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Abstract: In the licensed shared access (LSA) spectrum-sharing scheme, the protection of the
incumbent leads to degradation in the licensee's spectrum and energy efficiency. In this paper,
the optimization of these two performance metrics for an LSA vertical sharing between an airport
incumbent and a mobile network licensee during the period when the LSA spectrum is not
available, (i.e, the incumbent is active) is examined. Considering a restriction zone of a pre-
defined radius, a power allocation scheme for joint optimization of the energy and spectrum
efficiency during the period of the incumbent's occupation of the LSA band is formulated.
Specifically, for the joint optimization of the spectrum and energy efficiency, the weighted sum
approach to solve the ensuing multi-objective optimization problem is adopted. Furthermore,
various critical operational parameters in conjunction with the two performance metrics were
investigated. The results obtained show that, with the proper selection of cell radius, eNodeB
transmit power and user number per cell, the proposed system can simultaneously achieve the
trade-off objective of improved spectrum and energy efficiency.

Keywords: Licensed shared access (LSA), fifth generation (5G), energy efficiency, spectrum
efficiency

1. Introduction

Today, every discussion in virtually all spheres of human lives and endeavours is centred on
the sustainability paradigm. As a result, terms such as, environment friendly, green technologies,
conservation biology, renewable energy, ecovillages, eco-municipalities, green building, and
green computing are common place. In conformity with the global trend, the fifth generation
(5G) wireless communications system can be appropriately termed the green communication
generation (GCG). In fact, a key requirement of 5G includes, a hundred times (100x) energy
efficiency [1] and/or ninety percent (90%) reduction in energy consumption [2] more than the
fourth generation (4G) wireless communication standard. In the light of the existing facts and
Figureures this requirement is not just a performance improvement/enhancement issue but a
necessity.

Recent studies have shown that the energy consumption of the information and
communication technology (ICT) sector is on the increase. For example, the study in [3] revealed
that the ICT sector alone consumed 670 Terra Watt-hour (TWh) in 2007, and about 930 TWh in
2012, an average of 6.6% annual increase in the energy consumption. At this rate, the fraction
of ICT to the global energy consumption is projected to increase from 8% in 2008 to 14% in
2020 [4]. This corresponds to an estimated 1.43 billion tonnes (Gt) carbon dioxide equivalent
(CO2e) emissions in 2020, up from 0.53GtCO2¢ in 2002 which when combined with those of
non-ICT has resulted in a faster than expected growth of greenhouse gas (GHG) emission [5].

Apart from the global warming concerns, continual growth of GHG emission, if unchecked
is a threat to the global economy. It was estimated that 5°C of global warming is equivalent to a
reduction of welfare by approximately 5% of global GDP [6]. The impact of increased energy
consumption on the operating expenditure of ICT service providers is another factor worthy of
consideration. The estimate for the cost of operating electrical grid-connected base stations
yearly is put at three thousand dollars ($3,000). Remote areas deployment of such base stations
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could cost ten times (10x) more since they run mostly on generators powered by diesel engine
[7].

Furthermore, the improvement in battery power, has been found to be at a significant lower
rate to the increase in energy consumption of ICT systems especially the wireless mobile
broadband devices. The projected improvement in battery power put at five to ten percent
compound annual growth rate (5-10%CAGR) is significantly lower than expected growth rate
of energy consumption in microprocessors [8].

These challenges are further exacerbated by the direct relationship between energy
consumption and the expected exponential growth in the demand and services accompanying the
improvement of the wireless broadband technology. The mobile data growth rate alone
(excluding fixed wireless access) was forecasted to be thirty-nine percent (39%) CAGR between
the year 2017 and 2023 [9]. However, in reality, the same report shows that the actual growth
between the first quarter of 2017 and 2018 was actually fifty-four percent (54%) CAGR while
[10] shows an even higher rate of seventy-nine percent (79%) between the third quarter of 2017
and 2018. Similarly, [11] forecasted the annual global IP traffic to reach 3.3 Zettabytes by the
year 2021.

Since 5G is expected to facilitate more diverse service, more user density (about 1 million
devices/Km?) with significantly higher data rates (about 100x user experienced data rate) and
better spectrum efficiency (3x) more than the 4G [1], it is obvious that the trend in global
broadband traffic will continue. In fact, the global mobile traffic is forecasted to grow ten -to-
one hundred times (10-100x) from 2020 to 2030 [12]. The above facts coupled with the fact that
the ICT is expected to be the driving force in the global quest for a low carbon society [5], implies
that researches in energy efficiency (EE) will continue to be a main part of the discussion in the
foreseeable future.

