orthogonally in the frequency domain [26]. More specifically,
UEs of MNOs located on the same floor in a building are
allocated orthogonally to different parts of the countrywide 28
GHz mmWave spectrum, as shown in Figure 2. Hence, UEs of
not more than one MNO can be allocated to the same frequency
in any Transmission Time Interval (TTI). The existence of an
interfering UE can be detected either by the small cell or the
small cell UE itself using any conventional spectrum sensing
techniques.

I1l. MATHEMATICAL ANALYSIS

A. Modeling User Statistics per Small Cell

Like [22], we first model user statistics per small cell 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 U, eU, = { 0,12,..,U } denote the number of UEs

served by an SBS s of an MNO o at any time t. According to
[27][28], 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 /4 and the on-state
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4
traffic activity to off-state traffic activity transition rate is  and the death rate. Then, according to [29] [30], the followings
denoted by 4 . hold.

Let 0), p(1), p(2),--- p(U denote th -stat
ct P(0), P(L). P(2)P(Usp) demote the onstate s o<y <y,
probabilities of an SBS s (corresponding to the number of active }us o otherwise
UEs U, ) in an apartment. The values of these probabilities can '
be found following the Birth-Death process [27] as shown in
Figure 3. Let /IUS and [y denote, respectively, the birth rate
Countrywide 28 GHz

millimeter-wave spectrum

Countrywide spectrum reuse _

using the proposed COMSAR
. |< M C,max >|
A 3D multistory building
deployed with small cells |
Of
Outdoor ‘ Myt MNO 1
macrocell Lﬁ ________ |:> M ;::Jn [* MNO 2
: 528 GHi. M2 MNO 3
5 \ mw,t
i 2 GHz« Indoor % ot
Magtrocell @macroc&-ll UE/ <—M41::"M MNO 4
e A picocell&”_.«--‘”f ) Frequency-domain
MNOl Offloaded : Apartments CCI management
macrocell UE H N U . : ;
i (b) : p TR Countrywide spectrum allocation
@ : ! S R using the proposed COMSAR

Small cell of MNO 1
Small cell of MNO 2
Small cell of MNO 3
Small cell of MNO 4

Small cell coverage

An SBS of MNO 1 An SBS of MNO 1 An SBS of MNO 1 An SBS of MNO 1
with no CCI from UEs  with CCI from UEs of with CCI from UEs of with CCI from UEs of
of MNOs of O\o=1 one MNO of O\o=1 two MNOs of O\o=1 all MNOs of O\o=1

(c)

Figure 1. A system architecture consisting of four MNOs countrywide.

Countrywide 28 GHz millimeter-wave spectrum

T1 | T2
{When at least a UE of other MNOs§ When no UEs of other MNOs
O\o=1 exists in an apartment on O\o=1 exists in an apartment on
i any floor @ in any building I of | any floor @, in any building |
‘ small cells of MNO 1 " of small cells of MNO 1

. Small cell UEs of MNO 1 are scheduled in an apartment on any floor in any building

Time

. No small cell UE of MNO 1 is scheduled in an apartment on any floor in any building

Figure 2. The frequency-domain CCI avoidance technique for UEs of MNO 1 in an apartment on any floor @, in a building I.

Ty, T2, and Ts define arbitrary and equal observation time intervals within [T|=Q [1].
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,u3 ILIUS‘max = Us,max/u
p (Us,max _1)

Figure 3. Occupancy or traffic in-progress state diagram for UEs per small cell in an apartment.

ty, =Usxu

Hence, the probability of any U, can be given by,

50,)= 20 () [ | o

Us‘max
But, D% p(U,)=1 )
Then, using (1) and (2), the following can be obtained.

p(0)=/(1+ (/) "™

Now from (1), we can find the following. In other words,
the probability that U, number of UEs are served by an SBS s

is given by,

p(U,)= % )!X(/l/#)us XW

Us !(Us,max _Us
Hence, the expected value of the number of UEs served
simultaneously at any time t is then given by,

E[U.]=3 " (U.xp(U,)) @

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
U, is small in the Poisson distribution of small cell UEs [22].

S

In other words, smaller values of U_ 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.

®)

B. Optimal Amount of Spectrum per MNO

Let O denote the maximum number of MNOs of a country
suchthat 0€0={L2,..,0}. Let S, denote the total number
of small cells of an MNO o inany building 1 e L={1,2,3,..., L}
such that s, €S,,={012,..,S.,} . Denote M

countrywide total amount of mmWave spectrum defined in
terms of the number of Resource Blocks (RBs) where an RB is

equal to 180 kHz. Assume that E[U,, |=1, i.e., each small

as the

C,max

cell s, of an MNO o can serve the maximum of one UE at a
time.

Let N,, ~ denote the total number of subscribers of an

MNO o such that Zoo Ny < Ng e Where Ng oo

denotes the maximum number of subscribers of a country at
term t,,, . Also, UEs of not more than one MNO o on the same

floor o, canbe served at the same RBs inany TT1 ina building

I. The amount of spectrum allocated to UEs of an MNO o on a
floor o, in a building | at term t_,, in TTI t is defined as

follows.
The amount of spectrum allocated to UEs of an MNO o on
any floor o, inabuilding I at term t,, is defined in accordance

with the ratio of the number of subscribers No,tmw of the MNO

(o1

0 to the sum of the total number of subscribers Ntl,;W,t of all

MNOs O corresponding to the same floor w, in the building |
inany TTltatterm t,,, .

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

Hence, the optimal amount of licensed spectrum M'®" in RBs

thrnw‘(
foran MNO 0 €O on any floor o, inabuilding I'in TTI tata
renewal term t,, can be found by solving the following
problem.
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min Mgy,
subjectto (a) N, /N'(”” =My /Mc,max ®)
(b) VOVth Z N i < NC, max, t

The solution to the above optimization problem can be
expressed as follows and is given in Proof 1.

Mlii’?:;f—m Z( (Noy,,, )% N)jMaxﬂ ®)

Proof 1: The solution to the optimization problem in (5) can be
found as follows. In general, the number of subscribers of all
MNOs is not the same at any t,, . Hence, assume that

N, >N, >..>Ng —att,, such that the constraint 5(b)

is satisfied. Since a UE of any MNO O\o in any TTI may not
exist on any floor @, in a building I of small cells of an MNO

1t

mw

0, Nt',::f't can be expressed for O=4 as
[¢]
Im\(::)" Z( ( tmw ) Novtmw ) (7)
o=1
where v, {N,, N 1(-) defines that
1()=1if Ny,
Since the number of RBs is strictly an integer, using (7), and
the constraint 5(a), the optimal value of M(',jf:n*'wt is given by

| m” * / | wﬂ
Lot ( N C max

o
M &I)::nl,* = lr[( No.tmw Z_;(lvc (No,tmw )X No.tmw )j xM C, max j—' -

Note that if a UE of any MNO O\o inany TTI t on any floor
®, in a building | does not exist, then N"“f‘ =N,, in (7),

2t Nat,, o N4,tmw} :

exists in the set v, ; otherwise, 1(-) =

0ty

which results in My ! =M

countrywide 28 GHZ mmWave spectrum can be allocated in all
TTIs tto UEs of small cells of an MNO o on any floor o, ina

building I. The same process described above is applicable for
all MNOs 0 € O at each renewal term t, to update M'”’” S

. This implies that the whole

C, max

any TTI t to avoid CCI [22]. Hence, using (6), the countryW|de
28 GHz spectrum can be reused to small cells of each MNO o
onany floor @, inabuilding | at the cost of paying the licensing

fee based on N,, of the corresponding MNO o at t,, with

respect to that of other MNOs O\o to improve countrywide 28
GHz mmWave spectrum utilization. Further, the higher the
number of subscribers N, ot,, Of an MNO o at term t the

mw ?
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1Of

greater the amount of mmWave spectrum M ' allocated to

MNO o on any floor @, in a building I in any TTI tat termt,.,,

C. Modeling Interferer Statistics per Apartment
Following [22], recall that we assume E[U,, |=1for 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 in each apartment can
be expressed following the same procedure presented for
modeling the user statistics per smaII cell in Section I1I(A). In
doing so, let U, eV, ={0,1,2,...,U, . } denote the number

of interferer UEs served by each SBS of MNOs O\o inany TTI
t for an SBS s of MNO o, where U, .. =O-1. Then, the
probability of U, number of interferer UEs for an SBS s of
MNO o in an apartment is given by,

Uk max! U 1
: x (A X —
Uy !(Uk,max -U, ) ! ( /ﬂ) (l+(/1/,u))uk""ax

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

E[U]=Y0 0™ (U xp(U,)) ©)

From (9), 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[U,]=0). Likewise, the minimum amount of spectrum is

allocated to an MNO o when each interferer UE of MNOs O\o
exist within each apartment on any floor, ..,

E[U,]=(Yymax —1) [22].

p(Uy)=

(®)

IV. PERFORMANCE METRICS ESTIMATION AND ANALYSIS

A. Performance Metrics

Let Su,o denote the number of macrocells, and Sp,, denotes
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 steps each lasting 1 ms) such that T= {1, 2, 3,...,Q}.

Let P, P.., and P, denote, respectively, the transmlssmn

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=tforan MNO o at t,, in bps per Hz is given by [31][32]

0, P, <—100B
o, (pim, ) =1 Blog, (1+10(”' dB)/“’)j, ~10dB < pi™ < 22dB

4.4, Py, > 22dB
(10)

where S denotes the implementation loss factor.
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Let Mg, denote the spectrum in RBs of a macrocell for

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

M
Olttso = Dy Do aime (pim, ) (12)

where o and , are responses over M, .., RBs of all macro
UEsinteTforan MNOoat t,, . Ifall SBSs s,
g in a building I of an MNO o serves simultaneously in all

TTI teT , then, the aggregate capacity served by an SBS, all
SBSs per floor w,, as well as all SBSs on all floors o, in a

building I, of an MNO o at a renewal term t,, are given
respectively by

trow @11 ul
ol = S o, (pl,) (12)

tel’

S tw @
trnw 1O _ of| 0 ow O
GFDo LSono zsx‘mzlcFD,o,l,sm (13)

,conany floor

o OFL OrL tnw @
Ofpol = Zm,, 190l (14)

0 ff 0

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 foran MNO o at t,,, . Then, by linear approximation,

the system-level average aggregate capacity, SE, and EE for all
MNOs O countrywide at t,,,, for I=L can be given by

oo (L) =20 (Ghisso + (Lxomar ) (15)
Since (L X Gy ) >> oy o, roughly, (15) can be given by

ommimo (L)= X, (Lxotmsr ) (16)
%o (L) = %550 (L)/((Me e+ 2o Mugso )<Q) (17)

oo (L) =

{Z (S’LX )E(SM,O x PMC)D/(G?SEZKO('—)/Q) (

where S_ =>"" s denotes the total number of SBSs in

any building | for an MNO o.