Increasing transmission bandwidth, improves EE but at the cost of degraded system spectrum
efficiency (SE) [13]. However, the challenge of spectrum scarcity makes this an undesirable
solution. Flexible spectrum management in the name of dynamic spectrum sharing (DSS) has
been proposed to solve the 'spectrum scarcity' menace which has been found to be largely created
by spectrum underutilization. The Licensed Shared Access (LSA), sharing between an
incumbent (the exclusive owner of the spectrum) and a licensee, (a spectrum tenant licensed by
the incumbent) is one of the several DSS schemes to address the problem of spectrum under-
utilization [14], [15].

Consequently there have been several research work on the LSA. One group of research work
validated the viability of the scheme by carrying out experimental field trials on live LTE test
beds [16] — [22]. Another body of research work modelled the LSA operation using queueing
theory and Markov process and analysed the system's performance using metrics such as service
interruption and blocking probability, average number of connected users, service failure and
mean bit rate [23] — [26]. The work in [27] proposed the LSA for the flexible spectrum
management requirement of the “smart city' in the emerging 5G era. Similarly, the LSA is also
considered as one of the candidate solution to unexpected network down time in public safety
network during disaster outbreak and rescue operations [28].

A critical limitation of the LSA is the exclusion/restriction zone where licensee operation is
expected to be suspended when incumbent is active. This amounts to a significant reduction in
efficiency of the LSA since the coverage area of the exclusion/restriction zone is usually large.
The proposed solution to this is a dynamic exclusion zone which suggests a reduced transmit
power regime during incumbent occupation of the spectrum [29], [30]. Limiting the transmission
power results in corresponding decrease in achievable network data rate and EE. In view of the
earlier mentioned challenges of GHG emission, spectrum scarcity, expected high data traffic as
well as key EE and SE 5G goals, this option is sub- optimal.

This paper is focused on jointly optimizing the LSA system's EE and SE during the limit
transmit power regime. None of the previous works have investigated these key requirements of
any 5G technology. The work in [31] shows that the SE and EE of a mobile network operator
can be improved by implementing a horizontal LSA agreement between it and a micro cellular
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network owned by another operator. However, theirs is an horizontal sharing scheme which
shows that by offloading traffic from macro cell to micro cell, the EE and SE can be improved
significantly. On the other hand, our work investigated the optimum system efficiency (EE and
SE) of the licensee in a vertical LSA sharing scheme while the incumbent's interference threshold
is not exceeded.

The main contributions of this paper are summarised in the following:

e An optimal power allocation technique for joint optimization of both EE and SE is
proposed.

e The effect of various operational parameters (i.e, the number of channels in a LSA licensee
cell, the cell radius and the adopted enodeB transmit power) on these two performance
metrics were also examined.

e Furthermore, the effect of circuit power and importance of the weight on the joint
optimization problem is investigated.

e Finally, by smartly setting network design and configuration goals to take advantage of the
bounds and limits of the relationship between the investigated operational parameters and
the two efficiency metrics, the viability of simultaneously maximizing the two conflicting
objectives of EE and SE was established.

The rest of this paper is organised as follows. Section 2 presents the system model and
mathematical formulation. In Section 11, the joint optimization of EE and sum rate was modeled
using the weighted sum method to convert the multi-objective optimization problem into a single
objective optimization problem. This was then solved by fractional programming. Section IV,
discusses the simulation results and analysis followed by Section V, which discusses the
conclusion.

2. System Model

This work focus on the exclusion/restriction zone of the LSA framework, which could be
about 25 km radius for an airport incumbent [29] or even as bad as excluding over sixty percent
(60%) of the United States population if the incumbent's system is the Department of Defence
Naval radar [32]. For this work, a circular area with a radius similar to the exclusion zone radius
for an airport incumbent is considered. Furthermore, it is assumed that the LSA licensee, a
mobile network operator (MNO), has multiple cells of radius R within the exclusion zone (figure.
1). The incumbent uses the spectrum specifically when the air traffic control (ATC) system is
communicating with the aircraft(s). In this time period, the spectrum is referred to as busy or
unavailable, otherwise, the spectrum is free, and available for the MNO unrestricted access.

MS: Mobile Station

ATC: Air Traffic Control Centre
P®: Limited Transmit Power
P: Full Transmit Power

@ : Incumbent’s Transmission

Shadow

= r N | 1
P Qs =

“ gﬂ eNodeB “ %JLJ ATC

Ms

Figure 1. The system model: The limited tansmit power is only necessary at the region where
incumbent's transmission shadow (blue shaded circle) intersects licensee cell.
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The two systems, the ATC and the MNO ab-initio operates independently of one another.
The MNO operates in the cellular band while the ATC uses the allocated spectrum for it. When
the traffic load in the MNO system is below the installed capacity, its transmission is limited to
its legacy spectrum, the cellular band. At this time instant, there is no interference consideration
in the system model. However, when the required traffic in the MNO system exceeds the
installed capacity, the MNO make use of the ATC spectrum under the LSA sharing scheme.
When there is no transmission between the ATC tower and the aircrafts (landing or taking-off),
the MNO now acting as the LSA licensee can make use of the spectrum unhindered and without
interfering with incumbent owner (the ATC system). The interference consideration becomes a
factor, when there is an active ATC transmission on the spectrum.

Figure 1 shows that, where the ATC transmission shadows intersects with the MNO
transmission, there is a very strong possibility of both systems interfering with one another. In
other regions of the exclusion/restriction zone, (i.e., where the transmitting systems shadow did
not intersect) this possibility is significantly minimized or negligible. In the portion of the
coverage area under consideration where the ATC transmission shadows intersects with the
MNO transmission, there is need to protect the incumbent system from harmful interference
from the MNQO’s transmission, hence the adoption of the limited transmit power policy [29].

B. The Licensee Interference

Here, the interference that could impair the ATC transmission to the flying aircraft during
take-off or landing is considered. The eNodeB or base station antenna height is assumed to be
sufficiently low relative to the ATC tower with a directional pattern, (directed downwards to
the mobile stations), and as such the omni-directional transmissions of the mobile stations
(MSs) become the main components of the interfering signal [29].

Considering the spatial distribution of the MSs in the cell as a Poisson point process,

(p = {pl'le """" 'pK.} (1)
the interference to a given aircraft located at a location, y in the vicinity of the cellular network
is therefore:

I, () = Epep Pchil(lly = oI, 2
where, [(p) = l|Ipl|™%, a is the path-loss exponent, h; the fading coefficient which is an
exponential random variable, Py is the MS transmission power, [ is the distance related power
loss, and k denotes individual nodes or MSs randomly located in the cells of the LSA licensee.

Defining distance ||y — pll, p € ¢, as [|[r|| < D, the intervening area between them can then
be represented as a ball b(y, D) centred at y with a radius of D. Therefore, we can define an
interference point process @; = @ N b(y, D), (similar to the inner city model of the Cox process
[33], where @; and ¢ are Poisson processes with density A;, and A respectively, and 4; =
Acgdr@=1, where, ¢z = ||b(0,1)]| is the volume of d-dimensional unit hyper ball.

Therefore the interference distribution from the MSs located within distance D to the position
of the aircraft is [34], [35]:

T(Bk+1) (Al (1-B)

[0 = L3, " (MO i k(1 — ) ()

C. Spectrum Efficiency

In cases where the incumbent system is not utilizing its spectrum, the licensee is able to
transmit at maximum power to guarantee the desired signal to noise and interference ratio (SINR)
for each MS according to its QoS requirement.

Thus, the channels for k users is represented as a vector of random variables, H =

[Hy, o..... ,Hg]T, and correspondingly the transmit-signal vector is X = [X;, ...... , Xk,
Therefore, the received signal power for K users, P = [P;, ...... ,P¢]",is P = XH + Z , where Z
is the additive white Gaussian noise vector, (Z = [Z;, ...... ,Zk]"). Furthermore, H, = TG—a (G, is

k
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the propagation constant), and thus the total spectrum efficiency SE) is the summation of the
achievable bit rate for each channel given by:.