However, in a 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 license exclusively for an
equal amount of the mmWave spectrum of M RBs such that for
0=4, M ., =4M . Now, using (14)-(18), the system-level

average capacity, SE, and EE for all MNOs O countrywide at
t. forI=L can be given by
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GZyLSSth::ap (0] ( L) =

o trow O Sofi0 mw O mw flor
0=1 MBSo og=1 i=1 SXDIIO 00,0

(19)
GgyLSSIXWcap (0] ( L) =

ZO LXZ“’FL Zsmnﬂ ZZM Gth!(‘)fl ( LavRCH ) (20)
0=1 oq=1 Sy o=l 7 i=1 Sx‘ovt'ivo pSX‘U,I,i,O
Tote

GZyLSstZWSE o ( L)

= cf?lLsstXWcapo (L)/(( M max + z(oll M yies.o )X Q)

Ggyl_sstXWEE o ( L) =

o [(LxSpoxPy)+ ot (22)
[z"'{(sp,o X Poc )+ (Suo X Puc )JJ/( Hero (/)

Now, let ¢ denote the cost of the countrywide 28 GHz
mmWave spectrum M Recall that an MNO o pays the
spectrum licensing fee based on its number of subscribers
N, att,, with respect to that of all MNOs N¢ .,
Assume that an MNO o pays the spectrum licensing fee of ¢,
corresponding to N, att , suchthat e, can be given by

(21)

C,max *

80 = ( No,tmw /NC max,t,., )X 8C (23)

Now, define Cost Efficiency (CE) as the cost required per
unit achievable average capacity (i.e., per bps) such that the CE

at term t,, can be expressed as follows for both techniques.
g'S:y[S)lcmlva o~ 8c/ GSFy;:m,o (L) (24)
QZ{SQXYVCE,O = 80/ Gzyl_ssfzwcapo (L) (25)

B. Performance Improvement

Hence, the factor representing an improvement in average
capacity, SE, EE, and CE due to applying the proposed
technique can be expressed respectively as follows.

ngptgwlF = T:yES)::apO (L /GSSYLSStXWcapO (L) (26)
G = otogto (L)/odsmieo (L (27)
QsEyé mF = GsFySténéV,o (L)/ Ggyl_s'stRYVEE,o (L) (28)
Gee tSWIF gFD glvzv o / QSLSA,CE o (29)

In the following, we analyze the outperformance given by
(26)-(29) of the proposed CoMSAR technique over the
traditional SLSA technique in terms of average capacity, SE,
EE, and CE [22]. In doing so, we consider the countrywide
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subscriber statistics of all MNOs on any floor o, in a building
I at a renewal term t_ in time t. Assume that the number of

mw

countrywide subscribers of MNO 1, MNO 2, MNO 3, and
MNO 4 are, 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 (6), the allocated spectrum to MNO 1, MNO
2, MNO 3, and MNO 4, are given, respectively, by

M =(01xMe ) 0 ME =(02xMe )
M7 =(03x M ) and ML =(0.4xM ).

3t ot
Hence, the total amount of the spectrum used to serve user
demands of all MNOs when employing the proposed COMSAR
technique is given by,

C,max

M 0n-COMSAR. _ (O.1>< Me )+(0.2>< Mc,max)

O.tiw t

+(0.3X Mc,max )+ (O4X Mc,max )

l,04,CoMSAR M

MO,t t C,max (30)

w1

On the other hand, when employing the traditional SLSA
technique, each MNO o is allocated to an equal amount of

spectrum of (0.25xMc .. ) . However, the number of

subscribers of MNO 1, MNO 2, MNO 3, and MNO 4 are not
the same such that each MNO does 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 M Hence, the total amount of the spectrum

used to serve user demands of all MNOs when employing the
SLSA technique is given by,

C,max "

Mgf;:jfs“ =(0.1xM¢ 1, ) +(0.2x M)
+(0.25x Mg ) +(0.25x M )

l,04,SLSA
Ivlo,t,nW )t = OSX Mc,max (31)
From (30) and (31), we can write the following.
l,og4,Co Log,
o,tmw,ct MSAR S MO'tmwiLSA (32)

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

I,0q . COMSAR Ioq.SLSA
Oty ot Ot ot
Iy COMSAR I,0q,COMSAR g SLSA I,q,SLSA
where G0t t MO,th,t d Oty ot MO,th,t

denote, respectively, the achievable capacities corresponding to
the spectra in (30) and (31) due to employing the proposed
CoMSAR and SLSA techniques.

Since SE is directly proportional, whereas EE and CE are
inversely proportional, to the achievable capacity, using (17)
and (21) for the SE, (18) and (22) for the EE, and (24) and (25)
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for the CE, it can be shown that the proposed CoMSAR
technique provides better SE, EE, and CE performances than
the traditional SLSA technique [22].

V. PERFORMANCE EVALUATION

A. Default Parameter and Assumption

Table | shows the default simulation parameters and
assumptions used for evaluating the performance of the
proposed technique for all MNOs O countrywide. The
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. The 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 recommendations
from the standardization bodies such as the 3™ generation
partnership project (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 atatime, i.e., E[U,, | =1. Moreover, because of

the favorable signal propagation characteristics in indoor
environments and the availability of large spectrum bandwidth,
we consider the 28 GHz millimeter-wave spectrum bands to
serve high data rates within a short distance. However, all the
macrocells and picocells are considered to operate at the 2 GHz
band to provide large coverage and less number of hand-offs.
Because high-frequency signals exhibit a low multi-path fading
effect indoors, the Line-Of-Sight (LOS) large-scale signal
propagation model is assumed for 28 GHz. 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-dependent
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 times and the proportional
fair scheduler to provide a balanced trade-off between the
fairness and throughput performances. The performance results
are generated by a simulator built using the computational tool
MATLAB R2012b taking into account all parameters and
assumptions stated above and given in Table I. Finally, the
algorithm used to generate the performance results is given in
Algorithm 1.

B. Performance Result and Analysis

The performance of the proposed technique is evaluated
with regard to the traditional SLSA technique. 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
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total number of subscribers countrywide N

(Table 1).

1) Impact of the CCI
The performance of the proposed technique is evaluated for
UEs of MNO 1 by varying the number of co-channel interferer
UEs of lcci=0 to Icci=3 of MNOs O\o=1 per apartment on a
single floor of a building for a country with O=4 MNOs. Figure
4 shows the performance 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 we

consider the worst-case scenario, i.e., let‘:f“ is minimum in

(6), such that lIcci=1 corresponds to a UE of MNO=2 with 30%
of subscribers, and lcci=2 corresponds to UEs of MNO=2 and
MNO=3 with 20% of subscribers. Whereas, lcci=0 and lcci=3
correspond to two extreme scenarios, including 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.,
lcci=0), the maximum amount of full countrywide mmWave
spectrum can be allocated to SBSs of MNO 1 on each floor in
all TTIs. As lcc increases, the amount of allocated spectrum to
MNO 1 decreases, and for the maximum co-channel interferer
UEs, lcci=3, only 40% of the countrywide spectrum can be
allocated to SBSs of MNO 1 on each floor. Hence, the spectrum
allocated to SBSs of MNO 1 on each floor with lc¢i=0 is 2.5

times (1/0.4) of the allocated spectrum lcci=3.

Since the achievable capacity depends directly on the
amount of spectrum, the maximum and minimum average
capacity, SE, EE, and CE for MNO 1 can be achieved,
respectively, with lcci=0 and lcci=3 as shown in Figure 4.
Moreover, Figure 4 also shows that the proposed technique with
no CClI provides 2.5 times higher 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 300%, 165%, 75%, and 60%, respectively with no
co-channel interferer UES, lcci=0. The improvement factors,
however, decrease as Icci increases and get to a minimum when
Icci=3. Hence, CCI plays a vital role in the overall performance
of an MNO when allocated to the countrywide spectrum.

2) Effect of the Spectrum Reuse

Figures 5(a) and 5(b) show the effect of reusing the same
countrywide spectrum both vertically to each floor of SBSs of
MNO 1 in a multistory building and horizontally to each
building over a macrocell coverage. As can be seen from
Figure 5, the proposed technique provides better SE and EE
performances than the traditional SLSA technique, with the
variation of either o , or L, or both. Moreover, with an

increase in the number of floors w, , i.e., vertical reuse factor

(RF), as well as the number of buildings L, i.e., horizontal RF,
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 with

at any term

C, max, ty,

trnw
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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
5(a) and 5(b).

Hence, the performance of the proposed technique is greatly
influenced by the CCI, and a significant performance gain can
be achieved when the aggregate CClI is limited to a low value.
However, due to a small coverage of an indoor small cell and a
low probability of co-existing all interferer UEs of MNOs
Olo=1 within an apartment, the proposed technique can
improve considerably the average SE and EE performances.
Moreover, the impact of CCI can be compensated by increasing
the RF. For example, the proposed technique with the
maximum CCI for vertical RF=6 or more can provide better SE
and EE performances than when operating under no CCI
scenarios for vertical RF=1 for any horizontal RF.

C. Performance Comparison

According to [39][40], 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., 0.3x10 Joules/bit), of that
of 5G mobile systems [41][42]. Using Figure 5, Table 11 shows
the variation in the required values of the vertical RF o and

horizontal RF L when employing the traditional SLSA
technique and the proposed technique with no CCI, as well as
the maximum CCI, scenarios for each apartment on each floor
of any building for MNO 1 to satisfy both the SE and EE
requirements for 6G mobile systems.

From Table I, it can be found that the required SE and EE
for 6G can be achieved by changing either vertical RF o, or

horizontal RF L such that their product, i.e., (w; xL), defines

the achievable SE and EE performances. Moreover, the
proposed CoOMSAR technique can satisfy both the SE of 370
bps/Hz and EE of 0.3 pJ/bit for 6G mobile systems by reusing
(horizontally) the countrywide 28 GHz mmWave spectrum to
small cells of MNO 1 of about 61.2% less number of single-
floor (i.e., o, =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).

VI. OFFERED BENEFITS AND FURTHER OUTLOOKS

A. Offered Benefits

The 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 [22]. Furthermore, 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 tmnw, resulting in reducing the cost per unit capacity
(i.e., bps).
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TABLE I. DEFAULT PARAMETERS AND ASSUMPTIONS

Parameters and Assumptions Value
28 GHz spectrum countrywide 200 MHz
Number of MNOs and subscribers 4and N,

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

40%, 30%, 20%, and 10% of N .

For each MNO

E-UTRA simulation case*®

3GPP case 3

Cellular layout?®, Inter-Site Distance (ISD)*2°, transmit direction

Hexagonal grid, dense urban, 3 sectors per macrocell site, 1732 m, downlink

Carrier frequency?®®

2 GHz Non-Line-Of-Sight (NLOS) for macrocells and picocells, 28 GHz LOS for
all small cells

Number of cells

1 macrocell, 2 picocells, 280 small cells per building

Total BS transmit power* (dBm)

46 for macrocell**, 37 for picocells®, 19 for small cells**#

Co-channel small-scale fading model*3®

Freguency selective Rayleigh for 2 GHz, none for 28 GHz

MBS and a UE Outdoor macrocell UE PL(dB)=15.3 + 37.6 logwR, Risin m
Path Indoor macrocell UE PL(dB)=15.3 + 37.6 l0g10R + Low, Risinm
loss  [PBS and a UE* PL(dB)=140.7+36.7 logyR, R is in km

SBS and a UE** PL(dB)=61.38+17.97l0g,,(d) , disin m

Lognormal shadowing standard deviation (dB)

8 for MBS?, 10 for PBS?, and 9.9 for SBS*®

Antenna configuration

Single-input single-output for all BSs and UEs

Antenna pattern (horizontal)

Directional (120°) for MBS?, omnidirectional for PBS* and SBS*

Antenna gain plus connector loss (dBi)

14 for MBS?, 5 for PBS?, 5 for SBS'®

UE antenna gain?®

0 dBi (for 2 GHz), 5 dBi (for 28 GHz, Biconical horn)

UE noise figure>® and UE speed*

9 dB (for 2 GHz) and 10 dB (for 28 GHz), 3 km/hr

Picocell coverage, number of macrocell UEs, and macrocell UEs
offloaded to all picocells*

40 m (radius), 30, 2/15

Indoor macrocell UEs* 35%
Number of buildings L
Number of floors per building 35
Number of apartments per floor 8
3D multistory building and SBS models (square-grid apartments) Number of SBSs per apartment 1
Number of SBSs per building 280
Avrea of an apartment 10x10 m?
Materials used Reinforced concrete

Scheduler and traffic model?