SE = Zf;lélogz(l-%fﬁ%ifzﬁ) (4)

D. Energy Efficiency
In order to achieve the energy efficiency (EE) target of 5SG networks as well as achieving the
expected high spectral efficiency, future system design must be able to either reduce energy
consumption for each bit transmitted or/and equivalently maximize data transmitted per unit of
energy expended. The energy dissipated is simply the sum of the circuit power and the

transmission power scaled by the amplifier efficiency. Therefore EE is:
Z%:é log, (1+%)

EE =

)

1
Pcrt EZI}<{=1XKHK+ZK
where P, is the circuit power and € is the amplifier efficiency.

3. Joint Optimization of Energy and Spectrum Efficiency

As earlier mentioned, two key performance metrics of the 5G era are high spectrum and
energy efficiency (SE and EE). Achieving this in the context of LSA model is then translated
into jointly maximizing the system spectrum and the energy efficiency; two conflicting
objectives. The multi-objective optimization problem is thus formulated as:

max SE, max EE,
P) (P)
st Xpep Phillly — pll) < lin,
P, >0, k=1,........... K (6)

where I, is the maximum interference the victim incumbent receiver can tolerate for proper
operation.

The weighted sum method is adopted in order to convert the multi objective optimization
problem (MOP) in (6) to a single objective optimization problem (SOP) by assigning weights to
the objectives [36]. However, to ensure a consistent comparison between the two objectives, the
following normalization is utilized:

H(l;%x [SEifax] ! I(HI%X [EEE7:‘5‘1"]' ™

where SE™**and EE™* are defined such that P is the summation of the maximum transmit
power not constrained by the interference threshold. Introducing the weight parameter (w),
equation (6) becomes

E
e (SE’"‘“‘) +A-w (EE’"‘“‘)'
st Ypeo Phil(lly — plD) < I,
pe >0, | K

Given (5), equation (7) is transformed to:

SE
H(IE)X W \Wwsgmaxy (1—w)EEmathC)' ®)
st Xpep Phil(ly — pll) < e,
P, >0, k=1,........... K,

where P, = P, + iZ’k(:l XxHyg + Zy is the total system consumed power.
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Since SE, is proven to be convex, the above objective function as a ratio of a convex to an
affine function is therefore, strictly quasi-convex and can be solved by fractional programming

[37]. By the change of variable method, the transformation variable

t = [WwSE™** + (1 —w)EE™® P, |71 is introduced an equivalent concave optimization

problem is obtained:
IT(I}%X t(SE) 0 <w <1,

st.  t(WSE™%* + (1 —w)EE™* p,)) =1

Yioeo Phil(ly — pll) < L,
Pk > 0, k = 1, ........... ,K,

The Lagrangian of (9) is:
L(Pg,u, X Vi)

= t(SE) + u[t(WSE™®™ + (1 —w)EE™* p,.) — 1]
= xk=1 Pehilly = plD) = In) + Xizq v P

The stationarity conditions for the Lagrangian in (10) are:
OL(PrpuxVg) _
Py -
OL(PruX V) _
. at B . ’
which are respectively found as:

t 4 out [(l—w)EEE

2 ln(Z)Zk(1+g—;:)

| = xlrdlly = pilD] + vy

and
SE + u[wSE™a* 4 (1 — w)EE™*p, | = 0.

Therefore, the optimal power allocation is
* te
P = — Zk

21n(2)[x¢pr—ut(1-w)]EEMmax

4. Simulation Results and Analysis

)

(10)

(11)

(12)

(13)

In this section the simulation results of the LSA system are presented using the parameters
shown in Table 1. The parameter values used in this work are obtained from such regularoty
guidance as the ETSI operational parameter specifications [15], and as used in other literatures
such as [26],[29],[30]. The nodes are assumed to be distributed in the eNodeB coverage areas of

radius R according to radial density, fz(r),

2r

o) = {F 0<r <D,
0 otherwise.
Table 1. Simulation Parameters
Parameters Value
eNodeB Radius 100 — 1000(m)
No of UEs 2,5,10,20
Transmit Power 0.2-15.85(w) (or 23-42dBm)
Bandwidth 10MHz
Noise Density -60dBm
Circuit Power 1(w)
Amplifier Efficiency 38%
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Firstly, the analysis the EE of the system during the busy and idle spectrum period is done.
Two observations can be made between the optimization of the system EE in the first and the
non optimized system in the second sub plot of figure. 2. As a result of having to operate under
a limited transmit power regime during the period the incumbent is active on its spectrum, the
systems SE and hence the EE is reduced compared to the cases when the spectrum is free of
incumbents activity (third sub plot of figure. 2.) However, optimizing the system significantly
improve EE to values comparable with the cases where the licensee is operating at full transmit
power. The second observation is the shape of the slope of the two graphs. With increasing
transmission power, the optimized system's EE falls at a lower rate (approximately linear)
compared with the exponential decrease in non-optimized system.

optimized EE
55
N 5ol
T 50
=
=}
W o4 L
o 45
40 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16
Transmit Power (Watts)
5e non-optimized EE 60 EE when spectrum is free
N ol
T 40
2
=3
W oq |
20
0
0 5 10 15 0 5 10 15
Transmit Power (Watts) Transmit Power (Watts)

Figure 2. EE versus Transmit Power during busy and idle spectrum period.

Another interesting observation of the LSA's EE during period of incumbent's occupation of
the spectrum is shown in the second and third sub plot of figure. 2. The EE versus transmit power
curve is expected to be a monotonically decreasing function. However, when the spectrum is
busy, even in the non-optimized case, the EE first increases before it decreases at a much lower
rate than the usual. This can be explained by the fact that EE, as a ratio of SE to power consumed,
can be increased by either increasing the SE and/or lowering the systems power consumption.
Since, the LSA system operates under a limited power regime during busy spectrum period, the
reduction in transmit power invariably translates to an increase in the system's EE at lower
transmit power, hence making the EE vs power curve to deviate from the expected as shown in
the sub-plot for when the spectrum is free.

Figure 3 shows the improvement in SE obtained using the proposed power allocation. As
shown in the graph, the relative improvement gradually decreases with increased transmit power.
When the eNodeB transmit power is set to 0.2watts, the increase is about ten times more than
the non-optimized system, while at 15.85watts transmit power, the increase is just about twice.
This can be explained by the fact that the Shannon capacity theorem has a cap on the transmit
power at which increase in transmit power does not lead to a corresponding increase in the system
SE.
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—#— optimized SE
—*— non-optimized SE

70

60

SE (blJ/Hz)

D 1 1 1
0 2 4 <] 8 10 12 14 186

Transmit Power (Watts)
Figure 3. Comparison of the optimized and non-optimized system SE.

A. Effect of System Engineering Parameters on the SE and EE

Figure 4 shows the SE and EE behaviour of the joint SE and EE optimal power allocation of
the LSA system during incumbent's occupation of the spectrum. Expectedly, the SE increases
logarithmically with increase in transmission power. However, for the EE, there is an initial
increase (peak at around 3watts mark) and then the expected decrease with increase in transmit
power. The implication of this is that at a low transmit power, it is possible to simultaneously
increase both the EE and the SE, instead of having to trade one off for the other.

90 56
8 54
80
52
w0 w
s 50 I
3 70 3
w 48 W
w 65 L
46
60
50 Il Il Il Il 1 Il Il 42
0 2 4 6 8 10 12 14 16

Transmit Power (Watts)
Figure 4. SE and EE versus transmit power.@ R=1000m
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Figure 5. SE and EE at different cell radius.

In Figure 5, a further investigation of the observed EE curve reveals the effect of cell radius
on its shape. For small a cell radius (e.g, 100m), the EE increases for a significant portion of the
entire range of the eNodeB transmit power, only falling slightly at around the 11watts mark.
Similarly, the curve for cell radius 400m and 700m shows a better performance than when the
cell radius is 1000m. In the same vein the EE value is highest at the smallest cell radius. The
story is however not the same for the SE curves. While SE value increases with increasing radius
for R=400m, 700m and 1000m, the case of R=100m, defy the pattern. This can be explained by
the fact that at lower cell radius, the interference power of the licensee is very low, thus giving
more freedom for transmitting at power level closer to when the LSA spectrum is free of
incumbent's ATC transmission.