Proportional Fair and full buffer

Type of SBSs

Closed Subscriber Group femtocell BSs

Channel State Information Ideal
TTI* and scheduler time constant (t.) 1 ms and 100 ms
Total simulation run time 8 ms

taken from [33], from [34], *from [35], “from [36], from °[37], from ®[38].

Algorithm 1. Proposed CoOMSAR technique

01: Inlet: 0:4’ Q’ trnw’ NC, max,t, M’ NO,lmw Y MC,max’ SF,o’ PMC 2 PPC Y PSC Y Lmax 7(DFL
02: For L={1,23,.., L4}

03: {Fort={1,2,3,..,Q}

04: ! For 0€0={12,..,0}

05: Find ML‘VZ’"‘L‘[* using (6)

06: i i Estimate Capacity, oo, (L) and ogems,o (L)
07: Estimate SE o5 (L) and o2smseo (L)

08: : Estimate EE oo (L) and ogfemeo (L)

09: | Estimate CE g2y, and Gofamveo

10: i End

11: End

12: End
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Figure 4. Performance improvement of the proposed COMSAR technique 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. (a) average capacity,
(b) spectral efficiency, (c) energy efficiency, and (d) cost efficiency.
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Figure 5. (a) SE and (b) EE performances of COMSAR versus SLSA with a change in vertical RF and horizontal RF for MNO 1.

TABLE Il. REQUIRED VERTICAL RF AND HORIZONTAL RF FOR THE PROPOSED AND SLSA TECHNIQUES
TO SATISFY SE AND EE REQUIREMENTS FOR 6G MOBILE SYSTEMS.

Horizontal RF

Traditional SLSA

Vertical Proposed technique  Proposed technique Proposed technique Proposed technique Traditional SLSA
RF with no CCI with maximum CCI with no CCI with maximum CCI
SE EE SE EE SE EE Minimum required to satisfy SE and EE
1 12 1 29 1 31 1 12 29 31
6 2 1 5 1 6 1 2 5 6
12 1 1 3 1 3 1 1 3 3

B. Further Outlooks

1) Implementation perspectives:  The implementation of
the proposed technique warrants the following issues [22],
including updating the dynamic usage of the countrywide
spectrum on each floor by UEs of different MNOs and
enforcing CCl management. In this regard, SBSs of each MNO
per floor can keep sensing using either a reactive or proactive
approach to detect the status of the shared full countrywide
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 a huge
amount of control signaling overheads depending on the size of
the group of the coordinated SBSs. The larger the size of the
group of the coordinated SBSs, the greater the amount of

generated control signaling overheads, as well as the delay in
updating the CCI status.

In general, coordination among SBSs can be done centrally
or in a distributed manner [22]. Central coordination of SBSs
per building, for example, can contribute to achieving a global
optimization in updating the CCI status and the corresponding
spectrum allocation to each MNO. This, however, comes at the
cost of generating high control signaling overheads. On the
other hand, by limiting the size of a coordinated group of SBSs,
control signaling overheads due to the coordination can be kept
limited. This, however, comes at the cost of allowing a local
optimization in updating the CCI status and the corresponding
allocated spectrum to each MNO. Hence, a tradeoff between the
optimal performance in the CCI and scheduled spectrum status
updates per MNO and the generated control signaling overhead
due to the coordination needs to be achieved, which asks for
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further studies [22]. We consider this issue as part of our future
research studies.

2) 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 like [22]. However, the countrywide full spectrum
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 a maximum CCI, a minimum distance between
co-channel small cells (each located in an apartment) can be
defined in both the intra-floor and inter-floor levels to form a
3D cluster of small cells of an MNO o within a building. The
allocated spectrum per MNO can then be reused for each 3D
cluster of small cells of an MNO o to improve the spectrum
utilization. for example, adopting [13], a minimum distance
between co-channel small cells for the 28 GHz mmWave
spectrum in the intra-floor level and inter-floor level,
respectively, for any MNO o at any term t,_, can be expressed

as follows [22].

. (Y1.797)
A=A x(%NJ (33)
_ (Y1.797)
A, =A, x((%m ) /1o<“f <Ae>/1°)j (34)

where 1™ and 1™ denote, respectively, intra-floor and inter-
floor CCI constraints at a small cell UE. £, and =, denote,

respectively, the maximum number of co-channel small cells in
the intra-floor level and inter-floor level. A, denotes the

minimum distance between a co-channel small cell and a small
cell UE and a, (A, ) denotes the floor penetration loss at 28

GHz.
Let s/ and s denote, respectively, the number of small cells

corresponding to A,, and A,, in a building I such that a 3D
cluster consists of Sy, = (S,"i xsf)small cells. Hence, the same

spectrum of MNO o can be reused for each cluster of (s,"‘ xsf)
small cells in a building. Let S, denote the maximum number

of small cells of an MNO o in a building I such that the number
of times the same spectrum of MNO o can be reused in building
| (i.e., the spectrum RF for MNO o in building I) can be
expressed as follows.

S
Oy = —— (35)
T (st xsy)
S
Wgp) = Si (36)

3D,

Since the spectrum reuse can be performed to small cells
deployed on the same floor of a building and the 28 GHz
mmWave signal faces high floor penetration loss, ,,, > o
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may satisfy, resulting in improving the average capacity, SE,
EE, and CE even further. Like [22], we consider this issue as w
part of our future studies.

3) Impact of frequency bands on spectrum exploitation:
The distance-dependent path loss varies with a change in carrier
frequency. In general, an increase in carrier frequency causes to
increase the path loss. Since the usable mmWave frequencies
range largely, there is a corresponding impact on the reuse of
the mmWave spectrum. For example, the distance-dependent
path loss for the 60 GHz mmWave band can be expressed as
[43] PL(dB) =68+21.7log,,(d) where d is in the meter [22].

Like the 28 GHz band, adopting [13], a minimum distance
between co-channel small cells for the path loss of 60 GHz
mmWave spectrum as given above in the intra-floor level and
inter-floor level, respectively, for any MNO o can be expressed

as follows [22].
(Y2.17)
) @)

- : ) )
= at (Aeeocrz )/10
e () (@)

where A, E

[1]

Aa,GOGHz = Am X(

and 1™ for the intra-floor level, as well as =,

and 1™ for the inter-floor level, are the same for both the 28-

GHz and 60-GHz mmWave bands. Now, taking the ratio of (37)
to (33), we can find the following for the intra-floor level.

2.17)~(1/1.797
A, 061z _(E/ )(1/ )-(1/1.797)
- = thr
Aa,ZBGHz Ia
A

a,60GHz

_ -0.373
=
= ( %hr )
Aa,ZSGHz Ia

However,0< 1" <1 and Z, is a positive integer such that
the following holds.

_ -0373
)
a

Hence’ Aa,GOGHz < A{11,28GHZ (39)

This implies that the minimum distance in the intra-floor
level decreases with an increase in frequency. Moreover, due to

the higher frequency band, o, (A.sere) > @, (Aexer) - HeNCe,

following the above procedure for the intra-floor level, it can be
shown that the following holds for the inter-floor level.

Ae,GOGHz < Ae,ZSGHz (40)

Let SIa,6OGHZ
corresponds to A

corresponds  t0 A gy, and  Sgap
such that a 3D cluster at the 60 GHz

'¢,60GHz
band consists of S5 | e, = (sﬁBOGHZ XS socHz ) small cells. Then,
from (39) and (40), we can find the following.
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a e a e
(SI,GOGHZ X S| 60GHz ) < (SI,ZSGHZ X S 286Hz )

S3D,|,60(3HZ

<s (41)

3D,1,28GHz

Hence, the 3D cluster size decreases with an increase in
frequency, i.e., more reuse of the same amount of spectrum
bandwidth at the 60 GHz band can be made than that of the 28
GHz band for the same number of apartments in a building.
Since there are other mmWave bands considered effective for
the 5G and beyond mobile systems, including 26 GHz, 39 GHz,
and 73 GHz, a detailed understanding of how the mmWave
frequency bands impact their reuse in in-building scenarios is
necessary [22], which we consider addressing as further studies.

4) 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 atmospheric absorption effect, cell
coverage, shadowing effect from large buildings, outage
probability, user density, and speed, and 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 work [22]. We aim to
address this issue of the mmWave spectrum allocation and
reuse in outdoor environments in our future research studies.

5) Effect of highly reflective environments: In general,
the presence of LOS components is higher and the effect of
multi-path fading from reflections, refractions, and scattering is
less in high-frequency mmWave than in low-frequency
microwave signals. So, even though, for simplicity, we consider
no effect of highly reflective environments such as furniture
and metal walls, ventilation installations, and elevator cars in
the performance analysis of indoors in this paper, in practice,
there may be some effects from such highly reflective
environments in high-frequency signals. This requires further
investigations, which we consider for our future studies.

VII. CONCLUSION

In this paper, we have proposed a countrywide millimeter-
wave (mmWave) spectrum allocation and reuse (COMSAR)
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technique that considers assigning each MNO with the 28 GHz
mmWave spectrum countrywide at the cost of paying the
spectrum licensing fee subject to avoiding co-channel
interference (CCI). The assigned spectrum to each MNO is
reused further to operate its small cells deployed on each floor
in a multistory building. The amount of the spectrum licensing
fee for an MNO is updated in accordance with its number of
subscribers at each license renewal term. Moreover, CCI has
been avoided by developing a frequency-domain CCI
avoidance scheme that allocates UEs of different MNOs in an
apartment on any floor of a building orthogonally to the
countrywide 28 GHz mmWave spectrum. We have modeled
user statistics per small cell and interferer statistics per
apartment and formulated an expression for the optimal amount
of spectrum of each MNO countrywide. By varying the impact
of the CCI and the spectrum reuse, extensive numerical and
simulation results and analyses have been carried out for an
example scenario of a country consisting of four MNOs, i.e.,
MNO 1, MNO 2, MNO 3, and MNO 4 with a subscriber base
of, respectively, 40%, 30%, 20%, and 10% of the total
countrywide subscribers.

It has been shown that the proposed technique with no CCI
provides 2.5 times higher average capacity, SE, EE, and CE
performances than that with the maximum CCI. Furthermore,
with regard to the SLSA, the proposed technique improves the
average capacity, SE, EE, and CE of MNO 1 by 300%, 165%,
75%, and 60%, respectively, with no CCI. The improvement
factors, however, decrease as CCI increases and reaches the
minimum value when CCI is the maximum. Besides, the
required SE and EE for 6G can be achieved by changing either
vertical RF o, or horizontal RF L such that their product, i.e.,

(g xL), defines the achievable SE and EE performances.

Further, the impact of CCI can be compensated by adjusting
either vertical RF or horizontal RF. Furthermore, it has been
shown that the proposed CoOMSAR technique can satisfy both
the SE of 370 bps/Hz and EE of 0.3 pJ/bit for 6G mobile
systems by reusing the countrywide 28 GHz mmWave
spectrum to small cells of MNO 1 of about 61.2% less number
of single-floor buildings with no CCI, whereas 6.4% less
number of single-floor buildings with the maximum CCI, than
that required by the traditional SLSA technique. Lastly, we
have discussed the benefits of the proposed technique and
pointed out a number of issues as part of further studies on the
proposed COMSAR technique.

APPENDIX A

TABLE Al. LIST OF ACRONYMS/ABBREVIATIONS
Acronym/ Abbreviation ‘ Definition
3D 3-Dimensional
6G Sixth-Generation
BS Base Station
CClI Co-Channel Interference
CE Cost Efficiency
CoMSAR Countrywide Millimeter-wave Spectrum Allocation and Reuse
EE Energy Efficiency
FFR Fractional Frequency Reuse
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ISD Inter-Site Distance
LOS Line-Of-Sight
mmWave Millimeter-Wave
MNO Mobile Network Operator
NLOS Non-Line-Of-Sight
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

TABLE A2. LIST OF SELECTED NOTATIONS

Notation

Description

Index of a TTI

Simulation run time with the maximum time of Q

Number of MNOs of a country

Index of an MNO

Amount of mmWave spectrum per MNO in SLSA

Index of a building

Number of buildings per macrocell

Index of an RB

o 7= =] o=~

MC ! PPC ’and PSC

The transmission power of a macrocell, a picocell, and a small cell,
respectively, of an MNO o

Number of floors in a building

Op
o4 Index of a floor in a building
M e Countrywide mmWave spectrum in RBs
- Licensed renew term
S, Number of SBSs in any building | for an MNO o
¢ Cost of the countrywide 28 GHz mmWave spectrum M ..
€, Spectrum licensing fee paid by an MNO o
o Number of subscribers of an MNO o at term ¢,
. Number of subscribers of a country at term t,,
Log The optimal amount of licensed spectrum in RBs for an MNO O on any
0v‘mw‘l - - - -
floor o, inabuilding I'in TTI tat term t_
cim (4) A link throughput at RB=i in TTI=t foran MNO o at t_ in bps per Hz
pi () Alink SINR at RB=i in TTI=t foran MNO o at t,, in dB
M Spectrum in RBs of a macrocell for an MNO o

MBS,0

GSFYS‘,:‘ZS‘O () ) Gsry;.(smg,o () ) GSFyS:(é"EW,o (-) and G?Sj‘c”éo

System-level average capacity, SE, EE, and CE, respectively, for all
MNOs O countrywide at t,, for I=L when employing the proposed

technique

SYS by () sysit, . sysit, . sysit,
Osisacapo ")+ OsLsaseo ( ) ) GSLSX.WEE,O( ) , and GSLSACE,O

System-level average capacity, SE, EE, and CE, respectively, for all
MNOs O countrywide at t,, for I=L when employing SLSA

Wolo by Il SYtiw
SeapO.IF + GSEOLIF + SEEO.IF * and ¢one

Improvement factors in average capacity, SE, EE, and CE, respectively,
due to applying the proposed technique
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Abstract—The underwater acoustic environment poses
challenges for communication that can make solutions from
terrestrial radio networks ineffective. However, the mature
terrestrial solutions are based on decades of real-world
research and experience, proving their sustainability and
reliability. Although not suitable for direct replication, it may
be wise to take advantage of these proven solutions. With this
in mind, it is valuable to study successful terrestrial
approaches and evaluate their ability to support the harsh
underwater environment, and to assess how procedures and
algorithms can be adapted for efficient underwater
communication. In this paper, we revisit frequently used
Medium Access Control (MAC) protocols and discuss the
challenges they face in the underwater environment. In
addition, underwater challenges related to multi-hop data
collection are discussed. To improve reception reliability in the
highly dynamic underwater environment, we focus on
broadcast solutions that are constrained to avoid network
flooding. Location-based techniques are promising in this
regard. Related to the MAC layer, underwater communication
solutions should focus on preventing collisions at receiver, and
reducing the time between packet receptions. Furthermore,
machine learning techniques can give more intelligent and
accurate decisions, and may provide more autonomous
network operations. These techniques should be further
investigated.

Keywords-UWSN; underwater wireless sensor networks;
Medium Access Control MAC; underwater routing, survey.

1. INTRODUCTION

Underwater wireless sensor networks (UWSNSs) can
provide extended connectivity for applications within
underwater environmental monitoring, oil and gas industry,
offshore wind, and defense purposes. The topic is given
weight in the Norwegian Research Council funded research-
based innovation center “Smart Ocean”, motivating the
present survey paper which discusses the state of the art in
UWSN research and which approaches can and cannot be
transferred from terrestrial radio networks.

UWSNSs consist of nodes deployed underwater that use
wireless communication to generate a connected network.
The ‘last mile’ in these underwater networks is to transport
the collected data to the surface for further transmission
toward a destination using terrestrial technologies. Focusing
on the underwater network, the protocols used may borrow
ideas from well-known terrestrial solutions. However, they
must be thoroughly assessed against the unique

Roald Otnes

Norwegian Defence Research Establishment (FFI)
Horten, Norway
e-mail: Roald.Otnes@ffi.no

characteristics of the underwater environment as discussed in
[1], and further elaborated in this paper.

The United Nation (UN) sustainability goal #14, life
below water [2], calls for underwater surveillance solutions
to monitor the marine environment and strengthen ecosystem
knowledge. To this end, sensor networks can be essential
building-blocks in systems used by the ocean industries and
public surveys for monitoring the seabed and water-column
conditions. The network can contribute to sustainable
exploitation of underwater resources by monitoring
environmental parameters, and ensure responsible growth
with well-controlled environmental impact.

The discussion is focused toward wireless networks.
Using wired communication in underwater environments
would increase the available bandwidth and provide more
reliable communication. However, installation of a wired
network consumes significant time and resources, and the
network is less scalable due to fixed physical connections. In
addition, fishing activities and underwater currents can move
and twist nodes, cables, and mechanical junctions such that
the communication infrastructure is deteriorated or is cut off.

Sustainable network operation relies upon well-suited
Medium Access Control (MAC) and network layer
protocols. The goal of the MAC is to wisely share the
network media between the nodes to provide efficient data
collection. The network layer enables data from remote
nodes to reach its destination. The protocols must adapt to
the environmental challenges related to the underwater
media, such as low propagation speed, low and dynamic
channel capacity, interference, ambient noise, and
asymmetric links, and so forth. In addition, the sensors are
mainly battery operated, and battery replacement is
unfeasible. Furthermore, the characteristics of the
propagation environment may change substantially, both on
short and long timescales. Thus, the protocols should provide
solutions that cope with the dynamic environments and,
simultaneously, reduce the energy consumption of the nodes.

Current underwater wireless solutions are mainly based
on underwater acoustic transmission [3]. The signal
propagation for acoustic underwater communication is five
orders of magnitude slower than the speed of light; in
addition, it is affected by temperature, salinity and depth [4,
5]. The low propagation speed presents a fundamental
challenge in coordinating the access to the shared
communication medium. The time window used by the
resource reservation processes should be compressed to
allow more time for payload.
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Network layer protocols establish routing paths to enable
multihop transmission, which can be used to increase the
area covered by the network and/or to reduce the output
power, i.e., reduce transmission range, and save energy. The
routing paths are formed based on specified criteria that aim
to support the overall goal for the communication and/or to
support overall network goals. For instance, the data can be
transmitted over several paths simultaneously to support
reliable communication, or the data can be sent alternately
over different available paths to balance the energy
consumption in the network to prevent early depletion of
nodes. However, due to the dynamic characteristic of the
channel, and potential movement of sensor nodes, it is
difficult to construct proactive routing paths, while reactive
paths introduce high transmission delay. On the contrary,
broadcasting can limit the delay and reduce the need for
proactive configuration. In addition, the reliability is
improved because the data are transmitted over several paths.
However, the broadcast should be constrained to reduce
network traffic and limit the energy consumption of the
nodes.

Table 1 compares characteristics that are important with
respect to MAC and network layer protocol performance.
The peculiar characteristics of the underwater environment
mean that protocols used in terrestrial communication
require adjustments to provide efficient underwater
communication. To this end, the contribution of this paper is
to discuss characteristics that are challenging when
converting basic terrestrial MAC layer protocols for use in
the underwater environment. In addition, network layer
protocols that enable constrained multicast are investigated.
Basic multicast should be avoided to prevent excessive
network traffic as well and excessive energy consumption.
Researchers and developers might find our discussion
valuable, as it presents general arguments that should be
considered during protocol development and evaluation.

There are several key performance indicators that can be
used to assess solutions underwater communication. Energy
consumption is an important indicator. Reducing the
consumption increases the network lifetime, which is crucial
since the nodes are generally battery charged, and battery
replacement is expensive and not very feasible due to the
harsh environmental condition. Other important indicators
are throughput, reliability, latency and access-delay. In
addition, the solution must be adaptable to the dynamic
underwater environment.

The rest of the paper is structured as follows. In Section
IT we present related work. MAC layer protocols and their
issues related to the underwater environment are discussed in
Section III. Network layer protocols, and their issues, are
discussed in Section IV. Software Defined Network (SDN)
and Machine Learning (ML) is shortly discussed in Section
V. In Section VI network optimization is discussed in the
light of modem and environmental characteristics. In Section
VII we present conclusions.

II. RELATED WORK

The increasing interest in life and resources below water
has mobilized a wide range of research on underwater sensor
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Table 1 Comparing terrestrial and underwater characteristics.

Terrestrial Underwater acoustic
Propagation Almost the speed of | About 1.5*10° m/s in seawater
speed light, 3*10% m/s
Propagation Almost negligible. Depends on distance betweeen
delay between nodes.
different
nodes
Data rate High Low
Channel High Low and dynamic
quality

networks. The communication protocols are important to
enable efficient operation. Thus, a range of solutions are
suggested in the literature, and various surveys present and
discuss selected solutions focusing on various aspects. A
thorough discussion of MAC protocols for underwater
acoustic networks is found in [6]. It is emphasized that
further studies should focus on methods that handle the long
propagation delay in ways that improve the utilization of the
available bandwidth, for instance by allowing concurrent
transmission as long as packet collision at the receiver is
prevented. The MAC survey presented in [7] points out that
current MAC protocols designed for terrestrial solutions are
not suitable for underwater communication, and introduces
software-based approaches as a promising solution to
address the challenges of underwater networks. Boukerche
and Sun [8] discuss underwater channel modeling, MAC and
routing protocols, and localization schemes. It is pointed out
that the underwater environment is much more complex than
the hypotheses that existing approaches are commonly based
upon. The complex environmental characteristics are the
reason that we, for network layer solutions, focus on
constrained broadcast rather than single path solutions that
are more vulnerable for changing channel characteristics.