90 r 70
80
60
70 e —— SE@ nChannel=2
e SE@nChannel=5 |
B0 - SE@ nChannel=10,
. —*— SE@ nChannel=20 .
N =—F— EE @ nChannel=2 1o N
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Ie] —f— EE @ nChannel=10, 3
I{';J) 40 :E—EE @ nChannel=20 0 m
%
k¥
30 "*
* 120
20t
410
10
0 1 Il Il ; 4E\77E \45___\a=q 0
0 2 4 6 8 10 12 14 16

Transmit Power (Watts)
Figure 6. SE and EE for different number of UE.
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Figure 6 shows the effect of number of UEs on the relationship between the system SE and
EE. For two UEs, both EE and SE increases with increasing transmit power. This is a departure
from the relationship depicted in Figure 4, where the EE increases initially (especially below the
3 watts transmission power mark) and then decreases as transmit power increases. The curve for
five UEs, is somewhat similar. The downward slide of the EE curve starts to manifest for larger
than ten UEs. This means that with the fewer number of users in the licensee cell, the network
can simultaneously achieve the twin conflicting objective of improved spectrum and energy
efficiency irrespective of the eNodeB transmit power configuration. This hypothesis is validated
in the plots of SE against EE for different number of channels in figure 7.

As depicted in Figure7, when the number of UEs (nChannel) is 2, the graph of EE against
SE is a linear curve with a positive slope/ gradient. For when nChannel is 5, the graph can still
be approximated as linear, while at nChannel = 10, the curve starts exhibiting the EE downward
slide observed in Figures. 4 and 6. However, when there are many users in the licensee cell, as
depicted in the sub-plot for nChannel = 20, the EE stops increasing with SE at a certain point
and begins to fall. At this point, the joint optimization problem, becomes a trade-off between SE
and EE. Figure. 8 provides evidence/basis for manipulating the trade-off to suit a desirable
preference between the two metrics given other constraints or objectives. At small cell radius,
the trade-off portion of the curve is very small compared to the region of the curve where both
metrics increase simultaneously. With increase in cell radius, comes extension of the trade-off
portion of the EE-SE curve. As shown in the fourth sub-plot of Figure. 8, at large cell radius the
downward slope of the curve begins to manifest early, hence the trade-off region dominates the
EE-SE rate envelope.

nChannel=2 nChannel=5
3 14
—25 —
N N
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3 2 3
L L 10
i 15 Ll
1 8
1 1.5 2 25 3 8 10 12 14
SE (b/s/Hz) SE (b/s/Hz)
nChannel=10 50 nChannel=20
30
58
—~ 28 —
N N
s I 56
36 3
=4 £ 54
w 24 L
1] Ll 52
22
50
20
20 25 30 35 50 60 70 50 90
SE (b/s/Hz) SE (b/s/Hz)

Figure 7. EE versus SE for different number of UEs.
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Figure 8. EE versus SE for at different cell radius.

B. Effect of Importance Weight on the SE-EE Joint Optimization

The graphs in Figure. 9 shows the extreme bounds of values of weight on objective function
of our joint optimization model. At w=0, the joint optimization reduces to an energy efficiency
problem. This can be seen from the shape and comparable values of the sub plots 1 and 2 in the
figure. The curve in sub plot 2, is actually a plot of the systems EE against increasing transmit
power. Similarly at the other extreme end of the weight parameter, i.e w=1, the optimization
problem becomes an SE optimization as seen from the similarity in the sub plot 3 and the SE vs
transmit power curve of sub plot 4.

Figure 10 examines how ‘w’ affects the SE-EE joint optimization for different number of
UEs in the licensee cell. At fixed value of ‘w’, the magnitude of the joint SE-EE function
increases with increase in the number of UEs. This is because with increasing number of users
the system, SE being the summation of each channel's SE increases accordingly. This also
explains the larger values of the joint SE-EE function with increasing values of ‘w’ especially
for the case when the nChannel =20. For smaller number of UEs, the marginal difference for
different values of ‘w’ is less obvious.

It was established in Figure. 9 that increasing ‘w’ increases the significance of SE while
decreasing EE's significance. Thus, it can be asserted that when SE is more significant than the
EE in the joint SE-EE function, larger values of the joint optimization function is obtained
compared to when the situation is reversed. Furthermore as earlier established in Figure. 9, the
curve for when w=0 assumes an EE shape, hence the reducing value of the function with
increasing transmit power for the situation when the UE number is 20. However, for smaller user
numbers, the curve tends to increase with increasing transmit power in a similar fashion to the
other sub plots for values of ‘w” when SE dominates the joint optimization objective function.
In this regard, it can be concluded that even when EE is more significant in the joint SE-EE
optimization, it is possible to achieve simultaneous increase in both EE and SE with the
appropriate allocation of number of users to be served by a licensee cell.
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Figure 9. Upper and lower bounds of weight ($w$) and the joint optimization function.