Khisa and Moh [9] focus on energy-efficient routing
protocols. Energy consumption is also very much in focus
when Khalid et al. discuss localization-based and
localization-free routing protocols, along with routing issues,
in [10]. They conclude by pointing out that all protocols have
pros and cons, so that a protocol that is best for all cases
cannot be found. The same is pointed out in [11], where
routing protocols for acoustic sensor networks are assessed
according to feasible application scenarios. An earlier survey
that gives a nice overview of routing protocols and network
issues is presented in [12]. Terrestrial routing protocols are
also compared with Underwater Wireless Sensor Networks
(UWSNs) in the survey. The survey presented in [13]
focuses on cross-layer designed routing protocols. The
authors define cross layer design as a design where
algorithms from different layers can exchange information
with each other, and point out that layered designs are better
for creating adaptive solutions. A substantial part of the
protocols suggested for UWSNSs do, at least to some degree,
follow the definition of cross-layer solutions defined in the
paper. For instance, using this definition, all network layer
protocols that use location or energy level as selection
criteria will be categorized as cross-layer protocols.

2022, © Copyright by authors, Published under agreement with IARIA - www.iaria.org

19



Our focus is to present the issues that affect the MAC and
network layer protocols. We review traditional MAC layer
algorithms and describe their weaknesses related to
underwater communication. At the network layer, the focus
is on methods that reduce broadcast. Due to the dynamic
environment, the links are very unreliable. Broadcast
communication is therefore advantageous compared to
communication over predetermined dedicated links.
However, simple broadcast (flooding) is a waste of energy.

III. MAC PROTOCOLS

MAC protocols have a large impact on the overall
network performance, because they coordinate the nodes’
access to the medium. The access must be shared fairly
between the nodes, the scarce bandwidth resources must be
efficiently utilized, the access delay must be limited, and
packet collisions should be minimized. To avoid collisions,
transmission time as well as packet length must be taken into
consideration. That is, the transmission time between the
sender and the node that is farthest away, but still within the
sender’s transmission range (interference range), must be
considered. In addition, sustainable MAC protocol solutions
require energy-efficient operations that lengthen the network
lifetime and reduce the management cost. To this end, the
impact for the various states of the communication processes
must be investigated to develop the most optimal solution. In
addition, dynamic environments and low channel capacity
require adaptive and bandwidth-efficient protocols.

The access methods generally used can be categorized as
fixed-assignment protocols, demand-assigned protocols and
random-access protocols [14]. In fixed-assignment protocols,
the channel is divided between the nodes so they can access
the medium without any risk of collisions. Typical protocols
used are Time Division Multiple Access (TDMA),
Frequency Division Multiple Access (FDMA), and Code
Division Multiple Access (CDMA). These protocols provide
predictable access delay, and efficient utilization of available
bandwidth. In addition, no energy is wasted on collisions.
However, the assigned resources require signaling to
renegotiate resources when the network topology changes or
if nodes require more resources due to increased traffic load.
In addition, the dynamic underwater environment means that
the quality of pre-allocated resources can fluctuate, causing
issues related to packet loss and throughput.

Demand-assigned protocols provide short term channel
assignments. Polling schemes belong to this class of
protocols. The nodes may emit request for channel
allocation, and successful allocation is confirmed back to the
nodes with description of the allocated resources. The
resources may be defined in terms of number and positions
of TDMA slots. Time slotted communication is illustrated in
Figure 1. The administration of resources can be distributed
to some key nodes in the network, for instance to cluster
heads in clustered networks. However, network-wide
resource reservation is complex as traffic from nodes in
adjacent areas can interfere. Furthermore, efficient TDMA
requires precise synchronization, which is challenging in
underwater environments due to the long and variable
transmission delay. In addition, using guard times that are
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time

Figure 1. Time slotted communication. TDMA

adjusted to allow different time delays and time references
will lead to inefficient utilization of the channel. However,
short periods of static and predictable propagation delays
may provide synchronization that is accurate enough [15].

The nodes in random-access protocols are uncoordinated
and operate in a fully distributed manner. ALOHA is one of
the earliest and most important protocols in this category. In
the simplest version of ALOHA, the nodes transmit the
packets as soon as they are generated. Successfully receiving
the packet, the receiver transmits an Acknowledgement
packet (ACK) back to the sender. If the sender does not
receive ACK, it assumes that a collision has occurred. It
waits a random amount of time (backoff) before
retransmitting the packet. ALOHA works well when the
traffic load is low. Under heavier load the number of
collisions increases, increasing the delay and energy
consumption, and reducing the throughput efficiency. In
slotted ALOHA, the time is divided into timeslots, and
packet transmission can only start at the beginning of a
timeslot. The slot time is long enough to accommodate the
longest allowed packets. Thus, only simultaneously
transmitted packets can collide. However, because of the
long transmission delay, this is not true in underwater
communication. In addition, to avoid collisions, the slot
length must also take the transmission delay as well as
packet length into consideration.

Another popular random-access protocol is Carrier Sense
Multiple Access with Collision Avoidance (CSMA/ CA),
which is a random-access scheme with carrier sense and
collision avoidance through random backoff. Different
backoff algorithms can be used, but they roughly follow the
following procedure: To avoid disrupting ongoing
transmissions the nodes listen (carrier sense) to the channel,
and choose a random number of backoff slots within a
contention window. After the channel has been idle for a
time interval denoted Distributed Interface Space (DIFS), the
backoff value is decremented for each idle timeslot observed
on the channel. As soon as the counter expires, the node
accesses the medium. See illustration in Figure 2, where
node A transmits a packet after the channel has been idle for
DIFS plus the time it takes for the backoff value to be
counted down. Node B has to wait until the channel has been
idle for DIFS before it starts counting down the backoff
value. A collision triggers retransmission with a new random
selection of backoff time, and for each collision the
contention window doubles. This is called exponential
backoff. Using slotted CSMA, the backoff equals a random
integer number of timeslots. However, due to the time-delay
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Figure 2. Carrier Sense Multiple Access CSMA

variations in underwater environments, unslotted version
could be more feasible. An explicit ACK is sent by the
receiver upon successful reception of the packet.
Asymmetric links affect the communication efficiency
especially when reliable communication is required. The
reason is that when ACK messages are lost, the packets will
be re-transmitted. Re-transmitted packets increase network
traffic, which increases collision probability and also the
energy consumption.

Furthermore, carrier-sense protocols are susceptible to
the hidden-node problem and unfair access. The slow
propagation speed can lead to unfair access since there is
bias in estimating clear channel: Nodes close to the signal
source get a clear channel earlier, providing them with more
access opportunities [16].

The hidden-node problem is caused by the different
location of the sender and the receiving node, see Figure 3. A
transmitting node, N, cannot detect activity at the receiver,
Ny, that is caused by a sending node, N3, whose transmission
reaches the receiver, but not the node N;. To reduce the
hidden-node problem, Request To Send/Clear To Send
(RTS/CTS) can be used. After the sending node has obtained
channel access it sends an RTS packet to the receiver. The
packet includes a time field that indicates the duration of the
overall transaction. Successfully receiving the RTS means
that there are no hidden nodes that are currently creating
interference at the receiver side. The sender replies with an
CTS, which also includes the duration time field. Receiving
the CTS, the transmitter starts transmitting the data packet.
The hidden-node problem is reduced since both the sender,
by means of the RTS, and the receiver, by means of the CTS,
have informed their neighbors about the upcoming
transmission. However, a spatial unfairness may occur since
nodes closer to the receiver may always win Request To
Send (RTS) contentions because their requests are always
received earliest [17].

To account for the long transmission delays in the
underwater environment, the nodes must delay data
transmission according to the longest possible delay, and the
relatively long time span increases the probability of
transmission from a neighboring node. Thus, basic access
control processes, such as carrier sense, reservation of the
media, and ACK are more time-consuming, and more
management is required if these processes are to be
optimized for neighbors at different distances.
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Channel utilization is reduced because collision-free
reception is not guaranteed although the transmissions from
different nodes are collision-free. Likewise, concurrent
transmission may not lead to collision [18]. To improve the
media utilization, receiver-centric solutions can be used to
handle the unequal delay that exists between the various
transmitting nodes. Receivers can arrange the transmission
time for the transmitters so that collisions are avoided, while
avoiding that the time between each received packet is
unnecessarily long, such as suggested in [19]. The major
challenge of the solution is prediction and management of

delays, which require frequent information exchange
between nodes, especially under dynamic channel
conditions.

No solution can take all challenges into account. Thus, no
solutions fit all scenarios as confirmed in the at-sea-
experiment presented in [20], where the performance of three
well-known MAC layer protocols, namely CSMA, T-Lohi
[21, 22], and Distance Aware Collision Avoidance Protocol
(DACAP), is evaluated in an extensive sea-test during at-sea
campaigns. CSMA is the simplest of these protocols, where,
to prevent collisions, the nodes listen to detect if the media is
idle before transmission. If not idle, the nodes back off
according to an exponential back-off mechanism after which
they again listen for a silent channel. ACK can be used for
reliable communication. Applying T-Lohi, the node
transmits a reservation tone, after which it listens to the
channel for the duration of a Contention Round (CR). If no
other tones are heard during CR, the data packet is
transmitted. Otherwise, it enters back-off state for a random
number of CR before repeating the procedure. The most
advanced of the three protocols is DACAP, in which
RTS/CTS is used to reserve the channel. To warn about
possible interference, the destination node sends a short
warning packet to its sender if it overhears control packets
from other nodes after sending its CTS and before receiving
the associated data packet. If the sender overhears a control
packet, or receives a warning from its destination while
waiting for CTS, it aborts data communication.
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Using two different modems, the results reported in [20]
for the three different MAC protocols show similar trends,
although the overall protocol performance is significantly
affected by the delays and overheads associated with the
acoustic modem used. Furthermore, the results presented
show that different traffic loads, channel conditions, and
evaluation metrics call for different solutions. Basically,
solutions should be able to adapt, in a distributed way, to
dynamically changing conditions. Using DACAP, the
network performance is deteriorated when the traffic load is
increased. ACK packets improve packet delivery ratio as
long as the link is symmetric, however this is not always the
case. CSMA reduces the transmission attempts since the
channel is reserved by the data packet itself, however, the
whole packet has to be retransmitted when collisions occur.
The end-to-end delay of CSMA and DACAP use exponential
backoff, making the delay increase rapidly with increased
number of retransmissions. Not using exponential backoff,
T-Lohi has lower end-to-end delay, the price paid is higher
packet loss.

In contrast to single-channel protocols discussed so far,
multiple-channel protocols rely on several channels for
communication to increase network throughput, reduce
channel access delay, and potentially save energy.
Neighboring nodes can communicate simultaneously,
provided that they communicate using unequal data
channels. Furthermore, control signals sent on a different
channel will not affect the data that are sent.

In [23], the control channel is slotted so each node in a
neighborhood is assigned a unique slot. Thus, also control
packets are prevented from collisions. The solution
suggested in [24] presents quorum-based data channel
allocation to prevent collisions. However, generation and
management of multichannel protocols is complex, and
require advanced modems. In addition, if the nodes are
equipped with only one transceiver, it means that they can
only work one channel at a time, either on the control
channel or on the data channel. When this is the case,
handshaking protocols such as RTS/CTS must be tuned to
prevent the triple-hidden-node problem [25]. The triple-
hidden problem occurs if two of the nodes in a neighborhood
are communicating on a data channel. Simultaneously, two
other nodes use the control channel for handshaking and
agree to use channel A for data communication. The first two
nodes will then be unaware of the data channel that the last
two nodes selected. Thus, if the first two nodes want to
initiate a new communication, they may select data channel
A, creating a collision.

Centralized one-hop network solutions simplify media
access management and general network complexity at the
cost of network coverage and network dynamics. Collisions
may be avoided using a polling approach where the nodes
are prohibited from transmission unless polled by the central
node. The polling sequence is not required to be sequential,
it can contain repetitions to support nodes with various
amount of sensor data [26]. To approach the throughput
gained using TDMA, [27] suggests a centralized approach.
The gateway measures the delay to each individual node to
organize the nodes’ transmission time and sequence. The
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gateway manages the network operation so the data from all
the nodes are received in strict order, resembling a
subdivision frame. Although interesting approaches, they
require the nodes to stay awake to listen for polling requests.
A general weakness of the polling approach is that it relies
on symmetric links between the central controller and the
other nodes. This is not always the case in underwater
communication.

To summarize, there is no single solution that works best
in all scenarios, and there is probably a need for solutions
that can be adapted to dynamic changes. Furthermore, most
of the underwater MAC protocols suggested follow
terrestrial approach, trying to avoid transmission collision,
although this will not guarantee against collision at reception
[6]. To efficiently utilize the scarce bandwidth available
underwater, the focus should be on the receiver side.
Solutions must reduce the time between packet receptions
while simultaneously preventing collisions at the receiver.

IV.  NETWORK LAYER PROTOCOLS

Multi-hop communication can be used to increase the
area covered by the network, or it can be used to reduce the
distance between nodes. The advantage of reducing the
distance is that the nodes’ output power can be reduced to
save energy. Also, the reduced distance can be used to
increase the bit rate by increasing the transmission frequency
and bandwidth. Furthermore, short distance between nodes
increases the granularity of the surveyed area, which may be
valuable for picking up local variations and trends related to
the parameters surveyed. On the other hand, longer distances
between nodes in multi-hop networks can reduce equipment
and management costs.

Multihop communication entails challenges such as
increased network traffic and imbalance in the energy
consumption in the network. Traffic increases because data
packets must be forwarded, and management information
must be exchanged to generate and maintain the routing
paths. Energy imbalance occurs since the nodes in the
vicinity of the sink must forward packets for all remotely
located nodes. Furthermore, the harsh underwater
environment makes the generation of routing paths more
challenging. For instance, it is likely that the quality of a
substantial amount of the links is time varying, thus
proactively generated paths may not be reliable. Reactively
created paths, on the other hand, introduce long delay. In
addition, the links may be unidirectional or asymmetric,
which makes it difficult to utilize paths that may be well-
working and stable for communication in the correct
direction. Broadcasting alleviates the challenges related to
generating routing paths since all candidate paths are tried,
and no specific routing paths needs to be generated.
However, broadcasting creates excessive traffic as all nodes
forward received data packets as illustrated by the blue
arrows pointing in both directions in Figure 4. Whichever
node generated the data packet, it is flooded throughout the
whole network, consuming bandwidth and energy. To
prevent this excessive usage of resources, the broadcast
should be constrained.
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Figure 4. Broadcasting.

Opportunistic routing [28] can be an efficient method to
constrain broadcasting. The basic idea is that all receivers
contend to forward packets, i.e., the senders broadcast the
packets, which are forwarded by the most optimal receiver.
Location-based protocols can be used for opportunistic
routing in underwater environments. Using a greedy scheme,
packets are always forwarded by the node located closest to
the sink. This is illustrated in Figure 5, where the green node
transmits a packet. The circle around the green node
illustrates green node’s transmission range. The red node is
the destination, i.e., the sink. The orange node is the node
inside the green node’s transmission range that is closest to
the sink. Thus, the orange node forwards the packet. Only
local information is used to decide whether the received data
should be forwarded, no routing data needs to be exchanged.
For instance, each data packet contains information about the
destination’s location. Nodes that receive the packet start a
timer that is proportional to their own distance to the
destination. If the node overhears the packet being forwarded
by a neighboring node before its own timer reaches zero, it
refrains from forwarding the packet. Otherwise, it forwards
the packet. The long delay in underwater communication
requires that the timer that sets the holding-time (the time
between a packet is received until it is potentially forwarded)
wisely. Two aspects must be considered. Firstly, the timer
must be long enough to ensure that a packet forwarded by a
more preferred node is received by the less preferred node
before the timer of the less preferred node expires. Due to the
underwater environment, it takes time for the forwarded
packet to reach the less preferred nodes. Secondly, it is likely
that the node in the more preferred location receives the
packet later because it is probably located closer to the sink,
and further from the transmitter. To sum up: wait until the
most-preferred node receives the packet, then wait for the
packet relayed by this most-preferred node to reach the less-
preferred nodes. Taking both of these aspects into
consideration increases the delay in the network. In addition,
when the number of potential successor nodes is high, a wide
range of distinct holding-time values is required to prevent
multiple node timers from expiring simultaneously. To
provide a broad range of distinct holding-time values, the
average delay in the network increases.

Location-based opportunistic protocols require that nodes
know their location. GPS is unfeasible as an underwater
location service. One method of solving the underwater
location problem is to let some dedicated nodes, with known
locations, send out beacons at regular intervals. Based on
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Opportunistic: This is the most appropriate node
to forward the data sent from the green node

Figure 5. Opportunistic routing.

received signals, other nodes can use methods like
triangulation to determine their own location. However,
some nodes may be located such that they cannot receive the
beacons emitted to estimate locations. To prevent data from
these nodes from being lost, a method such as suggested in
[29] can be used: The nodes that do not receive location
information use a reactive protocol to send data to the best-
located neighbor node.

Routing pipe can be used to reduce the number of
potential forwarding nodes, and reduce the probability of
excessive network traffic for opportunistic protocols. In
addition, it alleviates the increased delay needed to
accommodate the broad range of distinct holding-time values
discussed above. Assuming a vector from the sender to the
target node, the routing pipe is a cylinder with adjustable
radius centered around that vector. Nodes inside the cylinder
are candidate forwarding nodes. The transmitted packet
carries the position of the sender node, the target node, and
the forwarding nodes to enable the receivers to determine
whether they are located inside the routing pipe, and whether
they are located closer to the destination than the
transmitting node. This is illustrated in Figure 6. The green
node transmits a packet toward the sink (the red node). All
nodes within the green circle encircling the green node are
covered by transmission. The packet is forwarded by the
orange node since it is the node inside the pipe (blue shaded
cylinder) that is closest to the sink. Adjusting the width of
the cylinder, or the transmission range, adjusts the number of
candidate forwarders. In [30], to reduce the chances of
forwarding data packets, nodes with less energy than the
transmitting node intentionally calculate a reduced pipe
diameter. Thus, they reduce the chance of being inside the
cylinder formed by the sender-receiver vector and diameter.
This is done to improve the energy balance in the network.

A challenge related to location-based routing is the
possible existence of void regions in the network. To prevent
data loss, some measures are needed to find detours around
potential voids. A simple algorithm for finding detours
around voids is to switch to broadcasting when approaching
voids regions. Other measures to avoid void generally
require that information is exchanged between the nodes. In
the depth-based approach suggested in [31], the node
examines its neighbors to check whether they can provide
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Figure 6. Time slotted communication. TDMA

positive progress toward the destination. If not, the node
requests information from two-hop nodes to adjust its depth
such that positive forwarding can be resumed. To reduce the
void problem, and improve the Packet Delivery Ratio (PDR),
a holding-time that takes several factors into consideration is
suggested in [32]. Firstly, a reliability index is calculated
based on the energy of the current node and the energy of the
forwarding region. In order to limit formation of energy
holes and thereby increase the reliability, the forwarding
region with the highest energy is selected. Secondly, an
advancement factor is used: The depth of the node is
calculated so that a small decrease in the depth gives an
exponential increase in priority. This reduces the probability
of duplicate packet transmissions because the priority
difference is significant, even for a low change in depth.
Third, a shortest path index is used. It combines the number
of hops toward the destination and the average depth of the
nodes in the next hop.

Other well-known algorithms used in terrestrial Wireless
Sensor Networks (WSNs) to reduce broadcasting, such as
probabilistic and counter-based schemes may be well-worth
testing in underwater environments. Counter-based schemes
are based on the fact that broadcasting a message that has
already been broadcasted by several neighboring nodes will
not substantially increase the area covered. Thus, the nodes
are prevented from rebroadcasting messages if the expected
additional coverage is limited. Basically, the nodes count the
number of times a message is received while waiting for
medium access. If the counter becomes higher than a
threshold, the transmission is canceled, otherwise the
message is transmitted [33]. The method is applied in the
Dflood algorithm suggested in [34, 35]. An alternative
“gossiping” approach to reduce the broadcasting is
introduced in [36].

In probabilistic schemes, the nodes will rebroadcast
messages with a probability P. If P = 1 the data packets are
broadcasted. There is a certain probability that no neighbors
choose to forward a packet. To ensure the progress of a
packet towards the destination, the sender can re-emit the
packet if no forwarded packets are heard. However, to ensure
the packet’s progress, the sender may need to re-emit the
packet several times, which increases network traffic. In
addition, the packet may have been forwarded by nodes
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connected over a unidirectional link, which means that the
re-emitted packets are a waste of both energy and bandwidth.

An alternative to broadcasting may be repeated
transmission of every packet. This solution is used in [37],
where nodes repeatedly transmit the same packet to increase
the probability of successful packet reception. The wanted
success probability decides the number of repetitions. No
acknowledgement or channel reservation is used. The
disadvantage of this method is that both bandwidth and
energy are wasted for all packet transmissions that appear
after the packet is successfully received. An advantage,
however, is the constraining of the interference area that each
packet generates when transmitted. Broadcasting means that
dispersed neighboring nodes, all with different coverage
areas, forward the same packet. Thus, a larger area is
affected by the transmission, i.e., the interference area
increases. This reduces the probability that packets,
generated by nodes located in a different part of the network,
are successfully received.

To summarize, due to dynamically changing channel
conditions and long propagation delays in the underwater
environment, broadcasting may be a better solution than
reusing terrestrial routing protocols that generate specific
routing paths. Broadcast-based forwarding is likely to
improve the probability of packets reaching their intended
destination. However, the broadcasting procedure should be
constrained to reduce both energy consumption and network
traffic.

V.  OTHER SOLUTIONS USED IN TERRESTRIAL
COMMUNICATION

Software Defined Network (SDN) is a technology aimed
at enabling efficient and dynamic network configuration to
improve network performance [38, 39]. This is done by
centralizing the network management, implement it in
software, and base it on complete network information
combined with knowledge of the requirements put forward
by the running applications. The SDN architecture is
generally divided into three layers, application, control, and
data layer. The programs at the application layer informs the
control layer of desired network behavior and requirements.
The control plane manages and dictates how the data plane
should handle data traffic. In addition, it can monitor the
traffic flow and resource utilization to dynamically manage
the network configuration to improve the performance
according to the request sent by the application layer. The
data layer concerns the actual data forwarding that takes
place at the distributed network devices, i.e., routers and
switches.

Using SDN in USWN raises challenges. Control
messages between the network nodes and the central
controller are often transmitted on a secure channel, which
requires reliable communication guaranteed by IP-based
end-to-end connections. The dynamic channel quality in the
underwater environment makes it difficult to support such
guarantees. Other challenges relate to availability,
performance, and security. The central controller must be
available, which is not always the case in underwater
communication. To maintain network performance, varying
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channel conditions, varying traffic load, and requests must be
handled within time limits that are short enough to follow the
dynamically changing characteristics of the underwater
environment. The controller must be secured to ensure that
only authorized applications are able to modify the network
configuration, although, some security functions can also be
improved since centralized SDN may efficiently protect
against malicious attacks by monitoring and detecting
irregular behavior [40].