Figure. 11 shows how the importance weight (‘w’) affects the joint SE-EE optimzation for
different values of cell radius. Four different radius R=100m, 400m, 700m and 1000m were
plotted. The curves show that with increasing value of ‘w’ the joint SE-EE function increases.
However, there is a difference in the relationship between the joint SE-EE and cell radius at
different values of ‘w’. At w=0, there is an obvious inverse relationship while for the remaining
values of w, the relationship is direct except for R=100m, which is an outlier. From this, it can
be deduced that when EE dominates the SE-EE function, there is an inverse relationship between
cell radius and the network efficiency (i.e the SE-EE function) and a direct relationship when SE

dominates the SE-EE function.
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Figure 11. Effect of importance weight (w) on cell radius.

C. Effect of Circuit Power on the SE-EE Joint Optimization

The previous sub-section presents results for the proposed LSA system at constant circuit
power P.. of 0dB. In this sub-section, how varying the P, affects the systems performance
metrics of SE and EE is investigated. In Figureure 12, a comparison of the the effect of different
values of P., on the SE-EE function at different weights is done. The graphs shows that for a
given w the value of the SE-EE function is increases with decrease in P,,. This however is not
true for w = 1, where the value of the SE-EE function is the same for all vaues of P.,.. This is
because, the joint SE-EE function becomes an SE function at w = 1, hence F,, is irrelevant. This
is also reflected in the fact that as w increases the marginal difference in the values for the
different P, diminishes.
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Figure 14. Effect of circuit power (P..) on user number.

Figure 13 and 14 examine the relationship between the SE and EE trade-off for different cell
radius and number of users respectively while varying the P.,.. In Figure. 13, for all values of
P.., the EE-SE trade-off, exhibits an inverse relationship with the cell radius. Furthermore with
increasing value of P.,, the value of the SE-EE trade-off decreases. However, the shape of the
curve differs for different cell radius value as well different P, value. For R=100m, the trade-
off curve increases to a maximum value then decreases for all values of P.,., except for P.,.=10dB,
where the SE-EE relationship seems to assume the shape of a monotonically increasing function.
This is evidence from the fact that the region of decline of the curve decreases with increasing
P.. value and then culminates in an approximately monotonically increasing function of
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P.,.=10dB. This trend is observed for other values of R. It should be noted that for R=700m and
R=1000m for P..=-5dB, the trade-off assumes a monotonically decreasing function shape.

The trade-off function increases with increasing number of channels as shown in Figure. 15.
For constant channel number, the trade-off decreases with increasing P,.,. This is so because
increasing P, invariably leads to increase in total power consumption and hence decrease in EE.
Noteworthy is the variation in the shape of the EE-SE curves for the different user numbers
investigated in this work. At P, < 0Db, the EE-SE curve gradually changes from an increasing
function to a decreasing one, while for positive values of P,,. the EE-SE curve is approximately
linear irrespective of user number.

5. Conclusion

An extensive investigation of the system's performance (vis-a-vis EE and SE) of an LSA
system especially during the period when the LSA spectrum is occupied by the incumbent was
presented. Obtained results indicate that optimizing both the system's energy and spectrum
efficiecy could lead to obtaining a significantly improved and efficient licensee system, while at
the same time ensuring the protection of the incumbent's operation. The proposed power
allocation yields muiltifold improvement in the system SE and EE especially at low transmit
power. The better performance demonstrated by the system at low transmit power, on one hand,
is down to the low interference power generated which combine with small cell radius and
number of users, provides more degree of freedom that allows the system to operate closer to its
maximum transmission power when the spectrum is idle. On the other hand, the limited transmit
power regime inadvertently leads to an optimization of the systems' EE, hence more
improvement of the energy efficiency with the proposed power allocation presented in this work.
Furthermore, this work reveals that with the proper selection of cell radius, eNodeB transmit
power and user number per cell, the LSA scheme can simultaneously achieve the twin conflicting
objective of improved spectrum and energy efficiency. It is also observed that when EE
dominates the weighted SE-EE function, there is an inverse relationship between cell radius and
the network efficiency (i.e the SE-EE function) and a direct relationship when SE dominates the
SE-EE function. Results also show that as w increases the effect of circuit power on the joint
SE-EE optimization diminishes. Finally, noteworthy is the fact during this period when the
spectrum is busy, the EE vs transmit power relationship which is nominally a monotonically
decreasing function, first increases before a more gradual decline.
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