Another software-related solution is to use Machine
Learning (ML), whose algorithms can generally be divided
into three categories: supervised, unsupervised and
reinforcement learning (RL) [41, 42]. In supervised learning
a training set of defined input parameters gives a set of
known output parameters. These parameters are used to
generate a system model employing the learned relationship
between input, output and system parameters. The objective
is to predict the correct output vector for a given input
vector. Unsupervised learning means that no targets outputs
are provided. The objective is to discover a useful
representation of the input data. Examples of criterions for
learning can be maximization of output variance [43], or to
identify suitable clusters based on similarities of the input
samples [42]. RL deals with the ability to learn the mapping
from situation to actions so as to maximize the long-term
reward. The goal is to learn through experience, i.c., decide
which action yields the highest reward by trying them [44].
This means that RL algorithms dynamically optimize
processes, and is therefore a frequently suggested algorithm
for underwater communication [45]. A common approach
for RL is Q-learning [45], which is described as a Markov
Decision Process (MDP) that handles problems as random
transitions and rewards. Under the environment of the
current state, a software agent performs an action that with a
given probability makes the agent transition to a new state
[46]. The state transitions return some positive or negative
reward, and the goal for the agent is to find a policy that will
maximize rewards over time. Q-value pertain to the total
rewards the agent can expect if it acts optimally.

An important issue with Q-learning is that it does not
scale when there are too many actions or states [45, 47]. A
solution to save space and time is to use deep Q-network
(DQN), where deep neural network (DNN) is used to
estimate Q-values. The DQN is trained to predict Q-values
using supervised learning. The state is the input and an
estimated Q-value for each possible action is the output.
Thus, Q-learning is combined with DNN to save space and
time.

Using ML means that several parameters can be taken
into account, and the solutions can be more adaptable to
changing environments. In [48] both latency, energy,
globally optimal paths, and mobility are taken into
consideration using a ML approach where reinforcement
learning is combined with neural network. The suggested
protocol is called Deep Q-network-based energy and latency-
aware routing protocol (DQELR). In [49] RL is used to take
energy consumption, channel condition, and number of
retransmissions left before discarding the packet into
consideration to select the set of next-hop nodes among its
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neighbors. The set can consist of everything from one to all
neighboring nodes depending on whether the aim is to
reduce energy consumption Or maximizing transmission
reliability. Overhearing is used to verify that transmitted
packets are further relayed by at least one next-hop node. To
account for link asymmetry, the nodes take into account both
that the packet they transmit to their next-hop nodes can be
lost, and that they may fail to overhear the packets when they
are retransmitted. The suggested protocol is called Channel-
aware Reinforcement learning-based Multi-path Adaptive
routing (CARMA). Compared against a hop-count routing
protocol as well as flooding, the simulations in [49] shows
that, as expected, transmission along several paths increase
protocol robustness. However, the PDR is substantially
reduced when flooding is used in large network with high
traffic. Thus, it is concluded that dynamically changing the
number of relays is advantageous. Experimental at sea
measurements underline poor and varying link quality, and
also demonstrate that links are often asymmetric.
Transmission through several next-hop neighbours as done
using CARMA, improves the PDR under these conditions.

The high propagation delay of underwater environment
means that the implicit assumption in RL: that the feedback/
reward is immediately presented to the agent, is not valid. To
address this limitation, X. Ye et al. [50] suggest a deep
reinforcement learning (DRL) algorithm that takes an action
regardless of whether the reward of previous step has been
received yet or not. The algorithm is called delayed-reward
deep Q-network (DR-DQN). No time is wasted to wait for a
new reward. Through a series of observation-action-reward
the agent learns to fully exploit the timeslots that may
otherwise be wasted due to transmission delay. Using the
DR-DQN method, a deep-learning multiple access protocol
is presented (DR-DRMA). DNN is used to predict the
action-values in Q-learning. To reduce the energy
consumption of the nodes, the DNN is trained only if the
average reward exceeds a threshold.

One of the great advantages of using ML is that it creates
a very autonomous network, where protocol choices and
solutions adapt to the current state of the environment.
However, troubleshooting can be challenge when using ML.
Physical inspection of the nodes and environment is
generally unfeasible. Machine learning may generate
complex relations between the input parameters and output
parameters. Thus, it is not always easy to decide which
output to expect for a given set of input parameters. This
uncertainty complicates troubleshooting since it is
challenging to decide whether the unexpected network
behavior is caused by poorly designed ML algorithms or
physical/environmental characteristics.

VI.  OPEN RESEARCH CHALLENGES

In this section, we pinpoint some topics for further
studies based on contemplating the characteristics of
underwater modems and the environment. The
characteristics are presented in Table 2. Some of the entries
in the table are represented as a range of values. These are
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values reported in [51], where several commercial as well as
research modems are investigated.

Starting with power consumption, it is observed that
transmission power is generally higher than power consumed
for receiving. Looking at the data for each individual modem
in [51] reveals that the ratio of transmission power
consumption to receiving power consumption is between 1.4
and 188, and for the majority of the modems the ratio is
between 10-100. In addition, the power consumed in sleep
mode is generally lower than for receiving, the ratio of
receiving to sleep mode is from about 1.7 over 1000. To
reduce energy and lengthen the network lifetime solutions
that focus on reducing the transmission time and enables
nodes to enter sleep mode should be studied. Sleep protocols
are extensively studied for terrestrial WSNs [52-54], and
there are probably ideas that can be adapted for underwater
communication. Reducing transmission time can be realized
for instance by using overhearing to learn traffic patterns to
prevent collisions, and/or use advanced ML techniques to
predict channel conditions to decide when to transmit, and to
decide the most efficient transmission strategy, for instance
whether to use unicast, multicast, broadcast.

Regarding the low propagation speed, it is recommended
to study receiver-centric approaches to avoid collisions.
Furthermore, due to the low data rate, approaches that avoid
spending bandwidth on unnecessary data should be studied.
Statistical methods and aggregation, or more intelligent
approaches based on ML, could be used in this regard.

Finally, increasing the frequency increases the data rate
and reduces the transmission range. Higher data rates can
increase the amount of information exchanged, or can be
used to reduce the duration of the packets to reduce the
collision probability.

VIL

MAC and network layer solutions for underwater
communication require that characteristics such as long
propagation delay, dynamic channel characteristic, and
limited bandwidth are considered. Long delays are especially
challenging for MAC protocols. The time available for
access control is reduced, and the limited channel resources
should not be depleted by large amounts of management
traffic. For efficient utilization of the limited channel
capacity, the focus should be on solutions that both reduce
the time between received packets, and, at the same time,
prevent packet collisions at the receiver.

CONCLUSION

Table 2 Modem and environments characteristics [51, 55].

Parameter Value
Propagation speed 1.5%10% m/s
Datarate In the order of kbps,

increases with inreased frequency.

Transmissoin range 50m- 10km, reduced with increased frequency

Transmission power 1-40W Commercial, 0.1-120 W Research

Receiving power 0.6-1.8W Commercial, 0.02-1.2 W Research

Standby 0.0005-0.6W Commercial, 20-60mW Research

In the order of mW.

Sleep
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Dynamic channel properties make it challenging to
generate fixed routes. To reduce the probability of packets
being lost during forwarding, we recommend to use
constrained  broadcasting  techniques. Location-based
techniques seem to be especially promising.

Machine learning techniques should be further
investigated to improve networks’ ability to dynamically
adapt to the changing characteristics of the underwater
environment.

In future work, promising solutions will be selected for
further investigations and experimental testing in an
underwater test facility at the west-coast of Norway.
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Abstract—Power measurement of individual machines is
required in factories for production control and energy
conservation. Therefore, a power consumption monitoring
sensor that can be easily retrofitted and requires minimal
maintenance should be devised. In this study, we developed a
contactless, wireless, and battery less alternating current (AC)
apparent power and power factor sensor, wherein a current-
sensing transformer serves not only as a noncontact current
sensor but also as a power supply for the sensor. The AC voltage
waveform was measured without a metal contact by using a
piezoelectric film. A low-power circuit was designed to manage
the power and measure the power factor from current and
voltage waveforms. The prototyped sensor was tested in the
factory. The data obtained by the field test were consistent with

the results obtained from a commercially available power meter.

The developed sensor can enable energy savings and carbon
dioxide reduction in industrial applications.

Keywords-electrical power sensing; electric field; noncontact
measurement; energy harvesting; SDG.

l. INTRODUCTION

This study expands on a previous conference submission
[1]. The reduction of electrical power consumption remains a
pertinent issue in factories with regard to reducing
manufacturing costs and CO; emissions [2][3] so as to ensure
compliance with the International Organization for
Standardization (ISO) 14001 standard [4]. Therefore, precise
measurement of the power consumption of each unit of
equipment is critical [5].

Such measurement requires compact, easy-to-install, and
inexpensive wireless power sensors. However, existing
sensors cannot satisfy these demands [6]-[11].

To measure the current and voltage waveforms without
invading the cables, the development of sensors that can be
easily retrofitted. Current waveforms can be easily measured
using a commercially available split-type current transformer
[12]. Current transformers output an induced current that is

proportional to the current flowing in the cable to be measured.

This current can be used for sensing and power generation for
energy harvesting [13]-[16]. Energy-harvesting batteryless
operation considerably reduces maintenance costs. However,

noninvasive measurement of the voltage waveform is difficult.

Several nonmetallic contact methods for voltage waveform

Shunkichi Takamatsu, Shinichiro Mito

Department of electronic engineering
National Institute of Technology, Tokyo College
Hachioji, Japan
Email: mito@tokyo-ct.ac.jp

measurement have been proposed [17]-[20] to realize ease of
installation and noninvasive measurement. However, these
methods are expensive and require multiple probes, which
renders implementation difficult.

In this study, we developed a non-metal-contact voltage
measurement method based on a single probe using a
piezoelectric film. Furthermore, we fabricated and evaluated
an energy-harvesting, noninvasive, and retrofittable wireless
power consumption sensor that consists of the proposed
voltage sensor, a current transformer, an energy-harvesting
circuit, a power factor (PF) measurement circuit, and a
wireless communication module for use in factories. The
device does not require complex electrical circuitry and costs
approximately $20 because of its simple design.

In Section 2, a block diagram of the proposed sensor is
presented. Section 3 describes the nonmetal contact voltage
measurement process using a piezoelectric film. Section 4
presents the power management and PF measurement circuit.
Section 5 presents the results of field tests. Finally, Section 6
presents the conclusions of this study.

Il.  SENSOR CONFIGURATION

The configuration of the developed sensor is illustrated in
Figure 1. A current transformer was used to measure the
current in a contact-free manner. The operating power of the
wireless module can be obtained from the current transformer.
The sensor can be powered through energy harvesting. The
apparent power was calculated by multiplying the assumed-
to-be-constant voltage with the measured current. The PF was
calculated using the phase difference between the voltage
waveform acquired by the proposed voltage sensor and the
current waveform. The obtained apparent power and PF were
transmitted using a wireless module (TWE-Lite, Mono
Wireless Inc., Kanagawa, Japan).

Operating
power

Power
management
and current

measurement

¢ Operating
power

Operating power
Current and eurrent data

—_—
transformer

Current _

waveform " Wireless

communication

Non-contact
voltage >
measurement

Power >
factor
measurement PF data

Valtage
waveform

Figure 1. Block diagram of the proposed power factor (PF) and apparent
power sensor.
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Installation of the developed sensor is easy because
noncontact single probes are used for both current and voltage
measurements. Furthermore, our sensor requires lower
maintenance than conventional sensors because of its energy
harvesting-based operation.

1. NON-METAL-CONTACT VOLTAGE MEASUREMENT
USING PIEZOELECTRIC FILMS

A. Principle

A piezoelectric film was attached to an electric cable. A
cross-sectional view of the cable and piezoelectric film is
displayed in Figure 2. The cable was assumed to be a
sufficiently long conductor cylinder. When a voltage was
applied to the cable, an electric field, E, is generated, and a
potential difference is created between the nearby electrode
pair of the piezoelectric film. The potential difference vy(t) can
be calculated as follows:

q® r+a
In

2megE, r

v (t) = — fHaE dr = (D

In Equation (1), r is a distance between the center of the cable
to a nearest electrode, a is a thickness of the dielectric film,
and q(t) is the charge per unit length of the cable.

Energized cables and grounded cables have capacitance.
Therefore, the voltage applied to cable v(t) and the charge per
unit length of cable q(t) have the following relationship:

q(t) = Cv(t) (2)

where C is the capacitance formed between the cables, which
is extremely small. Combining the two equations, the
relationship between the potential difference vp(t) and cable
voltage v(t) can be expressed as follows:

Cv(t r+a
vy (t) = #ln 3)
2mMEYE, T
Cable .
; +» 4 Dijelectric
Electrade
’
=1 E

)

Figure 2. Cross-sectional view of the cable and piezoelectric film
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If the piezoelectric film is placed near the cable and r is
small, the output voltage vp(t) has a sufficient value for
measurement, and it correlates with cable voltage v(t).
Therefore, the voltage can be measured without a metal
contact. Equation (3) indicates that the output voltage vy(t) is
proportional to the thickness of the piezoelectric film.

However, the output of the piezoelectric film depends on
the distance.

B. Prototyping

Noninvasive voltage measurement can be realized using by
measuring the electric field strength around a wire using a
single probe when the voltage is applied to the wire [17][18].
We used piezoelectric films to realize a low-cost electric field
measurement method. Piezoelectric films comprise a
piezoelectric material sandwiched between metal electrodes.
The piezoelectric material was polarized by the electric field
around the wire, and a potential difference was generated
between the two electrodes. Thus, the electric field around
the wire could be detected using a single piezoelectric probe.

A non-metal-contact voltage probe was prototyped, as
displayed in Figure 3. A commercially available piezoelectric
film (LDTO0-028K, TE Connectivity, Schaffhausen,
Switzerland) was bent and placed at a uniform distance from
the center of the wire. The sensor frame was fabricated using
a 3D printer (UP BOX Plus, Beijing Tiertime Technology Co.
Ltd., Beijing, China). The cable-side electrode was set as

positive.

SYaW

00 -SVIW
1

(a) (b)

Figure 3. (a) Fabricated non-metal-contact voltage probe. (b) Probe placed
on the electric cable.

C. Measurement

The voltage waveform observed using the probe is
displayed in Figure 4. Although the output voltage and phase
varied with the distance between the piezoelectric film and the
wire, the correlation coefficient obtained for the actual and
measured waveforms was 0.99. The proposed method can
measure the relative change in the voltage, which is sufficient
to enable PF calculation. The piezoelectric sensor output was
related to the actual voltage and was consistent with the
calculation results from the equivalent circuit. Furthermore,
the output was almost zero when the neutral side of the cable
was measured, which indicated that hum noise was not
measured.
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Figure 4. Results of non-metal-contact voltage measurements using the
piezoelectric film. The piezoelectric sensor output was related in advance
to the actual voltage. The neutral side output is almost zero.

D. Linearity of the output for the applied electric field

To evaluate the probe characteristics against the voltage
applied to the cable, we measured the relationship between the
applied electric field strength and output. A conductive tape
was attached to both sides of the piezoelectric film, and a
signal generator was used to apply voltage to the tape. The
results displayed in Figure 6 confirmed that the output was
linear with respect to the applied electric field. The inclination
was slightly larger at higher frequencies.

Oscilloscope

N

Oscillato@

Piezoelectricfilm

Conductive tape

Figure 5. Evaluation of the probe characteristics for the applied electric

field.
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Figure 6. Output voltage of the probe for electric field intensity. Output has
linearity to the applied electric field.
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E. Frequency response

The frequency response of the output of the fabricated
probe was measured. The voltage of the measured cable was
100 Vims for all frequencies. The obtained frequency
characteristics are displayed in Figure 8. The gain reference
was set to the output at 350 Hz. The cutoff frequency was 25
Hz, which indicated excellent low-frequency characteristics.

&5

Step-up -
transformer

Insulation probe
To keep the voltage
of the cable constant

Figure 7. Evaluation of the probe frequency response.

Voltage gain [dB]

-80 . . .
1 100 10k ™
Frequency [Hz]
k1gure 8. Frequency response of the voltage measurement by the
piezoelectric film. The gain reference was set to the output at 350 Hz. The
sensor gain was stable in the range of 80 Hz to 1 MHz and the cutoff
frequency was 25 Hz.

IV. CIRCUIT OF THE PROPOSED METHOD

A. Power management and current measurement circuit

The power management circuit of the fabricated sensor is
illustrated in Figure 9. A current transformer was installed on
the cable to be measured, and the current obtained from the

transformer was full-wave rectified, smoothed, and measured.

The power management circuit outputted not only the
operation power for the entire circuit but also the voltage that
correlated with the current flowing in the cable.

Vee
O Formeasure PF
% and transmission
Current
transfer Storage
capacitor z
_— Sensor
output
Means apparent
phase current
IZlSI

Figure 9. Overview of the power management circuit.
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First, we simulated the transient response of the power
supply voltage (V) of the power management circuit when
currents of 1, 5, 10, 20, and 30 A were applied to the
measured cable. The circuit used in the simulation is
illustrated in Figure 10. Here, Ci, L1, and Ry on the primary
side of the transformer are the equivalent circuits of the cable.
The simulation results for V¢ are displayed in Figure 11,
which reveals V.. converges after a few seconds. Furthermore,
the results revealed that the voltage depended on the amount
of current flowing through the cable. Here, V. was
determined by a measurement resistor Re (47 Q) and Ds and
Ds. We confirmed that the operating voltage of a general
micro controller (1.8 to 3.6 V) can be obtained in the range 1
to 20 A, where we want to perform the measurement. The
measurement range of the current can be modified by
changing the resistance value or the threshold of the diodes.

Vce

r ______ | ;_ - _AVI:AV; — '; Diode bridge  — — — —
X | R2 5[Q] | [r3 [T
| | | D5
| ul | I loorf
ic1) R (e c2f D1 D2y 2| | R5 D6
A | L | | R4s < 2
Q) T2 e RRR G e o | |100Z ] 102 g
10 10 0y | ColHl 1P| ! i LS )
IipF1{ MO | I | R6
I | | 3
| ! ! | |eso| ! 47
) ! | D3 |D4, |[uF] | Q]
____________ = — 3

Electric cabl T pEg——
to beecmngacsi reed c Power storage
capacitor
Figure 10. Simulation circuit for the cable current and supply voltage for

the sensor.

3.5

Output voltage [V]

Time [s]

Figure 11. Simulation results of the cable current dependence on the supply
voltage (V). Ve converges after a few seconds and depends on the amount
of current flowing in the cable.

Next, we simulated the relationship between the measured
current and the sensor output voltage. The current
transformer was assumed to be a current source that outputs
current proportional to the current flowing in the cable. The
circuit displayed in Figure 12 was simulated.
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Figure 12. Simulation circuit of the power management circuit with the
input current.

The results of the relationship between the current, power
supply voltage for our sensor, and the voltage of Rg are
displayed in Figure 13. The supply voltage was rapidly
increased to the operating voltage of the microcontroller.
However, the sensor output was proportional to the output of
the current transformer. The power management circuit
simultaneously generated both the power supply and current
measurement voltages.

Supply voltage

Sensor output

Output voltage [V]
N

O 1 1 1
0 5 10 15 20

Input current[mA]

Figure 13. Simulation results of the sensor supply voltage and the sensor
output for the input current. The supply voltage rapidly increases to the
operation voltage of the micro controller. By contrast, the sensor output is
proportional to the output of the current transformer

The sensor output was changed by the power consumption
of the microcontroller. The microcontroller sent the data
every 5 s and consumed 15 mA for 4 ms to send the data. For
the other 4996 ms, the microcontroller was in the sleep mode
and consumed 1.5 pA. An RC low-pass filter with a time
constant of 1 s was used to reduce the influence of the sending
current.

B. PF measurement circuit

The developed sensor was operated using the power
obtained from the current transformer; thus, realization of
low-power PF measurement was critical. In this study, we
used an analog circuit to perform PF measurements with a
low power consumption.
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Figure 14. Block diagram of the PF measurement circuit.

Figure 14 displays the block diagram of the fabricated PF
measurement circuit. The current and voltage waveforms
were converted into square waves, and the phase difference
was obtained as the pulse width by calculating the logical
product of these waves. Subsequently, the phase difference
was output as an analog voltage through the power
amplification, smoothing, and differential amplification
processes. The output was connected to the analog-to-digital
converter of the wireless module, and the data were
transmitted. This circuit can be applied to both the single- and
three-phase electrical loads.

V. FABRICATION AND FIELD TEST

Noncontact wireless apparent power and PF sensors were
fabricated, as displayed in Figure 15. The fabricated sensor
was attached to an injection molding machine (SH100C,
Sumitomo Heavy Industries, Tokyo, Japan) for field testing
(Figure 16).

Ceooo0n.

a (b)
Figure 15. (a) Fabricated sensor. The black probe is the current
transformer, and the white probe is the voltage probe developed in this work.
The silver box contains the processing circuit. (b) Fabricated sensor board.

Figure 16. Overview of the field test. The fabricated probes and circuit
were applied to the injection molding machine.
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Figure 17. Comparison of the PFs obtained from a commercially available
logger and the fabricated sensor.
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Figure 18. Comparison of the apparent power results obtained from a
commercially available logger and the fabricated sensor.

Figures 17 and 18 display comparisons of the PFs and
apparent power values, respectively, which were measured
using the developed sensor with those measured using a
commercially available power logger (CM3286-01, HIOKI
E.E., Tokyo, Japan). The PF obtained by the developed sensor
had a correlation coefficient of 0.80 with that measured using
a commercial logger. Apparent power had a correlation
coefficient of 0.73. These results indicate that the proposed
sensor can measure the power consumption sufficiently
accurately. This accuracy is suitable for rough logging of the
PF and can be improved by calibration and grounding
processes.

VI. CONCLUSION

Voltage waveforms were measured using a single
piezoelectric probe without metal contacts. Novel energy-
harvesting wireless apparent power and PF sensors were
developed using the piezoelectric probe. The data acquired
using the developed sensor were consistent with the data
acquired using a commercially available power meter.
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